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Abstract

In this thesis I present experimental investigations of four different quantum materials, each of
which showcases the strongly correlated magnetism of 3d transition metal ions.

The topological semimetal candidate YbMnSb, has a high magnetic ordering temperature of Ty ~
345 K. I performed unpolarised and polarised neutron diffraction, as well as triple-axis spectroscopy
on YbMnSb,. From these results, I refined the magnetic and crystal structure of YbMnSb,. Similar
to other square net antimonides YbMnSb, displays C-type antiferromagnetism with the moments
oriented along the c axis. I interpreted the spin wave spectrum using linear spin wave theory, where
the predominant exchange interactions are in-plane; however, the out-of-plane exchange along the
c axis is surprisingly large. This interaction acts through the Sb square net and so may influence
the charge transport properties of the material. Our magnetic model of YbMnSb, is consistent with
this compound being a gapped Dirac semimetal.

The topological insulator MnSb,Te; is closely related to the much-studied van der Waals crystal
MnBi,Tey. MnSb,Te; had been identified as a possible axion insulator candidate. However, the
ground state magnetic structure in the bulk had not been determined. I utilised single crystal
neutron diffraction for this task and found that there is a strong degree of site-mixing between Mn
and Sb sites. This leads to a magnetic structure where Mn>* moments are coupled ferrimagnetically
within the site-mixed magnetic layers but antiferromagnetically between magnetic layers with
propagation vector q = (0, 0, 1/2). The application of an external magnetic field of 0.2 T drives
a spin-flip transition, removing the interlayer antiferromagnetic coupling. The magnetism in
MnSb,Te; is increasingly 2D at low temperatures.

The charge-doped antiferromagnetic Mott insulator La,_,Ba,CoQOy is a structural analogue of the
high temperature cuprate superconductors, which have properties that are also sensitive to dopant
concentration x. The cuprates show a signature hour-glass shaped spin wave spectrum, which
has also been observed in other similar insulators and explained using a disordered charge stripe
model. I studied this material through magnetometry, time-of-flight neutron spectroscopy and
single crystal diffraction. I discovered that the magnetic order in La, ,Ba,CoQ, is very short range
with a correlation length of ~ 15 A and is described by the incommensurate propagation vector q
= (0.5+0.23,0.5+0.23) in the (%, 1) plane for x = 0.5. The spin wave spectrum has the characteristic
hour-glass shape of the cuprates. These results are in contrast to the equivalent Sr-doped compound
La; 5Sry5C00,4, which has long-range collinear magnetic order and does not feature the hour-glass.

Finally, the rare earth iron garnets are of prime interest for spintronic applications due to their very
coherent, spin-polarised magnons. I present a study of the novel cobalt-doped rare earth iron garnet
LusCoyq 5Si sFe O, which utilised magnetometry and two different inelastic neutron scattering
techniques. This material orders ferrimagnetically at Tc ~ 480 K. Introducing cobalt generates
a high degree of magnetocrystalline anisotropy in the system at low temperatures, comparable
with the magnetic rare earths. However, at room temperature, Lu;Coy 55ij sFe,O4 is a soft magnet,
similar to YIG and LulG. This is an indication that the Co?>* moments are disordered by 300 K. The
spin wave spectrum is gapped at low temperatures. The gap between the first acoustic and optical
magnon modes is temperature-dependent and comparable with thermal energies at 300 K.
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Popular science prologue

During the course of my PhD, I have studied the material properties of several crystals. What
do they have in common? All of them are magnetic (in some way or another), and all of them
are shiny black or grey in colour: some more silvery, some more smoky. But that’s about it for
shared interests; from a physics perspective, they are quite distinct in their electronic and magnetic
properties. I refer to them as my dark materials, and this thesis is titled Her Dark Materials, a spin

on Philip Pullman’s His Dark Materials novels, which are set in Oxford too.

In His Dark Materials, Pullman’s characters inhabit and travel to numerous parallel worlds. The
physics of the worlds is universal, but not all characters can see this to begin with. In the books,
the fate of the universe actually depends on a certain property of amber being discovered by a
physicist. While I will not claim the fate of our universe depends on my dark materials and the
physics in this thesis, I have nevertheless learned a lot about what’s going on between the atoms
of these crystals. I haven’t built a device that does something (like The Amber Spyglass) but I have
mapped the magnetism of these crystals in the “parallel world” of reciprocal space using The Subtle
Knife of neutron scattering. Understanding the electronic and magnetic interactions at this level can
inform the design of quantum materials for applications in information storage and energy-efficient

electronics.

A pattern of sparkles from a crystal scattering neutron particles
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Introduction

1.1 Motivated by magnetism

All materials studied in this thesis are magnetic, yet I wouldn’t describe them as “‘magnets’. None
of them would be suitable for use in everyday applications of Big Magnetism: fridge magnets,
cassette tapes, compass needles, transformers. In the case of the compass needle, it is easy to
see there is a macroscopic magnetic moment — a combined north pole /south pole (dipole) that
aligns opposite to the north pole/south pole of the Earth. This originates from the electrons in
the material. An electron ¢~ has a negative charge e ~ 1.602 x 10~ C and an intrinsic angular
momentum called spin, which means the electron can be considered as a tiny magnetic dipole
(Figure 1.1). The electron can ‘spin’ in either direction, and we usually represent the spin direction

with an arrow pointing up for ‘anti-clockwise” and down for ‘clockwise’.

T

e—

AN

Figure 1.1: Electrons have intrinsic spin, meaning a single electron acts like a tiny magnetic dipole.
In this diagram, the spin is represented by the red arrow. Figure from reference [1] under CC BY-SA
4.0.

Other subatomic particles can also have an intrinsic spin and a magnetic moment (e.g. atomic
nuclei can be magnetic) but in this work I only consider magnetism originating from the electrons

in the context of solid materials. There are an uncountable number of electrons in the world but
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in solids, it is only the unpaired electrons that contribute to the magnetism. This is because the
Pauli exclusion principle permits two electrons with opposing spins to pair up in the same energy
state, effectively neutralising their contribution to the overall magnetic moment of the atom, so
only the unpaired electrons count. Across a crystal made up of many atoms, the odd electrons
can arrange themselves and their spins into a pattern — this is the magnetic structure of a material.
The case where there is no pattern among the unpaired electron spins (random directions) is
known as paramagnetism. The compass needle is made of a ferromagnetic material, with all unpaired
electron spins pointing in the same direction, adding up to a large magnetic moment overall. In an
antiferromagnetic material, the unpaired spin directions alternate in some regular way (we describe
the repeating pattern in terms of a magnetic unit cell), meaning that the aggregate magnetic moment
is zero. Hence you wouldn’t refer to a block of antiferromagnetic material as a “magnet”. A
variation on antiferromagnetism is ferrimagnetism, where there isn’t a balanced split between spins
pointing one way and the other, so there is still an overall magnetic moment. In a diagram, these
kinds of magnetic structures (and there are many more) are typically represented by patterns of

arrows, but I've gone with birds instead in Figure 1.2.

¢) another antiferromagnetic
a) ferromagnetic 11111111  b) antiferromagnetic )1 order with a different unit cell
M

Figure 1.2: Long-tailed tits in different ‘magnetic” ground states. Picture credits: a) John Walters
[2], b) reference [3] under CC BY-SA 4.0, ¢) Matthew Binns [4].

In this thesis, I will focus on four different materials that are all (a little bit) antiferromagnetic. The
scientist who discovered antiferromagnetism, Louis Néel, famously said that antiferromagnetic
materials are interesting but practically good for nothing (or words to that effect). In the fifty
years since Néel was awarded his Nobel Prize (for discovering antiferromagnetism with neutron
scattering), antiferromagnetic materials have displayed a wide array of physical phenomena
and generated technological developments, far exceeding his expectations. Much of modern
condensed matter physics investigates emergent or collective properties, which cannot be understood

by considering one electron at a time and then adding them together (as I did to explain, roughly,
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the magnetism of the compass). Furthermore, quantum mechanics!

is essential to the ‘many-body”
physics of these strongly correlated electron systems, and so they have been given the moniker
quantum materials. Material properties are influenced not just by which atoms/ions are included,
but also the crystal structure and symmetry, the direction within the crystal (physicists” favourite
word for direction-dependent anything is anisotropy), and temperature?. Several experiments in this
thesis also consider the magnetic dynamics of these materials, i.e. how the spins are set in motion

or ‘excited” at different energies. The magnetic energy modes or excitations at low temperature in a

well-ordered crystal are not random but are quantised in one way or another!
The materials I have studied are:

* YbMnSb,: a topological semimetal. This material has very direction dependent electronic

conduction properties, which are influenced by its magnetic structure.

* MnSb,Te;: a topological insulator. This material is part of a family of materials with very
weak bonds between crystal planes (the van der Waals materials). The surface can have very
different electronic properties to the bulk material, but you can’t have a surface without the

bulk! Similarly, electronic and magnetic phenomena are often two sides of the same coin.

* La, Ba,CoOy,: a charge-doped antiferromagnetic Mott insulator. It has magnetic energy
modes that are similar to those seen in some superconductors, but is more disordered than

most!

* Lu;Co,;5SiysFe O, an anisotropic ferrimagnetic iron garnet. The rare earth iron garnets
have very coherent magnetic excitations, but here the Co*" changes the degree of ferrimag-

netism and anisotropy.

The remainder of this introduction will touch on some key concepts in the field of strongly correlated
electron systems in slightly more technical parlance. § 1.2 discusses aspects of magnetism in more
detail, while § 1.3 introduces topological materials. A lengthier material-specific introduction is

found at the start of each relevant chapter.

IThe very very short version of quantum mechanics is: firstly, particles can act like waves and vice versa, secondly,
only certain combinations of energy and momentum are allowed (quantisation). For electrons in atoms in crystals, we
talk of quantum numbers, which can only be integers e.g. n =1, 2, 3,... for energy, | for angular momentum, and in
special cases, half-integers. The spin of a single electronis s = 1/2.

2Without delving deeply into thermodynamics, temperature T plays the role of a natural energy scale E = kgT, where
kg is the Boltzmann constant ~ 1.381 x 10~22JK~!. ‘Room temperature’ ~ 300 K. Quantum mechanical effects including
magnetism, are stronger at low temperatures. To give a more classical example, iron is ferromagnetic, but heat it up to
770°C (= 1043 K) and it is no longer magnetic but still a solid.



1.2 More magnetism

The fact of the matter is, everything is a little bit magnetic, even this hapless frog (link to levitating
diamagnetic frog video [5]). For a good overview of different kinds of magnetism and how these

can play out in real materials, see reference [6].

1.2.1 Magnetic interactions

The four fundamental forces of nature are: the gravitational force, the electromagnetic force, the
strong and weak nuclear forces. The range of the electromagnetic force is infinite and so an exact
model of magnetism requires all electromagnetic particles to be considered. It is totally impractical
to build up a model of magnetism in condensed matter from the electromagnetic force up. Hence
we describe effective interactions between magnetic moments to generate useful models of magnetic
materials. These interactions stem from the electromagnetic force but are strongly influenced by the
symmetries® present in the electronic / crystal environment and quantum mechanical constraints
such as the Pauli exclusion principle. In this way, magnetic models are frequently coupled to the
electronic and orbital structure in a the material. Here I present the cast of magnetic interactions

discussed in this thesis in a succinct, mostly non-mathematical way.

Exchange interaction

The exchange interaction describes how magnetic moments prefer to align (ferromagnetic exchange)
or anti-align (antiferromagnetic exchange) with their neighbours. The exchange interaction is really
the main character in this thesis. The name comes from the fundamental symmetry governing
the exchange (swapping places) of electrons in a material*. Roughly speaking, electrons with the
same spin (1 1) occupy different energy states (by the Pauli exclusion principle) in one atom and
are indistinguishable when exchanged. Since the electrons with the same spin are in different
energy states (and so different places), then their energy due to the electrostatic force (Coulomb
interaction) is lower. The converse is that electrons with different spins (| 1) can be in the same
energy state/place, but would experience stronger Coulomb repulsion. Hence the exchange
interaction favours ferromagnetism (alignment of spins), but this competes with the difference in

energy levels in the atom.

Taking a bigger picture, the exchange interaction also manifests between magnetic moments on

3The physics of crystalline solid materials involves a LOT of symmetries! In fact, every crystal belongs to one of
the 230 space groups, each with its own list of mathematical operators that constrain structural symmetries. For an
introduction, see reference [7, 8].

“Exchange interactions apply to all fermions and bosons but I only think about (some) electrons.
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different atomic sites. There is no one general explanation for what happens, as the situation
is pretty much unique for each material and made much more complicated by the changes in
electronic band structure: are the unpaired electrons from two neighbouring ions independent?
In an ionic bond? Hopping around? In an anti-bonding orbital? The end result can favour

antiferromagnetism in many different forms, or ferromagnetism.

The Heisenberg model of exchange is defined by the following Hamiltonian term (Equation 1.1):
exchange Z]l] Si- S (11)

where the sum is over pairs of spins S; and S;, denoted (ij). The Heisenberg model is useful
when the ions have a defined number of electrons and are spaced apart such that there isn’t
strong overlap between their orbitals. Generally, a specified number of ‘neighbouring’ spins are
considered: nearest neighbours, next-nearest neighbours, and so on, each pair with their own Jj;.

The J;; can also be anisotropic (i.e. different in x, y, z), for example Equation 1.2:

Hexchange = Z JiSiST+i 8] 8] + i Si S5 (1.2)

The model can be extended qualitatively to consider interactions such as superexchange, where there
is a non-magnetic ion acting as an exchange intermediary between two magnetic ions, and the
Ruderman, Kittel, Kasuya and Yoshida RKKY interaction, where the exchange intermediaries are

the conduction electrons in a metal.

Ising-like interaction

The Ising model looks like a simplified Heisenberg model. Instead of the spins having any angle
between them, in the Ising model (Equation 1.3), all spins are along one axis and are represented

by 0; and 0; = +1 (rather than the spins being vectors S; and S; and calculating the dot product).

Hlsing = 2]1] Uig; (13)
(i)

For the Ising model to apply, there is usually a strong anisotropy or reduction of dimensionality in

the system: magnetic moments may be practically confined to chains (1D) or planes (2D).



Anisotropy

The interactions above may have an “anisotropic” parameter as far as Jy, Jy, Iz go, but the interac-
tions govern the degree of collinearity of neighbouring spins, rather than the absolute direction the
spins prefer to point. This preferred spin orientation (and direction of the bulk magnetisation in
ferromagnets and ferrimagnets) is governed by the magnetic anisotropy. Magnetic anisotropy can
have a number of origins. For example, in ferromagnets, the shape of the sample can introduce
anisotropy due to the demagnetisation effect strongly influencing the domain structure. Similarly,
a material surface may have different anisotropy to the bulk material. However, in my work, the
main anisotropy to consider comes from coupling of the crystal structure with the magnetism:
magnetocrystalline anisotropy. Magnetic anisotropy is responsible for hysteresis in ferromagnets, and
intertwined with phenomena such as magnetostriction, magnetoresistance and magnetoelasticity.
Magnetocrystalline anisotropy, also called single-ion anisotropy, can stem from several different

quantum interactions, several of which are discussed next.

In the context of a Hamiltonian, the energy associated with single-ion magnetic anisotropy is
usually parametrised

Haniso = Z (D Slz)z (14)

i
where a negative D in Equation 1.4 denotes an easy-axis anisotropy along z (in coordinates where D
is diagonal) and a positive D, easy-plane anisotropy (moments lie in the plane perpendicular to D).
An effective magnetic field along the local z direction would have the same form as Equation 1.4.
Since Equation 1.4 only involves one spin, it is not a spin-spin interaction, hence the moniker
‘single-ion anisotropy’ (also it comes about from picturing the crystal field environment of just a

single ion).

Crystal field

The magnetic moment of an ion with unpaired electron(s) is made up of a contribution from the
total spin quantum number S and also the total orbital angular momentum quantum number L,

giving the total angular momentum quantum number | = L + S, and effective magnetic moment

pest = g7 \/J(J +1) up, (1.5)



where g is the g factor”. In the case where L = 0 and i is the spin only moment, this simplifies
to ¢ = 2. S = 1/2 x (number of unpaired electrons) is intuitive enough, but what about L? The
crystal field (CF, or crystal electric field [CEF], also known as the ligand field) refers to the electric
field surrounding the magnetic ion and can have a big effect on L. For some ions, e.g. high spin
transition metal ions, the crystal field completely quenches the orbital angular momentum (meaning

an electron cannot swap to another orbital of the same energy) and L = 0.

A little bit more about the crystal field... The range of the electromagnetic force is infinite so every
ion in the crystal contributes somehow, but it is the contribution of the ions in local environment
(i.e. ions that neighbour the magnetic ion) that is meant by the term crystal field. Simply put, the
bonds and interactions responsible for the crystal structure will affect the shape of the orbitals with
unpaired electrons in them, introducing splitting of otherwise degenerate L states and anisotropy.
The electric field cannot really be modelled as a sum of point charges either, as the orbitals take
up quite a bit of space on the length scale of the local ionic environment. The orbital ordering and
energy gaps between different L, states changes with temperature, which can drive temperature-
dependent magnetic phenomena. At high temperatures, there is sufficient energy available for
the unpaired electrons to bypass the crystal field constraints and realise their full orbital angular
momentum potential! In this thesis, I don’t present any crystal field calculations, but I do discuss
the effects of the crystal field. One way of presenting the crystal field mathematically is via Stevens
operators Oék), which are basically glorified total angular momentum operators®, and associated

coefficients BS which depend on every single quantum number out there:

k
He= Y. Y Bol (1.6)
k=0,2,4,6 q=—k

Spin-orbit coupling

The last interaction I will introduce here is the spin-orbit interaction, which ties in nicely with the
crystal field discussion above. The spin-orbit interaction does what it says on the tin and couples L

and S. One spin-orbit coupling (SOC) Hamiltonian term is

Hsoc = AL - S. (1.7)

5The g factor relates the intrinsic angular momentum of a particle to its magnetic moment. This is explained in more
detail in the next chapter.
You too, would be glorified, if you were an operator derived from tesseral harmonic functions.



When spin-orbit coupling is strong, L and S are not good quantum numbers and everything is

spoken about in terms of J. There is a trend that SOC increases ~ Z*, where Z is the atomic number.

1.2.2 Which ions?

The relative energy scales of the above interactions is determined by the magnetic ion and its
crystal environment, which is always temperature-dependent. In this thesis, the magnetic ions in
my materials are Mn?", Co?* and Fe®*. All of these are transition metal ions with incomplete 3d

electron shells. Common features of these ions are that [9]:
e they have low or no orbital angular momentum (L =0, e.g. Fe3*);

* magnetic ordering temperatures are high because unpaired electrons are split into different

energy levels by the exchange interaction;
¢ there can be a high degree of overlap between 3d orbitals;
* in metallic materials, the unpaired electrons can be itinerant as the 3d shells are outermost.
In contrast, magnetic rare earth ions have incomplete 4f shells and
* large L and large SOC;

¢ smaller crystal field effects, because the 4f shells are well inside the ionic radius and so

shielded from the crystal field by shells further out;
* lower ordering temperatures;
* large magnetic moments, which are strongly localised.
These are some general trends and naturally, there are exceptions (but not really in this particular
thesis).
1.2.3 Phase transitions

This section does not aim to (re)introduce statistical mechanics or thermodynamics but simply
highlight the fact that condensed matter physicists get excited about phase transitions when a
solid material turns into another (magnetic) version of the same solid material! A magnetic ordering
transition in a crystalline solid can be described by Landau’s theory of continuous (i.e. no latent

heat involved) phase transitions [7]. The key takeaways are:
* some sort of symmetry is broken during the phase transition as the temperature reduces;

* the new lower symmetry must be a subgroup of the old higher symmetry;



e there is an order parameter, some sort of physically measurable quantity, that grows from zero

to non-zero at the ordering temperature;

¢ the order parameter continues to increase as the temperature decreases in a manner described

by a critical exponent;

* the order parameter of the new phase must transform as an irreducible representation (“irrep”)

of the parent phase.

Given all of these constraints (and because symmetry of the crystal is involved, that’s a LOT of

constraints), magnetism enthusiasts look out for:
* Breaking of time-reversal symmetry due to ordering of the magnetic moments’;
* Anincrease in magnetisation M for a ferromagnet;

— This is shown to follow M « |T — T¢|?# for Curie temperature Tc and critical exponent
p

* Or an increase in intensity of a Bragg peak forbidden by the non-magnetic structure for an

antiferromagnet (more on this in the chapters ahead);

¢ Some kind of physically plausible magnetic structure that also agrees with the symmetry

constraints imposed by the irreps of the parent crystal structure.

Examples of characterising magnetic order are given in this thesis. Additional examples appear
in reference [10] and the group theory symmetry considerations are given a full treatment in
references [7, 8]. A magnetic ordering transition may be accompanied by other changes in physical
properties, such as a structural transition or in an electronic or thermal property. For example, a
phase transition between a metallic state and an insulating state would show up in measurements

of electrical resistivity.

Mentioning electronic properties of materials is a neat segue into the next section.

1.3 Topological materials

As the name suggests, a topological material has an electronic band structure that is topologically

non-trivial®. Two kinds of topological materials are shown in Figure 1.3: topological semimetals

’Going back to the idea of spin = intrinsic angular momentum: if you run time backwards, your electrons “rotate” the
other way and the direction of spin changes! This means time-reversal symmetry is broken for all magnetic structures
except the paramagnetic case. Obviously this is not an experiment we get to do in real life, but you get the idea.

8Topology is a branch of mathematics concerned with loops, knots and braids. That is to say electronic energy levels
in a topological material have crossings in reciprocal space that cannot be removed by sliding the levels around each



and topological insulators. At first glance, the band structure of the topological insulator seems
much the same as its trivial counterpart. However, the key feature lies in the fact that the former
phase cannot be transformed into the latter without merging and separating the electronic bands in
a topologically-significant way. Topological materials have excellent transport qualities due to the
linear dispersion about the Fermi energy. For example, a topological insulator can transport charge
on its surface, but not through its bulk (picture a chocolate bar wrapped in metal foil). Tuning the

Fermi level as well as the band structure topology is a key driver of experimental work.

The study of topological materials has the potential to shed light on exotic transport phenomena,
and to advance quantum computing. Experimental work to uncover new examples of topological
materials is a booming area of physics. A key property of topological materials is that the states
are topologically protected, i.e. it is difficult to transform a topological insulator into an ordinary
insulator as this requires going through a topological phase transition (e.g. following the diagram
in Figure 1.3 from right to left), in effect changing the “knots” in the electronic band structure. For
this reason, topological materials may be a robust platform for quantum computation as they are
relatively immune to background perturbations. Topological quasiparticles are the basis for the

topological quantum computing architecture favoured by Microsoft.

\/\/ Fermi

energy

Increasing spin-orbit coupling

) /\ M
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[\7]
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Trivial Topological Topological
insulator semimetal insulator

Figure 1.3: Band structure of different topological materials.

1.3.1 Magnetic topological insulators

Magnetic topological insulators combine atypical transport phenomena such as the Quantum

Anomalous Hall Effect (QAHE) with magnetic order.

other in reciprocal space.
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Quantum anomalous Hall effect

First of all, what is a Hall effect? All Hall effects work along the lines (pardon the pun) of: put a
physical quantity along X, put another physical quantity along 2z and then a third physical quantity
is measured along or across the § direction, where X, § and 2 are orthogonal axes. The original
classical Hall effect has a current I, flowing through a material along X and a magnetic field B
threading through the material along z. The resultant quantity in the ¥ direction is the Hall voltage
Vh. This is depicted in Figure 1.4. The effect is most apparent in thin materials, where the material

is approximately 2D in the xy plane.

M ti
. agnetic

m = magnetic field B
~— force on

negative charge
carriers.

(=1
- |-

from charge

Direction of conventional ~ buildup.
electric current

I

Figure 1.4: The classical Hall effect. Figure from reference [11], reproduced with permission of the
author. Copyright Carl Rodney Nave.

The Hall voltage is given by
_ LIkB
Vg = o (1.8)

where n is the charge carrier density and d the thickness of the material as per Figure 1.4. 2D
electronic systems, either as thin films or surfaces, also exhibit the quantum Hall effect, which is the
quantisation of the Hall resistance (or its inverse, the Hall conductance 0y,) in very high magnetic

fields (~ 1T -10T) [12, 13]:

1 Vu h
R = —_— = —
Yooy L ove
v=1,2,3,4, ... fortheinteger quantum Hall effect (1.9)
1232
V=i for the fractional quantum Hall effect.

Furthermore, in the quantum Hall effect, the longitudinal resistance R, = V,/I, also vanishes!
Note that unlike Equation 1.8, Equation 1.9 does not explicitly depend on any physical properties
of the sample (the only degree of freedom is v). This remarkable phenomenon was used in the
redefinition of SI units in 2016 [14]. For more details of what physics v reveals, see references [12,

13]. Now this brings us to the quantum anomalous Hall effect (QAHE). This is when the quantum Hall

11


https://www.bipm.org/en/committees/cg/cgpm/26-2018

effect is present, despite the lack of external magnetic field (very anomalous) [15]! Several seminal
papers [16, 17] presented theoretical descriptions of the effect in terms of topological parameters
such as Berry curvature and Chern number (Z, topological invariant, some kind of “topological

charge” that is quantised).

The phase diagram for these materials depends on such topological quantities. For example,
reversing the magnetisation in a material displaying the QAHE changes 0y, from —e?/h to ¢*/h

and the Chern number by two [15].

Chern insulators

Indeed, the quantum Hall effect occurs in Chern insulators, where chiral edge modes are responsible
for the zero longitudinal resistance and finite Hall resistance. This is shown in the diagram in
Figure 1.5. Here there is a cross-over between particle physics and condensed matter physics, as
the relativistic Dirac equations describes quasiparticles associated with the chiral edge modes in
topological insulator systems — a concept first proposed by Conyers Herring in 1937. A comprehen-
sive review of the mathematical physics and experimental progress in realising the QAHE is given
in reference [15], while a more pedagogical treatment of the theory behind many topological forms

of matter is offered in reference [18].

Axion insulators

A variation on the topological insulator theme is the axion insulator. A Chern insulator under an
external magnetic field Hc will reverse its magnetisation, swap the sign of its Hall conductance oy,
and change its Chern number by two in one fell swoop. On the other hand, an axion insulator will
undergo the same change in two steps, i.e. first change its Chern number by one and show a zero
Hall conductance plateau. The “axion” name is borrowed from theoretical particle physics, where
the electrodynamic description is the same as in these insulators, and the purported existence of
axions may solve the strong charge parity problem. An axion insulator simultaneously breaks both
time reversal and spatial inversion symmetries in the bulk, and there are magnetic structures that

satisfy these requirements. For more details, see references [15, 18].

1.3.2 Topological semimetals

As with topological insulators, topological semimetals are defined by the topology of their Fermi
surface / band structure. There are three main classifications of topological semimetal: Dirac, Weyl

and nodal-line [20]. High energy particle physicists have been waiting a "Weyl’ to observe these
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Conduction band

Edge state
|

Surface state —

Valence
band

Figure 1.5: Topological insulators. Caption from [19]: “The massless Dirac-like dispersion of
the surface state with spin-momentum locking in a topological insulator. The surface state band
connects the bulk valence and the bulk conduction bands. b) Real-space picture of the surface
state in a topological insulator. Electrons with spins pointing up and down (red arrows) move
in opposite directions. c) The gapped Dirac-like dispersion of the surface state in a magnetic
topological insulator. d) The chiral edge mode that appears in a magnetic topological insulator
when the Fermi level, EF, is located in the mass gap induced by the magnetic exchange interaction.
The edge electrons conduct electricity without dissipation in one direction along the edge of the
sample.” Figure from reference [19], reproduced with permission from Springer Nature.

quasiparticle fermions — no Weyl fermion candidate has emerged from high energy particle physics
experiments — so topological semimetals are also a promising testing ground for fundamental
physics. Topological semimetals, unlike topological insulators, are gapless at the Fermi energy,

meaning the quasiparticle charge carriers are massless.

Dirac semimetals

The hallmark of a Dirac semimetal is an intersection of four electronic bands at a point close to the
Fermi energy, combined with linear dispersion close to this point [21]. This Dirac point is a robust,
topologically significant feature on the Fermi surface. It also obeys the Dirac equation, hence the
name of the associated quasiparticle is the Dirac fermion. If there is an energy gap between the Dirac
cones, the semimetal is said to be gapped and will have a larger quasiparticle mass, tending towards
being a topological insulator instead. Dirac nodes are protected by the 3D nature of the material,

alongside time-reversal and inversion symmetries.
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Weyl semimetals

Breaking one of these symmetries results in a Weyl semimetal [22]. A Weyl semimetal is distin-
guished by pairs of nodes where two electronic bands touch; partnered Weyl nodes have opposite
chirality and are sources/sinks of Berry curvature [21]. The Fermi surface enclosing a Weyl point
has a well-defined Chern number. Wey! fermions (quasiparticles corresponding to Weyl nodes) must
occur in pairs in order to conserve this topological charge. Weyl semimetals established by broken
time-reversal symmetry, i.e. magnetic order, are relatively uncommon in the literature [23]. Weyl
semimetals exhibit Fermi arc surface states on their Fermi surface, which have been observed via

angle-resolved photoemission spectroscopy (ARPES).

Weyl semimetals can be further divided into two types. Type I Weyl semimetals have dispersion
cones that are locally symmetric in reciprocal space and do not intersect the Fermi level except at
the nodes. In a Type II Weyl semimetal, the dispersion cones are tilted, breaking Lorentz invariance
[24]. This is due to the intersection of electron and hole pockets in the Fermi surface, hence the

cones intersect the Fermi level as well as the nodes.

Nodal line semimetals

A nodal line semimetal has doubly-degenerate bands intersecting along a 1D line in reciprocal

space rather than at discrete points [22].

1.3.3 Magnetic topological materials

In summary, the influence of magnetism on topological states is yet to be fully understood, and
the catalogue of magnetic topological semimetals and topological insulators is ever expanding.
Magnetic topological materials also demonstrate spin-momentum locking (see Figure 1.5), which will

be key in developing spintronic technologies relying on spin-polarised currents of electrons.

1.4 Thesis Outline

The remainder of this thesis is organised as follows:

Chapter 2 — introduces some basic tenets of crystallography and the experimental methods

used in the work
Chapter 3 — presents a study of the magnetism of the topological semimetal YbMnSb,

Chapter 4 — describes the magnetic structure of the topological semimetal MnSb,Te;

14



Chapter 5 — investigates the magnetic and charge order of La;_,Ba,CoOy

Chapter 6 — showcases the spin waves and anisotropic magnetism of the doped rare earth

iron garnet LuzCoq 5Sip5Fe;sO1

Chapter 7 — conclusion.
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Experimental methods

Here I outline the experimental techniques I used to get the results presented in this thesis. I
also give a nod to some other complementary methods that I personally did not use but appear
in background literature. In the spirit of not letting maths get in the way of exciting physics
experiments, I did not include all the equations, only the ones that help tell the story. Like many
generations of grad students before me, I started by reading Neutron Scattering: a primer, by Roger
Pynn [1]. For a more theoretically comprehensive, mathematically thorough — and thoroughly
enjoyable — treatment of neutron scattering please read my supervisor’s book [2] 1. For a pleasantly

paced introduction to scattering of both x-rays and neutrons, see [3].

2.1 An introduction to scattering methods

2.1.1 Welcome to reciprocal space

A crystalline solid consists of a repeating pattern of atoms extending in three dimensional real space.
The basis defines which atoms make up the building block of the pattern, and the lattice defines
how copies of this building block are repeated to create the crystal. The lattice is the array of points
generated by

1 = nma; + npap + nszas (2.1)

where 11, 1y, n3 are integers and ay, ap, a3 are the primitive lattice vectors needed to define a single

unit cell.

An efficient way to define this periodicity mathematically is to consider a Fourier transform of the

lattice in real space into reciprocal space: the reciprocal lattice. This is the array of points defined by

T was not paid for this product placement.
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the reciprocal lattice vectors

G = mja] + mpa; + msza; (2.2)
. 27 . 27 . 27
where aj = —ap x a3, a, = —az X aj;, a3 = —aj X ay,
0o 0o 0o
and vy = volume of primitive unit cell in real space = aj - ay x as.

With the right particle probe, a known initial momentum k; and a detected final momentum k¢,
a scattering experiment will do the Fourier transform for you for free? (this is explained later in

§2.2.1).

2.1.2 Elastic scattering

The cornerstone of elastic scattering or diffraction (where the energy of the scattered particle is
unchanged) is Bragg’s law >:

nA = 2dsinf (2.3)

where d is the spacing between lattice planes, 7 is an integer, and 8 is the angle between the incident
beam and the crystal plane. Bragg’s law is powerful; however, it is a special case of a more general
description of diffraction [2]. To stay versatile at this early stage, I will quickly introduce the famous
scattering triangle defined by

Q=k; —kf (2.4)

where Q is the scattering vector, k; is the initial momentum divided by the reduced Planck constant

h*, and ky is the final momentum divided by . This vector sum is shown in Figure 2.2. We note

2Terms and conditions apply, phase information not always included.

3The Bragg father-son team can be credited with kick-starting crystallography. Bragg Junior was an Australian with
British heritage, like me.

“Hot tip: momentum p is ’p’ = 2mth/A. This is de Broglie’s equation, which is at the heart of wave-particle duality

and quantum mechanics
o o ” ”
® [ o % ” %
a; : !’ : : E! :

basis lattice crystal structure

Figure 2.1: Together, the basis and the lattice make up the crystal structure.
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that for elastic scattering k; = ky = k and

47tsin @

Q = |Q| = 2ksinf = 3

(2.5)

%)

k; Q

1
Figure 2.2: Scattering triangle for elastic scattering.

If the scattering vector Q equals a reciprocal lattice vector G, and the condition of elastic scattering

is imposed, Bragg’s law is equivalent to Equation 2.4.

2.1.3 Inelastic scattering

A material may have some dynamics involving different atoms or larger particles, and scattered
radiation can exchange energy with these processes too. This means we can also measure the
energy distribution of a material in reciprocal space and link that to the crystal dynamics. This
is discussed later in §2.4, but for now, note that inelastic scattering refers to energy loss or gain by
the scattered radiation or particle. In general, inelastic scattering processes are much weaker than

elastic scattering.

2.1.4 The accounting of scattering probability: scattering cross-sections

In order to keep track of everything being scattered, it is useful to define scattering cross-sections.
The total scattering cross-section is the fraction of particles scattered by the target sample given an

incident particle flux @y (of particles per unit area per second):

- total number of particles scattered per second
s — .
Dy

(2.6)

Of course, the particles may be scattered by the target in any direction. In fact, the distribution of
scattered particles is very direction dependent! So defining a differential cross-section (Figure 2.3) is

key to accounting for scattered particles:

number of particles scattered per second

do  intosolid angle d() about a given direction o7
ol Py x 40 ‘ 27
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Scattered beam,
direction 6,0

0

dQ
Incident Beam, )

-

Figure 2.3: The differential cross section. Figure from source [4].

As mentioned above, it is possible that the energy, as well as the momentum, of a particle may
change through the scattering process. Hence we use the double differential scattering cross-section to

define both the energy and directional dependence of scattered particles:

number of particles scattered per second
into solid angle d() about a given direction
d’o with final energy between E; and E¢ + dE¢

dQdE; @y x dQ) x dE; 28)

The full equations relevant to specific types of radiation and this thesis are presented later.

2.1.5 What to scatter?

Many things can be scattered, but the most suitable choices for condensed matter experiments are
often neutrons and x-rays. In this thesis, I will only analyse coherent scattering (where the scattering
is Q-dependent due to correlation among all atoms in the solid, i.e. the structure of the sample and
the average over all lattice points) rather than incoherent scattering (uniform in Q and a measure of
self-correlation of atoms, i.e. the random variations in scattering amplitude on equivalent sites).

This is discussed more in the next part on neutrons.

Neutrons

Neutrons are an excellent probe of “where atoms are” (§ 2.3) and “what atoms do 75 (§ 2.4). The
mass of a neutron places it in the sweet spot of being able to tune its momentum and energy to the
range relevant to many particle processes in condensed matter systems. This thesis focuses entirely
on inorganic crystalline solids, their magnetism and magnetic excitations, but neutrons can also

probe liquids, thin films, and biological ‘soft’ condensed matter such as lipid bilayers.

5This is a quote from the press release for the 1994 Nobel Prize in Physics [5], awarded to Clifford G. Shull and
Bertram N. Brockhouse for pioneering neutron scattering techniques.
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Thanks to their lack of electric charge, neutrons primarily interact with atomic nuclei via the strong
nuclear force. Given that the nucleus is very small (~10~'% m) compared to the overall size of an
atom (~1 A =10"1"m), and the strong nuclear force has a tiny length scale of influence (~10~'° m),
most neutrons will in fact not interact with the first atom in their path — or even the first million
atoms in their path. Instead neutrons are weak scatters that penetrate deeply (~cm) into ‘most’
solid materials and rarely interact with more than one nucleus. The weakness of neutron scattering

signals necessitates large samples: on the order of 100 mg for diffraction and >1 g (being strategic,

as large as possible) for inelastic scattering®.

I'say ‘most’ solid materials, because neutron scattering does depend on which specific nuclei are
doing the scattering — or non-scattering and absorbing of the neutrons instead! Neutron scattering
lengths b vary haphazardly across the periodic table (taking a weighted average neutron scattering
length based on those for the isotopes for each element) and may be positive or negative. This
variation in neutron scattering lengths can be a real advantage, because there can be a large contrast
in scattering lengths between elements that are close in atomic number and size. Of course, some
elements in their naturally-occurring isotopes are very strongly absorbing and therefore not ideal

for a neutron scattering experiment (looking at you, gadolinium).

A neutron, being a spin-1/2 particle, has a small magnetic moment of —1.91304273(45) ux [6] 7.
This means neutrons can probe magnetism and the magnetic excitations (spin waves) of materials.
Although neutrons can magnetically interact with nuclei, the spin-ordering of nuclei only happens
at extremely low temperatures (~ mK). Instead, the main contribution to purely magnetic scattering
comes from the neutron’s spin interacting with the unpaired electrons that make ions magnetic.
Hence, neutrons are a probe of the magnetic structure and dynamics of materials. This is discussed
in detail in §2.3.2 and §2.4. Spin polarisation of neutron beams and its application to neutron

diffraction is discussed in §2.3.4.

It is impossible to govern (unless dealing with isotopically pure elements®) which isotopes will
end up where in a typical crystal synthesis. This leads to some natural randomness among lattice
sites, which drives incoherent neutron scattering. The nuclear spin points in a random direction
at practical temperatures, and its value is also isotope-dependent. Therefore, depending on the
material, there may be a significant incoherent background in a neutron scattering experiment from

both isotopic and nuclear spin effects. The good news is that this background is independent of Q

6Size is relative and some crystallographers manage to do great science with microscopic crumbs!

7 eh
uN = =, the nuclear magneton
2my

8Expensive.
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Table 2.1: Different neutron beams, their approximate energies, and moderator materials.

Neutron beam Energy (meV) Wavelength (A) Moderator Temperature (K)

Cold 2 6.4 liquid H 25
Thermal 25 1.8 liquid water 300
Hot 200 0.6 graphite 2400

and so appears flat in scattering data, though it may compromise signal-to-noise.

Neutrons, left all alone, decay in about 10 minutes. You can’t buy them off the shelf. So neutron
scattering experiments must take place on site at a neutron source — either a nuclear research
reactor (e.g. to be found at the Institut Laue Langevin [ILL] or the Australian Nuclear Science
and Technology Organisation [ANSTO]) or a spallation source (such as ISIS). Nuclear research
reactors produce continuous beams of neutrons via controlled nuclear fission of 22°U. At a spallation
source, the production of neutrons starts with protons accelerated in a linear accelerator and then a
synchrotron. This beam of protons is then pulsed (at ISIS, 50 Hz) and sent onto a heavy metal target,
which undergoes spallation, generating a pulse of neutrons around 100 ys long. There is a distinct
energy distribution for each method of neutron production: neutrons originating from the fission
of 2°U have an average kinetic energy of 2 MeV, whereas spalled neutrons have an average kinetic
energy of 20-30 MeV. These energies are too high for condensed matter scattering experiments’.
Hence, neutrons thermalise in moderators (see Table 2.1 for a description of different neutron
beams) before travelling through neutron guides to the various instruments. After moderation, the
neutrons have an energy distribution a la Maxwell at the temperature of the moderator, so further
energy selection of neutrons takes place at each instrument. At a research reactor, this is done with
monochromator crystals. At a spallation source, the time for neutrons to thermalise is much shorter
than the gap between individual pulses. Hence, a system of choppers is needed to alter the pulse

shape and reduce harmonics etc.

X-rays

X-rays for use in condensed matter studies tend to have an energy in the range of 10-100 keV, and
a corresponding wavelength of 0.1-1 A. Again, this wavelength range is comparable to atomic
spacings in solid materials, so x-ray diffraction is a useful structural probe. X-rays strongly interact
with the electron cloud of an atom. The more electrons, the more scattering, so x-ray scattering

amplitudes increase with atomic number, lacking the contrast between neighbouring elements that

9 And for the research reactor case, too high to sustain the fission chain reaction.
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you see in neutron scattering. However, the strong scattering means that much smaller sample
sizes can be accommodated for an x-ray experiment. The optics for x-ray beams are also much
more advanced and high resolution than for neutrons, meaning the x-ray beam can be focused
on an area of ~ 100 ym? rather than ~ 1 cm?! X-rays can be sensitive to different ionic species
and orbital order, which neutrons can only probe indirectly via magnetic or structural distortion.
X-rays are quickly attenuated in a solid material. The attenuation depends on angle of incidence,
the material and the energy of the x-rays. A typical x-ray diffraction experiment might probe the
material to a depth of only 10-100 #m. Hence a pristine surface is required if the results are also to

give an indication of the properties of the bulk.

Unlike neutrons, x-rays are massless: the relationship between energy and momentum is linear
(E = pc) rather than quadratic (E = p?/(2m)) as for massive (non-relativistic!) particles. A small
change in x-ray momentum leads to a tiny change in energy, and so inelastic x-ray scattering

techniques cover a smaller range of energies than inelastic neutron scattering techniques.

Scattering from x-rays is generally considered to be coherent, as the electron clouds rarely vary

from one lattice site to the next and x-ray scattering from the nuclei is negligible.

Lab-based instruments use x-rays generated from the collisions of accelerated electrons with a
metal anode. This leads to large peaks in the x-ray spectrum at energies associated with specific
transitions from the target metal, on a background of bremsstrahlung. The x-rays produced also

depend on the voltage the electrons are accelerated through.

Synchrotron x-rays (not used for work in this thesis) produce x-rays by accelerating electrons to
near the speed of light in a ring. The electrons then emit x-rays at a tangent to the ring as they
experience an acceleration perpendicular to their path (bremsstrahlung). Polarisation analysis is

also possible on synchrotron beamlines.

2.2 X-ray diffraction

Lab-based x-ray diffraction is useful for sample characterisation: to ascertain the crystalline quality
of the sample, to check for twinning and other surprises. For further experiments on single
crystals, it is important to know the directions of the crystal axes so the crystal can be aligned
accordingly. X-ray diffraction can provide complementary structural information to a neutron
diffraction experiment and may be the only practical option if the sample is small or strongly
absorbs neutrons. It’s also pretty fast these days, with Bragg peaks being measured in seconds,

rather than minutes as for neutron diffraction.
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2.2.1 What: Thomson scattering

The differential cross section for elastic x-ray scattering by a single fixed atom (Thomson scattering)

is
d
o =A@ (¢ -¢)? 9)

where ¢ and ¢’ are the initial and final polarisations of the x-ray beam, ry = poe?/(47tme) =

2.818 x 10~1° m is the classical radius of the electron, and

f4(Q) = [ exp (iQ 1) p(x)dr (2.10)

is the atomic form factor, which is the Fourier transform of the electron density of the electron cloud
for that atom p(r). For a lattice of points 1 decorated with a basis of atoms m, the differential

cross-section for elastic x-ray scattering is:

2 2

> Y fa,(Q)exp (iQ-d)| (& &) 2.11)
d

="

leexp (iQ-1)

FT of lattice FT of basis

where each atom in the basis has position d and atomic form factor F4,. This expression is essentially
the amplitude squared of the product of two Fourier transforms, one for the lattice and one for
the basis. This makes sense given that the crystal structure is the convolution of the lattice points
with the basis of atoms (which is itself a convolution of the atomic positions of that basis and the
electron clouds of those atoms). This is what I meant when I said scattering experiments do the
Fourier transform for you, although I haven’t exactly proven it. Note that this expression does only
depend on the amplitudes of the Fourier components — the phase information has been lost. This is
the phase problem of crystallography, which means (generally) we can only refine our best guesses of
crystal structures rather than obtaining them directly by Fourier transforming the data. Depending
on the arrangement of atoms within the basis given by vectors d, the phase factor may lead to
destructive interference and systematic absences of intensity at certain reflections. Combined with
the reflection conditions associated with the lattice, this can enable the space group symmetry of the

crystal to be determined.

In the case where the incident x-ray beam is unpolarised and the detector of the scattered beam

is insensitive to polarisation, the term involving the incident polarisation ¢ and the scattered
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polarisation ¢ simply averages to the Thomson scattering expression

(e%-£)% = (14 cos?6)/2. (2.12)

2.2.2 How?

Here I briefly describe the two instruments I used for x-ray diffraction in the Clarendon Laboratory.
The Agilent Supernova is a single crystal diffractometer with a molybdenum anode source (Mo
Ky = 0.71 A) [7]. The crystal is lassooed with a microloop (Figure 2.4), which is then mounted on a
four-circle ¥ geometry goniometer (Figure 2.5). The detector arm is on one circle of the goniometer,
with the sample’s orientation controlled by the other three circles. CrysAlisPro software controlled
the goniometer and acquisition of images from the CCD area detector, ensuring full coverage of
reciprocal space. The software can also do a fast refinement of the crystal structure based on the

automatically identified peaks.

Figure 2.4: Sample mounted on a microloop. Grease holds it in place.

The x-ray Laue backscattering camera (Photonic Science) uses a ‘white’!” beam of x-rays (from a
tungsten anode !'!) to access lots of reflections while keeping the detector fixed in backscattering
geometry (Figure 2.6). Because so many peaks are seen in just one exposure, this is an ideal
instrument for aligning larger samples: the aim is to see the symmetry first-hand. I think the raw

images are stunning (see Figure 2.7 for some examples).

10Many wavelengths, akin to white light.

1 As a heavy element, tungsten has a broad and high intensity spectrum of bremsstrahlung = “braking radiation” from
the electrons slowing down

12No this material does not feature anywhere else in this thesis, but I spent a good two weeks of my life aligning these
crystals, so these images deserve to be shown off.
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Figure 2.5: Agilent Supernova 4-circle x x-ray diffractometer: incident x-rays represented by the
orange arrow, scattered x-rays represented by the pink arrows, sample represented by the diamond
emoji. Key parts of the diffractometer are labelled: 1) x-ray tube, 2) 4-circle x goniometer [the « just
refers to the geometry], 3) x-ray shutter, 4) collimator, 5) beamstop, 6) beryllium window. The grey
box on the right is the CCD detector. Figure adapted from source [7].

Figure 2.6: The x-ray Laue backscattering camera: incident x-rays represented by the orange arrow,
backscattered x-rays represented by the pink arrows. The sample is wrapped in aluminium foil (a
window was cut in the foil to so the x-rays could access the surface of the crystal).
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Figure 2.7: Laue backscattering of EuCuAs'2. Behold the six-fold symmetry! a) A single exposure
of a single crystal on the x-ray Laue backscattering camera. b) a composite image from the x-ray
Laue backscattering camera of coaligned crystals on a single mount. Because the x-ray beam is so
narrow (<1 mm), multiple exposures were taken, translating the mount between each so that the
beam pointed at a different crystal. c) Neutron Laue backscattering image from ILL’s OrientExpress
instrument [8] of the same coaligned crystals. As the neutron beam is much wider (~cm), the entire
ensemble of crystals is exposed simultaneously. With b) and c), some ‘mosaicity” of the ensemble is
seen.

2.3 Neutron diffraction

Neutron diffraction features in some shape or form in every subsequent chapter of this thesis, so
pay attention to this introduction to a fantastic experimental technique! Take the interaction potential
V (r) to describe all interactions the neutrons have with the sample in real space. It turns out that
what we are really interested in is this potential in the case where the neutrons have incident and

final momenta k; and ky respectively:

(ke V(x /exp —iks - 1) V(r) exp(ik; - r)d°r
:/ (iQ - 1)V (r)d’r
(2.13)
=F (V(r) (Q)
=V(Q),

i.e. the interaction potential — in reciprocal space — as a function of Q, the scattering vector. The
interaction potential consists of a nuclear term Vy(Q) and a magnetic term V;(Q) (and several

other terms to do with electric fields, but these are miniscule):

V(Q) = W(Q) + Vm(Q). (2.14)
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2.3.1 What: nuclear diffraction

Unlike x-ray scattering which depends on electron density rho(r), neutron scattering depends on the
nuclear potential, which we treat as a delta function characterised by the neutron scattering length.

The neutron scattering length is a measure of the strength and sign of the nuclear interaction
113.

7

potential experienced by scattered neutrons: positive indicates a repulsive pseudopotentia
negative, an attractive pseudopotential. To begin with, let us consider the elastic scattering of
neutrons off a single nucleus. Typically, the number of protons, but not the number of neutrons (if
there are different isotopes), for the nucleus is known, so the average neutron scattering length b for

that element is assigned to the nucleus.

2
() = 2 a(r)
o (2.15)
VN (Q) = i bexp (iQ - 1)

Of course, the actual nuclear interaction is not so simple, but in the far-field context of neutron
diffraction, it will do fine. The total scattering cross-section and differential cross-section for elastic

scattering off this lone nucleus are given by

_ do _
o, = 47b?, i 2. (2.16)

Arrange many nuclei in a regular crystalline structure and the differential cross-section for coherent

elastic scattering becomes:

2

? (2.17)

(jg)h _ ‘;exp (iQ-1)| |Fv(Q)

—_— ———
FT of lattice

Fn(Q) is the nuclear structure factor, which is basically a Fourier transform of the scattering length

density of the unit cell, multiplied by an exponential factor.

Fn(Q) =} _baexp (iQ - d) exp (—Wa) (2.18)
d ~

Debye-Waller

FT of basis of atoms d factor
weighted by b,

The Debye-Waller factor is included to account for the fact that we are scattering off real, not

perfectly rigid, crystals. There will be some random motion of individual nuclei that increases with

13 Actually the nuclear potential is always attractive.
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temperature, which means that neutrons scatter off a slightly diffuse object rather than a perfect
point. The Debye-Waller factor depends on temperature, Q and the specific nucleus at site 4, but

for most occasions (low-ish temperature and low Q), exp (—W;) ~ 1.

The lattice vector sum below (left hand side of Equation 2.19) gives a total of N unit cells, and

Bragg peaks whenever the Laue condition Q = G is fulfilled:

2
2
!

3
72) Y 5(Q-G). (2.19)
G

(4

Lo (iQ-1)

Then the differential cross-section for coherent elastic neutron scattering off nuclei is

do - (27‘[)3
(i), =N Tlm©@Fie-6) @20

This result is similar to that for x-ray diffraction in that it depends on the squared amplitudes of
Fourier transforms of both the lattice and the basis. Note that different systematic absences will
exist for neutron and x-ray diffraction on the same material with the same wavelength due to the

differences between the atomic form factor and the neutron scattering length.

2.3.2 What: magnetic diffraction

Magnetic neutron scattering is generally weaker than nuclear neutron scattering, due to the very
small magnetic moment of the neutron. What makes magnetic neutron scattering at all feasible
experimentally is that the range of the electromagnetic force partially compensates for the tiny
magnetic moment of the neutron. The range of the electromagnetic force is much, much larger
than that of the strong nuclear force! For polarised neutron scattering, there can be interference
terms between nuclear and magnetic scattering, but for now, we consider the case of unpolarised

neutrons where such cross terms are zero.

Neutron scattering is only sensitive to the components of the magnetisation M(r) that are perpen-
dicular to Q. It doesn’t really matter as to the origin of the magnetisation, all that matters (for
now) is that neutrons do not ‘see’ magnetisation parallel to the scattering vector. I will bash my
way through this as quickly as possible. Let’s consider the magnetisation of the magnetic unit cell
M(r) as having a transverse (divergence-free) component M (r) and a longitudinal (curl-free'?)
component Mj|(r):

M(r) =M, (r) + MH(I‘), (2.21)

14Reminder: B = pg(H+ M) and V-B = 0,50 V-M = —V - H don’t hate me
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V. ML(I‘) =0, Vx M”(l') =0. (2.22)

If we consider one of Maxwell’s equations

V-B=0, (2.23)
the vector potential A
B=V XA, (2.24)
and the gauge transformation
A A+ VS, (2.25)

it is apparent that M (r) corresponds to a gauge freedom V f and will not change B. Hence, the
magnetic field B that scatters the neutrons is only dependent on the transverse magnetisation

M (r). In real space:

B(r) = 1M (r). (2.26)

Now if we Fourier transform the magnetisation of the unit cell M(r) into reciprocal space (and
multiply the result by yro/(2ug), where v = |u,,/pn| = 1.913 is the ratio of the neutron magnetic

moment to the nuclear magneton'®), we get the magnetic structure factor (MSF) F(Q).

F(M(r)) (Q) = i’j‘jm@ 2.27)
Fm(Q) = Fu, (Q) +Fum, (Q) (2.28)

The divergence of the transverse magnetisation still has to equal zero after being Fourier trans-

formed as 7 (V-B) = 0:

F(V-ML(r))(Q) = —ii’jjq Fu,(Q) =0, (2.29)

So Fum, (Q) is perpendicular to Q, and Fy; (Q) is parallel to Q. By extension back to real space
(stay with me!), M (r) must also be perpendicular to Q. Combining Eqn. 2.29 with Eqns. 2.22, 2.23,
and 2.25, we arrive at the keystone of magnetic diffraction: neutrons only probe the component of

the magnetisation that is perpendicular to the scattering vector, M (r). It is also possible to arrive

150, /un = —1.91304273(45) [6]. 7 is not to be confused with the gyromagnetic ratio = magnetic moment/intrinsic
h
(or ‘spin’) angular momentum, 7y, = FT" = gn;%\[ =1.832471 x108s~ 1T [6]. I = 5 for a neutron. The g-factor of

the neutron is the relevant dimensionless quantity g, = —3.82608545(90) [6] (so g» = —27). Also, while we're here:

— me
UN = ", HB-
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at this result from the bottom up, based on the contributions of an individual electron’s spin and

orbital magnetisation to the magnetic interaction potential.

The differential cross-section for magnetic elastic scattering is

do _ (2m)° 2
<dﬂ>mag,coh =N, L [P Q2@ - G (230)

where N, is the number of magnetic unit cells, v,, is the volume of the magnetic unit cell, and G,

are the reciprocal magnetic lattice vectors. The equation for the MSF is

Fu(Q) = ;}2 Z fmi(Q) p; Q1 o~ Wi(Q) (2.31)
]
Fu, (Q) = Q x (Fm(Q) x Q) =Fy — (Fu-Q) Q (2.32)

for magnetic sites j located at r; with moments ;. Here fy ;(Q) is the magnetic form factor. This is a
Fourier transform of the spatial distribution of the unpaired electron responsible for the magnetism
of site j. Since these electrons are usually outermost, the form factor is largest at low Q and tails
off at high Q in a Gaussian-like way for an isotropic orbital. The term e~"i(?) is the Debye-Waller
factor: given low temperatures (often needed to be in the magnetically ordered phase) and low Q

(where magnetic scattering is largest), it is generally ok to take e™"i(Q) ~ 1.

2.3.3 How: single crystal diffraction

Here I will introduce some instruments (all at the ILL) that I utilised during my thesis for unpo-
larised neutron diffraction. Firstly, D10: a four-circle diffractometer that views monochromated
thermal neutrons with an area detector (64 pixels x 64 pixels, 8cm x 8.cm) [9]. It can be used in
four-circle mode with the sample in a bottom-loading, constant-flow He cryostat on an Eulerian
cradle and the detector on the fourth circle, or in two-circle mode with a larger sample environment
such as a cryomagnet (Figure 2.8). A 3D peak in reciprocal space is built up taking 2D frames from
the detector at regular intervals as the sample is rotated through an angle, see Figure 2.9. Each
peak is modelled as an ellipsoid in reciprocal space, and then integration is performed over that
ellipsoid to find the total peak intensity. The integrated intensity is also corrected for instrument
geometry relative to the scattering angle (Lorentz correction). This is done using the ILL program
RACER. The area detector is also useful for measuring diffuse or weak peaks that are not structural
in origin.

ILL also has Laue diffractometers, which see a white neutron beam. The two I met were OrientEx-
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(a) Eulerian cradle (b) Vertical cryomagnet

Figure 2.8: Two experimental set-ups on the D10 instrument at the ILL.

Figure 2.9: D10 data visualisation: a) a frame from the area detector at a specific sample orientation;
b) one angle of the sample orientation is adjusted incrementally, building up a volume consisting
of a stack of frames (here x and z are the axes of the detector and y is the sample orientation
angle changed for each frame; c) the volume is transformed into reciprocal space co-ordinates;
d) applying a noise threshold to the data in c) enables the peak to be visualised. This is what is
modelled as an ellipsoid and integrated by RACER. 3D visualisation done using Int3D [10].
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press and CYCLOPS. OrientExpress has a similar set-up to the x-ray Laue backscattering camera
shown in Figure 2.6, but the detector is able to rotate through the scattering angle 20 so it can be
used in transmission geometry as well [8]. An example of raw data from OrientExpress is pictured
in Figure 2.7 ¢). CYCLOPS has an array of very large area detectors arranged in an octagonal

configuration around the sample to view a large range of 26 at once [11].

2.3.4 What: polarised neutron diffraction

So far, all the neutrons we have met have been unpolarised, i.e. spins all akimbo, pointing in
random directions. Now I introduce (spin-)polarised neutrons! Some scattering processes can
flip the spin of a neutron: for example, magnetic moments perpendicular to the neutron spin
result in spin-flipped scattering, but magnetic moments parallel to the neutron spin result in
non-spin-flipped scattering. Also, interference terms between magnetic and nuclear scattering are
non-zero when they occur at the same Q for polarised neutrons. In short, the information about the
spin state of the neutron before and after scattering is very valuable and can even solve the phase

16 see reference

problem. For more information about the benefits of polarising your neutrons
[2]. The trade-off is that there is a substantial reduction in neutron flux for these experiments,
which occurs through the polarisation process. For example, spin polarisation can be done with

spin-polarised *He as a spin filter'”, and /or with a polarising crystal as a monochromator!®.

It is possible to analyse all components of polarisation before and after scattering, but this is
complicated. Instead, longitudinal polarisation analysis considers polarisation P only along one
axis. Here that is the z axis, the vertical axis in real space. For the half-polarised technique, the
incident beam is polarised along z perpendicular to the propagation direction of the neutrons, but
there is no polarisation analysis of the scattered neutrons. The ratio of scattered intensities at a
Bragg peak from ‘spin up” and ‘spin down’ incident beams is known as the flipping ratio, R. The

general equation for R (see reference [2]) can be simplified under the following conditions:

e the magnetisation of the sample is parallel to the z axis such that Fp; || 2V G (you might have

to make this happen with an applied magnetic field);

¢ and the crystal is centrosymmetric;

16T guess if you are having an MRI, your neutrons are a bit polarised!

17 3He preferentially absorbs neutrons with spin antiparallel to the spin of the 3He nucleus. If using polarised >He, a
good achievement would be 80% polarised neutrons.

1BWith Mponochromator - Q, and [Fx(Q)| = |Fa(Q)|, the reflected neutrons will be polarised; the sign of the

2Fp(Q)Fn(Q)
FN(Q)? + Fm(Q)

polarisation fractions for ILL’s D3 are in the range ~80%—-97% depending on filters used[12]

polarisation depends on the signs of the form factors. The polarised fraction is Py = 5. Typical
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* and the beam is perfectly polarised along z

then [2]

R LTt (B% +2B) sin” a
C 1+ (B2 —2B)sin’a’

,B: FM/FN/
a=2(2G).

(2.33)

In the case where scattering is only in the horizontal plane (P L G), and magnetic scattering is

much weaker than nuclear scattering (8 < 1), then further simplification gives R ~ 1 + 4p.

2.3.5 How: polarised neutron diffraction

The instrument I used for polarised neutron diffraction was D3 at ILL. D3 has high flux and
is located on a neutron guide that views the ‘hot” source (graphite moderator) [12]. The main
distinguishing features of D3 from an unpolarised neutron diffractometer are that D3 uses a
polarising monochromator, guide magnetic fields to keep the spins pointing a certain way, and
‘cryoflippers’ to reverse the spin direction. A schematic diagram of D3 in the half-polarised set-up

is shown in Figure 2.10.

J— polarised
monochromatic beam
M

mixture of spin flip and
non-spin flip neutrons

unpolarised hot
neutron beam

B OL 0020 02 gh O +

> ]

detector

guide field (accepts all spins)

guide field

polarising cryoflipper

monochromator

sample +
magnet

Figure 2.10: Set-up on D3 for half-polarised neutron diffraction. By activating the cryoflipper, the
polarisation of the incident beam can be made spin up or spin down. Here, it’s spin down. In order
to calculate the flipping ratio, a spin up measurement also needs to be done for the same Q.

If full longitudinal polarisation analysis is done, then there is a >He spin filter between the sample

and the detector, so the detector only measures either spin up or spin down neutrons. For spherical

polarimetry, it’s even more sophisticated but I didn’t do that, and won’t go there now!
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2.4 Inelastic neutron scattering

For inelastic scattering, k; # ky, so the scattering triangle is no longer isosceles; hence the expression
for Q becomes

Q* = ki + k7 — 2kiky cos(26). (2.34)

There are many processes that result in inelastic scattering and an energy transfer (AE = hw) from
the neutrons to the sample (with initial state |A;) and final state |A¢)). We consider neutrons which
start in the state (k;, 0;) and are scattered into the state (ky, 0¢), where ¢; and o are the initial and
final spin polarisations respectively. The initial state |A;) of the sample will not be fixed but vary
according to some (likely thermal) distribution, so we consider all possible transitions A; to A,

each with probability p, . The master equation for the double differential cross-section is:

d2(7 k f 5
dQdE; <27m2> AZ PA; Z\ oA | V(Q) | 0iri) | 6(Ex, — Ep, — hew) . (2.35)
density of states m - conservation of energy
from FGR/ @, all A; Fermi’s Golden Rule (FGR)
possible

This contains all inelastic (and elastic) processes. Unless you are doing polarised inelastic neutron
scattering, your data will contain signals from all of these, both nuclear and magnetic. Magnetic
excitations can be isolated from the many scattering features by judiciously ignoring the elastic line
and any signals that get stronger with increasing Q and increasing temperature (almost certainly
these are phonons!?). If these magnetic excitations are collective and quantised, they are also

known as spin waves or magnons.

2.4.1 What: spin-wave spectroscopy

The double differential cross-section for magnetic neutron scattering is

o _ ks <m

2
d0dE; K 2;43) S(Qw) (2.36)

where S(Q, w) is the scattering response function, which is the component of the dynamic magnetic
structure factor perpendicular to Q. The interesting parts of Eqn. 2.35 are now all in S(Q, w).

The scattering response function is, in turn, made up of the reduced partial response functions

19A phonon is a quantised, collective vibration of atoms in a material. In neutron scattering, this involves only the
nuclear term in Vi (Q).
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S4p(Q, w) (plus the magnetic form, and Debye-Waller factors that we have already met):

$(Q w) = fi1(Q) exp(=2W) Zﬁ(éw ~ QaQp) Sup(Q @) (2.37)
«

The indices « and S refer to the three Cartesian axes, and Q. is the magnitude of the & component
of the scattering unit vector. The S, (Q, w) are also known as the Fourier transform of spin-spin
correlation functions, because the full expression entails breaking down the Fermi Golden Rule term
of Equation 2.35 into the product of the creation of spin along the a direction from state A to state
A; and the annihilation of spin along the § direction from state A; to state A;. This kind of makes
sense as a mathematical description of spins wobbling around and scattering neutrons from sample
state [A;) to |Af) with an associated energy transfer AE. With z as the axis of quantisation (i.e. the
direction along which the magnetic moments point in the ground state; the direction of the ordered
spins) and a Holstein-Primakoff transformation mapping the raising and lowering operators to
bosonic-like excitations (that’s the spin-waves, more on this in [2]), the nine components of the

spin-spin correlation can be determined:

* S, is elastic scattering, since S* cannot change the |A) of the sample (equivalently, it can’t

change the number of magnons).

® Sz, Szx, Syz and Sy, are zero, because S* does not change the number of magnons but $* and

SY do, since they are composed of raising and lowering operators (again, see [2]);
* however, this also means Syy, Sy, Sxy and S,» can all be non-zero for inelastic scattering.

e Together, Syy + Sy, + Sxy + Syx = S1 (Q, w) in the case of spins aligned along the z axis in the

ground state magnetic structure.

The full expression for the spin-spin correlation for magnons also enforces conservation of energy
(AE = £hwg, for magnon dispersion fiwq, see the appendix for an example of magnon dispersion
derived via linear spin wave theory) and conservation of momentum (Q = G + q). Arriving at
a full analytic expression for 5(Q, w) is longwinded in all contexts and impossible in some, but
suffice to say, S(Q, w) is essentially the dynamic magnetic structure factor. Convolve S(Q, w) with
the spin wave dispersion /iwg (and the instrument resolution function), square the result, and you

have the spin wave intensities measured by inelastic neutron scattering.
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2.4.2 How: triple-axis spectroscopy

Triple-axis spectroscopy is the original neutron spectroscopy technique developed by Bertram

Brockhouse in the 1950s. A triple-axis spectrometer is so named because it possesses three “axes”:
1. the monochromator,
2. the sample, and
3. the analyser.

Bragg reflection of the white neutron beam from the monochromator crystal defines the incident
momentum k;. Bragg reflection of the neutrons scattered from the sample from the analyser crystal
defines the final momentum ky. The latter reflection also sends the neutrons with k¢ into the
detector. Spectrometer components rotate around the three axes, and in the case of the sample
and analyser-detector, also translate. This allows the scattered intensities at a range of AE and
Q to be sampled. A schematic diagram of a TAS is shown in Figure 2.11a). The scattering angle
at the analyser crystal 264 is usually fixed, so that k; is held constant, while k; is varied. An
example of a classic thermal TAS used in this thesis is TAIPAN at ANSTO [13]. Another TAS used
in this thesis is IN8 at the ILL, which features the FLATCONE analyser-detector array [14]. The
31 analyser-detector pairs span 75° and effectively sample many nearby points in Q in parallel
(see Figure 2.11). TAS instruments are found at reactor sources to make use of high constant flux
near the reactor. Some advantages of this method are high Q and AE resolution, as well as the
ability to collect data solely at interesting regions of Q space, meaning TAS instruments are ideal
for parametric studies. The disadvantages are that it takes many long measurements to build up a
big picture of reciprocal space, and inevitably, some regions of Q and AE are inaccessible due to

the restrictions of the instrument geometry.

2.4.3 How: time-of-flight spectroscopy

Instead of using crystals to monochromate the white beam of neutrons, time-of-flight (TOF) spec-
trometers utilise a system of choppers, carefully timed, to block neutrons with unwanted energies.
This is shown in Figure 2.12 a) and b). A direct geometry TOF spectrometer thus has neutrons
with k; incident on the sample. The sample sits in the middle of a cylindrical array of detectors,
usually spanning over 180° in the horizontal plane and somewhat less in the vertical plane — an
example is shown in Figure 2.12 c). The AE is measured by timing the neutrons with selected k;
from the final chopper to the detector. Not all scattering angles can be measured simultaneously.

Some detectors may be masked by the sample environment, and there will be gaps between the
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Figure 2.11: a) A schematic diagram of a triple-axis spectrometer, b) The FLATCONE array,
consisting of 31 analyser-detector pairs spanning 75°, with two options for ks across the whole
array. Subfigure a) source [15]. Subfigure b) reprinted from reference [14], reproduced with
permission from Elsevier.

detectors; however, rotating the sample about the cylindrical axis of the detector bank within the
sample environment compensates for this. TOF instruments tend to have superior coverage of Q
but inferior resolution of Q compared to TAS instruments. TOF data analysis inevitably involves
integrating over a range of energies and momenta, but the AE resolution can be very fine, with
narrow pulse widths and timing channels possible with many layers of precise choppers. Owing
to the subtleties of chopper timing, TOF instruments usually operate at specific, discrete k;, and
are typically installed at spallation sources, where the neutron beam is already pulsed. However,
there is a slight disadvantage for cold neutrons at a spallation source as the fast neutrons from the
following pulse can make it through the open choppers as well - this necessitates more choppers,
and a corresponding loss of flux. Two TOF spectrometers utilised in this thesis are PELICAN at
ANSTO (cold neutrons, reactor source) [16], and MERLIN at ISIS (thermal neutrons, spallation
source) [17]. The latter can operate in repetition-rate multiplication mode, which admits several k;
onto the sample at once [18]. The pulse rate of ISIS, combined with the sample-detector geometry,

means that data can be distinguished according to k;.
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Figure 2.12: a) Basic distance-time diagram for a time-of-flight instrument. In reality there are
more choppers between C1 and C2, especially at a spallation source. b) Schematic diagram of
chopper system. c) PELICAN detector bank consisting of 200 position-sensitive *He tubes aligned
vertically. This detector bank covers 0.8 sr. Subfigures a) and b) from reference [19], reproduced
under CC BY 4.0. Subfigure c) from reference [16], reproduced with permission from the Physical
Society of Japan.

2.5 Samples

The primary consideration for any hard condensed matter experiment is the quality of the samples.
I was fortunate enough to collaborate with several crystal growing wizards during the course of
my DPhil, and their samples underpin my results — a big thanks to Dharmalingam Prabhakaran of
the Clarendon Laboratory, University of Oxford, and Hao Su and Yanfeng Guo of Shanghai Tech

University.

The samples studied in this thesis were grown by one of two methods, the flux growth method
and the optical floating zone method. The former entails mixing powdered elements or parent
compounds and a chosen flux material together in a crucible. The crucible is then heated and
cooled very slowly to allow crystals to form in the flux. Centrifuging gets rid of the still-molten flux
and reveals small crystals, usually in the form of platelets. This process is depicted in Figure 2.13.
Crystals produced in this way tend to be small and may have impurities of other compounds
remaining on the surface, but their platelet shape often features natural facets, making them easy

to align.

The optical floating zone method, shown in Figure 2.14, begins with a polycrystalline seed rod?’.

The furnace has a very localised hot spot due to intense focussing of the light from the halogen or

20This can be produced in different ways, variations of shake ‘n” bake etc.
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Figure 2.13: The flux growth method: 1) mix ingredients and flux together, 2) melt, 3) cool down
slowly, allowing crystals to grow, 4) while still above the melting point of the flux, centrifuge to get
rid of remaining flux. Figure adapted from [20], copyright Elsevier (2015).
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Figure 2.14: The optical floating zone growth method. Figure from reference [21], reproduced
under CC BY-NC 3.0.

xenon lamp by the ellipsoidal mirrors. By moving the seed rod slowly through this floating zone
while it is continuously rotated, each part of the seed rod is melted and cooled in turn. A new,
single crystal will form. It is possible to grow very large crystals using this technique, although
the diameter is limited by the surface tension of the melt in the floating zone. Crystals produced
are cylindrical and lack natural facets, but it is likely that any impurities that preferred to stay in
the melt ended up at one end of the crystal (rather than being present throughout the sample).
However, the presence of impurities is unlikely as there is no crucible or extra material present

while the crystal grows, aside from inert gas that flows through the quartz tube.

Single crystals offer additional richness in the form of defined crystal orientations, whereas pow-
dered samples offer an average over all crystal orientations. A full structural refinement might
be impossible without the additional information given by knowing the crystal orientation. It is
important to gauge the quality of the single crystal. Broad Bragg peaks indicate short-range rather
than long-range order. Several peaks instead of one single peak indicates twinning or multiple

crystal grains. However, there might be times when only a powdered sample is feasible due to the

40


https://creativecommons.org/licenses/by-nc/3.0/

size of crystallites produced or heavy twinning, mosaicity etc. In some cases, a powdered sample
may even be preferable: a powder can be packed into sample cans of different geometry (annular,
flat etc.), which can be advantageous if the sample is strongly absorbing. A powdered sample can
also be mixed with other powders, e.g. with a material that acts as a calibrant in the case of high
pressure experiments. Happily for me, fantastic single crystals were synthesised for all materials

highlighted by this thesis!

2.6 Transport and magnetometry

2.6.1 Magnetometry

Measuring bulk material properties of samples was done using a Quantum Design physical
properties measurement system (PPMS). This versatile instrument consists of a superconducting
cryomagnet, cooled by liquid helium (LHe) and liquid nitrogen (LN), and a probe that can be
configured for different measurements of magnetic and transport properties. The temperature
dependence of properties such as resistivity and magnetisation can be used to track phase changes
in a material, as well as indicating the energy scales associated with the interactions behind these

phases (energy ~ kgT).

The PPMS can be used as a vibrating sample magnetometer to measure the magnetic moment P to
within 107% emu: for an explanation of what an emu (electromagnetic unit) is, see Figure 2.15 a). In
this mode, the sample is oscillated vertically (2 axis) over a distance of A (~ mm) at a frequency
w (~ 40 Hz) while in a magnetic field applied by the PPMS. The pickup coil assembly is shown
in Figure 2.15 b). The two coils are wound in opposite directions from the same wire to create a
first-order gradiometer. The total magnetic moment of the moving sample generates a time-varying

magnetic flux ¢p, which results in a voltage V in the pick-up coils (Eqn. 2.38).

v _des __dpy dz

dt — dz dt (2.38)
x PwAsin(wt)

A more sensitive magnetometry technique involves the superconducting quantum interference
device (SQUID), packaged as a Quantum Design magnetic properties measurement system (MPMS).
This can measure the magnetic moment to within 1078 emu. The sample is secured in the middle
of a drinking straw, which is then moved through the coils. Some sample mounting considerations

are detailed in [22]. Four superconducting coils are wound to create a second-order gradiometer.
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The actual SQUID component then converts the induced current into a voltage.

For both instruments, measurements are taken at many temperatures and/or applied fields, and
sometimes with different sample orientations relative to the applied field. All measurements
take place under vacuum. In the end, all the analysis is done assuming the sample has a dipolar

moment induced by the applied field. The bulk magnetisation M (magnetic moment per unit

=lemu =1erg G £
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=103 ) T c)
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Figure 2.15: Magnetometry basics: a) the emu, b) the vibrating sample magnetometer (VSM),
¢) the SQUID. Subfigure b) adapted from source [23]. Subfigure c) adapted from reference [24],
reproduced under CC BY 4.0.

volume) is related to the susceptibility x by M = xH. x is dimensionless in SI units. However it is
more common to present the magnetisation (and then also the susceptibility) as another intensive
quantity: per mol, per g or per formula unit (f.u.)?!. Warning: there is another definition of emu out
there (such that it has dimensions cm?®) and also people tend to leave out Oe from units because
it doesn’t affect the number if working in [cgs]... The measured quantity, which is total magnetic
moment P[emul], is extensive. An intensive quantity is the molar magnetisation M[emu mol~!]

and this is the starting point for all calculated quantities going forward:

Plemu] m,[g mol_l]

MJemumol '] = -

, (2.39)

where m is the sample mass and m;, is the mass per mol of the material. Fitting the Curie-Weiss

law (Eqn. 2.40) to the inverse susceptibility versus temperature data reveals two parameters: the

21T cannot take this unit seriously
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Curie-Weiss temperature Ocw, which is usually negative for an antiferromagnet (0cw ~ —Tn) and
positive for a ferromagnet (8cw ~ Tc); and the Curie constant C, which is an indicator of the

effective moment per ion [25].

T —
x = % [emu ! mol Oe]
N 2
C= % [emumol ' Oe K] (2.40)
B

Hett = V8C [up per magnetic ion]

2.6.2 AC susceptibility

A useful variation on magnetisation measurements is to measure the AC susceptibility defined as
Xxac = Mac/Hac. The sample is subject to a small (~ 5Oe) sinusoidally-varying magnetic field
Hac cos(2mtvt), superimposed on a constant (usually) coaxial field Hpc. The oscillation frequency v
typically ranges from 10~1-10* Hz [26]. When 1/v is on the timescale of magnetisation dynamics of
the sample, the response is complex: xac = x’ + ix”. These measurements are susceptible (pardon
the pun) to low-frequency phenomena such as domain wall dynamics and order-through-disorder
such as spin glasses and frustrated magnets. Relaxation and dissipation phenomena manifest in

the out-of-phase imaginary component.

2.6.3 Resistivity

The PPMS can also be used to measure resistivity at different temperatures and magnetic fields.
A four-point probe measurement offers the highest accuracy for samples of uniform thickness
t, measuring both I, and V;. A fifth point is added to measure transverse resistivity V,, needed
for Hall effect measurements. The geometry for such a five-point measurement is displayed in
Figure 2.16 a) (for a four-point measurement, get rid of the contact labelled Vi, ). The sample is
mounted on a standard puck, shown in Figure 2.16 b), with thin gold wires attached using silver

paste for low contact resistance (~ 2(2).

The longitudinal resistivity pyy and the transverse or Hall resistivity py, are defined as follows:

XX —
Vit (2.41)
Pxy = 1
X

As the sample and contact placement will not have the ideal symmetry shown in Figure 2.16 a), the
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Figure 2.16: a) Resistivity measurement geometry for a sample where the distance between
contacts V- and V, is [, the distance between contacts V- and Vj,, is w, and the cross-sectional area
is A = wt; b) example resistivity puck. Subfigure b) adapted from source [23].

measured quantities will actually be sampling both components of the resistivity. So it is necessary

to symmetrise the signals V; and V; by averaging the signals taken in antiparallel magnetic fields:

Vi = 5 (VU(B) - Vi(~B)) (2.42)

N[ —

and similarly for V.

2.7 Other techniques

Here I wish to provide a succinct outline of complementary techniques that are mentioned in

references, but that were not utilised directly in the work presented in this thesis.

2.7.1 Angle-resolved photoemission spectroscopy

Angle-resolved photoemission spectroscopy (ARPES) harnesses the photoelectric effect to probe the
electronic band structure of materials. Given sufficient energy, photons incident on a surface can
cause the emission of electrons from a metal. During photoemission, the momentum in the plane
of the surface is conserved. A position-sensitive spectrometer allows the momentum and energy of
the electrons to be measured, and rotating the crystalline sample allows different wavevector cuts
to be taken. In this way, reciprocal space maps can be built up at different energies, charting the

Fermi surface.
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2.7.2 Quantum oscillations

This is another method used to map the Fermi surface. When subject to an external magnetic field,
electrons in motion have their energy levels quantised into Landau levels. Therefore, the density of
states varies dramatically with energy. Given that the gap between Landau levels is porportional to
the size of the magnetic field, different Landau levels can be made to intersect the Fermi surface.
Metallic materials owe many of their properties to the density of states at the chemical potential®?;
hence the variation of the density of states with field leads to modulations in electrical quantities.
This is the basis of quantum oscillations techniques, as well as the quantum Hall effect. Low
temperature, field-dependent measurements of quantities such as magnetic susceptibility (de Haas
— van Alphen effect) and resistivity (Shubnikov — de Haas) at different sample orientations can

provide information to reconstruct the Fermi surface.

2.7.3 Scanning tunneling microscopy

This technique can image materials at the atomic level by performing a raster scan of a very pristine
surface with a very fine tip of scanning tunneling microscope (STM). The tunneling voltage from
the tip through the material is measured. The information in STM is gathered in real space, rather
than reciprocal space as for the scattering techniques discussed earlier. In constant current mode,
the STM is sensitive to the bumps in the surface caused by the individual atoms as well as local
charge density. In voltage sweep mode, the STM probes the density of states at one fixed location on
the surface. Because electrons can only tunnel so far, this method is only suitable for atomically-thin

films of metallic materials.

2.7.4 Muon spin relaxation

A muon is a heavy electron (the muon’s mass is ~ 200 m,), which (unlike an electron) decays. Like
an electron, it also has an intrinsic spin S = 1/2 and will precess in a magnetic field. The properties
of the decay products are influenced by where in a material the muon spent its final moments, so
measuring these decay products can provide information about ‘local’ magnetism. A positive muon
(mean lifetime ~ 2 us) will decay into a positron and two neutrinos. The anisotropic distribution of
emitted positrons is correlated with the distribution of muon spin directions upon the decay of the
muons. Muons are beamed at a sample and then the emitted positron distribution is measured as a
function of time (~ ps). This is a form of spectroscopy known as muon spin relaxation (xSR). In this

way, uSR provides information about the local magnetic field and dynamics at the muon stopping

22The Fermi energy is defined as the chemical potential at zero temperature.
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sites. uSR is not a ‘scattering” experiment and does not provide information about structures in
reciprocal space, but instead probes an ensemble average of stopping sites, which is determined

computationally.

2.8 Time scales of different experimental probes

As a concluding remark for this chapter, I present two diagrams showing the energy (time) and
length scales covered by different physical phenomena (Figure 2.17) and experimental methods
(Figure 2.18). As you can see, there’s many more than those I have discussed here. Also note that

inelastic neutron scattering is quite far-reaching!
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Figure 2.17: The energy (time) and length scales of different physical phenomena. Source: [27].
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The magnetism of the topological semimetal

3.1 Introduction

Topological semimetals have excellent transport qualities due to the linear dispersion about the
Fermi energy and resulting quasiparticle excitations. The influence of magnetism on topological
states is dramatic but far from fully explored, and the catalogue of magnetic topological semimetals
is ever expanding. Several examples of magnetic topological semimetals have been found in the
family AMnX, (A = Ca, Sr, Ba, Yb, Eu; X = Bi, Sb). Dirac or Weyl fermions are harboured by the Bi
or Sb ‘square’ net, which lies between magnetic Mn layers in the ab plane. Although materials in
the AMnX, have fairly similar crystal structures, the Mn (and in some cases Eu) ions produce a
variety of magnetic structures, which is further expanded by the influence of an external magnetic
field. The magnetic structure has simultaneous ramifications for the band structure topology and
magnetic excitations of these materials. Here I will focus on YbMnSb,, which has been the subject of
much experimental and theoretical work to pinpoint its topological semimetal nature and magnetic
order. How and whether the electrons involved in the topological quasiparticle phenomena are

coupled with those responsible for magnetism and spin waves are key research questions.
In this chapter I will present my experimental work on YbMnSb,. This includes:

¢ sample characterisation with X-ray diffraction, bulk magnetisation and resistivity measure-

ments (§3.2);

* determination of the crystal structure and magnetic order based on single crystal neutron
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Figure 3.1: Unit cell of YbMnSb,. This figure was originally published in reference [1]. Copyright
American Physical Society (2023).

diffraction data (§3.3);
* a magnetisation density map of the unit cell (§3.4);
* spin wave dispersion mapped using inelastic scattering data (§ 3.6);
* alinear spin wave theory model of the magnetic excitations of YbMnSb,.

The main findings are that YbMnSb, exhibits a C-type AFM structure, with magnetic moments
along the c axis, and strong coupling between Mn layers along the c axis relative to other materials

in the AMnX, family.

Firstly I will introduce the AMnX, family of topological semimetals (§3.1.1) and then focus on
YbMnSb; in particular (§3.1.2).

3.1.1 The AMnX; family of quantum materials

The family of quantum materials AMnX, (A = Ca, Sr, Ba, Yb, Eu; X = Bi, Sb) has demonstrated
characteristics of the topological semimetals, with Weyl or Dirac fermions being hosted on the
quasi-2D plane formed by the Sb or Bi ‘square” [2—4]. To explain the significance of the square net,
the review by Klemenz [5] compares the structure to graphene, the ubiquitous Dirac semimetal
consisting of 2D planes. In graphene, half-filled p, orbitals arising from bonds in plane results
in linear dispersion about the Fermi level. Whilst the linear part of the electronic spectrum of
graphene extends 10 meV either side of the Fermi level, the range is much smaller (less than 1 meV)
in the square net materials AMnX,. Nevertheless the origin of the semimetallicity in the AMnX,

family is a combination of structure (both in-plane inter-atomic distance and distance to nearest
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ion of different species, as measured perpendicular to the plane), and in-plane electron count of
six valence electrons. If the square net cannot be stabilised by the (usually d) bands of the nearest
neighbours along the c direction, then a Peierls distortion or Mott insulator state is favoured instead.
Based on the structural parameters and oxidation states of constituent ions, YbMnSb, is one of

many AMnX, materials that fulfils these topological semimetal criteria, as described in [6].

With Mn?* present, the X ion adopts the -1 oxidation state in the square net plane and the -3
oxidation state in the ‘rock salt” plane where the interatomic spacing is much larger between X ions
[5]. This leaves the A ions in a +2 oxidation state. The square net valence electron count is then six
(s?p*), with two lone pairs in s and p,, and just two electrons participating in a total of four py and

py bonds [5]. It is this delocalised bonding which lends these materials their semimetal character

[6].

Some examples of AMnX, compounds are given in Table 3.6. There are some broad trends to

consider in the materials presented in Table 3.6:
1. The magnetic ions.
(a) For most examples in Table 3.6, the only magnetic species is Mn?*.

(b) Divalent Eu is also magnetic; however in EuMnSb, and EuMnBi,, the Eu moments
undergo a transition to AFM order at a much lower temperature ~20 K than the Mn
moments. Studies have reached differing conclusions regarding the orientation of Eu
moments: canted A-type AFM [7, 8], or in the ab plane and L to Mn moments [9], or
along the c axis [10].

(c) The spin orientation of the Eu moments may provide a tuning parameter for an energy

gap between nested Dirac cones of different spin in EuMnBi, [11-13].
(d) Divalent Yb is non-magnetic.
2. The space group symmetry of the material.

(a) Space groups include P4/nmm, Pnma, Imm2 and 14/mmm. P4/nmm is primitive tetrag-

onal, and 14/mmm is body-centred tetragonal, while Pnma and Imm?2 are orthorhombic.

(b) Some materials such as EuMnSb, and YbMnSb, have been attributed to both the Pnma

[8, 14] and P4/nmm [7, 15] space groups.

(c) For tetragonal space groups, the ‘square net’ lives up to its name; however, P4/nmm

has a glide in the plane of the ‘square net’, whereas 14/mmm has a mirror plane.
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(d) For the orthorhombic space groups, there is a slight distortion of the ‘square net” with
some X atoms being displaced along the c axis. Given the ‘square net’ of X ions hosts
the purported topological quasiparticles in the ab plane, this is an important distinction.
Pnma or Imm2 reduces the symmetry and hence eliminates the degeneracy of the Dirac
bands. For example, the polarity of the Imm2 space group leads to spin valley splitting
of the Dirac bands in BaMnBi, [11]. Reduced structural symmetry is also associated with

a greater energy gap between Dirac points [16, 17].

(e) The anisotropy of the Dirac/Weyl dispersion tends to increase as the symmetry of the

space group decreases [18].

(f) For topological materials adopting orthorhombic symmetry, the Dirac dispersion is

located on the I' — Y high symmetry line, rather than the I' — M high symmetry line [19].

(g) For this family of materials, the unit cells with the I4/mmm, Pnma or Imm2 symmetry
have (respectively) the c, a or b axis approximately twice the length of the c axis of the

unit cell with P4/nmm symmetry.

(h) The three compounds displaying G-type AFM order of the Mn moments (EuMnBi,,
BaMnSb, and SrMnBi,) all belong to the [4/mmm space group [2, 10]. C-type AFM is
pervasive for Pnma and P4/nmm compounds. No magnetic structures with non-zero

propagation vectors q have been reported.
3. The size of the alkali earth / rare earth ion, i.e. Ca (smallest) to Ba (largest).
(@) The mean distance between Mn layers increases slightly with increasing ionic radius.

(b) P4/nmm is more commonly reported as the symmetry for small A atoms, compared to

I4/mmm etc. for large A.
4. The size of the element X that makes up the square net, i.e. Bi (large) vs. Sb (small).

(a) The corresponding strength of spin orbit coupling (SOC) is larger with Bi than Sb.
Increasing SOC increases the energy gap in the Dirac dispersion; hence, the mass of the

Dirac fermion quasiparticles also increases.

(b) For the A = Ca, Sr, Ba compounds, the Ty is comparable whether X = Bi or Sb; however
for A = Eu, Yb, the Ty is higher for X = Sb than X = Bi. Ty ranges from 246 K for
CaMnBi, to ~ 345 K for YbMnSb, and EuMnSb,.

5. Deficiencies and other defects in the composition of these materials — more likely with larger
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ions, this has symmetry implications as well as potential disruption of magnetic order.

(a) Temperature-dependent Eu spin canting was found in Eu(;_)Sr,MnSb, [9]. For x > 0.5,

Eu spin canting and intra- (inter-) layer conductivity (decreased) increased with x [9].

(b) In CaMn;_,Cu,Bi,, Cu doping suppresses AFM order (T ~ 85K), while likely introduc-
ing Mn spin canting [20]. A similar effect was observed empirically in EuMn,_,Zn,Sb,

[21], and with deficiencies of Sr and Mn in Sry_ Mn;_,Sb, [22].
6. Topology of the electronic band structure.

(a) A good summary of the Fermiology of AMnX, compounds based on ARPES data is
given in [23].

(b) Most of these materials are reported as Dirac semimetals, based on ab initio calculations
as well as experimental techniques such as ARPES, and SdH oscillations. There are few
exceptions. Whether EuMnSb, and SrMnSb, are Dirac semimetals or not any kind of

topological semimetal is debated [8, 9, 16, 24].

(c) The structure of BaMnX,, assigned to polar space group Imm?2, breaks inversion symme-
try [11, 25]. Thus, the Dirac cones of the electronic dispersion are split into Weyl points,

irrespective of the magnetic order of the Mn spins.

(d) Intriguingly, YbMnX, materials are the only suggested ‘purely magnetic’ Weyl semimetal
candidates in works including [4, 10, 26-29]; however, this is debated and hinges on

there being canting of the Mn spins. I discuss this further below.

3.1.2 YbMnSb,

The magnetic topological semimetal YbMnSb, has been intensely studied via via quantum os-
cillations, magnetometry, optical spectroscopy, ab initio band structure calculations, ARPES, and
single-crystal neutron diffraction [4, 15, 30, 31]. The structural symmetries of YbMnSb, are de-
scribed by the P4/nmm space group with lattice parameters a = b = 4.31(2) A, c = 10.85(1) A [15],
but it can also be refined in the Pnma space group [14]. YbMnSb, is of particular note due to its
superior thermoelectric properties among topological semimetals [32] as a result of anomalous
transport in the Sb plane. This includes a high ab-plane Seebeck coefficient of 185 uV K~! at a
temperature of 380 K, and a high power factor of 0.9 mW m~! K~2 [33]. YbMnSb; is stable until

1100 K [33], providing an ample temperature buffer for thermoelectric applications.

The Mn?" moments of YbMnSb, order antiferromagnetically below Ty ~ 345 K. This is notable for
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being the highest magnetic ordering temperature reported of the AMnX, semimetals to date. The
Yb ions are in the divalent +2 oxidation state and are non-magnetic [30]. Magnetism, thermoelectric
properties and topological band structure are all linked, with strong Berry curvature around Weyl
points linked to possible enhancement of the (anomalous) Nernst effect! in another material
Co,MnGa [35]. The isostructural YbMnBi, was found to exhibit a large anomalous Nernst effect,
which was unexpected given the AFM nature of the magnetism [29]. There is evidence for this kind
of synergy between the magnetic and thermoelectric properties of YbMnSb, in [36]: Shubnikov-de
Haas type oscillations were observed in the magnetic field dependence of the ab plane Seebeck
coefficient, as well as a large Nernst coefficient of 40 uV K~ resulting from the small effective mass
of the charge carriers and band crossing close to the Fermi energy. No anomalous Nernst effect
was seen in YbMnSb, as for YbMnBi,. The temperature dependence of the resistivity, Seebeck
and Nernst coefficients hinted at a Lifshitz transition at around 60 K [36]. As yet, there are no

temperature-dependent ARPES results published to confirm this.

Around four magnetic structures — and correspondingly different semimetal topologies — have

been proposed for YbMnSb:

¢ C-type antiferromagnetic (AFM) order of the Mn spins in the ab plane [30]. This was the
most energetically favourable magnetic structure found through ab initio calculations. ARPES
measurements showed good agreement with the predicted Fermi surface from DFT, and so

YbMnSb, was categorised as a Dirac semimetal.

* G-type AFM magnetic structure within the ab plane [31]. This optical spectroscopy study

informed calculations suggesting YbMnSb, is a nodal line semimetal.

¢ C-type AFM along the ¢ axis with spin canting leading to a ferromagnetic (FM) component
in the ab plane, and a Weyl semimetal state [27]. Reference [4] reported magnetic hysteresis
consistent with a weak FM component due to spin canting, with the implication being that
YbMnSb, is a Weyl semimetal. The work [29] drew a similar conclusion for YbMnBi,, although
the spin canting away from the c axis was estimated at just 0.018° based on magnetometry

measurements, which would be too small to generate Weyl nodes.

¢ C-type AFM along the c axis with no spin canting [14, 15], informing calculations that point
to YbMnSb, being a gapped Dirac semimetal. This is the conclusion reached through neutron

diffraction work described in this chapter (also published as [15]).

Of these works, ab initio calculations suggested these different magnetic orders were energetically

IFor background on the Nernst effect in metals, see [34].
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favourable in [4, 30, 31] based on experimental evidence that indirectly probed the magnetic
structure, whereas our results from unpolarised and half-polarised neutron diffraction experiments
unequivocally determine the magnetic structure [15]. This is discussed in detail in §3.3 and §3.4.
The half-polarised diffraction data also enable us to ascertain the localisation of the magnetic

moments within the unit cell.

The interactions between Mn?" spins that determine the magnetic ground state for YbMnSb, had
not been elucidated prior to the inelastic neutron scattering work shown in § 3.6, subsequently pub-
lished in [1]. Given the range of magnetic structures and accompanying topological characters that
have been proposed for YbMnSb; in the literature, determining which interactions are responsible
for stabilising the magnetic ground state is important. Of prime interest are the interactions and
spin waves along the c axis which couple Mn electrons in different ab plane layers. These may be
mediated by topological Sb electrons. Inelastic neutron scattering acts as a direct probe of such
interactions; hence we study YbMnSb, using this technique and present the results in § 3.6 together
with a model Hamiltonian determined by linear spin wave theory. Topological semimetals are her-
alded as a novel class of materials for spintronic applications. They demonstrate spin-momentum
locking, which will be key in developing spintronic technologies relying on spin-polarised currents
of electrons. Hence, mapping the magnon spectrum of YbMnSb, may pave the way for applications

utilising magnons and topological fermions in tandem.

We find that the spin waves are well described by a Heisenberg exchange Hamiltonian with
easy-axis anisotropy, and this work was the subject of the publication [1]. While the exchange
interactions between nearest and next-nearest Mn neighbours in the ab plane are comparable
to those measured for other AMnX, compounds, the ferromagnetic exchange along the c axis
is surprisingly strong. The unusually strong exchange coupling along the c axis for YbMnSb,
may have implications for the topological quasiparticles sandwiched between ferromagnetically
coupled Mn ions [37]. The results in this chapter highlight YbMnSb, as a standout magnetic Dirac
semimetal among the AMnX, class of quantum materials and invite further magnon missions for

the magnetic topological semimetals.

3.2 YbMnSb, sample and initial characterisation

Single crystals in the form of platelets of typical dimensions 4 x 4 x 0.2 mm?

were grown by a
flux method (Sb flux), by Hao Su and Yanfeng Guo of ShanghaiTech University. The details of the

growth are reported in [4, 31]. The platelet crystals were individually examined (by me) via Laue
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x-ray diffraction (Oxford Diffraction). For all neutron diffraction, magnetometry and transport
measurements, the same single crystal of mass 107.4 mg was used. For inelastic neutron scattering,
I coaligned 20 crystals with a total mass of 0.84 g on a 0.5 mm thick aluminium plate with the c axis
perpendicular to the large face of the plate. Crystals were affixed to the plate with hydrogen-free
CYTOP™ fluoropolymer [38]. The overall coalignment of the crystals was checked using a x-ray
Laue diffractometer (Photonic Science). To estimate the mosaicity of the ensemble of 20 crystals
combined, I stacked Laue images of individual crystals taken with the aluminium plate in a fixed
orientation. The combined Laue image shows the patterns are translated slightly with respect to
each other both horizontally and vertically, but the patterns hardly show any relative rotation. This
implies the crystals are slightly misaligned in the ac and bc planes, most likely from the glue not
drying completely flat. The estimated mosaicity of the ensemble of crystals was ~ 3° (full width at
half maximum). The assembly of YbMnSb, crystals for inelastic neutron scattering on IN8 is shown

in Figure 3.2 together with the combined Laue figure.

Figure 3.2: a) and b) sample of YbMnSb, prepared for inelastic neutron scattering experiment, c)
combined x-ray Laue pattern of the assembly of crystals. A version of this figure was originally
published in the Supplemental Material of reference [1]. Copyright American Physical Society
(2023).

3.2.1 X-ray diffraction

One representative crystal of YbMnSb, was examined on a four-circle ¥ X-ray diffractometer
(Agilent Oxford Diffraction SuperNova) to determine the structure at room temperature. Fitting
the data from this experiment, I found that the reflections were best indexed by the P4/nmm space
group, rather than the larger unit cell of the Pnma space group. Reciprocal space slices are shown
in Figure 3.3. One or two small secondary crystallites are misaligned compared to the main crystal.

This is likely due to the ‘terraced” appearance of the platelet crystals as seen in Figure 3.2.
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YbMnSb, XRD precession images
(h, k, 0) plane (h, 0, 1) plane (0, k, I) plane

Intensity (arb. units)

Figure 3.3: YbMnSb, XRD precession images showing different planes in reciprocal space. Image
data read using the FABIO Python package [39].

3.2.2 Magnetometry

Magnetisation measurements were performed on a superconducting quantum interference device
(SQUID) magnetometer (Quantum Design MPMS3) with magnetic field applied parallel and
perpendicular to the crystal ¢ axis. Measurements were performed in the temperature range 2K
< T < 400K and in fields of up to 3 T. The magnetisation curves diverge at Ty ~ 345K, indicating
antiferromagnetic ordering (Figure 3.4). Given that the bifurcation occurs for fields applied parallel
and perpendicular to the ¢ axis, and that the M curve is lower for H || C, this suggests the magnetic

moments preferentially align along the c axis. This is consistent with a previous report [4].

Magnetisation measurements were also made with the applied magnetic field along the b axis. This
was to mimic one set of experimental conditions utilised in the half-polarised neutron diffraction
experiment described later. Field sweeps from 2T to —2T and back to 2T were performed at
several different temperatures as shown in Figure 3.5. This enables the field-induced magnetisation
to be estimated as M = 0.001 pg f.u. " at gH = 0.4 T, which was the applied magnetic field for the
half-polarised neutron diffraction experiment. The field dependence is linear, bar a small hysteresis
loop that was present at all temperatures, which is likely due to a small ferromagnetic impurity

such as MnSb (T = 560K) [40].
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3.2.3 Resistivity

Electrical transport measurements were performed on a Physical Property Measurement System
(PPMS, Quantum Design) with the resistivity option, in the temperature range 2K < T < 400K in
zero field. Below Ty, the in-plane resistivity decreases in line with metallic behaviour (Figure 3.4.
The resistance peaks at Ty. The broad shape of the peak reflects the layered nature and reduced
dimensionality of the material with increased scattering as the moments order antiferromagnetically

in-plane (discussed in later sections).
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Figure 3.4: Bulk magnetisation and resistivity for YbMnSb,. A version of this figure was originally
published in the Supplemental Material of reference [15]. Copyright American Physical Society
(2021).

3.3 Single crystal neutron diffraction of YbMnSb,

To elucidate the magnetic structure of YbMnSb, we turned to neutron diffraction, which is a direct
probe of magnetic order. In particular, given the scattering lengths of Yb (12.43 fm), Mn (—3.73 fm),
and Sb (5.57 fm) are reasonably distinct, a single crystal neutron diffraction experiment would
reveal the crystal structure of the unit cell and the presence of any stacking faults along the c axis,

which is common in layered materials such as AMnX, compounds.

3.3.1 Method

Single crystal neutron diffraction with unpolarised neutrons of wavelength A = 2.36 A was
performed on the four-circle diffractometer D10 at the Institut Laue-Langevin (ILL). The scattered

neutrons were recorded on a 94 x 94 mm? area detector. To determine the magnetic and crystal
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Figure 3.5: Bulk field-dependent magnetisation for YbMnSb, with applied yoH || b axis. Dashed
line indicates M = 0.001up f.u.” ! at goH = 0.4 T (the applied magnetic field for the half-polarised
neutron diffraction experiment). This figure was originally published in the Supplemental Material
of reference [15].

structure of YbMnSb,, a total of 382 and 386 Kkl reflections were collected below and above the
magnetic ordering temperatures, at T = 2 K and 400 K, respectively. At 2K, measurements were
also taken at 92 non-integer | corresponding to the G-type AFM structure with propagation vector
(0, 0, 1/2); however, no significant intensity was recorded at these positions. To ascertain if there is
a canting of the Mn moments away from the crystal c axis, the temperature dependence of several

reflections was measured in the temperature range from 2K to 420 K.

3.3.2 Description of data analysis

The D10 area detector gives a 2D snapshot of reciprocal space. This is extended to 3D via the
generation of RACER ellipsoids, which are then used to calculate the observed integrated intensity
at each reflection. Comparing the observed integrated intensities with calculated integrated
intensities for various structure models enables the refinement of the (magnetic) structure. After
Lorentz correction and RACER integration, the similarity of symmetry equivalent reflections Rint
was 3.10 %, 3.18 %, and 9.44 % for the 400K integer hkl, 2K integer hkl, and 2K non-integer [

datasets respectively.

An earlier study on YbMnSb, [30] provided a good reference and starting point for our own

refinement of the crystal structure. My lab XRD results on our sample also confirmed the structure,
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so it was just a matter of further refining various parameters in the paramagnetic phase. I fixed the
occupancy of all sites to 1 and the positions of the atoms on the 2c Wyckoff positions. For the T =
400K data, I varied the extinction parameters, the thermal displacement parameters Bis, and the z

coordinate of the atoms not on the high symmetry sites.

I adopted a representation analysis approach for the task of refining the magnetic structure. Nearly
all of the proposed magnetic structures for YbMnSb, have a magnetic unit cell that is identical in
dimension to the structural unit cell, with a propagation vector of q = (0,0,0). The exception is the
G-AFM in-plane structure, which has q = (0,0,1/2); however, we can rule this out as a possibility

because no intensity was observed at non-integer reflections consistent with a non-zero q.

I used the software package MAG2POL [41] to find the irreducible representations (‘irreps’) of the
little group Gq. The symmetry operations that are in G4 are a subset of the symmetry operations
of the structural space group, and return q or q plus a translation when applied to q. Each irrep
has associated basis vectors, which specify the orientation of spins on the Mn sites. The magnetic

structure will be a linear combination of these basis vectors. MAG2POL generated the irreps

I's+T6¢+T9+ T

Basis vectors for each of these irreps are listed in Table 3.1.

Table 3.1: Possible basis vectors given by MAG2POL for q = (0,0, 0).

Irre Basis Site 1 Site 2
p vector  (0,0,0) (%, %, 0)
I's Un [0,0,1] [0,0,1]
T'¢ (72} [0,0,1] [0,0,—1]
T'g (72} [1,—i,0] [1,—i,0]
{17} [—1,—i,0] [-1,—1,0]
1—‘10 lljl [1/ i/ O] [_1/ _i/ 0]
) [1,—1,0] [—1,1,0]

By the Landau theory of phase transitions, a second-order magnetic phase transition will have the
symmetry of one irrep of Gq only. We can match the irreps to the proposed magnetic structures as

follows:
e C-AFM with moments in-plane corresponds to I'jp with q = (0,0,0)

e C-AFM with moments along ¢ corresponds to I's with q = (0,0, 0)

60



¢ C-AFM with moments primarily along c + FM in-plane canting, there is more than one irrep

involved, I'g + T'.

We discounted the purely FM structures associated with I's and I'g, as no evidence of FM was
seen in magnetisation data. Furthermore, below Ty intensity was seen at some integer reflections

forbidden by the structural space group. This is inconsistent with a purely FM structure.
3.3.3 Refinement results
Table 3.2: Structural and extinction parameters for the paramagnetic phase of YbMnSb, deter-

mined by refinement in the space group P4/nmm against integrated intensities collected at 400 K.
Rp = 146 % and x% = 1.73 for this refinement

Extinction

Value

Atom Wyckoff x y z Biso Parameter
position X11 0.8(2)
Yb 2¢ 025 025 0.7274(1) 0.60 X22 0.72(7)
Mn 2a 075 025  0.00 0.4(1) X33 0.091(3)
Sb 2b 075 025 050  0.78(7) X12 0.3(3)
Sb 2c 025 0.25 0.1595(3) 0.49(8) X3 0.08(4)
X13 0.08(7)

Table 3.3: Magnetic, structural and extinction parameters for YbMnSb, determined by refinement
in the space group P4/nmm and irrep I's against integrated intensities collected at 2 K. Rr = 1.77 %
and x% = 1.5 for this refinement.

Extinction Value
Atom Wyckoff  x y z Biso Parameter
position X1 0.519(1)
Yb 2c 025 025 0.7282(1) 0.10 X2 0.448(1)
Mn 2a 0.75 0.25 0.00 0.283 X33 0.0968(1)
Sb 2b 0.75 0.25 0.50 0.322 X12 0.270(1)
Sb 2¢ 025 025 0.16012(1) 0.322 X3 0.08102(5)
X13 0.2712(5)

Spin  Moment (yp)

Mn2+ 3.46(1)

Results from the MAG2POL refinements of magnetic structure are shown in Figure 3.6. Refinements

were performed for C-type AFM with moments L ¢ (I'p), C-type AFM with moments || ¢ (T'¢), and
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G-type AFM with moments || c. Although G-type AFM was ruled out based on the combination of
no non-integer reflections with any significant intensity in the D10 data and parent P4/nmm space
group, I nevertheless performed a refinement with this magnetic order for completeness given this
was the magnetic structure assumed in [31]. The best fit is achieved with the refinement using

C-type AFM with moments || ¢ as the model.
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Figure 3.6: Plots showing calculated vs observed intensities of reflections from YbMnSb, D10
experiment. The dark blue points denote the intensities of reflections allowed by the P4/nmm
space group, while light blue points denote the intensities of reflections forbidden by the P4/nmm
space group.
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3.3.4 Magnetic space group

Another approach to solving the magnetic structure is to consider magnetic space groups (MSGs).
I will quickly go through the MSG approach here. To generate a MSG, basically start with a
(structural) space group and then time reverse all the current loops (magnetic dipoles) and see
which symmetry operations still work. Lattice points are either black or white, and time reversal
(anti-symmetry) turns white points black and vice versa. The anti-symmetry operator 1’ is not
a symmetry operator of any magnetic space group that corresponds to magnetic order but has
to piggyback on another operator e.g. m’ is an ‘antimirror’ = mirror plane + colour change/time

reversal. MSGs for paramagnetic ‘structure’ do have 1’ as a symmetry operator.

There are different ways of classifying magnetic space groups, here I choose the Belov-Neronova-
Smirnova (BNS) setting, where the magnetic unit cell = the unit cell for the space group. There are

different types of magnetic space groups:

e Type L single colour, no primes, FM unless q # (0,0,0)

Type II: colour is grey, 1’ is a symmetry operation, paramagnetic only.

Type III: black and white groups, AFM and FM possible.

Type IV: black and white groups, ‘antitranslations” are possible! Magnetic unit cell > struc-

tural unit cell i.e. q # (0,0,0), only AFM is possible.
The possible MSGs derived from space group P4/nmm for q = (0,0,0) are listed in Table 3.4.
The only suitable MSG is P4’ /n'm’'m, which is the same as some other AMnX, compounds [28, 43,
44]. This is consistent with the representation analysis described above.
3.3.5 Temperature dependence of reflections

The structurally forbidden (100) reflection shows a clear temperature dependence akin to a Landau

order parameter (Fig. 3.7). Fitting an equation of the form

_To\2B
T TN) (3.1)

intensity = A ( T
N

yielded a critical exponent of f = 0.308(3) and Ty = 345.9(1) K. The input for the fit was data in
the temperature range 220 K — 400 K.

Temperature dependent measurements were also made of (001) and (002) reflections. For both

of these structurally-permitted reflections, we would expect the intensity of the peak to decrease
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Table 3.4: Magnetic space groups derived from space group P4/nmm (BNS setting = magnetic
unit cell is the unit cell) from MAXMAGN on the Bilbao Server [42], with notes on admissible types

of magnetism according to MWYCKPOS on the Bilbao Server.

MSG Type Notes
P4/nmm I Discount -." FM
P4/nmm1’ II Discount *." paramagnetic
P4/n'mm M1  Discount . no AFM || ¢ on 2a sites
P4'/nm'm NI  Discount . no AFM || ¢ on 24 sites
P4'/nmm’ NI  Discount . no AFM || ¢ on 24 sites
P4 /n'm'm T Compatible with AFM || ¢
P4/nm'm’ 11  Discount .- FM only in ¢ direction
P4 /n'mm’ T  Discount .  no AFM || ¢ on 2a sites
P4/n'm'm’ T  Discount .- no AFM || ¢ on 2a sites
Pc4d/nmm IV Discount . k # (0,0,0)
Pc4/nmm v Discount *." k # (0,0,0)
P4 /nmm v Discount *." k # (0,0,0)
20
—~ bripty T
2 i b N
g by,
= 15 4 ',
= h
< '
= *
= .
n L]
2 10 1 .
-&0) )
g \
o .
£ .
& 51
5D
g
E \
} (100 %
0 | ' r Summssescel
0 100 200 300 400
T (K)

Figure 3.7: Temperature dependence of structurally forbidden (100) reflection of YbMnSb,. The
orange dashed line is a fit to Equation 3.1 over the temperature range 220 K — 400 K. A version of
this figure was originally published in reference [15]. Copyright American Physical Society (2021).

in line with the Debye-Waller factor as temperature increases. A slight but unpredicted increase
in integrated intensity for both of these peaks at temperatures > Ty ~ 346 K can be seen in
Figure 3.8. A possible explanation is the presence of a ferromagnetic impurity such as MnSb, which

has T¢ ~ 560 K [40, 45].
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Figure 3.8: (a) Unpolarised neutrons were used on the D10 instrument (ILL), with the scattering
vector Q along 00I. (b) Since magnetic neutron diffraction is sensitive to the component of M
perpendicular to Q, namely M |, a canting of the Mn moments away from the crystal ¢ axis will
produce a magnetic contribution to the nuclear Bragg reflections along 00!. (c) The temperature
dependence of the integrated intensities of the (001) and the (002) reflections. The line corresponds
to the fit to the Debye-Waller factor. This figure was originally published in reference [15]. Copyright
American Physical Society (2021).

3.4 Half-polarised neutron diffraction of YbMnSb,

We conducted the experiment with the ’half-polarised” set-up, in which the incident beam is
polarised but there is no polarisation analysis of the scattered beam. There were two distinct
motivations for performing a half-polarised experiment on YbMnSb,. The first objective was to
measure any canting of the spins away from the c axis. The second objective was to perform
a magnetic structure factor measurement so that the magnetisation density could be mapped

throughout the unit cell, and that the field-induced moments on the Mn?* ions could be calculated.

3.4.1 Method

Half-polarised neutron diffraction was conducted on the D3 diffractometer at the ILL [46]. A single
crystal of YbMnSb, was prealigned using the ILL’s neutron Laue diffractometer OrientExpress [47].

Polarised neutrons of wavelength A = 0.832 A were produced by a Heusler monochromator, and
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a cryoflipper was used to switch their spin states from parallel to antiparallel with the external

magnetic field. Two erbium filters were placed in the incident beam to minimise A /2 contamination.

To check for canting of spins away from the c axis, the crystal was oriented such that the b axis was
at a normal to the horizontal scattering plane, and the magnetic field was applied along the b axis
direction. Hence the h0! reflections would be sensitive to any magnetic components along the b
axis. The crystal was cooled from 600K to 400 K in a magnetic field of 3 T (along b axis) provided by
a superconducting magnet. This was done to promote the formation of a single FM canted domain,
i.e. all spins would cant towards the positive b axis. At 400 K, the magnetic field was reduced to
0.4 T. This was the minimum field needed to maintain the neutron polarisation. The field-induced
moment of the Mn spins is miniscule with an external field of 0.4 T according to the magnetisation
data seen in Figure 3.5. Flipping ratios (i.e. the ratio of the diffracted intensities for neutrons with

spins parallel and antiparallel to the applied field) of different reflections were measured.

For the magnetic structure factor measurement, the crystal remained in the same orientation:
the magnetic field applied along the vertical direction, parallel to the b axis. A larger field of
uoH = 9.0 T was used. The sample was measured in the paramagnetic phase at a temperature of
400K, with any ferromagnetism manifesting solely due to the applied magnetic field. Flipping
ratios were measured at 25 K0! reflections, as well as 20 hkl reflections with k = 1, 2 that were

accessible.

3.4.2 Results

The beauty of the half polarised technique is that the ratio of nuclear and magnetic scattering can
be distilled into one quantity, the flipping ratio. This offers higher sensitivity when dealing with
small amounts of magnetic scattering, compared to integrating peak intensities directly when the
peaks contain both nuclear and magnetic scattering. For YbMnSb,, assuming a centrosymmetric
structure and the magnetic field perpendicular to Q, the flipping ratio R (Equation 2.33) simplifies

to
Fm(Q)
Fn(Q)

where F(Q) is the magnetic structure factor (MSF, Equation 2.31) and Fy(Q) is the nuclear

R(Q)=1+4 (3.2)

structure factor (NSF, Equation 2.18), with Fy;(Q) < Fy(Q). To calculate the magnetic form factor
fm;(Q) (MFF) input into the MSF, I used the approximation [48, 49]

2 2
—a (i) + Bexp [—b (i)
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fmi(Q) = Aexp + Cexp + D. (3.3)
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Since I only had Mn?* to worry about, there is no j dependence for the MFF and I used the MFF

approximation with the following parameters for Mn?* [48]:

A =0.4220, a = 17.6840,
B =0.5948, b = 6.0050,
C =0.0043, ¢ = —0.6090,

D = —0.0219.

Search for canting

For the field-cooled measurement at 400 K with 0.4 T applied, all flipping ratios at symmetry
distinct Q were approximately 1. This indicates there is no spontaneous in-plane FM component
at high temperature. The results are shown in Figure 3.9, together with calculated flipping ratios

for in-plane FM moments of 0.01 ug, 0.02 pp and 0.03 pg by way of comparison. In this way, any

canted (in-plane FM) moments of the Mn were constrained to < 0.01yp.

(a) Polarizing
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b (h00) 903
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002 e
001
004 007 (001)
©  [Fu(ps): —0 001 002 003
e 1.02 A
k=
=
R RIIE Pem——— L
£
(o}
=
= 0.98 T = 400K
poH = 04T
— M AN M AN LI OO OO < <
O O O OO OO OO0 oo oo
O OO AN AN NONOFANAN OO

Figure 3.9: ] (a) To access the (h0!) reflections in the half-polarised experimental setup on D3,
a YbMnSb, single crystal was aligned with the crystal b axis vertical. The incident neutrons are
polarised along z (P; || z) and the scattered neutron polarisation P is not analysed. (b) Reciprocal
space plot of the measured reflections (blue spheres) in the (10!) scattering plane. (c) Measured
flipping ratios (blue circles) along with the calculated R for zero in-plane moment (dashed line)

and several non-zero values up to 0.03 yp (coloured bars). This figure was originally published in
reference [15]. Copyright American Physical Society (2021).
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Structure factor measurement

The flipping ratios measured at 9 T were converted to field-induced magnetic structure factors by
the method described in [49]. As the flipping ratios are all close to unity there is no ambiguity in the
obtained magnetic structure factors, which are plotted in Figure 3.10 and Figure 3.11. The non-zero
MSF agree with the reflection condition & + k = 2n. This is consistent with the field-induced
ferromagnetic phase having the same symmetry as the underlying crystal structure with space
group P4/nmm. The reflections h = 1, k = 0 do not obey the reflection condition & 4+ k = 2n.

Nearly all of these have zero Fy to within experimental uncertainty, except for (106).

k=0 k=1 k=2

>
1
00000000

1000000 00
1

0 1 2 3 1 3
h h
‘ h+k=2n h+k=2n+1

Figure 3.10: Magnetic structure factors calculated from measured flipping ratios. The radius of
the circles is proportional to the magnetic structure factor at that /ikl reflection. Dark blue indicates
structurally allowed reflections obeying the selection rule i + k = 2n for the P4/nmm space group,
light blue indicates reflections that are structurally forbidden (h + k = 2n + 1). A version of this
figure was originally published in reference [1]. Copyright American Physical Society (2023).

The MSFs were utilised in a Bayesian reconstruction of the magnetisation distribution within the
unit cell, shown in Figure 3.12. This was performed using a maximum entropy method (MaxEnt)
implemented at the ILL, using routines from the MEMSYS library [50]. This method has advantages
over directly Fourier transforming the MSFs because a Fourier transform assumes the input MSFs
are a complete set with equal weight given to each MSF, whereas the maximum entropy method

assumes nothing about the absent structure factors [51].

Cross-sections through the calculated magnetisation distribution in the Mn and Sb planes are shown
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Figure 3.11: Magnetic structure factors calculated from measured flipping ratios as a function of
Q, compared to the free-ion magnetic form factor of Mn?* calculated using Equation 3.3 (orange
dashed line). Dark blue indicates structurally allowed reflections obeying the selection rule h 4 k =
2n for the P4/nmm space group, light blue indicates reflections that are structurally forbidden
(h+k = 2n +1). A version of this figure was originally published in reference [1]. Copyright
American Physical Society (2023).

in Figure 3.13. These slices show that the bulk of the magnetism induced by the external field is
localised around the Mn sites and is approximately isotropic. Hence, we infer that all five Mn 3d
orbitals are roughly equally populated, as predicted for the high spin state of Mn?* (3d°,S = 5/2).
Integrating a volume around a Mn site yields an estimate of the total induced magnetic moment
0.011(4) up per Mn. This integration followed a method developed by Markvardsen to obtain these

moment values and their estimated uncertainties [52].

Note that a region of small negative magnetisation is observed around the Sb sites in the central
layer at z = 0.5, with the induced moment calculated to be —0.0002(6) ug per Sb. The MaxEnt
method uses a prior probability of uniform magnetisation throughout the unit cell and is designed
to attribute a non-zero magnetisation only when there is evidence for it in the data. Nevertheless,
the size of the uncertainty in the Sb moment is comparable with the moment itself, and so I would

read into this small ‘anti” magnetisation density with caution.

3.5 Discussion of magnetic structure of YbMnShb,

The results from the experiments on YbMnSb, on ILL’s D10 and D3 instruments and magnetometry

indicate that the material exhibits C-type AFM along the c axis with negligible or no canting of
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Figure 3.12: Magnetisation density distribution in the unit cell of YbMnSb,, with isosurfaces
showing strong concentration of magnetisation on Mn sites and a very small negative magnetisation
on Sb sites in the middle of the unit cell. This figure was originally published in reference [1].
Copyright American Physical Society (2023).

Mn layer z = 0 Sb layer z = 0.5

b (lattice units)

a (lattice units) a (lattice units)

Figure 3.13: Slices through the ab plane showing magnetisation density map reconstructed from
ILL D3 data. Contour lines show magnetisation density in units of ug A~3. A version of this figure
was originally published in reference [1]. Copyright American Physical Society (2023).

Mn?* spins (in-plane FM component < 0.01 pp) below Ty ~ 346 K. This agrees with a recent report
on the magnetism of YbMnSb, which also made use of neutron diffraction, polarised neutron
diffraction, x-ray diffraction and transport measurements [14]. The magnetic moments are well

localised on the Mn sites with magnitude of 3.46 up (in [14], 3.17 up); however, the size of the

70



moment is less than moment predicted for Mn?" in the high-spin state, 5 up. The critical exponent
of the magnetic phase transition is B ~ 0.308 (in [14], B ~ 0.24), which is significantly smaller than
the B = 0.36 predicted for a 3D Heisenberg AFM and closer to f = 0.32 predicted for a 3D Ising
AFM. However, the B ~ 0.308 was determined from a fit of the data in the temperature range 220 —
400K, and this model over-estimates the intensity at the lowest temperatures (< 100 K), where a
smaller critical exponent may apply. A smaller B is associated with a lower dimensionality of the
lattice and a lower dimensionality of the order parameter, and so this indicates the quasi-2D nature

and Ising-like anisotropy of the magnetism of YbMnSb,.

Where the work [14] and our results described here (published in [15]) differ is the precise crystal
and magnetic structure of YbMnSb,. Here I contend that the magnetic space group of YbMnSb, is
P4’ /n'm'm, whereas the magnetic structure of YbMnSb;, is ascribed to the orthorhombic Pn'm’a’
magnetic space group in [14]. The orthorhombicity is very slight (= 0.31%) and the averaged lattice
parameters (b +c)/2 = 43167 A and a/2 = 10.79815 A in [14] agree with the parameters of our
refinement to within 0.1% and 0.3% for a = b and c¢ in P4/nmm respectively. The shift in positions of
atoms is similarly small. Like P4/nmm, Pnma is centrosymmetric and has a glide symmetry in the
Sb ‘square net’ plane. For the AMnX, family of materials, there are more significant implications
for band structure topology if the space group symmetry further reduces to a polar space group,

e.g. in the case of BaMnSb, [11].

Our work [15] also includes DFT calculations of the electronic band structure of YbMnSb,, which
used the empirically determined magnetic structure P4’/n'm’'m as a starting point (rather than
assuming a favoured magnetic ground state based on ab initio calculations). The DFT calculations
were performed by Dr Jian-Rui Soh and a spaghetti plot is shown in Figure 3.14. Linear band
dispersion is found at anti-crossings close to the Fermi level at two points, one along the ' — M
symmetry line and the other along I' — X. The DFT result indicates that YbMnSb, is a gapped
Dirac semimetal, with quasiparticle masses estimated to be 0.2 meV and 0.15 meV. The Fermiology
presented in [14] is not so very different, with a reduced Brillouin zone and higher anisotropy of the
hole/electron pockets due to the space group being Pnma. Interestingly, it is also suggested in [14]
that the orthorhombic distortion raises the Fermi energy by ~ 50 meV. There are other mechanisms
to tune Er, including shifting the chemical potential via doping. Ultimately the conclusion as to the

topological semimetal nature of YbMnSb, is that it is a gapped Dirac semimetal.
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Figure 3.14: AbD initio electronic dispersion of YbMnSb, along in-plane high symmetry directions.
The calculation assumes the magnetic structure determined in this work. This figure was originally
published in reference [15]. Copyright American Physical Society (2021).

3.6 Inelastic neutron scattering of YbMnSb,

The motivation behind the inelastic scattering experiment on YbMnSb, was to characterise the
spin wave excitations and therefore the exchange interactions present. This would inform us as
to how the magnetic structure (determined through the diffraction experiments above in §3.3) is
stabilised and possible interplay between the magnetism and topological quasiparticle fermions

hosted within YbMnSb,.

3.6.1 Method

Triple-axis spectroscopy was performed on the IN8 instrument at the ILL. The assembly of crystals
described in § 3.2 was used as the sample. The FLATCONE multiplexed analyser-detector system
was used on IN8 [53]. The FLATCONE array of 36 detectors sweeps out arcs in reciprocal space,
allowing for greater coverage compared to traditional TAS using only one detector. The (10!) and
(hhl) planes were accessible via two different orientations of the sample plate, separated by 45°.
The outgoing neutron wavevector of k; = 3 A~! was fixed by Bragg reflection from the silicon (111)
analyser crystals incorporated into FLATCONE. Meanwhile the incident wavevector k; was varied
to give a range of neutron energy transfers AE from 0 to 70 meV. To set k;, two monochromators
were used: the double-focusing Si (111) for lower energies (AE < 40meV), or a double-focusing
pyrolytic graphite (002) monochromator for higher energies (AE > 40 meV). The FLATCONE was
kept FLAT at a tilt angle of 0°, and the sample was held at a temperature of 1.5K in a liquid He

‘orange’ cryostat for the entire experiment.
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3.6.2 Data analysis

The inelastic neutron scattering data from the IN8 experiment contained both powder rings and
‘spurions’. Due to the geometry of FLATCONE, the constant AE reciprocal space maps are best
visualised as Voronoi diagrams, rather than a regular Cartesian grid. The background was non-
negligible and highly Q dependent, with several spurions making an unwelcome appearance.
Hence, it was necessary to post-process the data. The "correction” process was as follows. For
each reciprocal space map at different AE, NPLOT [54] was used to remove the spurions by hand.
The spin wave signal was also subtracted and the remaining background smoothed such that
the background only depended on Q. This isotropic background was subtracted from the raw
data, and the ‘spurious’ data points were removed such that the size of Voronoi cells increased
for regions that had contained spurions. The Delaunay triangulation plots between Voronoi cells
for both raw and corrected data are shown in Fig. 3.15 for an example reciprocal space map ((h0!)

plane, AE = 18 meV).

The Voronoi diagrams were interpolated to map the intensities to regular Cartesian grid. Constant
energy cuts through the data were made along directions of interest through reciprocal space. Due
to geometry of the IN8 instrument and the Flatcone array, the data are distorted slightly at higher
Q (for example, in the 10! plane, the spin waves appear to curve away from lines of constant h).
We accounted for this effect by symmetrising the data about Brillouin zone boundaries once the
dimensionality of the data had been reduced by taking constant Q energy cuts. For each energy
cut, a number of peaks with Gaussian lineshape and a linear background were fitted. This was
done using a suite of custom PYTHON programs (built using packages including those described in

[55-57]).
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Figure 3.15: Delaunay triangulation plot for 18 meV 0! plane data. In the lower plot, the larger
triangles indicate where data points have been removed due to spurions.
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The high-symmetry lines used for cuts were A = (0,0,1), U = (h,0, %), A= (h,0,0),S= (hh, %)
and ¥ = (h,h,0). A selection of constant energy cuts together with peaks fitted are shown in
Fig. 3.16. To improve the signal to noise ratio in the 10! plane at AE > 40 meV, and in the hhl plane
at all energies, the integration was performed over specific detectors in the FLATCONE array that
did not intersect Al powder rings. Next, the intensity maxima as a function of energy were found
at the I' and A points in order to anchor the turning points of the dispersion. Finally, the extracted
peaks were assembled into the spin-wave dispersion along high-symmetry paths in reciprocal

space shown in Figure 3.19.

3.6.3 Results

The IN8 data are shown as series of intensity maps for different AE in the k0! (Figure 3.17) and hhl
(Figure 3.18) planes. In the 10! plane, the intensity is localised around the magnetic I' positions at
low energies. The intensity is highest at 10 meV, and decreases with energy until no signal is visible
below about 5 meV (plotted in Figure 3.16). Above 10 meV, the intensity disperses outwards with
increasing energy to form rings, which then evolve into a pattern resembling Neptune’s necklace
seaweed. The beads of seaweed eventually merge into rods of scattering running along the (00)
direction at around 45 meV. In the hhl plane, rods of scattering along (00!) are observed at all
energies studied, with some intensity modulation along the rods at the lower energies. At higher
energies the rods split into two; the newly-split rods then also move apart. By 55 meV, the signal is
nearly indistinguishable from the background. I will now describe the model that demonstrates
these features are consistent with the scattering from spin-wave excitations of antiferromagnetically

ordered Mn local moments.

I modelled the magnetic interactions in YbMnSb, with a Heisenberg effective spin Hamiltonian of

the form

H = Z]ijsi S — ZD (57)2, (3.4)
i,j i

and calculated the spin-wave spectrum using linear spin-wave theory (LSWT) for spins S; localised
on the Mn ions. This is similar to the approach used in works [58-60] for structurally related AMnXj
compounds. For H, I defined three isotropic exchange parameters, J;; = Ji, J> for the nearest- and
next-nearest Mn neighbours in the ab plane, and J, for the nearest neighbour interaction along
the ¢ action. I also included a single-ion anisotropy parameter D, which in Equation 3.4 favours
alignment of the Mn spins along the c axis. These parameters are displayed in Figure 3.20, and
were sufficient to fit the data well. The parameter values were obtained from a global fit to the

measured dispersion curves using both custom PYTHON programs (orthogonal distance regression)
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published in the Supplemental Material of [1]. Copyright American Physical Society (2023).

and the SPINW MATLAB library [61].

The calculated LSWT dispersion obtained from the best-fit parameters is shown in Figure 3.19
along with the data points. Along all symmetry directions, the model describes the data well. From
the model, we can ascertain that the spin waves have a maximum energy of approximately 70 meV

at the X-point in the Brillouin zone, where X = (3,0,0), and a minimum gap of about 10 meV at

the I'-point.
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The detail of the fit is also very satisfactory from a qualitative perspective, as seen by inspecting
Figure 3.17 and Figure 3.18 closely. The rightmost column of these panels show simulations of
the LSWT spectrum in the same region of reciprocal space and for the same energies that were
probed experimentally. The magnetic form factor of Mn?* is included in the simulations. It can
be seen that the model reproduces the distribution of measured intensity throughout energy and

momentum space very well.

The Hamiltonian parameters extracted from the LSWT fit are SJ; = 28 £ 2meV, S], = 10.4(5) meV,
SJ. = —0.73(7) meV and SD = 0.44(5) meV (the spin quantum number S always multiplies the
Hamiltonian parameters in LSWT). Here, positive values represent antiferromagnetic coupling,
while negative values imply ferromagnetic coupling. The larger uncertainty in the SJ; value may
be attributed to the inherent broadening of the dispersion in the ab plane, caused by the imperfect
coalignment of the platelet crystals in this plane. According to the convention in Equation 3.4, the
positive value of SD means that the Mn spins preferentially align along the c axis, which agrees
with the magnetic structure determined for YbMnSb, in § 3.3. The exchange constants are presented

in Table 3.5.

3.6.4 Discussion

In Table 3.5 I included the experimentally determined structural and exchange parameters for
several other AMnX, materials for comparison with YbMnSb,. There are a number of insights
here. Firstly, the ordering temperature Ty seems to scale with the size of the exchange parameters,
implying a more robust magnetically ordered phase. SJ;, S]> and SJ. are all greater for YbMnSb,
than other materials in the AMnXj, family, especially S]., and YbMnSb, has just about the highest
Tn as discussed earlier. Second, the a lattice parameter of YbMnSb; is about 5 % smaller than
that of the other materials, which likely explains why the SJ; and S], parameters are largest for
YbMnSb;. Third, the Mn-X-Mn bond angles associated with the the J; and ], superexchange paths
both increase slightly, from 65.92° to 67.10° for J; and 100.60° to 102.82° for J,, going from YbMnBi,
to YbMnSb,. These changes will tend to reduce the AFM superexchange contribution to J; and
increase it for ], consistent with what is observed, although the effect is smaller than the overall
increase in J; and ], associated with the decrease in a. The exchange parameters obtained through

the analysis presented in this thesis are similar to those recently published by another group [37].

Finally, the distance between Mn atoms in the c direction is almost the same for all the compounds
listed in Table 3.5, and yet SJ. is around five times larger in YbMnSb, than in the Bi compounds.
If not the exchange path geometry, what could be behind this? The p orbitals that mediate
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Figure 3.17: Spin-wave scattering and model for h0! plane. Left column: raw neutron scattering
data. Middle column: Data after the corrections described in the text. Right column: magnetic
scattering simulated by linear spin-wave theory from our model. A version of this figure was
originally published in reference [1]. Copyright American Physical Society (2023).
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Figure 3.18: Spin wave data and model for hhl plane. The three columns show the experimental

and simulated data as described in Figure 3.17. A version of this figure was originally published in
reference [1]. Copyright American Physical Society (2023).
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Figure 3.19: Spin-wave dispersion of YbMnSb,. The data points are shown as white circles, and
the spin-wave spectrum calculated from our model is shown as an intensity map with a logarithmic
colour scale. The simulation includes a Gaussian energy broadening of 8 meV (FWHM). A version
of this figure was originally published in reference [1]. Copyright American Physical Society (2023).

P4, ¢

Figure 3.20: Magnetic unit cell of YbMnSb,. Only the Mn ions are shown, together with moments
indicated by red arrows and exchange interaction paths J;; shown in blue, green and orange. A
version of this figure was originally published in reference [1]. Copyright American Physical
Society (2023).
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Table 3.5: Experimentally determined parameters for AMnX,. Exchange constants |1, > and ], are defined in Figure 3.1, and D is the
easy-axis anisotropy parameter. Mn-X-Mn bond angles: angle 1 is with one Mn located at the corner of the unit cell and the other in the
centre of z = 0 face, and angle 2 is with the Mn located on neighbouring corners of the unit cell. Values in parentheses are errors in the last
digits. A version of this table was originally published in reference [1]. Copyright American Physical Society (2023).

Space T ST SJ SD Mn-X-Mn Mn-X-Mn

. R R N 1 2

Material group a(A) c(A) (K) (meV) (meV) S]. (meV) (meV) bond(ejilgle 1 bond(ez;lgle 2

CaMnBi, [58] P4/nmm 450 11.07 264 234(6)  79()  -010(5)  0.18(3) 67.219(2) 103.04(1)

SrMnBi, [58]  I4/nmm 458 2314 287 213(Q2) 639(15) 0.11Q2)  0.31Q2) 68.047(1) 104.614(1)

YbMnBi, [59] P4/nmm 4.49 10.86 290  22.6(5) 7.8(5) —0.13(5) 0.37(4) 65.92(4) 100.60(7)

YbMnBi, [60]* P4/nmm 4.48 10.8 290  22.7(3) 7.8(2) —0.16(3) 0.43(4)

YbMnSb, (this B

work [L15]) F4/mmm  431Q)  1085(1) 345 2842 104() 0.73(7)  0.44(5) 67.10(4) 102.82(7)
—0.597 £

YbMnSb, [37] P4/nmm  4.31(2) 10.85(1) 345  28.1(1) 10.7(1) 0.023 0.13(1)

@ The quoted parameters are from an analysis method which is similar to that used to obtain the other parameters listed in this table. A
resolution-corrected fitting method gave the following parameters: SJ; = 25.9(2) meV, SJ, = 10.1(3) meV, SJ. = —0.130(3) meV, and

SD = 0.20(1) meV.



superexchange are lower in energy in Sb than in Bi. Assuming that J. is determined by a competition
between FM metallic double exchange and AFM superexchange [43], we expect a weaker AFM
superexchange and hence a stronger net FM ], in Sb relative to Bi, as observed. One interpretation
of the small antimagnetisation density on the Sb ‘square net” plane sites revealed by the D3 data
(§3.4.2) is that the Mn-Sb exchange (however small) is AFM, further favouring a FM Mn-Mn
coupling along the c axis. This implies that coupling between magnetism and the Dirac-like

quasiparticle fermions may play a more important role in YbMnSb, than in the Bi compounds.

Indeed this is contended in the recent study [37], which presents stronger broadening of the
spin waves as evidence for enhanced magnon-fermion coupling. The hypothesis behind this is
that at low temperature, magnons primarily decay into electron-hole excitations involving the Sb
‘square net’ electron, rather than broadening mechanisms such as magnon-magnon or magnon-
phonon decay. The research utilised TOF spectroscopy rather than TAS to measure the spin waves in
YbMnSb,. The spin wave model was different to the one described here in that it accounted for finite
magnon lifetime, but it featured the same exchange parameters as inputs. The fitting procedure
also considered the Q- and energy-dependent resolution function of the TOF spectrometer, which
is far more difficult to constrain for a TAS instrument. The spin wave damping parameter was
estimated to be twice that of YbMnBi,, pointing to stronger out-of-plane interactions between the
electrons responsible for the Mn magnetism and those in the topological quasiparticle Sb layer.
This is an interesting result that highlights the utility of different instrumentation even within
a single technique such as inelastic neutron scattering. However, to test whether the damping
parameter is a good indicator of the influence of electronic band structure topology on spin waves
will require inelastic neutron scattering measurements on a broad portfolio of different topological
semimetals. This is challenging for two fairly plain reasons: the empirical verification of band
structure topology primarily relies on fuzzy ARPES images of surface states, and the lack of large

single crystals for bulk INS measurements.

3.7 Conclusions regarding the magnetism of YbMnSb,

Our experiments have shown that the magnetic moments in YbMnSb, are well localised on
the Mn atoms, and so a semiclassical spin-wave description of the magnetic dynamics in the

antiferromagnetically ordered phase is appropriate.

The exchange interactions determined in this work from the magnon dispersion of YbMnSb, are

all larger than in several related compounds containing Bi instead of Sb which have been studied
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recently. The value of the interlayer coupling J. is particularly notable, being around five times
larger in YbMnSb, than in the Bi compounds. Considering the different superexchange and metallic
contributions to J., we argue that the coupling between Dirac fermions and local spin moments
on Mn may be more prominent in YbMnSb, than in the related Bi compounds. This suggests that
YbMnSb; is a promising system with which to investigate the interplay between magnetism and

topological band electrons.
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A mega table of AMnX, materials and their properties

Table 3.6: AMnX, materials overview

Material Space Magnetism Topology Other notes
group
Mn moments: C-type AFM along c axis, Ty ~ Ordering of Eu moments
P4/ nmm 346K [1, 2], Eu moments: canted A-type AFM, Dirac semimetal, from  suppresses inter-layer
Tn ~ 21K, from single crystal neutron and X ARPES in [2]. Not a magnetic coupling. Expected
EuMnSb, [1], Pnma . . . . . . . .
2] ray diffraction [1, 2]. Contrasting conclusion semimetal according to  coupling between magnetic
was reached in [3], which has Eu moments [3]. sublattices is via Eu 4f and
entirely in ab plane and L to Mn moments. Mn 3d electrons.
Gapped Dirac Potential to control spin
EuMnBi, 14/ mmm G-type AFM on Mn o ments, Eu moments also semimetal ARPES and  splitting through canting
AFM order along c axis below 20K [4] . :
calculations [4] angle of Eu spins [5]
C-type AFM, Ty ~ 300K. Eu moments: canted For x > 0.5, Eu spin canting
A-type AFM in ac plane Ty ~ 17K, "+ + - - Dirac semimetal, and intra- (inter-) layer
Eu-9SrMnSb, Prma along c axis and ‘+ - + -” along a axis, swapping driven by Sr doping [3] conductivity (decreases)
to + - + -" along both a and c axes below 10K [3] increases with x [3].
Gapped Dirac
semimetal based on
CaMnSb, Puma C-type AFM, Ty = 302K [6]. dHvA oscillations, SAH  Sb square distorted to zig-zag

oscillations and
electronic transport in
[6,7]

in b axis




68

Space

Material group Magnetism Topology Other notes
in ab plane AFM, Ty ~ 250 K[8]. Contradictory
evidence from neutron powder diffraction Dirac semimetal from
CaMnBi, P4/nmm  presented in [9] C-type AFM along c axis, Ty ~ SdH oscillations in [8] -
300 K. Neutron single crystal diffraction in [10] and calculations in [9].
showed C-type AFM along c axis, Ty = 264 K.
. Cu doping suppresses AFM order (Ty ~ 85K),
CaMn(;_yCu,Bi, P4/nmm while grol%ablgfincreasing spin canting [11]. ) )
Speculated local deficiencies
in Ba or Mn may lead to some
BaMnSb, small canted FM moments
I4/mmm  G-type AFM along c axis, Ty = 283 K, from Dirac semimetal from [12]. Out-of-plane resistivity
(actually . . L g . . .
Ba,_.Mn,Sb, in [12], Imm2  neutron d1ffrac’F10n and magnetisation SdH osc1l¥at10ns [12]; d1§plays curious local
y[l Z]Z) [13, 14] measurements in [12] Weyl semimetal [14, 15] minimum (rather than local
maximum as for
Ca/Sr/BaMnBij) as
temperature decreases.
Imm?2 [16]
(very slight
orthorhom- C 4 Di Lattice is less distorted than
BaMnBi, bic AFM Ty ~ 290 K apped LArac for BaMnSb, but band
distortion), semimetal [16, 17] structure is similar [5, 16]
14/ mmm
[17, 18]
G-type AFM, Ty ~ 300K result from neutron Di .
. . . irac semimetal from
SrMnBi, 14/ mmm powder and single crystal diffraction [9]. The calculations [9, 19] and -

work [10] had the same magnetic structure but
refined Ty = 287 K.

SdH oscillations [20]
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Space

Material group Magnetism Topology Other notes
Gapped Dirac
Simltr}rlf;aémi;;iar[%% SrMnSb, has fewer charge
SrMnSb, Pnma[21] AFM Ty ~ 300K [21] &ap PRI carriers and higher resistivity
not a topological .
. . than SrMnBi, [21].
semimetal according to
[22]
Larger Sr deficiency
C-type AFM along c axis with FM componentin Argued for Dirac associated with increased FM,
Sry_yMn,Sb, Pnma ab plane Ty ~ 304K, FM in ab plane T¢c ~ 565K, semimetal under larger Mn deficiency

from neutron diffraction and transport in [23]

pressure in [23]

associated with weaker FM
[23]




16

Material

Space
group

Magnetism

Topology

Other notes

P4/nmm

C-type AFM along ¢ axis, Ty = 290 K single
crystal neutron diffraction, any canting away
from the c axis constrained to within 3° [2]. The
neutron diffraction and HRTEM study [24]
concurred. In [4] they had Mn spins canted 10°
away from c axis. Magnetometry measurements
yielded a miniscule canting of 0.018° in [25].

Weyl semimetal from
ARPES measurements
and calculations [4]. A
Weyl semimetal based
on transport
measurements in [25].
Not Weyl, potential
Dirac semimetal in [2].
Based on SdH
oscillations results, [24]
declared YbMnBi, to be
a Dirac semimetal. The
work in [26] interpreted
their SdH oscillations
and transport
measurements in terms
of a band structure
featuring both Weyl
and Dirac bands.

In this theoretical study [27],
it was argued that transition
from Dirac to type-1I Weyl
state is due to Bi vacancies
and subsequent in ab plane
canting of Mn moments from
increased DM interactions.
Optical spectroscopy on this
material is presented in the
work [28], which leaves the
door open to interpret results
as either Dirac or Weyl
semimetal.




Space
group

Material

Magnetism

Topology

Other notes

YbMnSb, P4/nmm

C-type in-plane AFM argued for in [29] but no
measurements of magnetic phase transition
presented. Magnetic hysteresis was observed in
YbMnSb, [30] C-type AFM along the c axis,
with canted spins so FM component in the ab
plane. G-type AFM argued for in [31] (optical
spectroscopy study). Single crystal neutron
diffraction shows C-type AFM along ¢ axis [32].
Tn ~ 345K [32].

Dirac semimetal based
on calculations, ARPES
and SdH oscillations in
[29]. Nodal line
semimetal based on
calculations in [31].
Reference [30] had
YbMnSb, as a Weyl
semimetal, assuming
canted Mn spins. DFT
calculations in [32] has
YbMnSb, as a Dirac
semimetal.
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The magnetic order of the topological semimetal

MnSb4Te7

4.1 Introduction

The magnetism and band structure of materials have a complex relationship, leading to exotic
quantum materials phenomena such as the Quantum Anomalous Hall Effect (QAHE) and axion
insulator states. Materials with a quasi-2D layered structure are of prime interest, both at their
surface, and in their bulk crystalline form, as magnetic topological insulator and topological
semimetal candidates. These van der Waals materials possess anisotropic electronic properties, as

well as being ripe for heterostructural device engineering.

One particular crystal family is the rhombohedral family X,Y3, where the linear dispersion in the
electronic bands are induced by the strong spin-orbit coupling arising from the heavy constituent
ions X = Sb, Bi and Y = Se, Te [1-3]. These materials have ‘quintuple’ layers as building blocks and
are three-dimensional examples of topological insulators. However, one of the major stumbling
blocks in developing these TIs for technological applications is that the topological electronic bands
cannot be easily controlled. Incorporating a magnetic ion such as Mn?* has implications for the
crystal structure, magnetism and band structure (§ 4.2). Hence, the idea of producing materials
featuring topological quintuple X,Y3 layers interspersed with magnetic septuple MnX, Yy has come

to fruition.

There is now a proliferation of studies on the (MnX,Y4)(X2Y3), family of materials, where m =
0,1,2... denotes the number of (potentially topological) quintuple layers. A smorgasbord of

topological electronic states and magnetic phenomena has been reported. In this chapter, I briefly
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introduce the potential applications of the Mn-X-Y van der Waals family. Then I primarily focus on
reviewing work done on MnBi,Te, (§ 4.2.1), MnSb,Te, (§ 4.2.4) and MnSb,Te; (§ 4.2.5). Finally I
present experimental work on the magnetism of MnSb,Te; (§ 4.4 and § 4.4.4).

4.1.1 Potential applications of (MnX3Ys)(X2Y3)m

Topological insulator systems with intrinsic magnetic order may pave the way for advances in
spintronics, with tuneable spin structures and superior charge transport. An exciting proof-of-
principle experiment [4] demonstrated electric field control of the canted AFM-AFM transition and

associated Chern insulator state in MnBi,Te,.

Beyond quantum technology development, the axion insulator topological state is a focus of the
dark matter physics community. It is hypothesised that quasiparticles hosted by axion insulators
will interact with dark axions, a proposed candidate for dark matter [5]. This highlights the

importance of topological materials as a testing ground for high energy particle physics.

Another application for materials considered here is phase change memory. The current material of
choice is a Ge-Se-Te alloy, but other materials such as MnBi,Te, have been identified as suitable
phase change memory candidates [6]. MnBi,Te, is particularly attractive given its high optoelectric

contrast and magnetic storage potential [6].

Bi,Se; is a common thermoelectric material, and it follows that the materials with quintuple layers
of X5Y3, X =Sb, Biand Y = Se, Te would also demonstrate good thermoelectric properties. Some

examples of thermoelectric figures of merit (MnBi,Te; and MnBigTe;() are given in the work [7].

4.2 Quantum materials of interest

Considering the X,Y3 family, several approaches to manipulate the topology of the band structure
have been made. One concept is to create heterostructures, for example, by epitaxially layering
X, Y3 with magnetic EuS layers, but these are very prone to defects [8-10]. A different approach is
to dope the parent X;Y3 compound with a magnetic ion such as Cr or Mn. An example of doping
Bi,Te; and Bi,Se; with a non-magnetic ion is reported in [3]. This does not change the topological
character of the band structure but does adjust the Fermi energy. Cr was utilised as a magnetic

dopant in [11] for thin films of Cry 15(Bip1Sbo.9)1.85Tes, which displayed the anomalous Hall effect.

One example of doping with a magnetic ion is Bi, ,Mn,Te;. For x = 0.02 and x = 0.015, ferro-
magnetism was observed below T = 10 K and 17 K respectively [12]. At this concentration, the

magnetic dopants did not incorporate well. A similar study with x = 0.04 demonstrated param-
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agnetism at temperatures as low as 2 K [13]. Increasing the amount of magnetic dopant could
degrade the sample quality, and additionally hinder charge carrier mobility. However, a compre-
hensive experimental work [14] covering x = 0, 0.005, 0.01, 0.02, 0.04, 0.09, found the material was
ferromagnetic for x = 0.04, 0.09, with Tc = 9 K, 12 K respectively. This paper described the Mn
dopant ions substituting on Bi sites, but hints of Mn intercalation layers were seen in STM data. The
Fermi energy increased with increased concentration of Mn and the charge carriers transitioned
from n-type to p-type. The Dirac surface state of Bi,Te; was preserved for x = 0.09 as evidenced
by ARPES data. The range of results among [12-14] highlight the sensitivity of Bi, ,Mn,Te; to
sample synthesis parameters. None of these works gave a satisfying explanation for the onset
of magnetic order. In terms of achieving the QAHE, impurities — whether magnetic or not — can
introduce undesirable bands near the Dirac point [8] and shift the Fermi energy [3]. Meanwhile,
first principles calculations showed the potential of Mn doping to adjust band structure topology

of BiyTe; [15] and so experimental investigations along this line continued.

Interestingly, a structure of quintuple Bi,Te; and septuple MnBi,Te, layers emerged in epitaxially
grown samples [10, 16]. The concentration of Mn determined the relative number of quintuple
Bi,Te; and septuple MnBi,Te, layers. DFT calculations showed that such a structure was energet-
ically favourable compared to random Mn placement [10]. The significance of the layers is that
Bi,Te; is a topological insulator in its own right and MnBi,Te, is a magnetic topological insulator
(more below). The self-organisation into the quintuple and septuple layers persists with other
crystal growth methods. This quintuple/septuple layer structure is in contrast to the earlier works,
where Mn ions were random impurities within X,Y3. This is a very promising approach: now the
magnetic and the heavy ions reside on well-defined crystalline positions. We pursue such crystals
with intrinsic magnetic order, heavy ions, strong spin-orbit coupling and inherent van der Waals

anisotropy.

4.2.1 MnBi,Te,

MnBi,Te, was the first intrinsic magnetic topological insulator. For a very recent review, see
reference [17]. It has a septuple layered structure with van der Waals bonding and antiferromagnetic
coupling between the layers [18, 19] (see Figure 4.1). MnBi,Te, has been hypothesised to harbour
the axion insulator state, in which quasiparticles analogous to axions manifest in a topological
insulator [20]. The concentration of lattice defects in the material MnBi,Te, is low, around a few

percent [21].

Experimental evidence of an axion insulator state was found in even-layer number samples of
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Figure 4.1: Quintuple and septuple layers, (MnBi,Te,)(Bi,Te;),, structure. The same structure
applies to other members of the (MnX5Y4)(X2Y3),, family. Figure from reference [22], reproduced
with permission. Copyright American Physical Society (2020).

MnBi,Te, [23]. Samples of six septuple layer thickness were fabricated into Hall bar geometry and
a detailed transport study undertaken. Magnetoresistance with different gate voltages revealed
hole-type carriers dominate the transport below a gate voltage of 14 V (negative slope of Hall
resistance vs. magnetic field, Fermi energy lies in the valence band), while electron-type carriers
dominate the transport above a gate voltage of 38 V (positive slope and the Fermi energy lies in
the conduction band). The work suggests spins begin to flip in the antiferromagnetically-coupled
septuple layers from 2.5 T and are completely aligned with the external magnetic field by 5 T. The
highlight of this work [23] is the signature of an axion insulator state (quantised Hall plateau and
large longitudinal resistivity at zero external magnetic field) for gate voltages 22-30 V (the Fermi
energy lies in the surface band gap for this range). For a high external magnetic field of 9 T and
the same gate voltage range, indications of a Chern insulator state are seen instead: negligible

longitudinal resistivity and quantised Hall resistivity plateau (see Figure 4.2).

MnBi, Te, was shown to have Dirac dispersion via ARPES; a gap was noticeable between the Dirac
cones in the ARPES data [16, 24]. Interestingly, the band structure changed slightly with bands
seen to merge/hybridise above Ty [24]. The authors in [24] also suggested the magnetism at the
surface was FM rather than AFM, and that multi-domains at the surface were responsible for the
gapped Dirac band structure. Another ARPES investigation found a very sharp, gapless Dirac cone
dispersion for MnBi,Te, [19]. They too concluded the surface-level magnetism must differ from that

of the bulk material (which is A-type AFM along the c axis), and proposed the following alternatives
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Figure 4.2: Six septuple layer MnBi,Te, demonstrates characteristics of the axion insulator state at
zero magnetic field, and the Chern insulator state at high magnetic field. Figure from reference [23],
reproduced with permission from Springer Nature.

from symmetry arguments and DFT calculations: A-type AFM with an in-plane moment, G-type
AFM, C-type AFM in-plane, or paramagnetism [19]. A spin-flop transition occurs at a critical field

of 3 T, with magnetisation saturating at a field of 8 T [19].

Studying MnBi,Te, at even higher magnetic fields reveals magnetic moments of Mn initially
saturating at 3.9 ug at 10 T (similar to [19] above) before finally plateauing at a higher value of
4.6 up at 50 T [25]. This suggests Mn antisite defects couple antiferromagnetically with the main
layer of Mn, and gradually spin-flip to co-align with the Mn on the main sites as they are exposed
to an increasing magnetic field. The same (canted) spin-flop phase at ~ 3.7 T was observed in both
[19] and [25]. While the magnetic moment of 4.6 pp is lower than the 5 ug expected for the S =5/2
Mn?", this is attributed to orbital hybridization found via DFT calculations [25].

Exchange parameters for MnBi,Te, are estimated in [25] based on the difference between magneti-
sation plateaus at 10 T and 50 T. These are presented in Table 4.1 together with those obtained via

inelastic neutron scattering of a powder sample of MnBi,Te, in [26]. The Heisenberg Hamiltonian
H=—Y ]SS —J].Y S S—-DY s, (4.1)
(i) (i) 1 i

was used to model the exchange interactions. Interactions within the Mn plane ((if) ) considered in
[26] were 1st, 2nd and 4th nearest neighbours (nn), whereas [25] considered 1st nn (ij) | interactions,
and intra(septuple)layer — but out-of-plane ((ij) ; ) — antisite Mn interactions on different Mng; sites.

The mechanism for the Q-dependent broadening of the spin waves seen in [26] is unknown, but
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Table 4.1: Exchange parameters for MnBi,Te, and MnSb,Te;. Note that the same parameters were
obtained for both FM and AFM samples of MnSb,Te, in [25]. Here a negative sign denotes AFM
exchange.

MnBi,Te; MnBi,Te; MnSb,Te,
value value value
[25] [26] [25]
(meV) (meV) (meV)

Parameter Description

nearest-neighbour (nn) coupling within Mn

Sh layer 0.35 0.3 -
S next nn coupling within Mn layer - —0.083 -
SJ4 4th nn coupling within Mn layer - 0.023 -
sy coupling between I\j[itizi;ngnBi /sb and main 10 ) 01
SJec coupling between nn septuple blocks —0.085 —0.055 —0.01
SD single ion anisotropy 0.075 0.12 0.07

suggestions included lifetime broadening due to J;—J> frustration, magnon-electron or magnon-
phonon coupling. Single-crystal inelastic neutron scattering data is needed to resolve this puzzle

and refine models of spin dynamics in MnBi,Te,.

Another approach to probe the exchange interactions in MnBi,Te, is described in [27], which utilised
ultrafast electron diffused scattering and resonant soft x-ray scattering. This study specifically
aimed at ascertaining the coupling strength responsible for the energy gap between the Dirac
cones, attributed to interactions between well-localised 3d Mn spins and more itinerant 4p /5p-like
spins on Bi and Te atoms (much smaller magnetic moment of 0.03 yg). Ultrafast electron diffused
scattering was utilised to probe non-equilibrium electron-phonon dynamics. Meanwhile resonant
soft x-ray reflectivity was used to examine the Mn L edge and dynamics associated with Mn spins.
This was also in conjunction with an optical probe to measure magneto-optic Kerr rotation of Bi
and Te spins. The 4p/5p bands of Bi and Te are spin-polarised. Disorder of itinerant and localised
spins happens simultaneously when pumped by the ultrafast electrons; in absence of this pump,
the disordering of Mn spins happens far more slowly. The size of the exchange coupling between
(tiny) Bi/Te itinerant spins and (large) localised Mn spins is estimated at > 10 meV. The study [27]
proposes the gapless nature of the Dirac surface state in MnBi,Te, is due to topological surface states
penetrating the bulk of the material, rather than microdomains at the surface or weak coupling

between itinerant and localised spins.
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Variations on septuple/quintuple layers: (MnBi,Tey)(BiyTez),

Variations on MnBi,Te, have been studied. The work [18] examined the family of materials
(MnBi, Te,)(Bi,Tes),,. MnBi,Te, corresponds to m = 0; MnBi,Te; to m = 1; etc. Form =0, 1, 2, the
magnetism is AFM, whereas for m = 3, it is FM. For m > 3, neither description applies. Instead,
the Mn moments present in the MnBi,Te, layers are disordered along the [0001] direction, although
FM-ordered within the layer [18]. This interesting phase is termed a ‘single layer magnet’. For the
m = 1 case, there is evidence of strong FM interactions despite the overall domination of A-type
AFM order. The Ty form = 0, 1, 2 are 25 K, 13 K and 11 K respectively; this indicates a diminishing
return on the AFM phase for increasing m, and a much weaker interlayer exchange coupling for
m = 1 compared to m = 0. m = 3,4 display nearly purely FM behaviour in the form of a clear
hysteresis loops at 2 K. For m = 0, 1, 2, there are spin-flip transitions at fields of 3.5 T, 0.2 T and
0.07 T respectively at 10 K. ARPES performed on both the m = 1 and m = 2 compounds revealed
these to be Dirac semimetals [18]. The variation in surface terminations present within this family
of materials (i.e. is the surface a quintuple or septuple layer) and the implications for measurements
were also discussed: different dispersion bands are present in the ARPES data and are attributed to

these different surface terminations.

Neutron scattering studies [28, 29] on the same (MnBi,Te,)(Bi,Te3),, compounds yielded consistent
results: A-type AFM for m = 0,1,2 [28, 29] and FM for m = 3 [28]. Using polarised neutron
diffraction, the magnetic moments were well-localised to the Mn sites [28]. It was determined
that the magnetic moment per site decreased monotonically with m, from ~ 3.8 up to ~ 3.0 up for
m = 0 tom = 3 [28]. In [29], the magnetic moment per site was also lower (=~ 4 jp) than expected

(5 up) for the S = 5/2 state of Mn?" for the m = 0 compound.

Examining the magnetic order parameter for the m = 0 and m = 1 case in [29] gave critical
exponents f = 0.50(2) and B = 0.45(3) respectively. Considering the data from a smaller, lower
temperature range yielded near-identical 8 for both m = 0 and m = 1, B = 0.32(2). This compares
favourably to the theoretical value g = 0.325 from a 3D Ising model. In [29], it is suggested there is

a transition from 3D to 2D magnetism upon cooling, especially for the m = 1 case.

Some evidence of site mixing disorder was seen as the same decrease in m coincided with a marked
decrease in the Mn site occupancies from 85 % to 60 % [28]. The work [29] also reported Mn
deficiencies and presence of 18 % (m = 0) and 28 % (m = 1) Bi at Mn sites. Interestingly, structural
analysis did not reveal prevalent stacking faults between layers — something expected with van der

Waals materials.
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The materials (MnBi,Te,)(Bi,Te;),, have demonstrated the QAHE, in epitaxially-thin samples
(m = 0) and in bulk samples (m ~ 4). Odd-layer number flakes of MnBi,Te, demonstrated the
anomalous Hall effect [30]. An odd number of layers (three or five septuple layers in the paper)
rendered the flakes ferro/ferrimagnetic overall, while an even number of layers (four septuple
layers in the paper) preserved the bulk antiferromagnetism. The quantisation temperature was

1.4K, rising to 6.5 K when a magnetic field was applied to align all the layers ferromagnetically.

(MnBi,Te,)(BiyTes),, has also demonstrated the QAHE in a bulk crystal [31]. Samples with a very di-
lute concentration of Mn (2 %), were shown to correspond approximately to the (MnBi,Tey)(Bi,Tes),
m = 4 structure via EDX and STEM. Some Mn ions were detected in quintuple, rather than septuple,
layers. These demonstrated ferromagnetism with 5 K < Te < 10 K. The samples were originally
n-type semiconductors with the Fermi surface well above the Dirac gap. To tune the band structure
by introducing vacancies, samples were then subjected to electron irradiation and annealing. This
lowered the Fermi surface while raising the surface energy bands. The work [31] indicates edge
states are responsible for the anomalous Hall conductance measured, i.e. the bulk crystal remains

n-type semiconducting.

4.2.2 Sb-doped MnBi,Te, / Bi-doped MnSb,Te,

Synthesised MnBi,Te, tends toward strong n-type doping with the Fermi level in the bulk conduc-
tion bands rather than in the gap (as desired for topological transport phenomena). This motivated
the investigation of Mn(beBi(l, %) )2Tes family in [32]. All crystals were grown using a flux method.
Dirac-like dispersion was seen on the surface of MnBi,Te, crystals using ARPES (confirming the
result of [24]). Sb, being smaller than Bi, was easily substituted into the lattice without causing
defects. For x ~ 0.3, the Fermi level lay near the bulk gap (ARPES) and a transition between n-
and p-carriers took place (indicated by the derivative of the Hall resistivity changing sign w.r.t
applied magnetic field, showing bulk carrier suppression). Furthermore the Hall resistivity vs
temperature plot did not show metallic behaviour for the key dopant concentration of x = 0.3
(whereas other concentrations above and below this were clearly metallic). The phase diagram is
shown in Figure 4.3. Further increasing x drove the Fermi level into the valence band (ARPES).
Examining magnetisation data, this work found evidence for AFM, canted AFM and FM ordering

in Mn(beBi(l,x))zTezl samples.

A recent work [33] probed the properties of Mn(Bi 155b g5)4Te; as compared to MnSb,Te; (§ 4.2.5).
The Bi substitution raised the Fermi energy by 120 meV, while leaving the band structure qualita-

tively unchanged according to ARPES data.
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Figure 4.3: n — p carrier transition and topological phase diagram of Mn(SbBi;_,))2Tes. Figure
from reference [32], used under CC BY 4.0.

Intriguingly, Weyl (rather than Dirac) dispersion was observed in Mn(Sb xBi(1_x) )2Tey for lightly
hole-doped samples x = 0.26, which are ferromagnetic under the influence of an external magnetic
field of ~ 7 T [34]. Although they did not observe Fermi arcs via ARPES, they did find that the
average chemical potential for x = 0.26 was almost at the top of the bulk valence band. Instead,
evidence for the Weyl state was obtained through transport measurements, namely the nonlinearity
of pyx for lightly hole-doped x = 0.26 samples with respect to magnetic field and temperature. This
indicates the coexistence of hole and electron pockets in the Fermi surface, touching as required for
a Weyl node. More heavily doped samples show no evidence of a change in Fermi surface topology

in p,» measurements with respect to temperature and magnetic field.

4.2.3 MnSb,Se,

(MnBi,Sey)(BiySes), is another compound exhibiting the same structure consisting of magnetic
septuple and topological quintuple layers. For m = 0, the material is antiferromagnetic with
Tn = 14K. For a heterostructure of six septuple layers between quintuple layers, ferromagnetism
was evident from magnetisation data (both at 4 K and 300 K) and XMCD measurements in [8]. This
work also uncovered a gapped Dirac state with a large gap of ~ 80 meV through ARPES. The T¢ is

certainly above room temperature for this material.
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4.2.4 MnszTe4

Recently, MnSb,Te, has burst onto the scene as a septuple van der Waals compound with nontrivial
band structure topology and magnetism. It is structurally similar to MnBi,Te,, with space group
R3m. The presence of Sb rather than Bi may contribute to stronger spin-orbit coupling between
the septuple layers. Sb ions are also closer in size and in electronegativity to Mn compared with
Bi, which makes site mixing of Mn and Sb more likely [35]. Hence, the material MnSb,Te, offers
potentially greater options for tuning the magnetic and topological nature of a van der Waals
compound through synthesis. Obtaining single crystal samples is a challenge as with any van der

Waals material.

Table 4.2: Structure parameters for MnSb,Te,. Space group P3m (#166) with lattice parameters
a=b=4244 A, c=40.89 A, a« = B =90° and 7 = 120°.

Atom Site x y z Occupancy

Mn 32 0 1 05 1
Sb 6c 03 0.6 0.408 1
Te(1) 6c 0.6 03 0.459 1
Te2 6c 1 0 0368 1

MnSb,Te, has been investigated through first-principles calculations in [36], which concluded that
it was a Weyl semimetal with ferromagnetic order between septuple layers, and under pressure,
would display the QAHE. Similar conclusions were reached in other theoretical works: calculations
with spin orbit coupling and assumed ferromagnetism yielded a Weyl semimetal state, either type
I[37] or type II [38]. Without spin orbit coupling, AFM order is favoured [37-39]. The latter work
[39] contended that MnSb,Te, is inherently antiferromagnetic, with a ferromagnetic phase and
potential Weyl semimetal state only shown under strain. Further theoretical calculations contended
that there was topological phase transition to an axion insulator state for MnSb,Te, without site

mixing [40].

The experimental reality for MnSb,Te, is quite different, with a variety of FM, AFM, canted
AFM, and ferrimagnetic orders reported. Site mixing between Mn and Sb introduced intra-layer
ferrimagnetism at Tc = 31 K as seen in [41], which utilised laboratory XRD and magnetometry. A
similar work, which also utilised powder XRD and magnetisation measurements, also supported
ferrimagnetic order with T¢ = 25 K [38]. Ferrimagnetism in the case of MnSb,Te, would manifest

as AFM intra-layer coupling and FM inter-layer coupling, but this is debated. For a sample with
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composition (Mng ¢6Sbg34) (Sbo.ssMny 17)>Tes, magnetic moments were determined for the Mn
ions on the 6c (originally Sb) site and 3a (usual Mn) site: 3.1 up and 4.2 up respectively [38]. A
neutron diffraction and STM study [35] showed either inter-layer ferromagnetic (Tc = 24 K) or
antiferromagnetic (T = 19 K) order was possible for MnSb,Te, depending on site mixing. In [25],
near stoichiometric MnSb,Te, was FM while Mn-deficient MnSb,Te, was AFM, with significant
compensation from antisite defects driving down the overall magnetisation in the latter sample.
Both samples show similar overall trends in magnetisation per ion vs. magnetic field: a plateau is
reached at ~ 2 ug at ~ 1 T, then magnetisation gradually increases with magnetic field, peaking
at 4.9 up for the AFM sample and 5 up for the FM sample. This is attributed to ferrimagnetism
combined with a spin-flip transition at 0.5 T for the AFM MnSb,Te, sample (as oppposed to
MnBi,Te, which displayed a spin-flop transition, and higher magnetisation per Mn?" ion) [25].

Ferrimagnetism is also reported in [42].

A slightly different result was reported in [37, 43], with both AFM — canted AFM and canted AFM
— FM transitions (a staggered spin-flip) observed at critical fields (H || ¢) of 0.6 T and 1.4 T. The
Tn ~ 19 K appearing in [37] is consistent with [35], suggesting this was also a Mn-deficient sample.
The magnetic moment of Mn?2* was determined to be 1.75 us, similar to [25]. However, the studies
presented in references [37, 43] did not use any diffraction methods to probe the canted AFM state
or crystal structure, and there may be other explanations for the magnetometry data with H || ¢

that do not involve a spin component perpendicular to the ¢ axis, such as site mixing.

Transport measurements in [37] revealed that holes are the primary charge characters, as well as
the anomalous Hall effect and non-linear magnetoresistance p.,. This is different to MnBi,Te, but

consistent with works on Sb-doped MnBi,Te, [32-34] (see Figure 4.3).

Estimated exchange constants for MnSb,Te, are shown in Figure 4.1. Vacancies in the Mn layer
enhance AFM coupling between the Mn layer and Mng; sites, but this depends on the local
configuration of magnetic defects [25]. The variety of magnetic orders observed in MnSb,Te, sets
the stage for exchange mechanisms including superexchange and RKKY interactions. Since the
oxidation state of Mn is +2, Sb is +3 and Te is —2, the 5p orbital of Te is full and the 34 orbital of Mn is
partly full. The Goodenough-Kanamori rules then favour ferromagnetic intra-layer superexchange.
Meanwhile the RKKY interaction mediates inter-layer coupling between localised Mn moments
via Sb conduction electrons. This could explain the differences in magnetic ordering phenomena
among the members of the (MnSb,Tey)(Sb,Te3),, family. Introducing site mixing could add double

exchange into the mix as well, potentially between Mnyy, and Mng;.
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Figure 4.4: Layer-number dependent magnetism in MnSb,Te,. a) RMCD signals of 1- to 9-septuple-
layer (-SL) AFM-MnSb,Te, flakes measured at 2 K. b) Calculated magnetic state evolution of 4-SL
flake under an external field. The upper (lower) panel denotes the spin configuration (angle of
‘macrospin’ in each SL) at each state. c) Thickness-temperature phase diagrams of AFM MnSb,Te,
and FM MnSb,Te,. The dashed lines denote the phase boundaries. Subfigures and caption adapted
from reference [44], reproduced with permission. Copyright American Physical Society (2022).

Thin flakes of MnSb,Te, display different magnetic orders and transitions depending on the number
N of septuple layers present in the sample, as well as the composition of the sample [44]. The
experimental probe used here was reflective magnetic circular dichroism (RMCD). In MnSb,Te,
samples with AFM order, N odd means the bulk magnetisation is uncompensated; hence, magnetic
hysteresis is observed. On the other hand, hysteresis is seen for AFM samples with N even. AFM
odd-number (N > 3) septuple layer samples undergo a single spin flip transition with increasing
magnetic field, whereas AFM even-number (N > 4) septuple layer samples demonstrate distinct
surface spin flip and bulk spin flip transitions via canted AFM states. These transitions are shown

in Figure 4.4.

The magnetisation measurements on MnSb,Te, in [45] showed a distinct split between zero field-
cooled and 0.01T field-cooled data below T¢ ~ 24K for both H || ab and H || c. Together with
frequency-dependence of the AC susceptibility peak, this was interpreted as evidence of a spin-
glass state, arising from the frustration between intra-and inter-layer coupling. Magnetisation
relaxation measurements in the same work show cluster-like dynamics in the magnetically ‘ordered’

phase are present on a time scale of minutes in the ZFC sample.
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Epitaxially-grown, Mn-rich MnSb,Te, displays ferromagnetic order at a much higher temperature
(Tc ~ 46 K), while ARPES measurements also show that this is a Dirac semimetal [46]. A magnetic
force microscopy study on flux-grown MnSb,Te, demonstrated ferromagnetism with T¢ = 33 K
[47] with weak domain wall pinning (observed by saturating the magnetisation by applying a
field of 0.1 T and then removing it) and little hysteresis. The work [47] in fact examined two sets
of samples that were grown by different groups under similar conditions but displayed slightly

different characteristics in regard to domain formation.

Growing single crystals of MnSb,Te, is a challenge; many samples are polycrystalline and small.
One new approach detailed in [45] is first to prepare the materials MnTe and Sb,Te;. These were
then combined at 1173 K, cooled slowly to 893 K and held at that temperature for two weeks in
order to anneal. When the sample was quenched in air and cracked, the result was millimetre-sized
crystals. Thin samples were exfoliated from these crystals. The composition was determined to be
Mn; 9(7Sb1.90(3) Te3 95(1)- Other examples of single crystal MnSb,Te, have been prepared via the
flux method [42] from a 1:10:16 molar mixture of Mn, Sb, and Te heated to 700°C for 20 hours and
cooled at 0.5°C/hour to 630°C.

4.2.5 MnSb,Te;

The hexagonal MnSb,Te; is another example of a van der Waals material, another member of the
(MnSb,Te,)(Sb,Tes),, family. The unit cell can be described by the P3m1 space group, where the

Sb,Te; topological layers are sandwiched between magnetic MnSb,Te, septuple layers.

Theoretical calculations indicate that different spin arrangements of the Mn magnetic sublattice
can strongly influence the topology of the charge carriers in the Sb,Te; quintuple layers [33].
Magnetisation measurements in [33] are consistent with A-type AFM along the ¢ axis (T = 13.5K),
with a spin flip transition to FM order when a magnetic field of 0.15T is applied along the ¢
axis. Symmetry analysis and theoretical calculations indicate that the axion insulator state usually
associated with A-type AFM order will in fact persist even when the material becomes FM ordered
along the c axis in the presence of an external magnetic field [33]. Intriguingly, there is the possibility
of a Weyl semimetal state coexisting with the axion insulator state in MnSb,Te;, not seen in the Bi
equivalent compound. It is hypothesised this would occur for MnSb,Te; doped with either electron

acceptors or donors, while enforcing FM order via an external magnetic field [33].

The topological nature of the surface state will be governed by the terminating layer of the material,
according to calculations in [33]. If it is a quintuple layer, the surface band gap is calculated to

be much larger and the surface bands more parabolic. If it is a magnetic septuple layer, Dirac
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dispersion will occur, with the band crossing near the Fermi energy. This theoretically aligns with
the behaviour of (MnBi,Te,)(Bi,Tes),, band structure; however, in the ARPES data in [33], the two

different surface terminations of MnSb,Te; could not be distinguished.

Since the topology of the electronic bands depend on the fine details of the spin configuration, a
study of the arrangement of the Mn ions was in order. Furthermore, the ground state magnetic
structure, and the evolution of the spins in an applied field had not yet been directly observed in
any prior work. Neutron diffraction was selected as the chief experimental probe to investigate the
magnetism of MnSb,Te;, being particularly well suited to nailing down the positions of Mn and Sb
within the unit cell because of the opposing scattering lengths of Mn (beon = —3.73 fm [48]) and
Sb (beoh = 5.57 fm [48]). Single crystal neutron diffraction is often able to pinpoint the magnetic
structure of a material among several possibilities gleaned from magnetisation measurements.

Here we present the results of our single crystal neutron diffraction experiment on MnSb,Te;.

4.3 MnSb,Te; samples and initial characterisation

The single crystal we studied was kindly provided to us by Xin Zhang and Dr Yan-Feng Guo
of ShanghaiTech University, who were the first to synthesise single crystals of MnSb,Te; [33]. A
self-flux method was used, as specified in reference [33] by the ShanghaiTech University group:

1. Mn, Sb and Te were mixed in a 1:10:15 molar ratio in an alumina crucible.
2. The crucible was heated to 750°C and held at this temperature for 10 hours.
3. It was slowly cooled at a rate 2°C per hour to 613°C.

4. The melt was centrifuged and platelet-type crystals were obtained.

The XRD, magnetisation and resistivity measurements performed by my ShanghaiTech University
collaborators (on crystals from the same batch as the one I measured) were published in refer-
ence [33] and are reproduced in Figure 4.5. The structural parameters for MnSb,Te; obtained
by refining the XRD data are given in Table 4.3. No superstructural peaks were observed by
XRD. The magnetisation data in Figure 4.5 d) are characteristically anisotropic as is expected for
the van der Waals crystals, although the splitting between the FC and ZFC curves is not strong.
The magnetoresistance data from reference [33] is reproduced in Figure 4.6. The field-dependent
magnetic order (shown in Figure 4.5 e)) has a pronounced effect on charge transport. Of note is
Figure 4.6 e), which shows the largest calculated anomalous Hall conductivity is for FM order with

moments along z (the c axis direction).
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Table 4.3: Structure parameters for MnSb,Te; from XRD data and refinement published in reference
[33]. Space group P3m1 (#164) with lattice parametersa = b=4.25 A, c=23.76 A, a« = p=90° and
v = 120°. NB: The position of Mn (2) = position of Sb (2); and position of Sb (3) = position of Mn (1).

Atom Site x y z Occupancy
Mn(1) 1la 0 0 0 1
Sb(1) 2d 1/3 2/3 0416 1
Sb2) 24 1/3 2/3 0.1579 1
Te(1) 1b 0 0 0.5 1
Te(2) 24 2/3 1/3 0.3457 1
Te(3) 2c 0 0 02271 1
Te(4) 24 2/3 1/3 0.0711 1
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Figure 4.5: (a) The schematic crystal structure of MnSb,Te;. The blue arrows represent the Mn?+
spins in the A-type AFM structure. Green block: edge-sharing SbTey octahedra. Blue block: edge-
sharing MnTeq octahedra. (b) The room temperature powder x-ray diffraction peaks from the ab
plane of MnSb,Te; crystal. Inset: Image of a typical MnSb,Te; single crystal synthesized in this
work. (c) The temperature dependence of transverse resistivity pxy at oH = 0 T measured from 2 to
100 K. The sketch for the four-probe measurements configuration is inserted. (d) The temperature
dependent magnetic susceptibility xy under poH = 0.01T for H || ¢ (green and red dotted lines) and
H || ab plane (blue lines). (e) The magnetic phase diagram of MnSb,Te;. The solid dots and dotted
line represent the critical magnetic fields as a function of temperature. Figure from reference [33],
reproduced with permission. Copyright American Physical Society (2021).
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Figure 4.6: (a) Magnetoresistance p,x with I || ab plane and H || ¢ at various temperatures. (b) The

anomalous Hall resistivity pfy. (c) The anomalous Hall conductivity (Tfy at various temperatures.

(d) The plot of pfy/ (Mpxx) Vs pxx, where the red dashed line denotes the linear fit when the
temperature is below 8 K. (e) The calculated anomalous Hall conductivities of MnSb,Te; for the
three different ferromagnetic states as a function of varied Fermi energy, where the actual Fermi

energy is set as zero. Figure from reference [33], reproduced with permission. Copyright American
Physical Society (2021).

4.4 Single crystal neutron diffraction of MnSb,;Te; at ILL D10

4.4.1 Zero-field diffraction

We inspected the single crystal of MnSb,Te; using the Cyclops neutron Laue diffractometer [49] at
the ILL to check it was a single grain. The diffraction spots appear slightly elongated in the radial
direction, rather than being perfect points. This probably indicates a stress-induced spread in d
spacing from the “stacked platelet” macroscopic structure of the sample, which is typical of van der
Waals materials. No signs of twinning were seen, i.e. there is only a single orientation of symmetric

spots in Figure 4.7.

We then measured it on the D10 four circle diffractometer, also at the ILL. The sample was mounted
on a pin, which was then attached to the Eulerian cradle (Figure 2.8) with the Displex closed-cycle
cryostat. A constant wavelength of 2.36 A was used. At2K and zero field we measured 394 unique
structural Bragg peaks (113 symmetry-inequivalent peaks) and 26 unique non-integer, ‘non-nuclear’

Bragg peaks (8 symmetry-inequivalent peaks), which were presumed to be of magnetic origin. The
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Figure 4.7: MnSb,Te; neutron Laue diffraction on ILL Cyclops.

self-consistency of the integrated intensities of symmetry-equivalent peaks after Lorentz factor

corrections was Rint = 7.6 % for nuclear reflections and Rint = 6.8 % for non-nuclear reflections.

The temperature dependence of the intensity of one ‘non-nuclear’ reflection (1 0 0.5) was measured

in the range 2K - 18 K.

4.4.2 Magnetic structure analysis and results

Intensity was observed at non-integer positions in reciprocal space for I = (2n +1)/2, suggesting
the propagation vector is q = (0,0,1/2). This is consistent with some form of AFM order along
the c axis, as indicated by the earlier magnetisation measurements. When refining the crystal and
magnetic structure of MnSb,Te;, I considered models with and without site mixing of Mn and Sb,

shown in the diagrams in Figure 4.8.

No site mixing

For the case with no site mixing, I used the structural parameters from refinement of XRD data
(Table 4.3) as the starting point, setting € = { = 0. With no site mixing, there is just the one magnetic

site:
e site 1: Mn?" at (0, 0, 0), a symmetry-protected location.

MAG2POL generates the following irreps for the unit cell given the propagation vector q =
(0,0,1/2):
I3 +1T5s.

The basis vectors are presented in Table 4.4. The only irrep consistent with moments along the c

axis is I'3.
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Figure 4.8: Possible magnetic structures of MnSb,Te;. Drawn in VESTA [50].

Site mixing

In the MST family, there is evidence of site mixing between Mn and its nearest Sb neighbour. I

defined the site-mixing as follows:
¢ the position of Mn (2) = the position of Sb (2)

* the position of Sb (3) = the position of Mn (1)

Mn (1) occupancy 1 — €

Mn (2) occupancy €

Sb (2) occupancy 1 — ¢

Sb (3) occupancy (.

By having two occupancy parameters € and , I allowed for the possibility of a deficiency or
excess of Sb relative to Mn and the nominal stoichiometry MnSb,Te;. Hence I considered two(ish)

magnetic sites:
e site 1: Mn?* at (0, 0, 0)

e site 2.1: Mn?T at (1/3,2/3, ~ 0.16)
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Table 4.4: Possible basis vectors for irreps describing MnSb,Te; magnetic structure given by

MAG2POL

Irrep Basis vector

Site 1 (0, 0, 0)

Site 2.1 (1/3,2/3, ~ 0.16)

Site 2.2 (2/3,1/3, ~ 0.84)

0 0
I> ¥ - 0 0
§ B
0 0 0
Ts ¥ 0 0 0
§ § i
[0.612 — 0.345{]] [0.612 — 0.345{]] [0.612 — 0.345{]
Py —0.707i —0.7071 —0.7071
i 0 ] | 0 | i 0 ]
I's
—0.707i —0.7071 —0.7071
Yo 0.612 — 0.345i 0.612 — 0.345i 0.612 — 0.345:
i 0 ] i 0 i i 0 ]
0.612 — 0.345i —0.612 + 0.345i
Py - |: —0.7071 ] |: 0.707i ]
0 0
I's
0.707i —0.7071
Yo - |:0.612 + 0.345i] |:0.612 — 0.345i]
0 0

e site 2.2: Mn?T at (2/3,1/3, ~ 0.84), the symmetry-equivalent site to site 2.1.

This meant adding two extra atoms to the unit cell, Mn (2) and Sb (3), subject to the constraints as

per Table 4.3. The position of Mn (2) = position of Sb (2); and position of Sb (3) = position of Mn

(1). MAG2POL generates the following irreps for the site-mixed unit cell given the propagation

vector q = (0,0,1/2):

site1: I'3 4+ I'5

site2: T'p + T3+ 1’5 + T.

The basis vectors are presented in Table 4.4. The only irreps consistent with moments along the c

axis are I'; and I'3.
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Refinement

The software package MAG2POL [51] was used to refine the zero-field data from the ILL D10
experiment on MnSb,Te;. The various structural and magnetic parameters were refined in the

following order:
1. scale factor between integrated intensity data and calculated intensities
2. diagonal extinction factor terms x;;
3. occupancy / degree of site mixing between Mn (1) and Sb (2) sites
4. atomic positions z coordinates
5. isotropic thermal displacement B
6. off-diagonal extinction factor terms x;;
7. magnetic moments yp per Mn (refined using magnetic reflections only).

Now I describe the details of the refinement procedure. First the nuclear Bragg peak dataset was
used to refine structural parameters only excluding site mixing (i.e. occupancy for all sites held
constant at one). The thermal displacement parameters B and the diagonal extinction parameters
X11, X22, X33 were all constrained to be positive. Additionally, B was equal for all atoms of the same
type. This first round of refinement was not very good and became worse still when the magnetic
peak dataset was included — after that, the fit would not converge if any parameter beyond the

scale factor was varied.

A second round of refinement used the nuclear Bragg peak dataset, but with the degree site mixing
(occupancy) allowed to vary on the Mn (1), Mn (2), Sb (2) and Sb (3) sites, i.e. non-zero € and
{ (see Table 4.3). Adjusting the occupancy had the biggest effect on the agreement factor of the
refinement. The magnetic moments were refined separately using the magnetic peak dataset, before
combining both datasets (weights were 0.9 for the nuclear peak dataset and 0.1 for the magnetic
peak dataset) for a final refinement. The results of the refinements with and without site-mixing are
shown in Figure 4.9, and the fit parameters from the best refinement with site mixing are given in
Table 4.5. The agreement factor Rr = 8.7 % of this refinement is comparable to the variation among

symmetry-equivalent peaks of Rint = 7.6 %.
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Table 4.5: Structure refinement for MnSb,Te; in the space group P3m1 (#164) with lattice param-

etersa =b=425A,c=2376 A, a« = =90°and <y = 120°. For this refinement, Rr = 8.7 % and
2

Xz = 1.18.

Atom  Wyckoff x y z Biso  Occupancy
position "
Extinction Value
Mn (1) la 0 0 0 1.531 0.559 parameter
Mn (2) 2d 1/3 2/3 0.1590 1.531 0.089 1 0
Sb (1) 2d 1/3 2/3 04166 0.789 1 Yo 0
Sb (2) 2d 1/3 2/3 0.1590 0.789 0.911 a3 0.00340
Sb (3 1 0 0 0 0.789 0.441
®) ¢ 12 —0.07420
Te (1) 1b 0 0 0.5 0.124 1
X23 0.01750
Te (2) 2d 2/3 1/3 0.3455 0.124 1
X13 —0.01716
Te (3) 2¢ 0 0 02278 0.124 1
Te (4) 2d 2/3 1/3 0.0718 0.124 1
Irrep ¢y
I -2.29
I's 2.40
AFM along c axis Site mixing, averaged AFM along c axis
12000/ RF =40.8% Rp =8.7%
X% = 34.68 | X2 =118 |
10000 | |
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Figure 4.9: MnSb,Te; magnetic structure refinement results: left, A-type AFM along c axis with no

site mixing; and right, averaged AFM along c axis resulting from ferrimagnetic, site-mixed septuple
layers.
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4.4.3 Temperature dependence of a magnetic peak

We measured the temperature dependence of one non-nuclear reflection, the (1 0 0.5) reflection. The
data are shown in Figure 4.10. The intensity of this peak is reminiscent of a Landau order parameter,
showing a clear up-tick in intensity at 14 K. This is consistent with the ordering temperature

obtained from magnetisation data. Fitting an equation of the form

_ 2
intensity = A (T T TN> (4.2)
N

yielded a critical exponent of f = 0.31(2) and Ty = 13.9(1) K.
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Figure 4.10: MnSb,Te; reflection intensity vs. temperature for a non-nuclear reflection (1 0 0.5).

4.4.4 Diffraction in a magnetic field

The magnetic field-dependence of several reflections was also studied on ILL D10. This part of
the experiment utilised the vertical cryomagnet (Figure 2.8b) to provide an external magnetic
field along the c axis of the crystal. The field dependence of two reflections was measured: the
(01 0.5) reflection, as it is sensitive to AFM order along the c axis; and the (0 1 1) reflection, as it is a
good indicator of any FM order along the c axis because it is structurally weak and at low Q. The
magnetic field was swept from 0T to 1T and then back down to 0T at a temperature of 2K, before

repeating the procedure at a temperature of 6 K. The results are shown in Figure 4.11.
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Figure 4.11: MnSb,Te; reflection intensities vs. magnetic field for two different temperatures. The
lines are guides for the eye.

4.4.5 Discussion

Crystal and magnetic structure

The refinement (parameters in Table 4.5) shows that the composition of the crystal is not stoichio-
metric MnSb,Te;, but rather (Mng 56Sb.44) (Sbp.91Mng o9 )2 Tes (SbyTes). There is a deficiency of Mn
relative to Sb, and a high degree of site-mixing. The positions of the atoms within the unit cell are
very similar to those determined by XRD on crystals from the same batch (Table 4.3). The ability
of our experiment to detect site-mixing is due to the increased contrast between Mn and Sb for
neutrons compared with x-rays. The non-integer reflections with I = (2n + 1) /2 we measured
in the ILL D10 experiment are the smoking gun for a magnetic supercell with AFM order along
the c axis. However, we did not measure any other non-integer or satellite positions consistent
with AFM order along the a or b axes, such as the canted AFM state proposed in reference [43] for
MnSb,Te,. In my refinement, the moment per Mn ion for the 1a site (Mny,) was 2.40 ug, while the

moment per Mn ion for the 24 site (Mngy,) was 2.3 yp.

Temperature dependence

The critical exponent that describes the temperature dependence of the (1 0 0.5) reflection in
MnSb,Te; is p = 0.31(2), which is very close to the critical exponent for MnBi,Te; and that of a
3D system with Ising-like interactions g ~ 0.32 [28]. It is lower than the critical exponent for a
3D system with Heisenberg interactions (8 ~ 0.36) or XY-like interactions (8 ~ 0.34) [52], and
than the critical exponent for MnSb,Te,, B ~ 0.44 [43]. Ising-like interactions could contribute to

shorter-range magnetic order in these materials and possibly explain the prevalence of different
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AFM ‘domains’ seen in surface probes such as STM.

Spin-flip transition in field

The AFM — FM transition is of interest as the change in magnetic order might leave the hypothetical
axion insulator state unchanged [33]. The results in 4.11 show a spin-flip transition (AFM — FM)
at0.2 T for 2K, ~ 0.15T for 6 K. MnBi Te; exhibited a spin-flip transition at the same field but at
a higher temperature of 10 K [18]. This is consistent with less yg/Mn in MnSb,Te; compared to
MnBi,Te;.

Given the extremely high fields needed to saturate the magnetic moments of Mn?* ions in MnBi, Te,
(discussed in § 4.2.1), the spin-flip transition at 0.2 T is likely to be one of several in-field transitions
for MnSb,Te;. The near-zero intensity of the non-integer reflection (0 1 0.5) for fields higher than 0.2
T demonstrates that the magnetic unit cell is no longer twice the size of the structural unit cell along
the ¢ axis, corresponding to the AFM coupling between successive septuple layers being overcome.
However, it is very likely that the stronger intra-layer AFM between site-mixed Mng}, and main-
layer My, persists. Another way to look at this is to compare the energy ~ ¢ x 0.2T x 4.7ug ~
5.4 x 107> eV for the observed spin-flip transition here with the estimated exchange parameter
between layers SJ. ~ 5 x 107° eV for the similar MnBi,Te, system in Table 4.1. In the case of
MnSb,Te;, the interlayer exchange is likely weaker than the quoted SJ. for MnBi,Te, due to the

increased distance between septuple layers.

A hysteresis loop opens up at a temperature of 2 K, which is not seen in the 6 K data. This
is consistent with the magnetisation data reported in reference [33], where hysteresis increased
as temperature decreased — additionally in that reference, no hysteresis was seen with the field
parallel to the ab plane. This suggests increasing magnetic anisotropy with decreasing temperature,
and a shift to the magnetism being dominated by more 2D interactions or at least more intra-
(rather than inter-) layer interactions. The decreased spin-flip field and lack of hysteresis in the
higher temperature data suggests the energy barrier associated with the AFM — FM transition has

diminished as the temperature has increased.

4.5 Conclusion

Different materials of the (MnX,Y4)(X2Y3) family exhibit a range of magnetic ordering phenom-

ena; however, there are two evident commonalities:

e Mn?" moments in the same ab plane are ferromagnetically aligned;
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* materials with site mixing between Mn and X sites have ferrimagnetic septuple layers.

The interlayer magnetic coupling does vary along the c axis, and depends on the number of
(non-magnetic) quintuple layers, Mn?* content/stoichiometry, layer number in thin film samples,
proportion of Sb/Bi, as well as site mixing — all susceptible to variation in synthesis conditions [35].
Our ILL D10 zero-field data for MnSb,Te; (grown under the conditions described in [33]) provides

evidence that

e our MnSb,Te; crystal is deficient in Mn (% less than stoichiometric) and rich in Sb (% in

excess);
e the composition of our (MnSb,Te,)(Sb,Tes) crystal is in fact (Mng 56Sbg.44) (Sbo.91Mng 09 )2Tes (SbyTes);

¢ the magnetic order consists of ferrimagnetism within the site-mixed septuple MnSb,Te,

layers;
* and interlayer AFM along the c axis, giving an overall AFM on average with propagation
vector g = (00 3).

The magnetic ordering is similar to Mn-deficient MnSb,Te,, which lacks the Sb,Te; quintuple layer
of MnSb,Te;. The refined moments of 2.4 yig/Mn on the Mn site and 2.3 yg/Mn on the Sb site are
comparable to prior MnSb,Te, results [25, 35]. On the other hand, the Bi compound MnBi,Te; has
more yg per Mn, together with less site mixing [28, 29].

Our field-dependent D10 data revealed a spin-flip transition to FM order with 0.2 T applied
along the c axis, at a temperature of 2 K. However, it is likely the site-mixed Mngj, spins are still
antiferromagnetically coupled to the Mny, spins within the structural unit cell. Measurements at
higher fields would be required to test this hypothesis. Furthermore, the hysteresis loop seen in
our field-dependent 2 K data supports the notion that the magnetism is increasingly 2D rather than

3D at low temperatures [29].
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The spin disorder and hourglass excitation

spectrum of the charge-doped cobalt oxide

LaQ_XBaXCOO4

5.1 Introduction

The layered transition metal oxides La,  A,MO, —including cuprates, nickelates, cobaltates and
manganites — are strongly correlated materials displaying a rich diversity of electronic and mag-
netic order confined largely to two dimensional MO, layers, where M is the transition metal.
Hole-doping with a divalent ion (the dopant concentration is x) is crucial for manifesting super-
conductivity in the cuprates but the ordering of insulating phases at intermediate doping is also
of interest [1-3]. Charge stripes are a form of electronic order (Figure 5.2) seen in these layered
transition metal oxides (a typical crystal structure is shown in Figure 5.1). Charge order intro-
duces symmetry-breaking lattice distortions (e.g. Jahn-Teller effect), which in turn affect phonon
propagation. From the BCS theory, we know that coupling between electrons and phonons can
play a significant role in superconductivity, yet BCS theory cannot explain the high temperature
superconductivity in the cuprates [2]. On top of charge and structural effects, stripes also form
domain walls between regions of antiferromagnetic order, implying that the exchange interactions

between spins are also involved as well as Coulomb repulsion.

The interplay between these various electronic degrees of freedom is not fully understood, but is
believed to play a crucial role in the development of the pseudogapped superconducting phase

[3-5]. Static charge stripes are found in insulators and hinder superconductivity, but a transition
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to dynamic charge stripe order could indicate a new transport mechanism that facilitates super-
conductivity. How charge stripes manifest in different materials, and what role they play in the
physics of strongly correlated electronic systems, is up for discussion in the condensed matter
community, with a number of models put forward in the literature. Furthermore, other forms of
charge transport are found in the transition metal oxides, with La,C00O,/La,CoOj also attracting
interest as cathodes [6], catalyst materials [7-9] and conductors of ionic oxygen [10]. Probing
materials that potentially exhibit charge stripe order is an important aspect of this discussion, and

this chapter of my thesis looks at one such stripy candidate: La, ,Ba,CoO,.
The structure of the chapter is as follows:

¢ Different charge and spin ordering possibilities and the associated terminology are introduced

in §5.1.1.

¢ The La, A,MO, family of materials are introduced in more detail in § 5.1.2, with a focus on

La,_,Ba,CoO,in §5.1.3.

¢ Several approaches to modelling the magnetic excitations of the La, ,A,MO,4 materials are

described in § 5.2, with examples drawn from existing work on La,_,Sr,CoOy.

* Then we move into the experimental work including characterisation of the samples (§ 5.3),

elastic neutron scattering (§ 5.4) and inelastic neutron scattering (§ 5.5).

* Concluding remarks are presented in § 5.6.

5.1.1 Manifestations of charge and spin order

With the magnetic moment of any given ion determined by the unpaired electrons in its outermost
shell, it follows that charge (and orbital) order are coupled to magnetic order. All of the La, A, MO,
materials in this chapter have an element M that can be present as both magnetic and non-magnetic
ions depending on the hole dopant concentration x, for example, Co?" is magnetic (S = 3/2), while
Co’" isnot (S = 0). Further complicating this is that other spin states are relatively low-lying in
energy for cobalt ions; for example, Co>" can access higher spin states (S = 1, S = 2), but the
evidence favours non-magnetic Co®>" with S = 0 in materials such as La; 551 5CoO, in which the
Co is surrounded by an octahedron of oxygen ions [11]. All adopt a similar kind of crystal structure
seen in Figure 5.1: either a tetragonal space group as shown, or an orthorhombic distortion from

this.

Here the focus is on phases where the charge and spin order is confined to the two dimensional
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Figure 5.1: An example of the crystal structure of the transition metal oxides such as cuprates,
nickelates and cobaltates belonging to tetragonal space group 14/mmm. Here in this thesis, my
experimental work is on La,_,Ba,CoQO,4, shown in this diagram as cobalt = blue, oxygen = red, and
lanthanum /barium = green. Diagram drawn using VESTA [12].

ab plane of the crystal as the interactions along the c direction are considered to be much weaker
than those within the ab plane. Due to the anisotropy and varying strength of the exchange and
superexchange interactions present, an array of different layered magnetic structures is possible.
The structural unit cell in the ab plane is a square (or approximately so) but the varying periodicity
and range of the charge and spin orders leads to different superstructure reflections in reciprocal
space. Some of these magnetic structures are shown in Figure 5.2, with only the transition metal
element shown. In this case, Co?T/ Co®T are used as the ionic species but the illustrations are also

valid for Ni ions.

Distinguishing between checkerboard and stripe phases is key, yet is not entirely straightforward.
All forms of order mentioned so far are effectively 2D, located in the ab plane. Across all layers,
stripes are unlikely to be oriented along the same direction, and instead may run along perpen-
dicular directions between successive layers. Looking at such a structure along the c axis, it could
be confused with checkerboard ordering instead. However, checkerboard order has a higher
symmetry than stripe order. By considering the mean periodicity and orientation of stripes as a
form of long-range order, a charge stripe phase can be differentiated from a checkerboard phase

[14].

Neutron scattering is a direct probe of magnetic order; however, it is an indirect probe of charge
order, able only to detect superstructure reflections from structural distortions introduced by charge

order. X-ray scattering experiments, including x-ray absorption spectroscopy and resonant elastic
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Figure 5.2: Charge order (CO) and spin order (SO) on a square lattice ab plane layer for materials
such as the cobalt oxides with dopant concentration x. Nearest-neighbour AFM order prevails for
x = 0. In checkerboard charge ordering for x = 1/2, equal amounts of Co®" and Co?* are present.
Stripe order for x = 1/3 consist of stripes of Co®* ions while regions of Co?* ions lead to anisotropic
AFM order between the stripes (spins are FM aligned along one diagonal and AFM along the
other). Red dashed boxes mark primitive 2D unit cells. Source: [13], reproduced with permission.
Copyright Lucy M. Helme (2006).

x-ray scattering, can provide a more robust indicator of charge order. An example using these
x-ray techniques is given in reference [15], where the onset of charge stripe order coincides with a

transition to a tetragonal structure.

An additional complication arises in the form of disorder and frustration in the layered transition
metal oxides such as the cobaltates. No sample of any material is perfectly ordered — descriptions of
samples as twinned, multi-domained, glassy, or even nanoscale phase-separated abound in the
literature for the cobaltates. These terms can be thought of as being on a spectrum of short- to long-
range order, but (in my opinion) the language can overlap (at the very least, it is opaque or maybe
even diffuse'). For example, two different models for the specific case of x = 1/3 La,_Sr,CoO,
have been proposed. How different does nanoscale phase separation of checkerboard x = 1/2 and
undoped x = 0 La,_,Sr,CoO, (the model suggested in reference [17]) look from cluster spin glass
(proposed in reference [18]) in real and reciprocal space? Primarily, it is a matter of the range of
the magnetic order. It’s conceivable that the spin ordering of samples of the same material could
occupy a range of correlation length scales, i.e. on a sliding scale from larger domains to cluster

spin glass.

1Hello, here is a Nature paper that talks of “stripy charge-density-wave puddles” [16]!
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Of course, among all this discussion of spin and charge stripes, the concepts of spin and charge
density waves merit a mention. A charge density wave (CDW) is a one dimensional standing
wave modulation of the charge on a particular lattice site in a metallic material. This charge
modulation induces a periodic lattice distortion resulting in a superstructure, observable via
diffraction techniques. The stripes associated with charge density waves have been observed in
real space using electron microscopy techniques [19]. Naturally, a charge density wave may be
accompanied by a spin density wave (SDW); for an example, see reference [20]. This is usually
associated with itinerant magnetism in a metal, but may also accompany a metal-insulator transition
[21]. This is because a SDW is essentially the superposition of out-of-phase spin-up and spin-down
CDWs. In some cases, the nesting of the Fermi surface from one CDW with the other CDW may
introduce a bandgap; hence, the result can be a Peierls insulator with a SDW. A SDW modulates
not only the direction of the spins but their magnitude as well, which is a key difference from the
effective spin 1/2 model that linear spin wave theory and the Heisenberg Hamiltonian are based

on.

Examples of superconductors with CDW and/or SDW instabilities abound [22]. These are also
labelled as electron liquid crystal states [2]. To my mind, the time-averaged picture of a SDW does
not differ from that of fluctuating spin stripes at all. In the case of static order in an insulator, there
is a clear difference qualitatively in real space but less so in reciprocal space — both models permit

incommensurate and commensurate orders.

Having introduced some of the terminology and signatures of different forms of magnetic order,

we now turn to specific material examples.

5.1.2 The La, ,A,MO, family of materials

The undoped cuprates are antiferromagnetic (AFM) Mott insulators. Undoped La, MO, (wWhere M =
Co, Nji, or Cu) has La in the +3 oxidation state, M in the magnetic +2 oxidation state, and O in the —2
oxidation state. A simple model is that doping with an alkali earth metal A (typically Ca, Sr or Ba)
disrupts the AFM order and the introduced holes form stripes as in Figure 5.2, with the periodicity
and values of charge stripes affected by dopant concentration x. Some AFM order persists in
domains bounded by charge stripes. Furthermore, superconductivity in the cuprate family can be
enhanced by external pressure [23-25] and the dopant ion A can be seen as a source of internal
‘chemical” pressure within the lattice [26-28]: increasing the concentration x or size difference
between La and A ions presumably leads to structural, spin and charge order modifications that

can tip the balance in favour of superconductivity.
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Insights into the spin and charge order may be gleaned from studying isostructural compounds
that share the same parent phase as the cuprates, but remain insulating at low temperatures and
over a wide range of dopant concentrations. Members of this family include the nickel oxides

(nickelates), the manganese oxides (manganites), and the cobalt oxides (cobaltates and cobaltites).

It is also worth mentioning that some of the nickelates and cobaltates of the La, ,A,MO, family
exhibit other electronic transport phenomena, including mixed ionic conduction at higher tem-
peratures [10, 29] and even temperature-dependent oxygen stoichiometry has been reported in
reference [30]. This is because the nickelates and cobaltates La,_,A, MOy, s can accommodate a
wider range of oxygen concentration (6 < 0.35) than the cuprates (6 < 0.05), with oxygen ions
readily occupying interstitial sites. An excess of oxygen J introduces holes, as does substituting x
amount of a divalent ion A for La. This results in some Co?>" being swapped for Co>". 6 = 0.25
in La,Co0y,, ; yields an equal amount of Co?* and Co?*, as does x = 1/2 in La,_,A,O,. In general,

combined doping of J and x gives the charge balance [13]

Lay ,SrxCoi " Co2" 0445, z = x+20. (5.1)

These materials of general formula La, ,A,MO, or La;_ A,MnQO; can be compared to the likes of
La, Sr,CuQ,, a high-temperature superconductor that exhibits both static and dynamic charge-,
and magnetic-stripe order [2]. With replacement of Sr by Ba, or additional Nd doping, the stripes
in La,_Sr,CuO, become static and superconductivity is suppressed near x = 1/8 [2], further
emphasising the importance of the stripe phase in this system. Some examples of relevant cuprates
are La,CuQy [31], La,_,Sr,CuOy [14, 32], La,_,Ba,CuO, [14, 33], and La; 4, Nd 4Sr,CuOy [1, 34]. A
review of nickelates including La, ,A,NiO,4 (A = Sr, Ca), Req 4;4033NiOy (Re a rare earth and A =
Sr, Ca), and La,_,Sr,NiO,, is presented in reference [11]. The nickelates, like the cobaltates, are

AFM Mott insulators except in the limit x ~ 1.

The manganites have a different perovskite crystal structure and show a zig-zag form of charge,
orbital and magnetic order [11], which is quite different to the types of order present in the selection
of cuprates and nickelates listed above. Perhaps what is more relevant here is lanthanum cobaltite
with composition La;_,A,CoO; and perovskite structure, which is shown in the overview of cobalt
oxides presented in Table 5.1 together with the lanthanum cobaltates. The lanthanum cobaltites
have a distinct phase diagram from the lanthanum manganites, but feature the same (approxi-
mately) octahedral Co sites as the cobaltates, and can display a broad range of strongly correlated

phenomena ranging from ferroelastic and semiconductor tendencies [35-37] to colossal magnetore-
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sistance [38]. The spin state(s) of the Co ions is crucial to understanding these characteristics and I

will now briefly discuss this.

The spin states of the Co ions

Here I briefly justify and summarise the assumptions made regarding the spin states of Co?" and
Co*" for the remainder of this chapter; that is S = 3/2 for Co?* and S = 0 for Co®* surrounded by

oxygen octahedra in many cobalt oxides.

The octahedral crystal field of the oxygen ions splits the 3d level into an e, doublet and a #5, triplet
as shown in Figure 5.3. For Co?" (3d”), Co®>" (3d°%), and Co*" (3d°), the crystal field splitting (energy
Acr) is in competition with Hund’s rule (interatomic exchange energy Jx) and so multiple spin
states are conceivable; however, Hund’s coupling dominates for Co?* (as in La,CoO,) and the
crystal field for Co*, resulting in the favoured spin states being high (S = 3/2) and low (S = 1/2)
respectively [11, 39, 40]. The variety of spin states associated with different oxidation states of
Co no doubt drives the rich array of electronic and magnetic order seen in the cobalt oxides: the
relative chemical instability of Co*" contributes to the ferromagnetic metallicity of La;_,A,CoOs3,
whereas the strong localisation of Co?" electrons in the high spin state (the nominated oxidation

state in La,CoO,) renders the compounds La,_ ,A,CoOy (0 < x < 1) Mott insulators [39].

dxz,yz -~ -~
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Figure 5.3: Possible spin states of different Co ions in an octahedral crystal field.

For Co?* in the high spin state, including spin-orbit coupling introduces a further splitting of the t»,
levels, and S is no longer a good quantum number [13]. The usual y = gupS (¢ = 2) for transition
metal ions is no longer strictly true. Adding this interaction increases the magnetic moment per
Co?* ion to Hesf. = 6.7 up, so this interaction accounts for experimental results without invoking
a magnetic moment on the Co®*" ions in e.g. La; 551,5C0Oy [13] (the spin-orbit interaction also

contributes to the excitation spectra, see § 5.2.2).

In the case of Co®t, there is a closer competition between |y and Acr, so the spin state can be affected
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by structural distortions with changing temperature or pressure [39]. Indeed, the intermediate
spin state is Jahn-Teller active [41]. The occupation of the high (S = 2) and intermediate (S = 1)
spin states would imply that Co®* has a non-zero magnetic moment. This is the case for LaSrCoO,
(which ostensibly features Co>" only) peg. ~ 2.8 g, with the material remaining paramagnetic
even at low temperatures [41] (similar paramagnetism of Co>" ions but in the high spin state was
explored in reference [42]). There is also the suggestion that the Co®* ions are ‘frozen” into a Mg = 0
singlet state (irrespective of S) in the case of low temperatures and strong planar anisotropy [40].
For doping concentrations x < 1, the bulk of experimental evidence favours the low spin § = 0
state of Co®*, with an overall philosophy of “keep it simple” prevailing, given that the strength of
the Co?* ordered moments is sufficient to account for measurements (see the review [11] and an

example in reference [43]).
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Table 5.1: Some examples of cobalt oxides and their properties

Cobalt oxides! S M . Electronic
obalt oxides pace group agnetic structure properties
14/mmm, Cmce*above Nearest-neighbour AFM with strong XY anisotropy. Stacking
La,CoOy [44] 135K, P4;/ncm below along c axis is FM below 135K and AFM above 135K. No long AFM insulator.

135K range order above Ty ~ 275K

Fmmm for 6 ~ 0.25,
F4/mmm and F112/m,
LayCoOy,s, with incommensurate
0 < § < 0.32[10, 30]structural  distortions
[10, 45], Bmab for
0 ~ 0.22, Pmmm for
0 ~ 0.32[30]

Tn ~ 36 K with checkerboard charge order and a magnetic unit Diffusion of ionic oxygen re-
cell double (at least) the structural unit cell in all directions [10] ported for § ~ 0.25.

Short-range 2D antiferromagnetism, Ty ~ 89 K, accompanied by
ubiquitous twinning with ferro/ferrimagnetic behaviour emerg-
ing when field-cooled. All magnetic order disappears at T ~ 40K
[35].

Diamagnetic semiconductor
[36] with ferroelastic be-
haviour [37]

LaCoO; [7, 35-37]  R3c [7, 35]

x < 0.18: insulator, x 2 0.18:
metallic, with a percolation-
type metal-to-insulator transi-
tion.

Predominantly glassy ferromagnetic clusters for x < 0.18 with
La;_Sr,CoO; [38] R3¢ Tsc = 40K - 100K, predominantly FM x > 0.18 with Tc ~60K
and nn | =~ 6.5meV][46]

! The naming conventions are ambiguous: La,CoO, is often termed a cobaltate, while the TUPAC convention would be lanthanum cobalt(II) oxide.
LaCoO; would then be lanthanum cobalt(IlI) oxide, but it can be called a cobaltite or a perovskite; both cobaltite (CoAsS) and perovskite (CaTiO3)
are actually minerals but the latter is used as a catch-all term for compounds with formula ABX3 and structure with space group Pnma (or close
to this). Also the oxidation state of cobalt here varies with doping, which is kind of the whole point of this chapter. I have bigger fish to fry, but
the reader should beware the nomenclature.

2 The space groups Cmce (formerly known as Cmca) and Bmab are equivalent; Cmce uses the conventional choice of b as the long side of the unit
cell.
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Cobalt oxides!

Space group

Magnetic structure

Electronic
properties

La,_,Sr,CoOy,
x =1/2[40,43,47] I4/mmm

Laz_XSTXCOO4,

x = 1/3 [48-50]
LaZ_XSrXCOO4, 14
03<x<05[51] I4/mmm

14/ mmm

La,_,Ca,CoOy,

[42, 48] I14/mmm, A2mm

Checkerboard charge order, strong XY anisotropy and planar
AFM order with Ty ~ 31K [43]. Glassy AFM with strong planar
anisotropy and disorder along the c axis, Ty ~ 36 K and spin order
independent of charge order at Tcp ~ 750K [40, 47].

Short-range ~ period-3 stripes onset at ~ 100 K.

Short-range stripe order possibly coexisting with nanoscale phase
separation of undoped and checkerboard-ordered regions.

Commensurate checkerboard charge order with much longer cor-
relation length for e.g. La;5CaysCoO, than for La; 55r;5CoO,.
There is commensurate AFM order across all x with four do-
mains (2 structural twins x L spin orientations) [42, 48]. Co®"
in the high spin state with sublattice order 11/ but this is much
weaker/diffuse away from x = 1/2, the sublattice of Co?t spins is
A/C-type AFM [42].

La, ,A,CoO4 AFM insulator.
x = 1/2 is the strongest
insulator, correlated with the

highest Tcp. Metallic for x ~
1[11].

AFM insulator.
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Figure 5.4: Phase diagram of Sr-doped cobaltates. Acronyms used to indicated different phases:
HTT = high temperature tetragonal, LTO = low-temperature orthorhombic, c.o. = charge order,
nn-AFM = nearest-neighbour antiferromagnetic, ic-:AFM = incommensurate antiferromagnetic, PM
= paramagnetic. A more recent phase diagram in reference [52] indicates the boundary between
nn-AFM and incommensurate/glassy AFM lies closer to x ~ 0.2 than x ~ 0.3 at low temperatures,
but agrees that the transition to PM lies at x ~ 0.6. This figure is reproduced from reference [11]
with permission. Copyright Elsevier (2012).

5.1.3 La,_,Ba,Co0O,

What motivated the selection of Ba as the dopant of our cobaltate? La,_,Ca,CoO, demonstrates
checkerboard charge order over a wide range of x [42], so it is even less conducive to the formation
of stripes than La, ,Sr,CoO,. Ba is the ubiquitous dopant for the cuprates, with stripes in super-
conducting La,_Ba,CuO, shown to be more stable than those found in La,_,Sr,CuO,. Out of Ca?*
(0.99 A), Sr2* (1.13 A), and Ba?* (1.34 A), Ba>* has the largest ionic radius, and Ca®* the smallest,
which further encouraged us to investigate a Ba-doped cobaltate given there is some evidence for
stripes and checkerboard ordering in Sr-doped cobaltates. A larger ionic radius goes some way to
alleviating the structural mismatch evidenced by the change in the tilt axis of the oxygen octahedra
(this structural transition is seen in La,CuQO,, La,NiOy, and La,CoOy) [11], with the atomic radius
of La®>* = 1.03 A. Increasing x serves to reduce the octahedral tilting distortion and renders the
structure less orthorhombic and then tetragonal at low temperatures [11]. La,_,Ba,CoO, may be an
exclusively stripy cobaltate system — one in which period-3 charge stripes are present as a single
phase — and so my work aimed to characterise its magnetic order and excitations. As far as I am

aware, no previous reports of La,_,Ba,CoO, measurements exist.
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5.2 A review of different models for magnetic excitations seen in

cobalt oxides

Established members of the cobalt oxide family with x = 0 and x = 1/2 have well-defined magnetic
excitations, but the case of intermediate doping concentrations is not as straightforward. The parent
compound La,CoQO, orders as a nearest-neighbour antiferromagnet with spins in the ab plane.
The excitation spectrum of La,_,Sr,CoO, has been extensively studied. La,_,Sr,CoO, with x =1/2
exhibits checkerboard charge ordering of Co®* and Co?* ions, combined with AFM ordering of
the magnetic moments of Co?" [43]. A phase diagram for La,_,Sr,CoQ, is shown in Figure 5.4 —
the phase diagrams for the nickelates and hole-doped cuprates are remarkably similar, though a
doping of just x = 0.02 is sufficient for the cuprates to depart from nn-AFM. The onset of charge
order occurs at a much higher temperature Tc o than any magnetic ordering, and as such, the
charge order is assumed to be ‘frozen in’ by the time Ty is reached: for La; 55r55C00,, Tco. =~
750K [40] and Ty ~ 31K [40, 43], compared with undoped La,CoOy, Ty = 275K [53]. This large
difference in Ty suggests hole-doping diminishes the strength of the magnetic interactions as we
would expect with a greater proportion of Co®* ions. Furthermore, the difference between Tc o,
(which is relatively constant across all dopant concentrations x) and Ty, as well as the fact that
there is no noted temperature coincidence of structural and magnetic phase transitions, indicates
that magnetic and charge orders are separate degrees of freedom (to a point). Away from x =1/2,
the charge order is no longer in a checkerboard configuration. The magnetic excitation spectrum of
La,_,Sr,Co0y, x = 1/3, has an hourglass shape in reciprocal space [49] extending up to ~45 meV,
which is similar to that of the cuprates; hence generating much interest and discussion of the

magnetic ground state.

A more recent revision of the phase diagram of the cobaltates found the nn-AFM suppressed for x
< 0.2 and the incommensurate/glassy AFM order prevailing between 0.2 < x < 0.6 indicated by
muon spin relaxation measurements [52]. The neutron scattering study of La, ,Sr,CoO, for x =1/4
(reference [54]) also shows that this doping concentration cannot be described by a nn-AFM model,

supporting the lower bound of x ~ 0.2 for incommensurate/glassy AFM in reference [52].

Here I discuss three different models for the magnetism of this material: the qualitative differences
are best summed up by the diagrams in Figure 5.5. I also recap the magnetic excitations of La,CoQO,,
which is the x = 0 limit of the La,_,Sr,CoQy series — but how similar is its physics compared to that

of its doped cousins? Read on.
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Figure 5.5: Three different approaches to modelling the excitation spectrum of La,_,Sr,CoOy: left,
long-range stripe order with crystal field splitting of Co?*; middle, stripy spin glass real space
model; right, nanoscale phase separation of undoped and checkerboard order (the undoped regions
have a red background). Top left subfigure reproduced from reference [49] with permission from
Springer Nature. Bottom left subfigure reproduced from reference [13]. Copyright Lucy M. Helme
(2006). Middle subfigure reproduced with permission from reference [18]. Copyright American
Physical Society (2012). Right subfigure reproduced from reference [51]. Copyright WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim (2015).

5.2.1 No hourglass: Heisenberg exchange and crystal field anisotropy model for

x =0and x =1/2

The parent compound La,CoOy (x = 0) and the half-doped La; 55r; 5CoO, (x = 1/2) material show
similar behaviour in their excitation spectra, albeit with different periodicity (the magnetic unit
cell for x = 1/2 is twice as large as that of x = 0). There is no ‘hourglass’ evident but instead a clear
energy gap between two sharp, intense modes in the inelastic neutron scattering data. Both x =0
and x = 1/2 exhibit commensurate (or very close to) long-range magnetic order, and in the case of
x = 1/2, this extends to the ‘checkerboard’ charge order too. The excitations in both cases are well

described by a Hamiltonian encompassing the crystal field and Heisenberg exchange interactions.

L82C004

First I will review the magnetic excitations of La,CoO,4, which lacks the charge ordering superstruc-
ture of the doped compounds. Every Co site is occupied by Co?t, and the magnetic excitations are
confined to 2D planes, lacking any obvious signatures of inter-layer coupling [55]. The magnetic

structure within these planes is nearest-neighbour antiferromagnetic order (nn AFM), leading
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to a magnetic Bragg peak at the position (0.5, 0.5) within the (h, k) plane. The inelastic neutron
scattering data in reference [55] exhibits strongly dispersive magnons stemming from these (0.5, 0.5)
points in the (h, k) plane with an energy gap of ~ 10 meV and an energy maximum of ~ 60 meV. A
distinct feature is a much higher energy mode at ~ 190 meV, which is rather flat compared to the
low energy spin waves. In the simplest approximation, the lower level mode can be described by

an effective spin-1/2 linear spin wave theory (LSWT) model utilising the Heisenberg Hamiltonian
H = % JiSi-S; = (Z;, Ji (s;fs;f +5!s! + st;) (5.2)
1] Y

where Jj; is a parameter reflecting the strength of the exchange interaction, and S; ; are pairs of spins.

An effective spin of S = 1/2 is assumed for Co?*. Here in Figure 5.6, three exchange parameters

Figure 5.6: The magnetic structure and exchange interactions of La,CoQO,4, with the structural unit
shown as a black dashed line; the magnetic unit cell as a shaded grey box outlined in red; and
the exchange interactions represented by green lines. Figure from reference [55], reproduced with
permission. Copyright American Physical Society (2010).

are defined: the nn interaction | and the nnn interaction J; along the x and y directions, and finally

the ], interaction along the x = £y diagonal. The anisotropy in | was parametrised as

J*=]1+e),
JV =], (5.3)
) =](1-0),

such that € determined the degree of in ab plane anisotropy and §, the out-of-plane anisotropy.
With | > [; », any anisotropy in the other exchange parameters was ignored. The parameters of
the LSWT model were | = 9.89(1) meV, J; = 0.04(1) meV, [ = 0.13(1) meV, ¢ = 0.024(1), and
d = 0.383(5) [55].
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To give a more complete picture of the spectrum, the following Hamiltonian was used:

=Y JuSi-Sk+) | BO"(Lj) +AL;-S;| + Ha-S . (5.4)
spin-orbit lr_l—piane
Heisenberg crystal field coupling aI:lS;)nrgO)}:Y

Now the Heisenberg exchange term contains no anisotropy; rather the anisotropy is predominantly
driven by the single-ion crystal field term, which has Stevens operators O, O} and O} with crystal
field parameters BY, B} and Bj respectively. The last term in Equation 5.4 is a small anisotropy field
term in the x direction. For La,CoQy, the parameters fitted to the data were | = 9.69(2) meV, |; =
0.14(2) meV, J, = 0.43(1) meV, B) = —13.5meV, B; = —8.0meV, B) = 14.6(1)meV, and |H, - S| =
0.66(6) meV.

La; 5Srg5Co0,

As discussed earlier, doping concentration x introduces non-magnetic Co>* into the equation, and
so the exchange interaction paths are slightly different to those for undoped La,CoO,. One possibil-
ity consistent with strong in-plane anisotropy and Heisenberg interactions is the formation of stripes
of spins (i.e. ferromagnetic alignment along one ab diagonal and antiferromagnetic/antiparallel
alignment along the other ab diagonal). Analysis of La, ,Sr,CoQO,, x = 1/2 neutron scattering data
using this model is presented in [13, 43]. A summary of these works is presented in Figure 5.7. Rea-
sonably sharp magnons emerge from magnetic Bragg peaks at ~ (0.5+#,05+1#,1), 7 = 1/4, plus
the same vector in the perpendicular domain (picture swapping a and b around, and overlaying
these layers), ~ (0.5 F #,0.5 £ 1), # = 1/4. Then there is a higher energy mode at around 30 meV,

which is not as strongly dispersive.

As for the undoped compound La,CoOy, let us start by looking at the LSWT picture for La; 551y 5CoQO,,
which assumes the Co?* ions carry effective S = 1/2 spins. The exchange interactions are nearest-
neighbour Co?* interactions J; and J,, and next-nearest-neighbour Co?* interaction ], which acts
through superexchange via a Co®>" “hole’ (see Figure 5.7). The alternating magnetic stripes accom-
panying the checkerboard charge order can be pictured as two interpenetrating antiferromagnetic
square lattices. However, if J; = ], = 0, then these would be uncoupled. In the case of | > [,

then J; = J, = |’ can be considered isotropic [43]. In this way, the ab-plane dispersion relation for
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Figure 5.7: La, ,Sr,CoQO,4, x = 1/2 a) temperature-dependent magnetisation data; b) (left) inelastic
neutron scattering spectrum along (h, 1,0) direction and (right) reconstruction of the data using
a combined Heisenberg and crystal field Hamiltonian ;, ¢) magnetic structure and exchange
interactions with the magnetic unit cell shown by the dashed grey line; d) schematic energy level
diagram showing the splitting of the energy levels of Co?* ions and how this correlates with
the spectrum measured. Subfigures a) and b) reproduced from reference [43] with permission.
Copyright American Physical Society (2009). Subfigures c) and d) reproduced from reference [13]
with permission. Copyright Lucy M. Helme (2006).

checkerboard-ordered La; 55r) 5C0oOy is [43]

hwi2(Q) = y/(Aq + B)? — D} with
Ag =25(2J(1+€)+]i— ]2+ J2cos[Q- (a—D)])
Bo =S (J6cos(2Q - a) + Jécos(2Q - b)) (5.5)
Do =25(J(1—6/2) [cos(2Q - a) + cos(2Q - b)]

+J1cos (Q- (a+b))).

In [13, 43], the nearest-neighbour exchange was found to be small and effectively isotropic. On the
other hand, significant anisotropy in the larger | parameter was required to reproduce the spin
waves at low energies. The values obtained from a fit of the low-energy mode of La; 55r,5C0O,
were: J' = J1, = —0.15meV, | =3.23meV, € = 0.03 and J = 0.65. The antiferromagnetic | value is

consistent with a superexchange across the Co**—~ O - Co>*~ O — Co?* bonds through 180°, while
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the ferromagnetic |’ = J; , (acting through the Co>* ion at a 90° angle) introduce an element of
frustration in the ab plane, although the values are small. § is comparatively large compared to
€, meaning that the spins are constrained to the ab plane or close to it. The in-plane anisotropy is
essential to gap the modes and possibly stabilise the stripes at other doping concentrations, which

is further discussed in the later publications [49, 50].

The lower energy mode does not intersect at all with the higher energy mode for x = 1/2. To
account for this additional mode, the complete Hamiltonian (including the crystal field and
anisotropy terms, Equation 5.4) was used. This model produced good agreement with the data
with parameters | = 1.4meV, 1, = ]/ =0, A = —18.7meV, B2 = —13.5meV, BflL = —8.0meV,
BY = 13.0meV, |H, - S| = 0.22meV.

5.2.2 Emergence of the hourglass at intermediate doping (x = 1/3)

The characteristic hourglass-shaped spectrum emerges for the intermediate doping x = 1/3 in
La,_,Sr,Co0Oy. The versatility of Equation 5.4 is shown in an inelastic neutron scattering study of
Laj ¢751)33C00, [49]. Disorder is included in the model via phenomenological broadening of the
spin wave spectrum. This was interpreted in terms of two orthogonal domains of charge stripes of
Co®*t ions modulated by AFM ordering of the magnetic moments of Co?* ions, with a periodicity of
three in the ab plane. The combined effective Heisenberg and crystal field model with parameters
J = 11.5meV, 1, = ' = 0.55meV, A = —18.7meV, B} = —13.5meV, Bf = —8.0meV, B} =
13.0meV (the in-ab-plane anisotropy term in Equation 5.4 is not needed) successfully reproduces

the characteristic ‘hourglass’ excitations emanating from ~ (0.5+1#,05+17), 3 =1/6.

The key features of the dispersion are seen in Figure 5.8. At the lowest energies, the spin waves
resemble a four-leaf clover in reciprocal space. As energy increases, the excitations converge at
(0.5, 0.5, 0), which is where the spectrum reaches its maximum intensity at approximately 17 meV.
This is the ‘waist” of the hourglass. From there, the spin waves diverge into four branches again,
but these are rotated 45° about (0.5, 0.5, 0) relative to the low energy branches and spread out to
the edges of the antiferromagnetic Brillouin zone. The dispersion in this model is anisotropic and
four-fold symmetric at all energies from 3 meV to ~ 50 meV. It is the large ratio of J/]’ that is chiefly

responsible for the hour-glass shape of the dispersion [49].

In a detailed polarised neutron diffraction study on the same single crystal, the magnetic and
charge order wavevectors were found to be slightly incommensurate at positions ~ (0.37, 0.37, 0)
and ~ (0.36, 0.36, 0) etc [50]. The superstructure reflections associated with the low temperature

orthorhombic (LTO) phase favoured by La,_,Sr,CoO, for x < 0.4 were also seen but no peaks
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Figure 5.8: Constant energy slices of the La,_,Sr,CoQO,4, x = 1/3 excitation spectrum. a) to d) are
data where the intensity scale differs between plots; e) to h) are simulations on a shared intensity
scale though colourmaps vary for individual subplots. Figure from reference [49], reproduced with
permission from Springer Nature.
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consistent with any undoped La,CoO,4 were observed [50]. Polarised neutrons enabled the contri-
butions of nuclear and magnetic scattering to be distinguished; hence, the consistent positioning of
charge and magnetic peaks in reciprocal space lends further weight to the charge stripe model. The
temperature dependence of the charge peaks between temperatures of 2 K and 300 K was minimal,
but the intensity of both the magnetic and LTO reflections increased significantly below 100 K. This
suggests that the orthorhombicity drives the in-planar anisotropy in the ab plane. There was also
evidence for the checkerboard x = 1/2 phase (charge order peaks at 0.5 positions) being present
alongside the stripe phase in [50]. This disordered coexistence of two phases contributes to the
incommensurate and broad nature of the magnetic reflections being located away from the “perfect’

stripe positions of (1/3,1/3, 1) etc.

The studies discussed above primarily probed the magnetic order and excitations in the (%, k) plane,
rather than along the I direction where the interactions are expected to be far weaker. The stacking
order along the ¢ axis for x = 1/2 is discussed in references [13, 43] and for x = 1/3 in references
[49, 50]. The Bragg peaks are broader along I than along / or k, consistent with shorter-range
order along the ¢ axis. Further compounding this disorder is the presence of two domains of
orthorhombic distortions in these materials for x < 0.4, and two domains of charge stripes, which
can run along either diagonal. Hence the combined charge stripe and crystal field description
is an effective model of the interactions in the bulk and not necessarily the full picture at the
microscopic level. The distribution and growth of domains is not explored, only the correlation

length constrained to < 1nm in [50].

5.2.3 Intermediate doping concentrations: a slightly stripy spin glass and a real-

space modelling approach

Building on the idea of effective order through disorder, a different approach was taken in reference
[18]: a real-space model of disordered stripes in the ab plane was constructed through Monte Carlo
simulations on a 2D lattice, using the perfect period-three stripe model as a starting point with
Ising-like distribution of Co** and Co’*", within the charge-balance constraint imposed by x = 1/3.
The magnetism of the Co?** was governed by Heisenberg interactions | and ]’ (Equation 5.2), with
the anisotropy of | defined as per Equation 5.3 (in this case, 6 = 0.28 and € = 0.013). The spin

waves of this finite lattice of sites were then calculated using the dynamic susceptibility.

The advantage of this computational approach is that the correlation lengths along the charge
stripes ((ﬂj) and perpendicular to the charge stripes (¢¢) could be tuned by adjusting the Ising

model of the charge distribution, and the magnetic order in between the charge stripes by the
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relative strengths of the Heisenberg interactions | and J’. Thus the effect of the degree of disorder
or ‘glassiness’ in the ab plane on the spin wave spectrum could be investigated. As found in the
experimental study [50], the correlation lengths for the spin order and charge order were closely
aligned (C! ~ ¢ 2). Additionally, the excitations for La,_,Sr,CoQO, at other intermediate doping
concentrations (e.g. x = 1/4 as in reference [54]) could be simulated by adjusting the charge-balance

constraint for the Ising model.

This model of a slightly stripy spin glass can produce spectra closely resembling that of reference
[49]. Furthermore, the same model was used to show that the disordered stripe model and hourglass
excitations persist at an even lower doping of x = 1/4 [54, 56], in contrast to the previous hypothesis
that nn-AFM would prevail for x < 1/3 [11]. However, exploring the parameter space reveals other
key features and possibilities for magnetic excitation spectra, which could be relevant for materials

other than La, ,Sr,CoO, including cuprates displaying glassy tendencies [18].

* Increasing disorder — manifesting as stronger frustration between domains of locally stripe-
ordered spins — concentrates the intensity around the waist of the hourglass (energy ws) at
(0.5,0.5) in the (h, k) plane, lowers ws and broadens the excitations (see Figure 5.9), as well

as quashing the intensity in the branches heading towards (0, 0).

e Increasing the ratio of /]’ concentrates the intensity into lower energies and more distinct
‘legs’ of the hourglass. Even when the disorder parameters/correlation lengths ¢ remain the
same, the spectrum gets sharper and more intense at low energies (see Figure 5.10). The
excitations are still more intense in the branches heading inwards towards (0.5, 0.5) but
with increasing ]/ ], other weaker branches heading outwards towards (0, 0) appear — this
is reminiscent of the checkerboard LSWT model Equation 5.5, which has branches of equal

intensity heading towards (0.5, 0.5) and (0, 0).

Finally, the assumption that the strongest spin-spin interactions are confined to the ab plane were
borne out of the slightly stripy spin glass model. The effects of out-of-plane spin components
and interactions were probed in the computational study in reference [54], which showed that the

contribution of out-of-plane spin canting to the observed spectra® was negligible.

2In the experimental geometry with the (1, k) plane as the scattering plane in a time-of-flight spectrometer
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Figure 5.10: Influence of the exchange interaction parameter ratio J/J'. gﬁ ~ 5, (jé ~ 2 wg =
0.50 JS. a), b): magnetic structure factor c), d): low energy part of the dynamic susceptibility along
q = (h,h) fora),c) J' =0.05 ] and b), d) J' = 0.15 ]. Figure from reference [18], reproduced with
permission. Copyright American Physical Society (2012).

5.2.4 An alternative model for intermediate doping concentrations: nanoscale phase

separation of undoped and checkerboard regions

An alternative model presented for the hourglass spectrum lacks stripes, instead features a super-
position of undoped x = 0 and checkerboard x = 1/2 phases [17]. The energy scales involved in
the dispersion for x = 0 and x = 1/2 are sufficiently distinct that — roughly speaking — the x =1/2

141



regions account for the excitations below the ‘waist” of the hourglass (~ 15meV) and the x = 0
regions account for the excitations above it, where the spectrum is isotropic. However, there are

some inconsistencies in this picture.

Firstly, for the La,_,Sr,CoO,4 x = 1/3 samples in references [17, 57], the magnetic Bragg peaks are at
~ (1/3,1/3), and the spin wave branches heading outwards to (0, 0) are significantly weakened
compared to those of the x = 1/2 branch, which is inconsistent with a simple superposition of x =0
and x = 1/2 spectra that would be the standard interpretation of the coexistence of the x = 0 and
x = 1/2 phases. The nanophase separation model suggests the spin wave modes are coupled as the
x =0and x = 1/2 regions are of minimum ~ nm size and very strongly intermingled [51, 58], with
some resemblance to a fractal-like distribution of domain length scales akin to what was reported
in reference [59]. However, no quantitative mechanism beyond proximity of the differently-doped
regions is given for the coupling with Monte Carlo simulations only including two Heisenberg

interactions and an effective spin of 1/2 for Co?* [57].

Secondly, the magnetic Bragg peaks have an elliptical shape which is not well explained by the
nanophase separation model. The elliptical shape implies that the magnetic order has different
correlation lengths along the orthogonal [110] and [1 — 10] directions, i.e. the magnetic order
is shorter in range in one direction than the other. The nanophase model does not describe this
anisotropy or the four-fold symmetry and positioning of the magnetic Bragg peaks for x =1/3,

which is in contrast to the stripe model and to the experimental data.

With a ‘normal” coexistence of two phases, the expectation would be two magnetic ordering
transitions at different temperatures (one for x = 0 and another for x = 1/2), although the data
for 0.2 > x > 0.4 do not show two obviously distinct transitions. The temperature dependence
of the inelastic signal shows that the low energy excitations go from two peaks emerging from
(0.25, 0.25) to a single peak from (0.5, 0.5) between 100 K and 200K [58, 60], which persists weakly
until ~ 300 K. Finally, the spin wave spectrum presented in the nanophase separation model is
isotropic about (1/2,1/2) above ~ 15 meV, which is in contrast to the stripe model. The size of the
exchange parameters is also different: in reference [57] ] = 5.8 meV and ]’ = 0.85meV, using the

convention that AFM J; are positive, with an effective spin S = 1/2.

5.2.5 Summary of different magnetic excitation models

In conclusion to this review, there have been multiple investigations into the spin waves of the
La,_,Sr,CoOy series across the range 0 < x < 1/2 and a variety of theoretical models accompany

the data in references [13, 17, 43, 49-52, 54, 55, 57]. To summarise the differences between these
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models, I have created an illustration (Figure 5.11), which shows a cartoon depiction of constant
energy slices in the (I, k) plane. Neutron scatterers love a colourmap and tend to favour the ones
with non-uniform colour perception so I have tried to put the key results from the different models
on a more level playing field! Note the similar form, but different periodicity, in reciprocal space
of the excitations for x =0 and x =1/2 (§ 5.2.1). These two examples have quite different energy
scales too: the anisotropy gap shrinking from ~ 10 meV to ~ 3meV, and the energy maximum of
the dispersion dropping from ~ 61 meV to ~ 13 meV for x = 0 compared to x = 1/2. This makes
sense when you consider the length of the nearest-neighbour exchange along x and y directions

doubles from x = 0 to x = 1/2, and the strength of the exchange diminishes accordingly.

The doping concentrations of x = 0 and x = 1/2 have (nearly) commensurate magnetic order.
Away from these doping concentrations, the evidence is for incommensurate magnetic order with
magnetic Bragg peaks shifting quasi-linearly with x [51]. The inelastic spectra look quite different
from x = 0 and x =1/2 too: x = 1/3 is the case in point here. The differences between the charge
stripe model (§ 5.2.2) and the nanoscale phase separation model (§ 5.2.4) are also made more
obvious: the ‘four-leaf clover’ dispersion along (%, 0.5) and (0.5, &) above ~ 15meV for the former
contrasting with the isotropic, outwards dispersion above ~ 15meV for the latter. The nanoscale
phase separation model also has less “elliptical” magnetic Bragg peaks than the stripe model. This is
because the stripe model has different correlation lengths parallel to and along the stripe directions
(and the stripes have a preferred direction in the ab plane, due to strong magnetocrystalline planar
anisotropy), whereas the nanophase separation model has a more or less isotropic distribution of
nn AFM regions and checkerboard-ordered regions, and no source of in-plane anisotropy for the

Co%t moments.

For x = 1/3, there is also the matter of the higher energy (~ 40 meV), out-of-plane mode observed
in reference [57] and attributed to the nanophase separation model, which was not seen in the

experiments of reference [49].

The sharpest magnetic Bragg peak is for the undoped parent compound La,CoO,, which exhibits
long range magnetic order. The x = 1/2 doping also has long range order but x = 1/3 has much
more diffuse magnetic Bragg peaks. The peaks themselves are broad, rather than there being a
diffuse background with a sharp peak on top. This also translates to the inelastic signal being less
distinct/less sharp/fuzzy/a hot mess for x = 1/3 compared to x = 0 and x = 1/2. This diffuse
scattering is suggested by broadening the signals depicted in Figure 5.11.

In summary, the hourglass spectra can be interpreted either as the minimum of spin waves
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Cartoon of magnetic excitation spectra of Lay _,SryCoOy according to different models

x = 0 crystal field model
AE =0meV AE =5meV AE =11meV AE = 36meV AE = 61meV

x = 1/3 stripe model
AE =0meV AE =3 meV AE =15meV AE =25meV AE = 45meV

x = 1/3 nanoscale phase separation model
AE =0meV AE ~ 3meV AE ~ 15meV AE ~ 25meV AE ~ 42meV

x = 1/2 crystal field model

k (rlu.)
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Figure 5.11: This cartoon highlights the different features (attributed to magnetic excitations)
appearing in constant energy slices of (4, k) plane for various models and doping concentrations
of La,_Sr,CoO,. This figure is intended only as a qualitative comparison between the models
and the intensity colourmap is not consistent. For a full quantitative description, as well as the
data/simulations these illustrations are based on, see the following references: x = 0 crystal field
model [55], x = 1/3 stripe model [49, 50], x = 1/3 nanoscale phase separation model [17, 51, 57, 58],
x = 1/2 crystal field model [13, 43]. Not represented in this figure are the flatter, less dispersive
excitations at ~ 190meV for x = 0, ~ 40meV for x = 1/3 with the nanophase separation model,
and ~ 28 meV for x = 1/2 (c.f. Figure 4 of reference [60]). Due to the variation in the spectra of the
slight stripy spin glass model [18], that model is not represented in this figure.
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along a stripe meeting the maximum of spin waves propagating between stripes (charge stripe
with exchange and crystal field anisotropy), or the minimum of an undoped region meeting the
maximum of a hole-doped region (nanophase separation). Heisenberg interactions drive collinear
alignment of spins, while the strong anisotropy of the system and higher energy excitations are the
effects of the Co?" crystal field. Disorder may be accounted for via phenomenological broadening
of the spectra or Ising-like interactions between electrons and holes associated with different

oxidation states of Co (slightly stripy spin glass).

5.3 La,_,Ba,CoO, samples and initial characterisation

Two large single crystals of La,_,Ba,CoO,4 were grown by the floating zone method by Dharmaling-

ham Prabhakaran. The synthesis procedure was as follows:

1. Polycrystalline La,_,Ba,CoO, samples with x = 0.33 and x = 0.5 were prepared by a standard
solid-state reaction method using La,0;, BaO;, and Co;0, powders with a purity > 99.99 %

as starting materials. Dried powders were mixed in stoichiometric compositions.
2. Sintering was carried out at 1150°C for 48 hours in air with intermediate grinding.

3. Polycrystalline powders were pressed into cylindrical rods with a diameter of 8 mm and

length 10 cm and sintered at 1250°C for 12 hours.
4. Finally single crystals were grown using optical floating zone furnace (Crystal Systems Corp.
Japan) at a growth rate of 2-5mm/h in an oxygen atmosphere.
5.3.1 X-ray diffraction

Both samples of La,_,Ba,CoOy4 x =1/2 and x = 1/3, had low mosaicity confirmed by x-ray Laue
diffraction (Figure 5.12).

Figure 5.12: X-ray Laue diffraction pattern from La,_,Ba,CoO,, x = 1/2 sample with c axis parallel
to beam and b axis vertical, left = simulated pattern assuming space group [4/mmm, right = data.
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5.3.2 Magnetometry

A Quantum Design PPMS system was used to measure the magnetisation of smaller pieces cut
from the main crystals of x = 1/2 (mass ~ 53mg) and x = 1/3 (mass ~ 18 mg). The ab plane
was parallel to the applied magnetic field H. Magnetisation measurements showed a magnetic
transition at temperature Ty ~ 12K indicated by the bifurcation of field-cooled and zero field-
cooled susceptibility curves (Figure 5.13). The susceptibility curves for x =1/2 and x = 1/3 look
mostly similar, although there is a slight difference in Ty. At Ty, there is a smooth peak in the
ZFC data, rather than a sharp cusp that is the stereotypical indication of an AFM with long-range
order arising from a Landau-style second-order phase transition. Unlike the magnetisation data for
La, ,Sr,CoOy4 x = 1/2 [43], there is no broad peak (centre ~ 60 K) before the bifurcation of FC and
ZFC curves at a small cusp (= 31K). The FC data is nearly temperature-independent below Ty,
especially for the x = 1/3 sample (similar to La, ,Sr,CoO,4 x = 1/3 [49]). This is a feature which is
associated with spin glasses. These two observations are consistent with short-range AFM order. A
broad peak (as opposed to a cusp) can result from lower-dimension magnetic ordering or a mixture
of valence states on the same crystallographic site [61]. Both explanations are relevant in our case
for short-range charge order of Co?* and Co®", with the spins of Co?* ions suspected to lie in the

ab plane, due to 2D magnetic interactions.

The inverse susceptibility data were fitted according to the modified Curie-Weiss law [61]

T—-0
- xo- (T = 935) +C 50)
in the temperature range 15K to 50 K. The fitted parameters are given in Table 5.2, with pie
calculated according to Equation 2.40. The additional temperature-independent paramagnetic
susceptibility xo is sizeable (larger than typical background) and may be caused by a build-up of
short-range magnetic correlations, which do not follow the Curie-Weiss law. The negative value of
fcw indicates predominantly antiferromagnetic interactions. The magnitude of fcw is of the same

order as Ty.

The p¢ per Co ion can be converted to a nominal g per Co?* ion by dividing by x. This yields a
moment of 2.10 yp assuming x = 1/3 and 2.62 up assuming x = 1/2. These values can be compared
to the simple calculation for the magnetic moment of a spin-only (no crystal field or spin-orbit

coupling) 3d transition metal ion:

Ucal = 2\/ S(S + 1) UsB. (5~7)
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Figure 5.13: Magnetisation data (FC = field cooled, ZFC = zero field cooled) for La,_Ba,CoO,.
Tn ~ 12K for x =1/3 and Ty ~ 11K for x = 1/2. The fitted equation is a modified Curie-Weiss law
(Equation 5.6).

Table 5.2: Fitted parameters of a modified Curie-Weiss law (Equation 5.6) for La,_Ba,CoO,
magnetisation data.

La, ,Ba,CoO; xo (emumol™ Oe™ 1) Ocw (K) C(K'emumol'Oe™1) el (up)
x=1/2 7.57 x 1073 —4.33 +0.02 215 1.31
x=1/3 6.41 x 1073 —5.52 4+ 0.01 244 1.40

! This is the effective magnetic moment per Co ion, peg, which in the case of La,_,Ba,CoOy is
the same as the effective magnetic moment per formula unit.

Equation 5.7 yield picy = 1.73 yp with S = 1/2, and picq = 3.87 g with S = 3/2. The estimated
moments per Co2" jon lie between these two values, possibly explained by partial occupancy of

crystal field levels. The fact that neither the estimated moments per Co*" ion nor the ¢ per Co
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ion are larger than pi . for S = 3/2 means that it is very unlikely the Co* ions are magnetic.

5.4 Single crystal neutron diffraction of La,_,Ba,CoO, on ILL D10

5.4.1 Method

Two samples of La,_,Ba,CoQOy, of nominal doping concentrations x = 1/2 (mass ~ 25mg) and
x =1/3 (mass ~ 80 mg) were measured on the four-circle diffractometer D10 at the ILL using an
area detector. The sample environment was a closed-cycle LHe cryostat mounted on a Eulerian
cradle. The experiment consisted of two main parts: the measurement of nuclear Bragg peaks to
determine the crystal structure at low temperature, and a temperature-dependent sweep of the
(h, k) plane in order to detect likely diffuse signatures of magnetic order for the x = 1/3 sample.
Unless otherwise stated, the [4/mmm space group (in the standard setting) applies to all (%, k, 1)

indices in this section.

5.4.2 Analysis and results

The structures were refined in MAG2POL [62]. Refinements were performed using the tetragonal
space group I4/mmm (a = b = 3.83A, ¢ = 12.5A) and then also the orthorhombic space group
Cmce (a=537 A, b=125A,c=5.4A) for both x = 1/2 and x = 1/3. The variation among symmetry-
equivalent peaks was Rijnt = 13.4% for x = 1/2 in the 14/mmm space group and Rt = 10.12 %
in the Cmce space group; Rint ~ 10.6 % for x = 1/3 in both the I4/mmm and Cmce space groups.
Unit cells for each space group are pictured in Figure 5.14. The twinned appearance of the peaks
motivated the choice of the orthorhombic space group, which is common to other La, ,A,CoO,
materials, especially at low temperatures where octahedral tilting takes place (shown in Figure 5.16).
The split between the twin domains was around 90% to 10%; however, this may not reflect the
proportion of each twin domain in the original large crystals from the floating zone furnace, bearing

in mind the small size of the samples used for the D10 experiment.

The observed integrated Bragg peak intensities I are plotted against the calculated intensities I
in Figure 5.15. Although the intensity units are arbitrary, the intensity of the x = 1/2 data is correct
relative to the x = 1/3 data. The large error bars reflect the weak measured intensities, especially for
the x = 1/2 crystal. For both doping concentrations, the Cmce structure was a better fit judging by
Rr. The results of the refinements in this space group are given in Table 5.3 and Table 5.4 for x =1/2
and x = 1/3 respectively. The stoichiometry was not fixed during the refinement. The results show

a slight oxygen deficiency in both samples and a Ba doping of x = 0.504 for the nominally x =1/2
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Figure 5.14: The unit cells of the structures proposed for La,_,Ba,CoOy: left, I4/mmm (space group
#139); and right, Cmce (space group #64). Note that the longest axis of the unit cell is the c axis
in I4/mmm and the b axis in Cmce using the standard convention for these space groups. Figure
produced using VESTA [12].

sample, and x = 0.59 for the nominally x = 1/3 sample. The latter is a significant deviation. A
possible explanation for the oxygen deficiency may be attributed to the degradation of samples in
air during handling and transport. Aside from the oxygen occupancies and extinction parameters,

the refinements yielded largely similar structural parameters.

Although the orthorhombic Cmce structure proved a better fit than the 14/mmm structure, I will
continue to use the I4/mmm unit cell and peak indexing for the remainder of this chapter. The
differences in the spacing of the Co ions is not significantly changed by the choice of space group,
and it is simpler to discuss the magnetic structure and excitations in terms of a (pseudo)tetragonal

unit cell given the existing literature for La, ,Sr,CoQO,.

On the larger x = 1/3 sample, the scans along the (h, h) direction (using the [4/mmm space group)
revealed a weak broad peak centred on (0.27, 0.27), which decreased in intensity with increasing

temperature. The peak disappeared altogether by 30K as seen in Figure 5.17.

5.4.3 Discussion

The rough temperature dependence of the peak at (i, 1) = (0.27, 0.27) shown in Figure 5.17 suggests
it is indeed magnetic in origin, consistent with the magnetisation data showing Ty ~ 12K, although
the nature of the phase transition cannot be ascertained from our data. Previous studies on similar
Sr-doped compounds have shown a more gradual onset of magnetic order with temperature
(as opposed to a sharp Landau-like transition), and fits of critical exponents to those data are

consistent with strongly 2D, rather than 3D, magnetic order [31, 50]. The phase transition may
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Figure 5.15: Plots showing calculated vs observed intensities of reflections from D10 experiment
on La, ,Ba,CoO4, x=1/3 and x=1/2.

instead be akin to a percolation-type growth of spin stripes or cluster AFM domains. The data
shown in Figure 5.17 are not inconsistent with this reasoning, although the magnetic order is more

short-range in La,_,Ba,CoO, than La,_,Sr,CoO,.

5.5 Single crystal time-of-flight spectroscopy of La,_,Ba,CoO, on
ISIS MERLIN

Inelastic neutron scattering was performed on larger samples of both crystals at the ISIS MERLIN

time-of-flight spectrometer [63] at T = 7K, with incident energies E; of up to 70.80 meV and the
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I'dmmm Cmce

Figure 5.16: Equivalent views of the structures proposed for La,_,Ba,CoOy: left, [4/mmm (space
group #139); and right, Cmce (space group #64). This angle clearly shows the tilting of the octahedra.
Figure produced using VESTA [12].

Table 5.3: Structural and extinction parameters x;; for La, ,Ba,CoO,, x = 1/2 determined by
refinement in the space group Crmce (#64) against integrated intensities collected at ~ 20 K. x? = 23.3
and Rr = 3.81 for this refinement.

Extinction

Atom Wyckoff  x y z Biso  Occupancy parameter Value
position
X11 0.25439
La 8f 0 0359 0.013 0.014 0.748 2 0.01926
Ba 8f 0 0359 0.013 0.010 0.252 Yas 0.001
O 8e 025 0.002 025 0.040 0.972 . 0
12
O 8f 0 0167 0.022 0.037 0.980 0
x
Co 4 0 0 00 008 0966 2
X13 0

Twin matrix Twin 1 proportion Twin 2 proportion

0 0 1
0 -1 0 0.897 0.10
1 0 0

c axis parallel to the beam. This sample orientation allowed Q, and Q, to be independent of
AE. The layered nature of the material means that the magnetic structure is effectively 2D, and
so any dispersion should be independent of I. Hence we prioritised the energy-independence
and coverage of Q, and Q,, over that of Q.. The sample temperature was maintained in a top-

loading closed-cycle LHe cryostat. Repetition rate multiplication meant that data were collected
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Table 5.4: Structural and extinction parameters x;; for La, ,Ba,CoQO,, x = 1/3 determined by
refinement in the space group Crmce (#64) against integrated intensities collected at ~ 2 K. x> = 70.43
and Rr = 8.57 for this refinement.

Extinction Value

Atom Wyckoff  x y z Bis,  Occupancy parameter
position

X11 0.1
La 8f 0 0352 0.053 0.014 0.710 2 0.06396
oW ememamw ew D

¢ - ' *12 0.02570

O 8f 0 0167 0.020 0.037 1.002

x23 0.09380
Co 4qa 0 0 00 0.08 1.000

X13 0.06733

Twin matrix Twin 1 proportion Twin 2 proportion

0 0 1
0 -1 0 0.905 0.095
1 0 O
100 351 .
2K guide
90 1 —— 30K 30 ¢ (0270271)
2 801 Eos
§ 70 : 20
g 60 B 15 A
g s0- 8 10
RS S
40 54
o | IR T T T 444 N .
0.20 0.25 0.30 0.35 0 5 10 15 20 25 30 35
(hh1) (rlu.) Temperature (K)

Figure 5.17: Single crystal diffraction of La, ,Ba,CoO,, x = 1/3, measured on D10 at the ILL. Left,
the broad magnetic peak at (0.27,0.27, 1) seen on a scan along (%, 1, 1) at 2K completely disappeared
at 30K. Right, the temperature dependence of the magnetic peak at (0.27, 0.27, 1). The dashed
orange line is a guide to the eye.

simultaneously for E; = 70.8 meV, 23.7 meV and 11 meV [64].
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5.5.1 Analysis and results of MERLIN elastic line data

Although the MERLIN instrument is primarily used for inelastic neutron scattering, the elastic line
data present a useful complement to the ILL D10 data, particularly as a snapshot across a large
swathe of reciprocal space. Once again, the 14/mmm space group (in the standard setting) applies
to all (1, k, 1) indices in this section. None of the peaks are Q-resolution limited and so the twinning
observed on ILL D10 can be ignored for this analysis. Using this space group simplifies the analysis,
as well as enabling the symmetrising of the data in the (h, k) plane to maximise the signal-to-noise
ratio. The magnetic structure factor is greatest at low Q (~ e~9"), while nuclear scattering from
small distortions of the lattice associated with charge order would show up at higher Q as the
nuclear structure factor for a lattice distortion goes as ~ Q2. Hence, the E; = 70.8 meV data that
covered the highest Q were searched for indications of charge order, while the E; = 23.7 meV data
with slightly better E resolution were used to examine the magnetic Bragg peaks. The data were

processed in MANTID [65] before being symmetrised and reduced in HORACE [66].
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Lay_Ba,CoOy x = 1/2, MERLIN 7K E; = 23.7 meV
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Figure 5.18: La, ,Ba,CoO,, x =1/2 MERLIN data taken at a temperature of 7 K. The colourmap
shows the kO plane, integrated across the elastic line AE = [—-0.5meV, 0.5meV] and all / values.
1D cuts through the plane are fitted with multiple Gaussians to determine the locations of peaks
attributed to structural reflections and magnetic superstructural reflections.
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La;_«BayCoO4 x =1/3, MERLIN 7K E; =23.7 meV
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Figure 5.19: La, ,Ba,CoO,, x = 1/3 MERLIN data taken at a temperature of 7 K. The colourmap
shows the kO plane, integrated across the elastic line AE = [—-0.5meV, 0.5meV] and all / values.
1D cuts through the plane are fitted with multiple Gaussians to determine the locations of peaks
attributed to structural reflections and magnetic superstructural reflections.
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La;_,BayCoOy4 x =1/2, MERLIN 7K E; = 70.8 meV
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Figure 5.20: La, ,Ba,CoO,4 x=1/2 and x = 1/3 MERLIN data taken at a temperature of 7K. The
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5.5.2 Discussion of elastic scattering from MERLIN
Table 5.5 lists the fitted positions of the peaks observed in the line scans shown in Figures 5.18-5.20.

¢ The magnetic diffraction is weak in both the MERLIN and D10 data and slightly incommensu-
rate with respect to both the period-3 stripe and checkerboard cases (commensurate period-3

stripe order would give 7 = 1/6 etc., checkerboard order 1 = 1/4).

¢ The charge order scattering is very weak, though admittedly the MERLIN experiment was
not optimised to look for this. However, in the strontium doped cobaltate x = 1/2, the charge
order was obvious at low Q too in the elastic line data from MAPS (a similar TOF spectrometer

to MERLIN) [43].

* The Bragg peaks at higher Q are best described by a narrow Gaussian peak on top of a broad
Gaussian base, which is possibly quasielastic in origin given the energy resolution of MERLIN.
However, the difference in amplitude between these peaks is only an order of magnitude.
The diffuse scattering at the Bragg peaks is not isotropic and can be seen extending out in
lines (see Figure 5.20). This is likely a manifestation of the short-range (pretty disordered!)
charge order, although I did not investigate this further.

* None of the features observed in the elastic line were Q-resolution limited, meaning that the

calculated correlation lengths ¢ are representative of the short-range of the electronic order.

* The correlation lengths for La, ,Ba,CoQO, are larger and less anisotropic than those of

Lay ¢751(33C00, and significantly smaller than those of La; 5515 5C0oO,.

Table 5.5: Comparison of peaks seen in elastic line data for x =1/2 and x = 1/3 La,_,Ba,CoOy,
crystals.

La, Ba,CoO, Instrument Structural =~ Bragg Magnetic order peak Charge order peak

peak position (r.l.u.)  position 7 (r.Lu.)! position (r.L.u.)
x=1/2 MERLIN 1.000 +0.007 0.23 +0.01 0.54 +£0.01
x=1/3 MERLIN 1.001 £0.005 0.24 +0.01 0.46 +0.01

D10 1.000 £0.001 0.23 £0.01

! The magnetic order peak positions in the (I, k) plane are (0.5 +1#,0.5 4 ) and (0.5 &+ 1,0.5 F 17),
accounting for two domains along (a,b) and (a, —b) in the pseudotetragonal unit cell.
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Table 5.6: Correlation lengths for La, ,A,CoO,

La, ,A,CoOy Cleo (A) Cico A) &) (A)  G1y (A)
A=Sr,x=1/4[54,56] ~193 ~135 ~ ~3.5
A=Sr,x=1/3[18,49] ~5 ~2 ~ 5! ~1!
A=5r,x=1/3[57] ~ 7 ~ 6

A =S5r,x=1/2[43] 23 83 52 128

A =St x=1/2[40] 26 8.13 79 10.73
V‘:‘]Ojkfa' x=1/3 (this 5 4 g 1542 1042
V‘éojkfa' X =172 (this 7 4 9 1606 13%1

I Estimated from the results & v = Gjc and &1, ~ ¢1 /2 in reference
[18].

2 This is the low-energy dynamic correlation length for the spin waves
in [57].

3 In [40, 43], &, refers to correlation lengths L to the ab plane.

5.56.3 Analysis and results of inelastic scattering measurement

After reduction and symmetrisation as for the elastic line data, a series of 1D cuts were taken
through constant AE and constant Q slices. Key directions in the 1D Q cuts through constant
energy slices were along the diagonals (h, ), through the magnetic Bragg peaks (h,0.25), and
through the magnetic zone centre (%, 0.5). An example of 1D Q cuts through a constant energy slice
is shown in Figure 5.21, with the distance between dashed lines of the same colour representing the
integration width for that particular cut. Additionally, 1D energy cuts were taken through many Q

positions, mostly to pin down the dispersion of the flatter mode at ~ 28 meV.

5.5.4 Discussion of inelastic scattering from MERLIN

Straightaway we can see that the excitations present in the inelastic spectrum of La,_,Ba,CoO,
are less intense and more diffuse than those for La, ,Co,Co0O,, suggesting Ba-doping yields
shorter-range excitations than Sr-doping. A closer inspection nevertheless reveals some interesting

qualitative features among the fuzz for the x = 1/2 data (Figure 5.22):

¢ Low-energy spin waves emerge from ~(0.5 £ 0.23, 0.5+ 0.23), and converge inwards upon
the zone centre (0.5, 0.5). Minimal, if any, intensity is present in outwards branches that meet

at (0, 0) as in La; 5515 5C0O,. This is a large qualitative differences between dispersion of the
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Figure 5.21: Constant energy slice in (1k0) plane of La, ,Ba,CoOy, x = 1/2, showing example
constant energy Q cuts along (0.25, k, 0), (0.75, k, 0), (h,0.25,0) and (h,0.75,0) directions. The
integration width for each cut was 2meV in energy, all [ values, and 0.1 r.l.u. in & or k as applicable.

Ba half-doped cobaltate and the Sr half-doped cobaltate for AE < 17 meV.

A second difference between the inelastic spectra for La; sBagsCoO, and La; 55r;5C00Oy is
that there is a clear gap in the spectrum of the latter between 17 meV and ~ 26 meV but no

such gap in the former.

The dispersion of La; sBaysCoO, pivots from being along (h, ) / (h, —h) below 17 meV to
being along (0.5, %) / (h,0.5) above 17 meV.

This means that the spin wave spectrum of La; sBa;5CoO, can be viewed as a diffuse hour-
glass, a description more akin to the x =1/3 or x = 1/4 Sr compounds than the x =1/2 Sr

compound.

However, a common feature of La; sBay 5CoO,4 and La; 55r)sCo0O, is a less dispersive, higher-

energy mode at ~ 28 meV.
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Lay «BaxCoO4 x =1/2, MERLIN 7K E; =70.8 meV
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Figure 5.22: The (fuzzy) hourglass shape of the magnetic excitations of La, ,Ba,CoOy, x =1/2.
Most of the intensity is concentrated at lower energies at ~ (0.27, 0.27, 0) etc. before the ‘waist” at
~ 17 meV. The weaker mode at ~ 28 meV is less dispersive along || (i, 1,0) than along (1,0.5,0).
This higher energy mode can be explained by the splitting of Co*™ S = 3/2 states by the spin-orbit
interaction, combined with disordered stripes. White dashed lines are guides to the eye. Both
subplots use the same colour scale for intensity.

* The spectra of La, ,Ba,CoO, x =1/2 and x = 1/3 appear qualitatively similar, although the
signal in the x = 1/3 data is weaker than in the x = 1/2 data (Figure 5.24).

* No features are present at low Q for AE > 40 meV, although scattering intensity does appear
at higher Q (Figure 5.25). This is likely to come from a phonon, a clear departure from the

nanophase separation model.
The majority of these features are summarised visually in Figure 5.23.

A preliminary estimate of the exchange parameters | and ]’ was made by fitting the linear, low-
energy spin wave branches to the LSWT Hamiltonian (Equation 5.5) using SPINW. A comparison
of this model with the data for La,_ ,Ba,CoO,, x =1/2 and x = 1/3 is shown in Figure 5.24. This
generated | ~ 3.9meV and ]’ ~ —0.8 meV, using the J, € anisotropy parameters as in reference [13].

However, the LWST model is unsuitable for the excitation spectrum of La,_,Ba,CoQ, as it does not
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La,_,Ba,CoOy x = 1/2, MERLIN 7K E; = 70.8 meV
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Figure 5.23: The upper panels show MERLIN data for La,_,Ba,CoO,, x =1/2 displayed as constant
energy slices in the (1, k,0) plane. Integration width was 0.2 meV in energy and across all ! values.
Key features of the dispersion are highlighted in the lower “artist’s impression” panels.

capture the anisotropic dispersion from the (0.5 & #,0.5 & 17) magnetic Bragg peaks even at low

energies.

Instead the key features of the measured spectrum are shared with the hourglass shape of the
disordered spin glass model (§ 5.2.3). By linking the quantitative results of the slightly stripy spin
glass model [18] to the qualitative features of the La; sBay5CoQO, spectra and correlation lengths

calculated earlier in this chapter, I was able to flesh out this rough interpretation:

* Hourglass waist energy ws ~ 0.60 JS = 17 meV (c.f. Figure 5.9 c) and d))

e J/] ratio ~ 10 (c.f. Figure 5.10 b) and d)).
It looks like | ~ 10 ]’ for La,_,Ba,CoQy, rather than | ~ 20 J’ for La,_,Sr,CoO, (see Table 5.7), which
has a more distinct hourglass spectrum. However, the estimated exchange parameter ratio for
La,_Ba,CoO, is larger than | ~ 2 J" seen in nickelates ([67, 68]).

5.6 Conclusions regarding the spin and charge order of La,_,Ba,CoQO,

In summary, the structure of La,_Ba,CoO, is pseudotetragonal and twinned. No significant

differences were observed between crystals of two different doping concentrations x in either
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Figure 5.24: Constant energy slices of La,_ ,Ba,CoOy, x = 1/2 (top row of panels) and x = 1/3
(middle row of panels) MERLIN data for low AE. Qualitatively, the x = 1/3 resembles the x =1/2
data, although the signal is weaker (we also didn’t count the x = 1/3 sample for as long as the
x = 1/2 sample). The excitations are seen moving towards (0.5, 0.5, 0) as energy increases. This
is not replicated by a fit of a LSWT model given by Equation 5.5 (bottom row of panels), which
worked well for La,_,Sr,CoOy, x = 1/2. Increasing J in Equation 5.5 serves to move the dispersion
maxima towards the magnetic zone centres (0, 0) and (0.5, 0.5) for the checkerboard model, but this
is not what is seen for La, ,Ba,CoO,, x=1/2and x =1/3.

Table 5.7: Spin wave model parameters for La,_,Sr,CoO,

La, ,Sr,CoO, J (meV) ] path J' (meV) J' path BY (meV) |H, -S| (meV)
=014 Ji=2a

x =0 [55] 9.69 a =043  J=+v2a 14.6! 0.66
x =1/4[54] ~11.25 a ~ 0.56 2a

x =1/31[49] 11.5 a 0.55 2a 13.0! 0
x=1/3[18] ~12.5 a ~ 0.625 2a

x=1/31[57] 5.8 a 0.85 2a

x =1/2[43] 1.4 2a 0 V2a 13.01 0.22

1 For these models using Equation 5.4, A = —18.7meV, 82 = —13.5meV, Bﬁ = —8.0meV [43, 49,
55].
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the neutron diffraction or magnetisation data. The magnetic structure is short-range AFM with
q = (0.5 £ 0.23, 0.5 £ 0.23) in the ab plane. Correlation lengths are in the range of 7A for
charge order and 15 A for magnetic order. The hypothesis that Ba doping would stabilise the stripe
order has not been borne out by our experimental data, which instead indicate more disorder
than the equivalent Sr-doped compounds. The excitation spectrum, measured by inelastic neutron
scattering, exhibits an hour glass shape, with a flat mode just above the hourglass waist. The
spectrum is more diffuse and persists at a lower hole dopant concentration than for the strontium-
doped cobaltates, which instead show long-range collinear AFM order for x = 1/2. The excitations
cannot be described by linear spin wave theory. The spectrum is best described (qualitatively) by a
cluster spin glass with stripe tendencies. The diffuse hourglass excitations are driven by a large
difference in size between the nearest and next-nearest neighbour exchange interactions, with the

former (which also introduces a degree of frustration) being around a tenth of the size of the latter.
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The anisotropic magnetism of the cobalt-doped

rare earth iron garnet LuzCoq 5Sip 5Fe 015

6.1 Introduction

The rare earth iron garnets (REIGs, where RE is a rare earth element) have been a source of
scientific interest for decades due to their ferrimagnetic properties [1, 2] and corresponding magnon
dynamics [3]. The most famous member of the REIG family, YIG (Y3Fe50y,), is the cornerstone of
advances in spintronic and microwave technology, due to its exceptionally low magnon damping,
microwave and magneto-optical properties [3-5]. However, less well known are the magnetic
properties and magnetic excitations of other REIGs, such as LulG. This chapter looks specifically at
the doped LulG, LuzFe;sCo¢55i9 5012 (abbreviated to LuCoSilG), and the interactions between Fe
and Co ions in this material. Co*" doping is known to alter the magnetic properties of the REIGs,
but the ramifications for the spin wave spectrum have not been experimentally investigated before

Now.

The work in this chapter includes:
¢ sample characterisation with X-ray diffraction and bulk magnetisation measurements (§ 6.2);
¢ spin wave dispersion mapped using inelastic neutron scattering data (§ 6.3);
* a linear spin wave theory model of the magnetic excitations of LuCoSilG.

First I introduce the REIG family of materials (§ 6.1.1), highlighting the effects of doping the
REIGs (§ 6.1.2), with LuzFe;sCo0 55195012 given special attention (§ 6.1.2), as well as their spin wave
properties (§ 6.1.3).
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6.1.1 Rare earth iron garnets

The REIGs are described by space group Ia3d [1, 2]. The unit cell is large: the rare earth ions occupy
the dodecahedral 24c Wyckoff positions, with eight oxygens providing an approximately cubic
environment for each, and the Fe3* ions are on the octahedral 16a and tetrahedral 244 sites (Figure
6.1). The Fe3* ions magnetically order at ~ 550 K for all undoped iron garnets. It is also possible to
construct a rhombohedral unit cell: the body diagonal of the cube is parallel to the rhombohedral ¢
axis (in the "hexagonal’ setting), while a and b are parallel to the face diagonals of the cube. The
distribution of magnetic ions among different sites leads to ferrimagnetism with the moments
oriented along (111): for every formula unit, three Fe>* spins point one way and two spins point
the other way. Under a magnetic field, the unit cell of the REIG can experience a slight trigonal
distortion, e.g. the structure of a YIG sample in 0.1 T || to [1 1 1]cupic was refined in the R3 space
group with spins along the [0 0 1];hombohedral direction (i.e. || to the applied magnetic field) [6].
Going forwards, I will stick to the cubic Ia3d description of the REIG structure unless otherwise

specified.

The rare earth ion is in the 3+ oxidation state, so examples of iron garnets with either non-magnetic
(e.g. Y, Lu) or magnetic (e.g. Yb, Tb) rare earth sublattices can be found. The rare earth moments
can cant away from the (111) direction, leading to a magnetic structure described as an ‘umbrella’
for this sublattice [7, 8], but the Fe* ions are relatively unperturbed by the rare earth moments and
remain oriented along [1 1 1] [1]. For REIG with a magnetic rare earth ion, this is signalled by a
characteristic compensation temperature at which the overall bulk magnetisation is zero [1, 2]. For
example, Teomp ~ 8 K for YbIG [9], Tcomp ~ 290 K for GdIG [10]. For REIG with a non-magnetic
rare earth ion, the temperature dependence of the magnetisation of the Fe sublattices is identical
and so there will not be a compensation mechanism. There is strong coupling between the lattice
and the magnetism: evidence for this in YIG includes magnetostriction (e.g. [11]) and a Debye

frequency that depends on the direction of the applied magnetic field [12].

LulG is not as well documented as its famous cousin YIG. Nevertheless, there are strong similarities:
Y3+ has the electronic configuration [Kr] (i.e. an empty 4f shell) and Lu®* has [Xe]4 f 14 (je. afull
4f shell) and so both rare earth ions are non-magnetic with similar chemical properties. Lu is the
smallest of the rare earths (the most lanthanide contracted). This has consequences including LulG
having the smallest lattice constant of the REIGs (e.g. reference [13] gives a = 12.283 A for LulG
compared to a = 12.376 A for YIG); a greater likelihood of rare earth antisite defects within the
material [14], as well as a higher prevalence of oxygen vacancies as compared to YIG [15]. LulG has

Tc = 530 K [16], which is lower than Tc = 560 K [17], suggesting that the couplings between Fe
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Figure 6.1: Crystal structure of the rare earth iron garnets, described by space group Ia3d. Here
the specific example pictured is LuzFesCo055i5012. The Fe3* jons are located on both octahedral
and tetrahedral sites. Figure prepared using VESTA [19].

ions are slightly weaker in LulG than YIG. Most notably, LulG possesses very long-lived magnons,
like YIG. The magnon damping coefficent of a 5.3 nm thick LulG film is 11.1(9)x 10~*%, which is
certainly competitive with the coefficient of 38x 10~ that was measured in a 4 nm thick YIG film

[18] (a lower damping coefficient means less damping and therefore longer-lived spin waves).

6.1.2 Doping of rare earth iron garnets

Early samples of REIG often contained impurities [1]. These days, deliberate doping of REIG is
fairly common, especially with thin film samples grown epitaxially on substrates (e.g. [20-23]). The
primary goal of doping the REIGs is to tune their magnetic properties, which can be achieved by
doping on the a, d or c sites due to the differing ionic radii and local crystal field environments.

Here I focus on REIG with Co?* as the dopant, and examples of doped LulG.

Doping with Co** ions

For Co?* to be present, there must be a 4+ ion present in an equal amount for the charge of the
REIG to be balanced, else non-magnetic Co®>" will be present as well. Co®>" has minimal impact
on the anisotropy compared to Co** because S = 0 for Co>*. For example, in reference [24], the
Si** stabilises the Co?* oxidation state, but the dopants occupy different sites, with Si** preferring
the tetrahedral d sites and Co?" the octahedral g sites. In this octahedral environment, Co?" is
in the high spin state S = 3/2 [25, 26]. Magnetic Co*" will change the degree of ferrimagnetism
present as the magnetic moment of Co?" (= 3.7 up) is less than that of Fe> (= 5 up). Non-magnetic

dopants on Fe sites can also have this effect. In general, Co?* doping reduces Tc and saturisation
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magnetisation, but coercivity increases with increased Co doping due to increased anisotropy
[27-29]. While non-magnetic dopants such as Si*" and Ge*" replace Fe>" on the tetrahedral d sites,
an ion such as Ce*" is large enough to substitute for the rare earth ion on the dodecahedral c site.
This means that a Ce** and Co?*" doped REIG will have a higher Tc and saturisation magnetisation

than a Ge*™ and Co?" doped REIG, for example [28].

Undoped YIG and LulG have very little magnetic anisotropy, as Fe>" has S = 5/2 but no orbital
angular momentum L = 0. The first experiments on Co-doped YIG (references [25, 30, 31]") focused
on characterising the magnetocrystalline anisotropy. Intriguingly, the anisotropy in the Co-doped
YIG showed great temperature dependence, much greater than the temperature dependence of
the anisotropy in undoped YIG. Strongly temperature-dependent magnetic anisotropy is observed
in other REIG where the RE itself is magnetic. This lead to the conclusion in reference [25] that
Co?" on the octahedral sites “looks like a rare earth”. The anisotropy can also be seen in M—H
curves at different temperatures, for example, in reference [32] the size of the hysteresis loop of
polycrystalline SmsFes . Co,0;, is nearly independent of x at room temperature, but increases

strongly with x at 5K.

Of course, with all this anisotropy floating about, there is the possibility of spin canting as seen in
REIG such as YbIG [9] (the so-called “double umbrella structure” involving both Fe** and Yb**
moments canting away from (111)). However, the mechanism behind the Co?*-led anisotropy is
different: it is the spin-orbit interaction, rather than the crystal field and anisotropic exchange? for
REIG where the RE is magnetic. The theoretical work in reference [11] indicated that the canted
structure affects the anisotropy constants K; in the case of the latter, whereas canting does not

impact the macroscopic anisotropy for Co-doped REIG and a collinear structure is sufficient.

Co?" induces a tetragonal distortion in the oxygen octahedra [34]. This is the mechanism through
which magnetocrystalline anisotropy is introduced. This leads to a number of interesting effects
including a large increase in the magnetostriction constant for a field along the (100) direction
for a Co-doped REIG compared to an undoped REIG [11]. The more Co?", the more anisotropy
there is [11]. Eventually the combination of increased Co?* on the octahedral a site and increased
non-magnetic dopant on the tetrahedral d site is sufficient to ruin the ferrimagnetism of the Fe>"

ions [28].

However, an ‘exchange isolation” affect has been proposed for Co?" doped garnets and spinels,

11f a cobalt-doped REIG was good enough for Goodenough [30], then it’s definitely good enough for me!
2The Heisenberg exchange interaction, even if it is anisotropic, only cares about the angles between neighbouring
spins, not spins vs. the whole lattice [33].
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where the charge-balancing 4+ cation clusters around Co?™ sites, effectively throttling the magne-
tocrystalline anisotropy [34-36]. This has been observed in doped YIGs YzFe5_5,C0,SiyO17 [30]
and

(Y15_20Gd1 5Cany)[Fer—_xCoy](Fes—_x—45i,V,)O1n for x = 0.03 and 0.01 < v < 1.2 [36] i.e. for small
dopant concentrations of Co*" with or without a lot of extra non-magnetic dopants (Ca?" and

V5+).

In thin film samples of Y 75Gep25Fes75C00.25012, the anisotropy introduced by Co?* has been
sufficient to change the easy axis of the magnetic moments from [1 1 1] to [1 0 0] upon cooling
in a magnetic field oriented along [1 0 0] to favour one single [1 0 0] easy axis (rather than an
equal distribution of [1 0 0], [0 1 0], and [0 0 1] easy axis anisotropy, which is symmetric about the
prevailing [1 1 1] direction of the Fe®* moments) [28]. When annealed, the easy axis shifts again
to the [1 1 0] direction, with this being attributed to stress-induced anisotropy of the film as it is
grown on a substrate of [1 1 0] Gd3GasOq, [28]. A similar effect is the spin reorientation transition
or phases as described in reference [37] for polycrystalline Y;Fes ,,Co,Ge, O, in zero field: some

regions have a magnetic easy axis of (001), others have (111).

Finally, the properties contributing to the excitement around the REIGs for spintronic purposes
can also be affected by Co?>" doping. Doping with Co?* improves the magneto-optical properties
of REIG, for example, enhancement of the Faraday effect in GdzFe5_,Co,Ge O, attributed to
the crystal field excitation of Co*" [38]. Increasing anisotropy provides a mechanism to optically
address Fe spins in Y>CaFe3 9Co(1GeO1, [39] and (YCa)3(FeCoGe)sO4, [40], whereby exciting Co
ions with polarised light changes the local anisotropy and results in switching of the magnetisation
between (1 1 1) directions. The spin wave stiffness® (a key parameter in micromagnetic simula-
tions and spintronic development) and other dispersion characteristics are also influenced by the
overall anisotropy, which in thin-film devices is a combination of shape and magnetocrystalline

anisotropies [41, 42].

There is also evidence that the Debye frequency of YIG is dependent on the direction of the applied
magnetic field [12] . This is important for the spin Seebeck effect, which relies on magnon-lattice

coupling. Adding anisotropy through Co doping may also affect this.

Doping of LulG

Several interesting examples of doped LulGs have been studied. Lu;BiFe;GaO;; features some

Bi substituted onto the rare earth site and some Ga®*" on the Fe’* sites. Note that the majority

3The spin wave stiffness D is defined by approximating the lowest energy magnon mode as a parabola E = a + Dk?
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(~ 90 %) of the non-magnetic dopant Ga>* occupies the tetrahedral d site, thereby increasing the
compensation mechanism. This material exhibits the spin Seebeck effect [22]. This effect is particu-
larly enhanced in Ga-doped LulG compared to YIG: the increased compensation mechanism affects
the low energy magnon dispersion, which is most important for the spins mobilised thermally [22].
In a very similar material, LuyBiFe; 4Ga; ¢O12, investigating the coupling between magnetism and
the lattice via an optical pump-probe method revealed coherent oscillations between magnons and

phonons [43], as well as the magneto-optical Faraday effect.

In a film of LulG with Y and Bi substituted onto some dodecahedral c sites it is possible to switch
the spins via a photomagnetic effect [21]. This is very applicable to spintronic memory reading and
writing. When this Lu-Y-Bi IG is combined with Ga doping on magnetic sites, this leads to dilution
of the Fe sublattices and spin canting away from the [1 1 1] direction through the inverse Faraday

effect? [44].

Doping of LulG with Co®*T ions

LuCoSilG (= LusFesCog 5519 5012), the compound I investigated, is a specific example of a doped
LulG with increased anisotropy due to the Co?* substitution [23]. The samples in reference [23]
were thin films of LuzFes5_1,CoSixO12 grown epitaxially on Y;Al50;, [1 1 1] substrate. LuCoSilG
has a higher coercivity (Hc = 640 Oe at 10 K) and lower saturisation magnetisation (Ms = 27.4 emu
cm 2 at 10 K) than undoped LulG (Hc = 40 Oe and Ms = 84.6 emu cm~2) [23]. Inherent in this
Co?* doped LulG is a degree of magnetic disorder (in addition to Lu antisite defects) and frustrated
exchange interactions, leading to a magnetic transition at 200 K and an additional cluster spin glass
phase below 190 K [23]. This gives a ‘spin memory’ effect when the material is exposed to an external
magnetic field. At very low temperatures, the spins relax due to the temperature dependence of the
spin wave damping, leading to excitations dominating over the freezing mechanism [23]. Whilst
this study involved a thin film sample, the results are intriguing and may have implications for the

spin wave dynamics.

6.1.3 Spin waves of rare earth iron garnets

The rare earth garnets are yet to be explored fully using neutron techniques. In particular, for

this family of materials, few reports exist of magnon dispersion obtained using inelastic neutron

“4The spin Seebeck effect, also known as the inverse spin Hall effect, refers to a spin current being driven (a ‘spin voltage’
of sorts) by a thermal gradient.

SThe Faraday effect induces a circular polarisation in linearly-polarised light passing through a magnetic field, e.g. in
a ferromagnetic semiconductor. The inverse Faraday effect uses polarised light to shift the direction of magnetisation in
a material, M « |E(w) X E*(w)].
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Figure 6.2: Exchange interactions in the REIG, with non-magnetic RE. Fe*" octahedral a sites are
in blue and tetrahedral d sites are in green. Here J3, is along the [1 1 1] direction and J3; is along the
[-1 1 1] direction. Figure adapted from reference [4], under CC BY 4.0.

scattering. Knowledge of the spin waves of the REIGs is key as the magnons are involved in
phenomena such as the spin Seebeck effect [45]. Of particular interest are the lowest energy

magnon modes, which can be thermally populated at temperatures around room temperature.

The many spin wave modes of YIG have been mapped and are documented in references [4, 12]
(see Figure 6.4). The magnetic interactions between effective spins S; on the Fe ions were modelled

with a Heisenberg Hamiltonian of the form
H=) JjSi-Sj—).D (S5, (6.1)
] i

and the spin wave spectra calculated using linear spin-wave theory (LSWT) implemented with
SPINW [46]. There is some variation in the number of exchange parameters required to model the
spectrum up to 100 meV. In reference [4] a total of seven exchange parameters for the interactions
between Fe3™ ions were fitted; on the other hand, reference [6] only fitted three. The additional
parameters in [4] compared to [6] come from considering not just nearest neighbours on the
various sublattices (J1, ]2, J3), but next-nearest neighbours as well (J4, J5, J¢), in addition to different
exchange path symmetries (i.e. J3, cf. J3;) — see Figure 6.2. For ions located on octahedral sites, there
are two exchange paths to consider for nearest-octahedral site neighbours, 3, with 32 symmetry
along the (1 1 1) diagonals of the unit cell, and J3, with two-fold symmetry along the (—11 1)

diagonals. This difference in symmetry is shown in Figure 6.3.

For YIG, the linear spin wave theory fit was not improved by the addition of an anisotropy

parameter D in reference [4] — any anisotropy gap in the spin wave spectrum was too small to be
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Figure 6.3: Different exchange path symmetries for nearest-octahedral-site neighbour interaction:
a) 32 point group symmetry along the (1 1 1) diagonals, the direction of the exchange path for
J3a, b) two fold symmetry along the (—1 1 1) diagonals, the direction of the exchange path for J3.
LuCoSilG is pictured. Figure prepared using VESTA [19]. The colour code for the atoms is the same
as in Figure6.1.

resolved. In reference [6], the Zeeman energy gap® was estimated to be 0.9 +0.5 peV. For another
IG, the quantum gap (modelled as an easy axis anisotropy) due to magnetic Fe3* alone was very

small at 0.136 meV [47]. This is likely an upper bound for the anisotropy due to Fe’'.

The chirality or polarisation of the spin waves is important for spin current generation in the
REIG. Figure 6.5 illustrates the polarisation of spin wave modes for different types of magnetic
order. In a ferromagnet, all spins are aligned and precess in the same direction, so there is only
one polarisation. In an antiferromagnet, the spin wave mode is degenerate and both polarisations
are present in equal measure, so there is no net spin current. In a ferrimagnet, the degeneracy
is lifted, with the acoustic and optical modes having opposite polarisations. The spins in the
optical mode are slightly tilted away from the [111] direction — the higher energy of the optical
mode is a manifestation of the fact the spins aren’t totally antiparallel [12, 48]. This is represented
diagrammatically in Figure 6.5. Destructive interference between the two lowest energy magnons
should be minimised for applications involving the spin Seebeck effect, for example. The spin
Seebeck effect reduces in YIG at temperatures above 100 K, which is attributed to magnon-phonon
interactions but also magnon broadening and the changing energy gap between the acoustic and
optical spin waves, which is comparable to thermal energy scales [6, 12, 45, 48, 49]. In GdIG,
the spin Seebeck voltage changes sign twice with temperature due to the varying strength of
the magnetic sublattices and also the reduced gap between acoustic and optical modes [50]. The
polarisation of the magnons may be affected by increasing magnetocrystalline anisotropy [12], as

this would increase the canting of the spins away from the principal [111] direction in the optical

6The sample of YIG was in a magnetic field of 0.1 T || [111] in references [6, 12].
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Figure 6.4: Spin waves of YIG measured with inelastic neutron scattering. Left panels: INS spectra
measured on MAPS at ISIS. Right panels: fitted spin wave spectra (SpinW). Figure reproduced
from reference [4], under CC BY 4.0.

mode, for example. Hence characterising the low energy magnons at different temperatures is

important for evaluating a REIG’s suitability for spintronic and magnonic purposes.

YbIG is another example of a REIG studied by inelastic neutron scattering [9]. While the spin waves
are broadly similar to those of YIG, there is hybridisation between the crystal field excitations of
Yb3* and the magnons. A small energy gap ~ 0.2 meV is seen in the spin wave spectrum. This
originates from the anisotropic exchange coupling between the Yb 4f and Fe 3d electrons. This is
much weaker than the Fe-Fe exchange coupling, with exchange parameters on the order of 0.2 meV.
A different crystal field effect might be present in the spin wave spectrum of LuCoSilG as the Co**
resides in an octahedral crystal field. The ground state may be split by an axial distortion and then
again by the smaller spin-orbit coupling (see the chapter on La, ,Ba,CoO, for more discussion on

this).

At the present, no magnetic excitation dispersion data has been reported in the literature for a

doped REIG such as LuCoSilG. Key questions pertaining to the spin waves of LuCoSilG:
e Is the Fe-Fe exchange perturbed by the presence of Co?* (and non-magnetic Si**)?

* Does the Co?" ion introduce an anisotropy gap?
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Figure 6.5: (Left) Spin polarised magnons in ferrimagnetic rare earth iron garnet. For the acoustic
magnon mode, the spins on the octahedral and tetrahedral sublattices remain antiparallel. In
the higher energy optical magnon mode, the spins have a finite cant away from [111]. The
superposition of different amplitudes of acoustic and optical magnons is what generates a spin
current. (Right) The chiral component of the lowest two spin wave modes of YIG has been
measured using polarised neutron scattering. This figure is reproduced from reference [48] with
permission. Copyright American Physical Society (2020).

¢ Is the linearity of the lowest acoustic dispersion affected by the change in magnetic compen-
sation?

* What is the temperature dependence of magnon broadening, and the gap between the

acoustic and optical modes?

* Are there signals of disorder/spin glass state of Co*" moments?

6.2 LuzFe;Coy5Sip5012 sample and initial characterisation

A large single crystal of LuCoSilG (= LuzFe4Cog 55i95012) was grown by Dr Dharmalingam Prab-

hakaran via the optical floating zone method. The synthesis procedure was as follows:

1. A stoichiometric powder of LuzCoq5SiysFe,O;, was prepared by the solid-state reaction

technique using high purity (>99.99%) starting chemicals of Lu,O3, Co30,, SiO, and Fe,O;.

2. The mixed powder was sintered at 1200°C in air for 72 hours with intermediate grinding.
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3. After confirming the single-phase purity of the sintered powder, a cylindrical rod of diameter

8 mm and 10 cm length was sintered at 1300°C for 12 hours.

4. A single crystal of Lu;Coy 551, sFe;O1, was grown using the travelling solvent floating zone
method. A cylindrical disc of 8 mm diameter and 2 mm thickness was used as solvent during
growth. The feed and seed rods were rotated at 25 rpm in opposite directions to mix the melt

and the crystal was grown at the rate of 0.25 mm/hour in oxygen atmosphere.

The sample is pictured in Figure 6.6. With a mass of 4.5 g, it was of a suitable size for inelastic

neutron scattering.

Figure 6.6: The single crystal sample of LuCoSilG used for inelastic neutron scattering measure-
ments. The [1 -1 0] axis is approximately parallel to the ruler.

It is of excellent crystalline quality as evidenced by the XRD precession images (Figure 6.7) and the
Laue diffraction patterns shown in Figure 6.8. The whole crystal was used for the x-ray Laue, while
a smaller piece was used for neutron Laue on ILL’s OrientExpress, and an even smaller piece for the
lab XRD. The single crystal XRD was performed using a Bruker D8 Venture 4-circle x diffractometer
with a Ag source (K, = 0.56 A). A preliminary refinement found that the symmetry of the crystal
structure is indeed described by the Ia3d space group with a = 12.279 A at T ~ 300 K.
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Figure 6.7: LuCoSilG XRD precession images showing different planes in reciprocal space. Image
data read using the FABIO Python package [51].
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Left: neutron beam || [1 1 1], [1 -1 0] vertical. Right: neutron beam || [1 -1 0], [0 0 1] vertical.

Figure 6.8: X-ray and neutron Laue diffraction of LuCoSilG. Neutron Laue diffraction performed
on ILL OrientExpress.
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6.2.1 Magnetisation measurements

Magnetisation measurements were performed on a small piece of the LuCoSilG single crystal
(Figure 6.6) using a SQUID (Quantum Design MPMS3) in VSM mode. Measurements were taken
for two different orientations of the sample: with the applied field H || [110] in the temperature
range 15K -350K, and H || [001] in the temperature range 15K - 600 K. For the low temperature
measurements (15K — 350 K) the sample was attached to a quartz paddle with GE varnish (and
then placed inside a drinking straw for security). The high temperature measurements needed the

oven insert, with the sample wrapped in copper foil.

Magnetisation as a function of temperature

The ‘big picture” of magnetisation versus temperature is shown in Figure 6.9. As temperature
decreases from 600K, the magnetisation undergoes a step-change at Tc ~ 480 K. This transition
looks very ferro(i)magnetic and is due to the ordering of the Fe’* moments. However, this Tc
is low for a REIG (typical Tc ~ 540K — 600 K). This is likely explained by the lower density of
Fe?* moments in LuCoSilG compared to LulG/YIG. The T¢ in my data is considerably higher
than the transition temperature (~ 320 K) measured for thin film LuCoSilG with H || [111] [23];
however, the thin film sample also showed a more gradual transition (M vs. T not as steep) and
evidence of glassy/short-range order. A REIG with the same level of Co?* doping, polycrystalline
Y;3Fe Cop5Gey 5015, has a very similar T¢ ~ 450K [37].

Due to the necessary change in sample holder, a complete continuous sweep from 15K to 600 K
was not possible. This means the datasets have different backgrounds and also slightly different
sample orientations — while the data below are all from the same piece of crystal, a realistic estimate
of the uncertainty in the orientation (placing the small crystal in a slightly-less-small puddle of
goop with tweezers) is 10°. Furthermore, the sample was not cooled down from the paramagnetic
phase for each measurement, as that required a temperature of 550K to be reached (not possible

with the sample mounted on the quartz probe).

Previously published data for powder samples of YIG [52, 53] and LulG [2] showed a smoothly
increasing magnetisation as the temperature decreased: the magnetisation follows an approx-
imately Landau order parameter type curve, and by 5K has approached the theoretical value
of Ms =5 ug f.u.”! for ferrimagnetic order of Fe’™ moments distributed among octahedral and
tetrahedral sites [2, 53]. In contrast, the magnetisation of single crystal LuCoSilG seems to plateau

in the region ~ 350K — 450K (the lower bound estimation is from the low temperature ‘quartz’
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Figure 6.9: Temperature-dependent magnetisation of LuzFe;Cog 5S5i 5012 with H=1000e || [001]
from 15K to 600 K. The low temperature data (15K < T <350K) were taken with the sample
mounted on a quartz paddle, while the high temperature data (315K < T < 600K) were taken
using the ‘oven’ insert with the sample wrapped in copper foil.

data and the upper bound estimation is from the high temperature ‘oven’ data), before a splitting
occurs between the ZFC and FC curves. No magnetic compensation (magnetisation decreasing to
zero before increasing again) was seen, nor did we expect one, as LuCoSilG is a less compensated
ferrimagnet than either LulG (no compensation but has more Fe?* and so more ‘balanced” sublat-
tices) or a REIG with magnetic RE (the Fe>* moments are compensated by the RE moments at a

Tcomp < TC)-

Only a small bifurcation between the ZFC-FC curves was observed for YIG at low temperatures: the
ZFC magnetisation was around 62% of the FC magnetisation at 10K [52], with both measurements
taken in a field of 2000e. In LuCoSilIG, the split at 15K is larger, and anisotropic: the ZFC
magnetisation is about 20 % of the FC magnetisation for H || [110], the ZFC magnetisation is
close to zero and the gap between ZFC and FC is larger still for H || [001] (Figure 6.10). This low
temperature section of the curve is more akin to the behaviour of a REIG with magnetic RE below
Teomp (€.g. TbIG [52, 53]) and is direct evidence of the magnetocrystalline anisotropy originating
from the Co doping. However, previous measurements on powder samples would have lost some

information on the anisotropy due to directional averaging.
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Figure 6.10: Temperature dependence of magnetisation of LuzFe;Co(55i9501, for different field
strengths and directions. Left: a lower applied field strength lowers the temperature at which the
ZFC and FC magnetisation curves split. Right: the size of the split between ZFC-FC curves at low
temperatures depends strongly on the direction of the applied field. This indicates the magnetism
is anisotropic. NB: the sample was slightly off-centre for the H || [001], H = 100 Oe data.

A fit of the inverse susceptibility data according to the modified Curie-Weiss law [54]

Xo- (T —=0cw)+C

(6.2)

was made in the temperature range 495 K to 550 K and is shown in Figure 6.11. The fitted parameters

are given in Table 6.1, with p¢ calculated according to Equation 2.40.

Table 6.1: Fitted parameters of a modified Curie-Weiss law (Equation 6.2) for LuzFe4Cog 55i9 5012
magnetisation data.

C (! 17!
fofemumol 10e) bew @ G G ™ MO g /)

1.115 x 1072 490 1.164 3.05

The saturated magnetic moment per formula unit can be estimated from the saturated moments
of the Fe*™ and Co?" ions, and the nominal occupancies on the octahedral and tetrahedral sites
(Neozt oct = 4 Nped+ o = 12, Ni

3+ tor = 20). There are eight formula units per unit cell in the Ia3d
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Figure 6.11: Modified Curie-Weiss law fit of LuzFe;4Co¢55ip 5012 magnetisation data.

space group.

=315up /fu.  (6.3)

o =

pms = | — (Negz+ oot X 3.7 1B + Nper+ o X 5 1B) + Npea+ 1o X 5B | X
The theoretical pp, = 3.15 ug/f.u. agrees well with pe = 3.05 ug/f.u. from the inverse suscep-
tibility fit. 0cw = 490K is within 15K of the observed ferrimagnetic transition temperature. As
LuCoSilG is a ferrimagnet, rather than an (anti)ferromagnet, the application of the Curie-Weiss law
is not so clear cut, especially when there are different magnetic species on each sublattice. In this
case, the model provides a good fit as most (90 %) of the magnetic ions in the unit cell are Fe*,

which order at T ~ 480 K.

Magnetisation as a function of field

Measurements of magnetisation as a function of field were taken at two different temperatures
(15K and 350K) and two different crystal orientations (H || [110] and H || [001]). From zero field,
the field was increased to +H, before being swept down to —H and then back up to +H again. The
M vs. H curves again show clear evidence of temperature-dependent anisotropy (Figure 6.12). At
350K, the differences between the different crystal orientations are small. The 350K data displays
no hysteresis in either field direction and the saturated magnetisation Mg is nearly identical for
both field directions. A large hysteresis loop opens up at low temperatures, with a larger saturated

magnetisation for the field along [0 0 1] compared to the field along [1 1 0]. Naturally, it would be
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great to have done these measurements for H || [111] too, as this is the easy axis for the iron garnet

family.
LuzCoq55i95FesO15
1500 1 7 = 350K OITIERR R 30004 T=15K
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Figure 6.12: Field-dependent magnetisation of LuzFe;Co(55ip5012. The 350K data displays no
hysteresis in either field direction and the saturated magnetisation is nearly identical for both
field directions. A large hysteresis loop opens up at low temperatures, with a larger saturated
magnetisation for the field along [0 0 1] compared to the field along [1 1 0].

The M vs. H data for this bulk measurement of LuCoSilG are qualitatively consistent with the thin
film measurement in reference [23], which showed that the size of the hysteresis loop increases
with Co doping. Key quantities such as coercivity Hc, saturated magnetisation Mg and remanent
magnetisation My are given in Table 6.2 for comparison. The poster crystal for the REIG, YIG, has
a larger Mg =2.313 up fu.~! at room temperature than TbIG Mg = 0.424 up ful. My crystal of
LuCoSilG (although measured at the slightly higher temperature of 350 K) lies in between with
M;s ~ 1.39 up f.u.L. I suspect the Co>" moments are more disordered at this temperature, as the
M vs. H curves appear nearly isotropic and free from hysteresis. If the Co®" is essentially not
magnetically ordered at 350K, then according to Equation 6.3, LuCoSilG should have the same Mjg
as LulG or YIG at this temperature. In reality, the additional “vacancies” in the magnetic unit cell
will weaken the ordering of Fe3* moments, hence the lower saturated magnetisation for LuCoSilG

compared to LulG at T ~ 300 K.

The situation is reversed at low temperatures, where the large moment (= 9.8 jig) of the Tb>* ions
really kicks in (TbIG has the highest Tomp of all REIG). The variation of Mg with field direction
in LuCoSilG at 15K may be qualitatively explained by the orientation of the octahedra along the
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Table 6.2: Magnetic hysteresis parameters for some REIG

Material Samplt(%:1 ;?;}z;(a;d field Tern}()%‘ature H, (Oe) (V]]\s/l/sf‘u‘) (yB]>/Ifr'u')

YIG [52] powder 300 13 2.313 0.132

YIG [52] powder 10 64 3.304 0.489

YIG [12] Bulk H || [111] 300 2.247*

YIG [12] Bulk H || [111] 5 3131

YIG [12] Bulk H || [001] 300 3.568"

YIG [12] Bulk H | [001] 5 5.0521

TbIG [52] powder 300 25 0.424 0.134

TbIG [52] powder 10 1125 13.41 7.809

LulG [23] Thin film H || [111] 10 40

LuCoSilG [23] Thin film H || [111] 10 640

LuCoSilG (this work) Bulk H || [110] 350 ~ 3 1.365(1) < 0.01
LuCoSilG (this work) Bulk H | [110] 15 874(1)  1.764(1) 1.509(1)
LuCoSilG (this work) Bulk H || [001] 350 ~ 2 1.398(1) < 0.01
LuCoSilG (this work) Bulk H || [001] 15 869(1) 2.798(1) 2.338(1)

+ From M vs T datawith B=05T

[1 1 1] direction. The [1 1 1] direction is the easy axis, along which the Fe>™ moments lie, but
the oxygen octahedra (some of which contain Co?*) are three-fold symmetric about the [1 1 1]
direction. The (001) directions are also three-fold symmetric about [1 1 1], so H || [0 0 1] likely
gets all Co?" spins pointing the same way, increasing the magnetisation. There may also be some
domain walls (re)moved by the net octahedral distortion from the magnetocrystalline anisotropy,
increasing the contribution from the Fe3* moments as well. This could explain the observed
Ms = 2.798 g fu."! for H || [0 0 1] at 15K being closer to the predicted iy, = 3.15 pp fu.”!
(Equation 6.3) than the equivalent Mg for H || [1 1 0], despite [0 0 1] not being a traditional “easier”
axis for the REIG. As explained earlier, the sample was not cooled from the paramagnetic phase for

these low temperature measurements: fewer domains would result in a higher measured value of

M. Furthermore M is expected to be higher with H || [1 1 1], which is the easy axis for the REIG.

In terms of coercivity, all of the REIG in Table 6.2 are quite ‘soft” at room temperature with
Hc ~ 150e. At low temperatures, TbIG is much harder (Hc = 1125 Oe) than YIG (H¢ = 64 Oe).
Impressively, LuCoSilG manages to hold its own against TbIG with Hc ~ 870 Oe at 15K. The
LuCoSilG thin film Hc = 640 Oe is of the same order of magnitude, though is along a different axis

and is subject to shape anisotropy effects.
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AC susceptibility

In the previous thin film work (reference [23]), the Co? " moments undergo a more gradual transition
to a frozen spin glass state. AC susceptibility of my LuCoSilG sample provided a good opportunity
to compare the slow spin dynamics of the thin film with a bulk single crystal. The sample was
cooled in zero field then the AC field Hac = 50e was applied along the [001] direction, while
Hpc = 50e throughout warming from 315K. The AC frequency was kept below 100 Hz, as I used
the oven insert for the SQUID - at higher frequencies, the eddy currents from the copper foil
(which provides thermal contact between the heater and the sample) swamp the signal from the
sample itself. The AC susceptibility measurements (see Figure 6.13) revealed a cusp in x’ that was
independent of frequency, but did depend on the thermal history of the sample (revealed by several
successive temperature sweeps at different frequencies’), with T¢ shifting by 10K or so across
five temperature sweeps. It is possible that the magnetisation dynamics are practically static on
the timescales probed by an applied field oscillating at 1 Hz — 100 Hz, and that higher frequencies
may give a different result. Also, the behaviour at lower temperatures should be explored as that
is when the anisotropy from the Co?>* ions manifests, potentially as a re-entrant spin glass as in

thin-film LuCoSilG ([23]) and YIG ([52]).

X' in the temperature range 315 K — 450 K decreases linearly, rather than a having steep non-linear
drop as seen in the glassy thin film of LuCoSilG [23]. LuCoSilG yx’ also behaves differently to that
of YIG, where an increase in )’ is seen below Tc. Again, the closest match in the literature is a
magnetic rare earth REIG such as TbIG: x’ decreases below T and only increases below Teomp [52,
53]. In these previous studies, ZFC vs FC was found to have little effect on the AC data (both x’

and x").

For completeness, I also present the imaginary component of the AC susceptibility x” in Figure 6.14.
X" is about 10% of the size of x’. The eddy current effects in the copper foil wrapped around the
sample are responsible for the offset of the 100 Hz data above T¢ compared to the other frequencies.
Tc shows up as a cusp in the x” vs T plot, which is more distinct compared to the x’ vs T data. At
temperatures above T¢, x” is nearly zero. x” is seen to increase until 315K, the lowest temperature
measured. In other REIG, frequency-dependent x” indicates two spin-freezing transitions well
below T¢, and this appears to be solely due to the Fe3* moments [52]. Hence it would be worthwhile
repeating these measurements at low temperatures, since the Co?* resides on the same sublattice

as Fe3 ™.

7T didn’t get the loop in the MPMS sequence file right.
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Figure 6.13: The real part of the AC susceptibility x" of LuzFesCo05Sip5012 showing that the
ferrimagnetic ordering transition temperature has little frequency dependence, but is affected by
the thermal history of the sample, as evidenced by successive temperature sweeps.

6.3

With a large single crystal full of large Fe>™ moments, LuCoSilG was ripe for an inelastic neutron

scattering study!

6.3.1 Method

The crystal of LuCoSilG was first measured on ANSTO’s PELICAN cold time-of-flight neutron spec-

trometer [55], mounted in an Oxford Instruments closed-cycle LHe cryomagnet with the magnetic

Lu3C00,5Sig,5Fe4012 HAC =50e H [00 1]. HDC =0 Oe.
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351 o 2 N L 35.8
v
at® ¥ {
30 1 o v* i ° 2
o | ; * - 35.7
25 ° IS
. ® * * . A o :
20 - o 4 . 356
8
15 4 ‘ s 8 v
1Hz } J o - 355
10 4 3.16 Hz | y .
10Hz 4
5 : t T T T 354
31.6Hz { 455 456 457 458
0 - 100 Hz [EERERENEN]
T T T T T T
Successive temperature sweeps
35 = . o
P egtE, ¢ &
g8 7 ot 1 ’ \
30 - ",-" | T\ - 30
4 & ! ) ° %
25 4 ot r
$ o ]
. - 20
20 ot I e
1 v &
b o
15 Ly 5 |-
Sweep 1 (1Hz) I L\ 10
. v A
10 4 Sweep 2 (100Hz) \ = N\’
Sweep 3 (10Hz) .\ i b8
5 4 e T T T
Sweep 4 (30 Hz) s 455 460 465 470 475
Ao
0— Sweep5(3HZ) M!‘!'!lll!l
T T T T T T
300 350 400 450 500 550 600
T (K)

189

Inelastic neutron scattering of LuzFe;Cog5Sip5012




Lu3C00.5SiO.5Fe4012 HAC = 50e H [00 1]. HDC = 0 Oe.
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Figure 6.14: The imaginary part of the AC susceptibility x” of LusFe;Co(5Si95012. The ferrimag-
netic ordering transition is marked by the cusp. Above this temperature, x” is nearly zero, except
for the 100 Hz data. At 100 Hz and higher frequencies, the signal-to-noise ratio worsens due to
eddy currents induced in the copper foil around the sample.

field set to 0 T for the entire experiment. A highly-oriented pyrolytic graphite monochromator with
vertical focusing was set such that E; =3.7 meV (A = 4.69 A mode) or E; =14.9 meV (A/2 mode).
The maximum AE with these E; were ~ 9 meV and ~ 2.5 meV respectively. The frequency of the
Fermi choppers was set to minimise contamination from higher harmonics. With the [1 -1 0] axis
of the crystal vertical, the [0 0 1], [1 1 1] and [1 1 O] directions were all accessible in the horizontal
scattering plane by rotating the crystal about the vertical axis (angle ¢). At a temperature of 1.9 K,
the measurement covered the range ¢ = 50° to i = 179° in 2° steps, and p = —30° to i = 50°

in 1° steps. At this low temperature, data was processed in ‘frame overlap” mode, assuming
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that counts on the energy gain side were in fact energy loss neutrons from the previous frame.
The latter measurement from ¢ = —30° to i = 50° in 1° steps was also repeated at 250 K but
without the ‘frame overlap” assumption, since the energy gain side was thermally populated at this
higher temperature. Background measurements without the sample in the cryomagnet were also

performed at both temperatures.

The LuCoSilG crystal was then measured on ANSTO’s TAIPAN thermal triple-axis spectrometer
[56] mounted in a closed-cycle LHe cryostat (AS Scientific) in the same orientation, [1 —1 0] axis
vertical. The vertically focusing pyrolytic graphite monochromator fixed E; = 14.87 meV by the
(0 0 2) reflection and Ef was adjusted so that AE varied between 5 meV and 45 meV. The low AE
data ensured a viable comparison could be made with the data collected on PELICAN. Constant
energy, Q scans were performed along the (11 0) and (h h h) directions at the base temperature of
6 K. Energy scans at fixed Q = (4 4 0) and (4 4 4) were also performed at 6 K. Additionally, constant
energy scans along Q = (hhh) and energy scans at the zone centre (4 4 4) were performed at higher

temperatures of 150 K, 200 K and 250 K.

6.3.2 Data analysis

The data from PELICAN was processed first using the Mantid software [57] and then background
subtraction, normalisation and data reduction was performed using the Horace software [58].
By folding the data over Brillouin zone boundaries, the statistics were improved as counts from
symmetrically-equivalent Q were added together. This generated 2D reciprocal space maps and
energy vs Q plots, as well as 1D cuts of intensity vs Q or energy. The raw data from TAIPAN was
already 1D and normalised to the beam monitor intensity. For each 1D cut, a number of peaks with
Gaussian lineshape and a linear background were fitted. This was done using a suite of custom

PYTHON programs (built using packages including those described in [59-62]).

6.3.3 Results

Low temperature data

Constant energy slices of the elastic line in the Q, = (k,1,0), Q, = (0,0,]) plane from the
PELICAN data collected at 1.9 K were produced by integrating across [-0.1 meV, 0.1 meV] and
(=0.1,0.1,0) < Q, <£(0.1, —0.1, 0). The elastic line data with E; = 14.9meV and E; = 3.7 meV are
shown in Figure 6.15 and Figure 6.16 respectively, to show the region of the h 1] scattering plane

that was measured.
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Figure 6.15: Elastic line data from inelastic neutron scattering of LuCoSilG at 1.9 K on ANSTO
PELICAN, h hl plane with E; = 14.9 meV. Here the background has been subtracted, but the data

have not been folded.
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Figure 6.16: Elastic line data from inelastic neutron scattering of LuCoSilG at 1.9 K on ANSTO
PELICAN, h hl plane with E; = 3.7 meV. Here the background has been subtracted, but the data

have not been folded.

The inelastic data from PELICAN collected at a temperature of 1.9 K with E; = 14.9 meV and
E; = 3.7 meV are presented as plots of energy vs Q in Figure 6.17. The integration range for these
plots was (0,0, —0.1) < Q, < (0,0,0.1) and (0.1, 0.1, 0) < Q; < (0.1, —0.1, 0). Sharp excitations
are emanating from (—4 —4 0) and (—2 —2 0), with a clear energy gap observed in the E; = 3.7 meV
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Figure 6.17: PELICAN data showing spin wave dispersion of LuCoSilG at a temperature of 1.9 K
along (h h 0) direction with E; = 14.9 meV and E; = 3.7 meV. The anisotropy gap of ~ 0.7 meV
is clearly resolved in the E; = 3.7 meV data. The bright spots at integer Q extending upwards in
energy to 0.5meV — 1 meV are from magnetic Bragg peaks; the signals manifested in the inelastic
channels due to resolution broadening.

data, which has a higher energy resolution. The constant energy data from TAIPAN collected at a
temperature of 6 K (the base temperature of the cryostat used) along the (4h0) and (hhh) directions
are shown in Figure 6.18. The dispersion of the first acoustic mode reaches a maximum energy of
~ 35 meV, with the optical mode appearing at ~ 20 meV and extending up to at least 55 meV (the
maximum AE attainable on TAIPAN).

To determine the exchange parameters for LuCoSilG, I modelled the data with the LSWT package
SPINW [46]. My first approached was what I call the “averaged spin’ spin set-up: sites on the a2 and
d sublattices were assigned an average spin based on relative occupation of Fe3*, Co?* and Si**

(see Figure 6.19).

‘Averaged spin’ model

To begin with, the exchange parameters for LuCoSilG in the “averaged spin” model were estimated
using the seven parameter model for YIG [4], defined in Figure 6.2. The isotropic Heisenberg
exchange parameters were scaled down according to the occupancies and spins for LuCoSilG/YIG
to provide an initial estimate for the fitting routine. For example, an exchange interaction between
an octahedral and tetrahedral site SJ; is scaled by the reduced occupancy of Fe** on the tetrahedral

sites (20/24) and the combined Fe3* (12/16) and Co** (4/16) on the octahedral site:

. 20 5 12 5 4 3
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Figure 6.18: TAIPAN constant energy, Q cut data showing spin wave dispersion of LuCoSilG at
a temperature of 6 K along the (hh0) and (hhh) directions. To aid the visual interpretation of the
data, the (hhh) Q cuts at AE > 35 meV have been mirrored about the high symmetry point (4 4 4).

The parameters SJi, SJ2, SJ3., SJ3p were then fit to the TAS and TOF data for LuCoSilG assuming
cubic Ia3d symmetry (the other parameters SJy, SJ5 and SJs were fixed at the scaled LuCoSilG
values as fits of all seven parameters to my data did not converge). Although the data do not cover
the full extent of the calculated dispersion in energy or Q, overall the ‘averaged spin’ model is a

good fit at higher energies (Figure 6.20).

However, the shortfalls of this approach become apparent at low energies AE < 6 meV. The
dispersion is steeper than predicted by the ‘averaged spin” model, and also there is a clear minimum
in the dispersion around 1 meV. So I added an easy-axis anisotropy term — Y_; D(S%)? along the [1 1
1] direction to Equation 6.1; however, this was not possible using the cubic [a3d symmetry setting
in SpinW, which interprets that as “isotropic” anisotropy. It was time to swap to the rhombohedral

unit cell (Figure 6.21)...

The rhombohedral unit cell I used was not primitive. The lattice vectors for the rhombohedral unit
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Figure 6.19: ‘Averaged spin’ magnetic structure used for spin wave modelling of LuCoSilG. In
the “averaged spin’ set-up, sites on the a4 and d sublattices were assigned an average spin (blue
spin = average tetrahedral site spin, orange arrow = average octahedral site spin) based on relative
occupation of Fe3* (brown), Co?* (blue) and Si** (green).
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Figure 6.20: Spin wave dispersion for LuCoSilG ‘averaged spin’ model along (hhh) and (hh0).
The initial parameters for the fit were scaled from those for YIG described in [4].

cell a’, b, ¢/ are defined in terms of the lattice vectors of the cubic unit cell a, b and c:

aa=a—-b

b =b—c 6.5)
1

c’zi(a+b+c).

Hence in reciprocal space (h, h, h)cupic || (0, 0, 1) hombo and (1, 1, 0)cupic || (7, =21, 0)hombo €tc.
The parameters SJ;, SJ> and D (the easy axis anisotropy along [0 0 1];1ombo) Were then fit based on
the low energy TOF data starting with the parameters obtained by fitting the higher energy TAS

data. The fit, together with the data, is shown in Figure 6.23 but the Q axis has been converted back
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Figure 6.21: Cubic (red) and rhombohedral (blue) unit cells. [1 1 1]cupic || [0 0 1]hombo for the
hexagonal setting of the rhombohedral unit cell (shown).

Averaged spins Averaged spins
cubic symmetry rhombohedral symmetry

Figure 6.22: Left: ‘averaged spin” model in the cubic unit cell. Right: ‘averaged spin” model in the
rhombohedral unit cell. For both ‘averaged spin’ models, all octahedral sites have the same spin
(blue arrows), which is slightly smaller than the spin on all tetrahedral sites (orange arrows). The
easy axis anisotropy in the rhombohedral cell is along [0 0 1];hombo || [111]cubic-

into cubic coordinates as these are more easily interpreted.

‘Randomised spin’ model

s

I also explored a second approach, which was less successful overall. In the ‘randomised spin

set-up, sites were randomly populated with different ions but the overall stoichiometry of the unit
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Figure 6.23: Low energy spin wave dispersion of LuCoSilG, showing LSWT model with easy-axis
anisotropy along [0 0 1];hombo- The Q axis is in cubic reciprocal lattice coordinates.

Figure 6.24: ‘Randomised’ structure used for spin wave modelling of LuCoSilG. In the ‘randomised
spin’ set-up, sites were randomly populated with different ions (same colour scheme for atoms,
but different for spins. Blue arrows = Co%t spins, orange arrows = Fe?t octahedral spins and pink
arrows = Fe3* tetrahedral spins) but the overall stoichiometry of the unit cell remained the same.

cell remained the same (Figure 6.24). A similar approach was utilised for a different magnetic
material in reference [63]. The key implications for the exchange parameters in the ‘randomised’
model were that Fe-Fe and Fe-Co exchange parameters were not necessarily the same, and that
by lifting the Ia3d space group symmetry constraints of the ‘averaged’ model, a net easy-axis

anisotropy could be attributed to the Co?>" ions wherever they appeared in the unit cell.

To do this in SpinW, it was necessary to set the symmetry of the model to P1, which vastly increased
the number of parameters. By re-imposing the relevant symmetries on specific exchange paths, the
parameter space reduced. I calculated the spin waves for an ensemble of randomised unit cells, and
averaged these to deduce the effective exchange parameters. Although this approach worked ok at
lower energies, discontinuities in the spectra were present at higher energies, which was not great.
In the end, this ‘randomised spin” approach was overkill as the sample was of very high crystalline
quality and did not show signs of disorder. However, it was useful to unpack the proverbial black

box and explore SpinW in more depth.
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High temperature data

As per the treatment of the low temperature inelastic neutron scattering data, constant energy slices
of the elastic line in the Q, = (h,k,0), Q, = (0,0,!) plane from the PELICAN data collected at
250K were produced by integrating across [-0.1 meV, 0.1 meV] and (—0.1,0.1,0) < Q, < (0.1, =0.1,
0). The elastic line data in the i 1] plane are shown in Figure 6.25 for E; = 3.7 meV. The inelastic
data are presented as plots of energy vs Q in Figure 6.26. The integration range for these plots was
(0,0,-0.1) < Q, <(0,0,0.1) and (-0.1,0.1,0) < Q, < (0.1, —0.1, 0). This high temperature data

differs from the low temperature data in several ways:
¢ The anisotropy gap has completely disappeared.

* The intensity of the low energy magnon is higher due to the acoustic spin wave mode being
thermally (de)populated E = kgT ~ 20 meV. Accordingly the spin wave on the energy
gain side (negative E in Figure 6.26) is much stronger than it was for the low temperature

measurement.
* The magnons are much broader due to a shorter magnon lifetime from constant thermal
excitation and increased disorder of the Co*" spins in particular.

10% T LuzCog 55ip5sFe4Oq»
1 PELICAN 250K E; = 3.7 meV

] —0.1meV < AE <0.1meV
6 x 10! 7
@
£ .
g 4x10 5
£ 2
> 3 x 10! =
et o
2 S
[}
g
2 x 10!
-1 0 1 2 3
1ot (hh0) (rlu.)

Figure 6.25: Elastic line data from inelastic neutron scattering of LuCoSilG at 250 K on ANSTO
PELICAN, h hl plane with E; = 3.7 meV. Here the background has been subtracted, but the data
have not been folded.
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LuCoSilG PELICAN 250K F; = 3.7 meV
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Figure 6.26: PELICAN data showing spin wave dispersion of LuCoSilG at a temperature of 250 K

along (h h 0) direction with E; = 3.7 meV. The anisotropy gap has closed and the energy gain side
is well populated.
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Figure 6.27: TAIPAN data showing the decrease in the energy between the first acoustic and
optical magnons of LuCoSilG with temperature. Data are shown with arbitrary offset along the
intensity axis. Fits are skewed Gaussians.

With increasing temperature, the energy gap to the next spin wave — the optical mode — decreased.
This is shown in Figure 6.27. This trend is plotted in Figure 6.28. The intensity of the optical mode
seemed to remain relatively constant with temperature, judging by the peak heights in Figure 6.27.

Note that no background subtraction was done for the TAIPAN data (unlike the PELICAN data).
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6.3.4 Discussion

The magnetocrystalline anisotropy of LuCoSilG means that describing the vipers nest of spin
waves is at least as complicated as it is for YIG, though not as complicated as for YbIG or TbIG! The
PELICAN elastic line data shows no intensity at non-integer positions in the (/hl) plane, consistent
with the magnetic unit cell being the same size as the structural unit cell, and ferrimagnetic ordering
along the [1 1 1] axis. The inclusion of Co?*" as a dopant has a demonstrable effect on the lowest

energy magnon mode, especially at low temperatures by introducing an energy gap of ~ 0.7 meV.

The nearest neighbour antiferromagnetic exchange interaction between the octahedral and tetra-
hedral lattices SJ; is slightly smaller than for YIG. In fact, this is true for all the fitted exchange
parameters shown in Table 6.3, which were SJ1, S|, SJ3; and SJ3;, (remember SJy, S5, SJs were
‘scaled down’ from the YIG model in reference [4]). The difference is largest for SJ,, which is affected
by the lower occupancy by Fe3* of the 244 sites in LuCoSilG (due to doping with non-magnetic Si**)
as compared to YIG. The easy-axis anisotropy SD is small but mighty: in TbIG, SD = 0.271 meV is
enough to gap the magnon spectrum by ~ 12meV, and in LuCoSilG SD = 0.04 meV results in a
gap of 0.7 meV. Admittedly, the TbIG easy-axis anisotropy is driven by the massive moments of the

Tb3* ions at low temperature (Fe>* having basically no anisotropy ever). To put a more positive

spin on it, LuCoSilG has infinitely more anisotropy than YIG.

My LSWT model considers the average exchange interaction between sites; however, it is worth
pointing out that this is driven by the interactions between individual ions. In an early paper on Co
doped YIG, the Fe3*-Co?" exchange was estimated to be only 45 % of the Fe>"—Fe>* exchange [30].

Obtaining exchange parameters larger than those of YIG would have been unlikely for LuCoSilG.

Regarding the variation in the spin wave spectrum with temperature, the most significant observa-
tions are the closing of the anisotropy gap and the decrease in the energy gap between the acoustic
and optical magnons. Firstly, the anisotropy originates from the Co*" moments and as temperature
increases, the ordering of these would become shorter in range. By 250 K (and certainly by 350 K
according to the magnetisation data) the Co?* spins are likely disordered, thus having no influence
on the spin wave spectrum of LuCoSilG other than making the spectrum more diffuse. Compare
this to the temperature dependence of the (tiny) energy gap in the spin wave spectrum of YIG
induced by an external magnetic field of 0.1 T — the excitation spectrum was gapless by ~ 10 K
[12]. This drives home the relative fragility of any influence canting the spins away from [111]
compared to the robust ferrimagnetic order of the Fe3* ions. Admittedly the Zeeman energy gap

measured for YIG [6, 12] is much smaller than the gap we have measured for LuCoSiIG. There
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Table 6.3: Experimentally determined exchange parameters for some REIG. Positive values denote
antiferromagnetic coupling, negative values denote ferromagnetic coupling. Exchange constants J;
are defined in Figure 6.2, with J3, along the (11 1) directions and J3;, along the (—1 1 1) directions.
D is defined such that a positive value indicates an easy-axis anisotropy and a negative value, an
easy-plane anisotropy. All values are per pair of spins.

Exchange Sh S)a SJ3a SJ3p Sy SJs Se SD
interaction (meV) (meV) (meV) (meV) (meV) (meV) (meV) (meV)
Between sites ad dd aa aa ad dd aa -
YIG [4] 6.8(2) 0.52(4) 0.0(1) 1.13) —0.07(2) 0.47(8) —0.09(5)
YIG [6] 5.80(14) 0.70(16) 0.0(1) 0.01(1)
TbIG" [64] 6.579(5) 0.688(5) 0.00(3) 0.998(8) —0.065(2) 0.031(5) —0.103(5) 0.271
LuCcV)VSi(k})(this 4.8(1) 0.03(1) 0.0(1) 0.68(2) —0.05(1) 0.33(4) —0.07(3) 0.04(1)

T The model in reference [64] also included exchange terms for the interactions between Tb3+ and Fe3
moments, although these were small (< 0.5 meV).

are no comparable inelastic neutron scattering data available for a Co?* doped YIG; however, the
smaller lattice parameter of LuCoSilG likely favours a stronger anisotropy contribution from the

Co?t,

The polarisation of the spin waves would also be affected by a canted ferrimagnetic ground
state if there was one (as compared to the assumed ferrimagnetic ground state with moments
along [1 1 1]), although no satellite/non-integer reflections were seen in the elastic line data to
suggest this. However, increasing the cobalt concentration may make this more likely. At the
extreme of a garnet where the only magnetic ion is Co?", the ordering temperature is much
lower (~ 8K) [37]. Factors such as clustering of Co?* and Si*" ions and possible Lu site disorder
would affect the superexchange paths. In this case, the Laue diffraction patterns show no signs of

short-range/diffuse order for LuCoSilG.

Secondly, the decrease in the energy gap to the optical magnon mode of LuCoSilG with temperature
can be interpreted as thermal motion enhancing the canting of the spins away from the [111]
direction in this oscillatory mode. The reduction in the energy gap follows the same temperature
dependence trend as YIG and TbIG (see Figure 6.28). Overall the energy of the optical magnon is
lower due to the lower exchange interaction strength between Fe*™ and Fe>™ /Co*" sites. The energy
is comparable with thermal energy scales at a temperature of ~ 200 K (Figure 6.28). Accordingly, I

would expect the spin Seebeck effect to be much diminished in LuCoSilG at this temperature.
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Figure 6.28: Temperature dependence of the energy gap between the first acoustic and optical
magnons for LuCoSilG, YIG (data from Nambu et al. [12]), and TbIG (data from Kawamoto et al.
[64]). Solid lines are a guide to the eye. Thermal energy E < kgT is shown in green.

6.4 Conclusion

In summary, this chapter examined the anisotropic magnetism and spin waves of the Co?* doped
REIG LuzCoy55ip5Fe4O12. In non-magnetic REIG systems, there is very little magnetocrystalline
anisotropy observed in either magnetisation or inelastic neutron scattering data. Introducing
Co?* (charge balanced with Si*") to LulG has bucked this trend. The magnetisation of LuCoSilG
showing large hysteresis and bifurcation of ZFC-FC curves at low temperatures, comparable to
the magnetic REIG such as TbIG. However, LuCoSilG (like the non-magnetic REIG) does not
display temperature-dependent magnetic compensation. The magnetisation of bulk single crystal
LuCoSilG is consistent with straight up-and-down ferrimagnetic order of Fe** and Co?* moments
along the body diagonal of the cubic unit cell ([1 1 1] direction) and I did not find any signs of a spin
glass phase in the AC susceptibility data, which was previously seen in a thin film of LuCoSilIG.

The results of inelastic neutron scattering experiments on LuCoSilG presented here showed that
the two lowest energy spin wave modes about the magnetic zone centres are similar to those of
other REIG. The exchange interactions in LuCoSilG are weaker overall. This can be qualitatively

explained by two contributions. Firstly, the Fe>™—Co?* exchange is not as strong as the Fe3—
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Fe?" exchange (this plays out on exchange paths involving the octahedral sites). Secondly, the
Fe3™-Fe3" exchange is also not as strong due to the “magnetic vacancies” introduced by Si** (this
affects exchange paths involving the tetrahedral sites). Overall, the average exchange parameters
quantified by my LSWT model are lower than those previously reported for e.g. YIG or TbIG. A
small anisotropy gap was observed in the cold neutron time-of-flight experiment with the sample
at 1.9K, which is not a feature of the spectra of non-doped non-magnetic REIG such as YIG. This is
attributed to an effective easy-axis single ion anisotropy along the [1 1 1].ypic 0r [0 O 1];hombohedral
direction from the Co*" moments on octahedral sites. The anisotropy did not appreciably affect
the stiffness of the acoustic mode — similar to TblG, which has a larger anisotropy. At the higher
temperature of 250K, the spin wave spectrum of LuCoSilG showed that the anisotropy gap had
closed and the lowest energy acoustic mode was thermally populated as well as being much

broader.

As far as LuCoSilG’s prospects as a material for spintronic applications go, I would suggest that
YIG is probably better for anything requiring polarised spin currents: the energy gap between the
lowest energy magnons of different polarisations is smaller in LuCoSilIG than YIG. This energy gap
reduces with increasing temperature in all REIG, but thermal population of both modes occurs at a
lower temperature in LuCoSilG than for TbIG or YIG, meaning there would be a reduction in the
net spin current. However, LuCoSilG’s significantly larger anisotropy and hardness (as compared
to YIG) may suit spin memories or devices where domain structure is important, especially if

optical control of the anisotropy can be demonstrated as for Co?* doped YIG.

LuCoSilG is a curious material that seems to act like a non-magnetic REIG (~ YIG) at room temper-
ature and a bit more like a magnetic REIG (~ TbIG) at low temperature. Future investigations could
probe the details of the phase diagram of LuCoSiIG through neutron diffraction, including the field
dependence of the Co*" anisotropy. In fact I actually went to the ILL in March 2024 to perform a
single crystal diffraction experiment on LuCoSilG using the D10 four-circle diffractometer®. This
included field-dependence measurements of some magnetic Bragg peaks. Another extension to the
material in this chapter would be to add more magnetisation measurements, e.g. DC susceptibility

for H || [11 1], and low temperature AC susceptibility.

8 Analysis of the data will happen as a follow-on to this DPhil thesis!
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Conclusion

In this thesis I described the magnetism of four different quantum materials. The cornerstone of this
work was the neutron scattering data collected on seven different instruments across three different
central facilities (ILL, ISIS, ANSTO). The bedrock is really the advances in neutron instrumentation:
neutron supermirrors delivering increased flux to the sample, large position sensitive detectors
to chart reciprocal space and amass big data for spin wave studies, and sample environments
that make extreme experimental conditions possible. It has been an enormous privilege to benefit
as much as I have from these amazing facilities, and to learn from their dedicated staff. On
top of this, the open source software developments within the scattering community have made
increasingly complex data analysis reproducible and accessible to many more scientists. The magic

of magnetism really shines through with neutron scattering!

The first two materials featured in this thesis were the topological materials YbMnSb, and MnSb,Te;.
Both feature Mn?" as the magnetic main character and both possess distinctly layered crystal
structures, with Sb ions driving the topological characteristics of these materials. However, this is

is where the ‘bulk’ similarities end.

YbMnSb, has a high magnetic ordering temperature of Ty ~ 345K. The magnetic structure is
coupled to the (topological) electronic band structure; however, previous ab initio calculations had
yielded different magnetic ground states. Single crystal neutron diffraction revealed that YbMnSb,
exhibits C-type antiferromagnetism with the moments oriented along the ¢ axis and propagation
vector q = (0,0,0). Half-polarised neutron diffraction constrained the in-plane FM moment canted
away from the c axis to less than 0.01 yg. The magnetic moments are well localised on the Mn sites
based on a maximum entropy reconstruction of the magnetisation density within the unit cell. This
experimental evidence supports the hypothesis that YbMnSb, is a gapped Dirac semimetal. The
spin waves spectrum in two different scattering planes was mapped using the FLATCONE detector
array. With the experimentally determined magnetic structure as a starting point, I modelled the
triple-axis spectroscopy data using linear spin wave theory. Notably, the exchange interaction

along the ¢ axis was much larger than for similar materials such as YbMnBi,, which is consistent
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with the higher Ty. This points to a possible enhancement of interactions between the electrons
involved in topological transport phenomena and the electrons responsible for the magnetism in

this material.

The van der Waals crystal MnSb,Te; has much weaker interactions overall with Ty ~ 14 K. While
the original magnetic topological insulator MnBi,Te, has been extensively studied, the equivalent
(MnSb,Te,)(Sb,Tes),, materials are not as well known. I studied the first single crystals synthesised
of MnSb,Te; with single crystal neutron diffraction. The results from this experiment demonstrated
that this compound has more site mixing between Mn and Sb ions than the equivalent Bi com-
pound. Although the magnetic interactions are predominantly 2D, there is strong antiferromagnetic
coupling between the Mn on different sites and weaker antiferromagnetic coupling between the
different septuple Mn layers separated by the topological quintuple Sb,Te; layer along the c axis.
I found that the propagation vector for the magnetic order was q = (0,0,1/2). The interlayer
coupling is sufficiently weak that a field of 0.2 T induces a spin-flip transition. This may hinder the

the realisation of the axion insulator state in MnSb,Te; as compared to similar Bi compounds.

I researched the charge-doped antiferromagnetic Mott insulator La,_,Ba,CoO,, an entirely different
strongly correlated electron system to the topological materials. This cobalt oxide is isostructural to
some of the high temperature cuprate superconductors. The similarities between these materials
may extend to some electronic and magnetic degrees of freedom, such as charge stripe order.
However, I found that La, ,Ba,CoQO, possesses short-range charge and magnetic order, with
correlation lengths of ~ 7A and ~ 15 A respectively. Single crystal diffraction indicated that there
was a slight tetragonal distortion at low temperatures, involving tilting of the oxygen octahedra.
The magnetic order has the incommensurate propagation vector q = (0.5 + 0.23,0.5 4 0.23) in
the (h, h) plane for x = 0.5. The hypothesis that Ba doping would stabilise the stripe order in
the ab plane was disproven. Nevertheless, the distinctive, yet diffuse, hour-glass shaped spin
wave spectrum persisted. The magnetism of La; sBay sCoO, can be qualitatively described by the
disordered cluster spin glass model, which is quite different to the long-range collinear AFM seen

in La1.5Sr0.5COO4.

While the spin wave characteristics of the rare earth iron garnets such as YIG have been thoroughly
probed, the effects of cobalt doping on the excitation spectrum have not. In this thesis, I reported
the first inelastic neutron scattering measurements of the cobalt-doped rare earth iron garnet
LuzCoyq 55ip sFe O1,. As in other REIG, the exchange interactions are strong leading to ferrimagnetic
order, but the material has a slightly lower ordering temperature of Tc ~480K. At T = 2K, I

found that the Co?" moments introduced an anisotropy gap to the spin wave spectrum. This was
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observed with cold neutron time-of-flight spectroscopy. This data was combined with data from a
thermal triple-axis spectrometer and then I modelled the excitation spectrum using linear spin wave
theory. Magnetometry measurements revealed the extent of the magnetocrystalline anisotropy at
low temperatures. Lu;Coy 55ij sFe4O1, is a much harder magnet than undoped, non-magnetic REIG
such as YIG and LulG at low temperatures. In fact, the degree of anisotropy in the system at low
temperatures is similar to magnetic REIG. At T ~ 250K, LuzCo, 55ij sFe O, is a soft magnet and
the spin wave spectrum is no longer gapped. As temperature increases, there is also a reduction in
the energy gap between the two lowest energy spin wave modes, which becomes comparable to
the available thermal energy at room temperature. Previous studies have shown these magnons
have different polarisations in the REIG materials. Hence the increased thermal population of the
optical mode in Lu;Coy 55ij sFe O, will likely reduce the net polarisation and overall spin current

in spintronic devices.

211



	Abstract
	Popular science prologue
	Acknowledgements
	List of Figures
	List of Tables
	Symbols
	List of Abbreviations
	Introduction
	Motivated by magnetism
	More magnetism
	Magnetic interactions
	Which ions?
	Phase transitions

	Topological materials
	Magnetic topological insulators
	Topological semimetals
	Magnetic topological materials

	Thesis Outline

	Experimental methods
	An introduction to scattering methods
	Welcome to reciprocal space
	Elastic scattering
	Inelastic scattering
	The accounting of scattering probability: scattering cross-sections
	What to scatter?

	X-ray diffraction
	What: Thomson scattering
	How?

	Neutron diffraction
	What: nuclear diffraction
	What: magnetic diffraction
	How: single crystal diffraction
	What: polarised neutron diffraction
	How: polarised neutron diffraction

	Inelastic neutron scattering
	What: spin-wave spectroscopy
	How: triple-axis spectroscopy
	How: time-of-flight spectroscopy

	Samples
	Transport and magnetometry
	Magnetometry
	AC susceptibility
	Resistivity

	Other techniques
	Angle-resolved photoemission spectroscopy
	Quantum oscillations
	Scanning tunneling microscopy
	Muon spin relaxation

	Time scales of different experimental probes

	The magnetism of the topological semimetal YbMnSb2
	Introduction
	The AMnX2 family of quantum materials
	YbMnSb2

	YbMnSb2 sample and initial characterisation
	X-ray diffraction
	Magnetometry
	Resistivity

	Single crystal neutron diffraction of YbMnSb2
	Method
	Description of data analysis
	Refinement results
	Magnetic space group
	Temperature dependence of reflections

	Half-polarised neutron diffraction of YbMnSb2
	Method
	Results

	Discussion of magnetic structure of YbMnSb2
	Inelastic neutron scattering of YbMnSb2
	Method
	Data analysis
	Results
	Discussion

	Conclusions regarding the magnetism of YbMnSb2

	The magnetic order of the topological semimetal MnSb4Te7
	Introduction
	Potential applications of (MnX2Y4)(X2Y3)m

	Quantum materials of interest
	MnBi2Te4
	Sb-doped MnBi2Te4 / Bi-doped MnSb4Te7
	MnSb2Se4
	MnSb2Te4
	MnSb4Te7

	MnSb4Te7 samples and initial characterisation
	Single crystal neutron diffraction of MnSb4Te7 at ILL D10
	Zero-field diffraction
	Magnetic structure analysis and results
	Temperature dependence of a magnetic peak
	Diffraction in a magnetic field
	Discussion

	Conclusion

	The spin disorder and hourglass excitation spectrum of the charge-doped cobalt oxide La2-xBaxCoO4
	Introduction
	Manifestations of charge and spin order
	The La2-xAxMO4 family of materials
	La2-xBaxCoO4

	A review of different models for magnetic excitations seen in cobalt oxides
	No hourglass: Heisenberg exchange and crystal field anisotropy model for x = 0 and x = 1/2
	Emergence of the hourglass at intermediate doping (x = 1/3)
	Intermediate doping concentrations: a slightly stripy spin glass and a real-space modelling approach
	An alternative model for intermediate doping concentrations: nanoscale phase separation of undoped and checkerboard regions
	Summary of different magnetic excitation models

	La2-xBaxCoO4 samples and initial characterisation
	X-ray diffraction
	Magnetometry

	Single crystal neutron diffraction of La2-xBaxCoO4 on ILL D10
	Method
	Analysis and results
	Discussion

	Single crystal time-of-flight spectroscopy of La2-xBaxCoO4 on ISIS MERLIN
	Analysis and results of MERLIN elastic line data
	Discussion of elastic scattering from MERLIN
	Analysis and results of inelastic scattering measurement
	Discussion of inelastic scattering from MERLIN

	Conclusions regarding the spin and charge order of La2-xBaxCoO4

	The anisotropic magnetism of the cobalt-doped rare earth iron garnet Lu3Co0.5Si0.5Fe4O12
	Introduction
	Rare earth iron garnets
	Doping of rare earth iron garnets
	Spin waves of rare earth iron garnets

	Lu3Fe4Co0.5Si0.5O12 sample and initial characterisation
	Magnetisation measurements

	Inelastic neutron scattering of Lu3Fe4Co0.5Si0.5O12
	Method
	Data analysis
	Results
	Discussion

	Conclusion

	Conclusion

