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Probing the Nature of the Magnetic
Interactions in Magnetic Skyrmions

Samuel Harrison Moody

Abstract

Magnetic skyrmions are topologically-protected, solitonic entities which are
composed of a vortex-like arrangement of magnetic moments. Recently, they
have seen a surge of interest from the condensed matter physics community due
to their presence in a number of systems which feature novel and interesting
physical phenomena, such as unique transport and frequency responses. These
characteristics, together with their countable nature is highly appealing for use
within novel spintronic devices. With the ever-growing demand for high process-
ing speeds and data storage, skyrmionic devices have the potential to provide
low-power, high density data storage as well as play a key role in a number of
next-generation computational devices. Whilst skyrmions do appear in a number

of different systems, in this thesis we will focus on skyrmions within bulk-magnets.

In these bulk-systems, skyrmions are stabilised within a small range of tem-
peratures and applied magnetic fields. Commonly, skyrmions are shown to be
stabilised by the interplay of the exchange, Dzyaloshinskii-Moriya and Zeeman
energies, together with thermal fluctuations or higher-order magnetic anisotropy.
Typically, these interactions are only modelled to first order, but there is increas-
ing interest in higher-order and alternative interactions to both generate and

manipulate skyrmions.

In this thesis, at Chapter 1 we start with explaining why it is the material
specific interactions, and not the particular arrangement of spins, which give rises
to the skyrmion stability. We investigate real material parameters and the spin-
textures those interactions stabilise using diffraction-based techniques, which we

give a brief overview in Chapter 2. In Chapter 3, we design and perform an



experiment for measuring and quantifying the anisotropic exchange interaction,
and show that this often overlooked interaction is crucial for the formation of
the recently discovered tilted conical phase. In Chapter 4, we look at how to
control this tilted conical phase using the magnetoelectric coupling interaction,
and show that we are reliably able to manipulate the conical wavevector into
different positions via an electric field, and provide mean-field theory to explain
the tilt-directions as a function of electric field. Furthermore, we provide micro-
magnetic simulations of a toy model to show the potential spintronic applications
of this manoeuvrability. In Chapter 5, we move away from chiral magnet sys-
tems to investigate the spin-textures within a nanoskyrmion-containing material.
We find clear phase boundaries between a number of incommensurate magnetic
phases, and perform an experiment to accurately resolve their form. We find
interesting behaviour with regards to their chirality, which we suggest to arise
from local Dzyaloshinskii-Moriya interactions despite the overall centrosymmet-
ric crystal structure. In Chapter 6, we return to chiral magnets and experiment
with metastable skyrmions created using a custom fast field cooling method. We
then discover a remarkable phenomenon that the skyrmion intensity grows as a
function of field, which is contrary to previous literature suggesting that their
stability massively decreases. We suggest that both anisotropic interactions and
disorder play a role, and perform a thorough directionally dependent study to try
to decouple the two arguments. Finally in Chapter 7, we provide the conclusions

of this thesis.
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Chapter 1

Introduction

1.1 What are Skyrmions Anyway?

The concept of a skyrmion was first realised by nuclear physicist Tony Skyrme
in 1961 [1, 2]. Dissatisfied with the previous shell-model of nuclear matter [3],
he pursued the idea of describing individual nucleons and pions as some kind
of twist within an ether-like fluid, rather than independent interacting particles,
now known to be composed of quarks [4, 5]. This led to a novel non-linear boson
field theory where self-interactions admitted states with the phenomenological
properties of fermionic particles [6]. Despite losing popularity to the quark model
and quantum chromodynamics for describing high-energy physics, the Skyrme
model still remains useful today and has received a revived interest for describing

the low-energy regimes of atomic nuclei [7].

Skyrmions have since been used to describe a number of excitations, ranging
in size from the original pion-model to massive objects such as neutron stars
[8, 9]. They Skyrme model has also been used to great success in solid state
field theories [10], including 3He condensates [11, 12, 13, 14], quantum Hall fluids
[15, 16], superconductors [17, 18, 19], liquid crystals [20, 21, 22] and magnetism
[23, 24, 25]. The popularity of using the Skyrme model to describe these various
excitations is rooted in the interesting physics of self-interactions of the system,

as well as a so called topological protection, which we shall explore further in the

15



16 Chapter 1. Introduction

subsection below.

1.1.1 Topological Protection - What is it good for?

As previously mentioned, skyrmions are localised field-excitations. These exci-
tations are typically thought to be long-lived due to a characteristic topological
protection, which acts to maintain their stability in the presence of external dis-
turbances, such as thermal fluctuations or defects in the system. This protection
can be visualised by the knots (in this case a knot represents a skyrmion) within
the ropes shown in Figure 1.1. Here, three weights: A, B and C, are suspended
by three separate ropes. Each rope can be thought of as a one dimensional field,
whose energy is predominantly determined by gravity. Weights B and C are in
elevated, excited states due to a localised twist raising the systems energy when
compared to the ground-state, shown as A. Smooth, continuous deformations of
the rope in B allows the system trivially to return to the ground state. In con-
trast, system C remains in an excited state due to the presence of a topological
defect; a skyrmion. Note that this analogy goes further, as we can see it is the
self-interactions of the rope which prevent the knot from untying — you can’t pull
the rope through itself! We can see that the removal of skyrmions from their
respective fields costs a great deal of energy, requiring the introduction of a lo-
calised discontinuity (a rip in the rope) in the field or raising much of the field

above the ground state to untie the system.

The topology of a skyrmion is typically analysed by investigating a quantity
known as the winding number, N. This counts the number of times the field
direction can be mapped onto a surface about the core of the excitation, and is

mathematically defined as [26]:

an on
// axl 6_1’2) dJZleEQ, (]_]_)

where n(7) describes the vector field orientation (such as magnetisation) at a
position 7. The coordinates x1, x5 define the surface surrounding the core of the

skyrmion which is integrated over. The triple product containing the vector field,
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==

Figure 1.1: Ropes suspending weights under gravity. System A is in the
ground-state, B an excited state, and C a topologically protected excited state -

a skyrmion.
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x = 30° x =0°

Figure 1.2: Top: Equatorial view (North-up in plane of page) of three dimen-
sional skyrmions all with an equal winding number of one. Each skyrmion varies
in terms of a global phase shift y, changing the static direction of the entire field,
without changing the value of the winding number. Bottom: Polar view (North-
into plane of page) of three dimensional skyrmions all with an equal phase shift
of x = 7. Each skyrmion varies in terms of a winding number N, displaying
an antiskyrmion (N = —1), topologically trivial (N = 0), and multiple winding

numbered skyrmions (N = 1,2, 3).

and the two spatial derivatives mathematically map out the solid angle between
neighbouring vectors, and the integrand then counts the number of times the
total solid angle across the integrated surface wraps around a unit sphere, hence
the division by 47. Any region of a field with an integer winding number can

therefore be identified as a skyrmion.

The winding number can be visualised by looking at three dimensional skyrmions,
known as hedgehogs or monopoles [27]. The top row of Figure 1.2 shows N = 1
skyrmions, as in each case the total angle spanned by all the vectors completely

wraps the unit sphere. This is more easily seen by looking at the rotation of the
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field direction as we follow an equatorial path around the sphere. For N =1, an
angular path of m-radians from west to east is accompanied by the rotation of the
field at the same angular rate and direction as to always lie in the same orienta-
tion relative to the surface of the sphere. This means that all the skyrmions in
the top row of Figure 1.2 have a positive unit winding number as the spins wrap
around the skyrmion in step with the path around the equator. A global phase
shift to the vector field, x, shows one can arbitrarily rotate all the spins without

varying the topological property of the skyrmions.

On the other hand, a variety of different winding-numbered entities are shown
in the bottom row of Figure 1.2, and visually display vastly different features to
the top row. Antiskyrmions (IV = —1) have a rotation of spins of the same period
but wind opposite to the direction of angular rotation. N = 0 is a topologically
trivial entity and will readily return to its ground state, and N > 1 winding
numbers have the spins completing multiple, complete rotations per equatorial
path. Here, in three dimensions, topological protection again is analogous to a
knot. If one imagines shrinking the NV =0 and N = 1 spheres in the bottom row
of Figure 1.2, it is easy to visualise the vectors on the surface of the the N = 0
sphere rotating to all align along the same direction, in this case towards the top
of the page. For the N = 1 skyrmion however, shrinking the sphere causes the
spins with opposite moment direction to get closer and closer, massively raising
the cost of any energy term which scales as the gradient of the vector field.
Furthermore, this energy cost cannot be mitigated, as since the vectors point in

all directions, there are no ‘spare’ directions to twist into.

As we have seen, the topology of the skyrmion plays a role in its stability.
However, this stability is only valid when the interactions of the system prevent
the deformations. Later, we shall explore why these interactions are so important,

but first we will introduce the main focus of this thesis: the magnetic skyrmion.
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Figure 1.3: Images: Sterographic projections of a 3D skyrmion from a unit
sphere onto a plane of size L. Bottom: Total system energy (blue) and energy
density (orange) as a function of plane size L. when accounting for only the ex-

change interaction, A =1 J/m.
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1.2 Magnetic Skyrmions I

Magnetic skyrmions, rather ungraciously called child skyrmions by mathemati-
cians due to their two-dimensional nature' [28, 29, 30|, are typically thought to
be related to their three-dimensional parents by squashing them into a two di-
mensional plane in a process known as stereographic projection. This process
projects the north pole of a three-dimensional skyrmion (Shown in Figure 1.2) to
the origin of a plane, the equator to a unit circle, with the south-pole sent off to

an infinite distance.

The stereographic projection of the y = 90 degrees skyrmion in Figure 1.2 is
shown for different system sizes in Figure 1.3. Unfortunately, due to the proper-
ties of a stereographic projection, at no point does the field ever become uniform,
even in infinite systems. Thus, increasing the system size results in an increased
energy cost, shown in the bottom plot of Figure 1.3. Also shown is the inverse
quadratic trend in the energy density, showing asymptotic behaviour towards a
finite value. Thus integrating the system out to an infinite radius causes the
total energy of a single skyrmion to diverge, meaning we should never see them

in reality.

The situation is hardly made any better when considering the dimensionality
of the magnetic skyrmions. The Mermin-Wagner theorem states that continuous
symmetries (such as a ferromagnetic state) cannot be spontaneously broken at
finite temperature in systems with sufficiently short-range interactions (such as
the exchange) in dimensions d < 2 [31, 32]. This is because in two-dimensional

systems, spontaneous magnons can be created with very low energy?. This is

!One can imagine a whole family of skyrmions depending on the dimensionality. ‘Adult’
skyrmions live in 3D space with a 3D field, child skyrmions are in 2D space and a 3D field

direction.
2This is in fact general across all field-theories. When you break a continuous symmetry

(e.g. between a ferromagnetic to paramagnetic state) spontanous, long-wavelength excitations
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because in two-dimensions, the dispersion relation of a magnon in an isotropic
ferromagnet is quadratic at low energy, with no energy-gap [34]. Thus long-
wavelength magnons are readily created for even vanishingly small temperatures.
Due to the entropy-increasing nature of long-wavelength fluctuations in finite
temperature, they lower the thermodynamic energy of the system, hindering
any spontaneous long-range order. However, magnetic ordering can still be ob-
tained in two-dimensions where there is a gap in the spin-wave dispersion curve,
arising from presence of other magnetic interactions such as anisotropy and the

Dzyaloshinskii-Moriya interaction (DMI) [35].

This lack of stability can be shown using time-dependent micromagnetic sim-
ulations. When only using the typical, first order exchange interaction, which is
minimised by reducing the magnitude of the spatial derivatives in the magneti-
sation, we see in Figure 1.4, that the magnetic skyrmion unravels as a function
of time (¢). In the final frame at ¢t = 99 ps, we see that the skyrmion has com-
pletely unwound into the field polarised state. Note, the ¢ = 0 starting magnetic

configuration is the stereographic projection representation discussed earlier.

This shows that whilst an object may be topologically protected, it doesn’t
necessarily mean that it is stable or even physical in the first place. However,
as we shall see, magnetic skyrmions are realised in a number of systems. This is
because it is not solely the topological properties of skyrmions which allow their
formation, but the various magnetic interactions that admit the skyrmion state
to be an energy minimum. In order to understand why these interactions are
so crucial for skyrmion formation, we should first briefly review magnetism and

magnetic interactions.

are created called Goldstone modes, massless particles which cost no energy to create [33].
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Figure 1.4: Time-dependent micromagnetic simulation of a stereographically

projected skyrmion, using normalised micromagnetic parameters of A = 1 J/m,
a=1and M, =1.
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1.3 Magnetism and Magnetic Interactions

1.3.1 Isolated Moments

Atoms and ions exhibit an intrinsic magnetic moment, the fundamental object
in magnetism. The magnitude, u, is dominated by the spin and orbital angular
momentum of the constituent electrons. One can think of the orbiting motion of
an electron around an atomic nucleus to give rise to a finite magnetic moment
in a similar way as classical electrodynamics inducing a magnetic field from a
current loop. For a hydrogen atom, the electric current, 7, from one electron is
given by I = —e/7, where 7 is the orbital period equal to 277, /v., where r., v, are
the radius and velocity of the electron respectively. Using quantum mechanics,
we know that the angular momentum of an electron is quantised in units of A,
such that m.v.r. = h. Thus the magnetic moment magnitude of a single electron
is [34]:

—eh
p=7ril = ¢
2me

= THB; (12>

where pp is the Bohr magneton, the fundamental unit of magnetism. Similarly,
the spin of the electron, with quantum-number S, also contributes to the magnetic
moment of the atom, with the spin each electron contributing to the moment with
magnitude, us = —gupS, where g = 2.0023 and is the relativistic gyromagnetic
ratio of the electron [36]. Since the magnetic moment of an atom is associated
with both the angular momentum, L, and the spin angular momentum, S. To a

first approximation, we define the total angular momentum, J, to be [34]:
J=L+S8S. (1.3)

However, most atoms and ions tend to contain more than a single electron. Due to
the shell-filling nature of electrons, most of the angular momentum (both spin and
orbital) will be cancelled by a concomitant electron within low-energy electron
shells. Therefore, it is only the electrons which lie within unfilled shells which
give rise to a non-vanishing total angular momentum. For electrons within a shell

with a given orbital angular momentum, L, and spin S, there are (2L +1)(25+1)
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possible states for the electrons to fill. Due to the spin-orbit interaction [37, 38],
these states are not equal in energy, as a non-zero coupling exists between the spin
and orbital angular momentum of each electron. Therefore, the electrons occupy
these states within a particular order, which are given to a good approximation
using the empirically-derived Hund’s rules [34]. Which in order of importance

are:

1. Minimise the Coulomb energy: select states which maximise the total value

of S to prevent electrons from occupying the same m; state

2. Maximise the total L: states which ‘orbit’ in the same direction can avoid

each other more efficiently

3. Minimise the spin-orbit energy by using J = |L £+ S| depending on whether

the shell is less than or more than half full respectively.

These rules work well for the 4f ions (such as Gd) in the solid state, but tend
to do poorer for the 3d (such as Cu) due to crystal field effects, which tend to

quench the orbital angular momentum contribution [34].

1.3.2 Interactions

We have seen how it is the electrons within an atom which gives rise to an
atomic magnetic moment, but how do these moments interact with one another
to potentially produce a magnetically ordered system? We shall explore these
interactions, and demonstrate the consequences on the spin-texture using a one

dimensional conical Ansatz for the magnetisation®:

cos )
m(z) = [ sinfcosqr | , (1.4)

sin 6 sin qx

3This assumption at the magnetisation is used extensively throughout this thesis, so it’s

good to introduce it here. A real-space representation of this can be found in Chapter 3.
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where 6 is the conical angle such that when 6 = 0, we have a purely ferromagnetic
arrangement along the z-direction. For § = 7, the moments twist round in the yz-
plane and are called the helical state. ¢ is the magnitude of the conical wavevector,

which lies along z in this 1 dimensional example.

Exchange Interaction

The predominant interaction within magnetic systems is the exchange interaction,
and is a quantum mechanical effect. In a two-electron model, with electrons a, b
occupying the single electron states 1, ,(r,p). The total wavefunction for the
system can be written as a product of these two states. One might naively write
this as Wp(ra, rp) = Va(ra)vs(rs), but quantum mechanics requires these fermions
to obey an antisymmetric exchange symmetry: Wp(r,,ry) = —Wr(rp,1,). Thus

there are two combinations:

T = %[%(ra)wb(rw T alrn)n(ra) X5, (15)

1
Uy = —
NG

where the spin wavefunction, xsr denote singlet and triplet spin-states respec-

[Va(Ta)Vs(rn) — Va(rn)(ra)lXT) (1.6)

tively, whose symmetry preserves the overall antisymmetric nature of each wave-
function. These two states differ in energy, with the spins preferring to occupy
either the triplet or singlet state depending on the nature of the overlap of the
single-state wavefunctions. The nature of this overlap determines whether the
spins of the electrons prefer to align, or point opposite to one another. This is

called a ferromagnetic and antiferromagnetic coupling respectively.

Ultimately, the spins (S, ) of each electron are coupled via an effective Hamil-
tonian:

H = —2]S, - S, (1.7)

where the exchange constant J is obtained via the previously mentioned overlap-
ping of single-electron states. If J > 0, the energy of the triplet state is lower,

leading to a co-linear arrangement of spins.
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The interaction between two electrons on neighbouring magnetic atoms is
known as direct exchange, but there also exists other, exchange-like couplings,
that are transported via an intermediary. These are called indirect exchange
coupling mechanisms, and include super-exchange and double exchange [39, 40].
Accounting for all of these interactions within a system is complex, particu-
larly in systems with complicated unit cells, so it is appropriate to approximate
all exchange-like interactions using a symmetry argument. This approximation
states that a symmetry-allowed coupling is present in the system, ignores the
discrete nature of the lattice, and assumes the moments are nearly collinear. The
exchange interaction is the leading-symmetry allowed term, as it uses lowest-
order, spherical symmetry. The power of this is that it allows us to model the
magnetisation as a continuous field, and is called the continuum approximation.

Thus, the continuum-form of the exchange interaction energy, Feyep, is*:
Eun = A [ (V- m(w))? V. (18)
1%

where A is the continuum form of the exchange coupling. It is important that A >
0, thus antiferromagnetism cannot be modelled due to the previously mentioned
assumptions. We can see the effects of the exchange interaction on the conical

Ansatz by placing Eq. 1.4 into Eq. 1.8. This gives us:

Eepen = A/V(v -m(r))? dV, (1.9)
_A/V<ag‘ﬂir)) . (ag‘ﬂ(;)> av, (1.10)
— A/Vq2 sin® f[sin® gz + cos*qx] AV, (1.11)
= ¢*AV sin® 0. (1.12)

As we can see, the exchange energy can be minimised by setting ¢ = 0, corre-
sponding to an infinite-wavelength helical state or by setting # = 0. Both of
these result in a collinear arrangement of spins, as expected. i.e. ferromagnetism

minimises the exchange free energy.

1A derivation can be found here [34]



28 Chapter 1. Introduction

Dzyaloshinskii-Moriya Interaction

The Dzyaloshinskii-Moriya interaction (DMI) is a higher-order interaction medi-
ated through the spin-orbit coupling, which links an ion within an excited state
to another ion in the ground state. The DMI arises in systems with a lack of in-
version symmetry, and leads to a canting of the spins within these systems. The

energy for both the atomistic form and in the continuum approximation are®:

Hpur =D - (S, x Sy), (1.13)
Epur = / Dm(r) - (V x m(r)) dV, (1.14)

where D is the DMI vector, see Chapter 5 for further information. For now,
we focus on the continuum form of the DMI which has a constant D, which is
typically much weaker than the exchange constant due to being higher order in
the spin-orbit coupling. Again, we see the effects of the DMI by inserting the

conical Ansatz:

= /VDm(r) - (—gsin0(0, cos qx, singx) dV, (1.16)
= —qDsin?#. (1.17)

Unlike the exchange interaction, the DMI is minimised by maximising ¢, which
is the same as having the tightest helical winding possible. Interestingly, when
we account for both the DMI and the exchange interaction, a stand-off between
the two interactions occur, with the exchange aiming to minimise ¢q. The total

energy of the system, with V' = 1 m3, is:
Er = ¢*Asin® 0 — ¢Dsin* 0. (1.18)

Differentiating the energy with respect to ¢ allows us to look for the optimum

wavelength:

% =0 =2¢Asin?0 — Dsin’ 6 = sin? 0(2qA — D), (1.19)
q

5Note that the continuum form of the DMI shown here is only valid for crystal symmetries

with symmetry class T, O, see here [41] for further forms depending on the crystal symmetry.
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where we see that the optimum wavevector is simply a ratio of the DMI and
exchange constants: ¢ = %. The competition between these two interactions
leads to long-wavelength helices, as D < A. The periodicity of these spin-textures
is not typically an integer of unit-cell spacings, i.e. it is incommensurate with the

underlying crystal lattice.

Zeeman Interaction

The Zeeman interaction describes the reaction of the magnetisation with an ex-

ternal magnetic field, H. This has the continuum-form of:

Ezee = ~podMs [ m(r)-HaV (1.20)
1%

where pp and Mg are the vacuum permeability of free space and the saturation
magnetisation respectively. If we apply a magnetic field, H, along the z-direction,
we find that increasing the conical angle to be equal to 7 minimise the interaction,

as the moments before aligned with the magnetic field.

Eyee = —MOMS/ m(r) - HdV, (1.21)
v

= —[I,OMs/ H cosf dV, (1.22)
v

= —poMsV H cos . (1.23)

If we combined all three of these interactions so far, we can derive the field

dependence of the conical angle. Using our previous finding that ¢ = %, we see
the total energy is:
Er = —4—; sin 0 — poMgH cos 6. (1.24)
Differentiating this with respect to @ is:
% = —% cos@sin @ + poMgsH sin 6, (1.25)

which we can solve at the stationary point to find the field dependence of the
conical angle:

0 = arccos(2AugMsH/D?). (1.26)
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Finally we see that when we apply a magnetic field along the g-direction of a
magnetic helix, in the limit of no anisotropy, the conical state becomes a field

polarised state at H = D/2ApuoMs.

Further Interactions

So far, we have seen that the exchange, DMI and Zeeman are the three main
interactions that are responsible for transitioning a spin-texture between a he-
lical, conical and ferromagnetic state. However, there are a plethora of other,
symmetry-allowed magnetic interactions which also have an influence on the mag-
netisation. Fortunately, these terms tend to be relativisitic effects that are higher-
order in the spin-orbit coupling, meaning that their relative magnitude compared
with the exchange is very minor. Here, we introduce two additional terms, which

we shall see further in Chapter 3.

Magnetocrystalline Anisotropy (MCA). The spin-orbit interaction and the
quenching of orbital angular momentum within crystal systems leads to an en-
ergy cost for the moment to align with a particular crystallographic direction.
High-energy directions are termed hard axes, whereas low costs are easy axes.
The magnetisation would then prefer to lie along the easy-axis, to reduce the

energy. In a cubic system, the MCA energy is given by:
Envca :K/ mi%—mi—i—mﬁ dVv, (1.27)
1%

where K is the cubic anisotropy constant, which creates easy (100) axes and

hard (111) axes if K < 0, and vice versa for K > 0.

Anisotropic Exchange Interaction (AEI). Similarly to the isotropic exchange
interaction, the AEI is minimised by reducing the gradient of the magnetisation.
However, here we break the spherical symmetry and enforce cubic symmetry of

the system. This has the form:

om om om
E = )2 Y)2 )2 qv. 1.2
AET 7/‘,(61’)+(8y)+(8z)dv (1.28)
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In most magnets which host DMI-stabilised helices, these interactions play
a minor role in which spin-texture is stabilised. The dominant effect these
anisotropic interactions have is controlling the orientation of the zero-field, he-
lical wavevector. This is because the exchange and DMI are both isotropic, so
the energy of the helices is identical and only the application of a magnetic field
breaks the degeneracy. However, as we shall see later in this Chapter, in the
skyrmion-containing material Cu,OSeOs, these higher-order interactions become

more significant at low temperatures and do lead to novel spin-textures.

RKKY Interaction

For the final interaction, we briefly look at the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction [42, 43, 44, 45]. In metallic materials, the conduction elec-
trons can act as the mediators which couple the local moments. Due to the
non-local nature of the conduction electrons, this interaction is able to couple
moments which aren’t necessarily adjacent to each other, leading to next-nearest
neighbour interactions. The mechanism behind the RKKY interaction lies in the
nearby conduction electrons becoming polarised near a local moment, this then
screens other conduction electrons, which leads to an oscillatory exchange-like

coupling given by [34]:
cos(2kgr)

S (1.29)

JRKKY(T) 68

where r is the separation distance between magnetic ions, and kg is the radius
of spherical Fermi surface®. Due to the sharpness of the Fermi-surface, the cou-

pling oscillates between ferromagnetic and antiferromagnetic with a wavelength

6The approximation that the Fermi-surface is spherical is actually not the best: in materials
which feature strong RKKY effects there are large parts of the Fermi-surface that can be
mapped onto other regions via a common translation vector. This phenomenon is known as
nesting, and leads to spin-density-waves and helices with a wavevector equal to the nesting
vector. Nevertheless, the oscillatory nature of the RKKY interaction is the main point of this
equation, which this spherical appropriation (which has no common nesting vectors for any

part of the surface!) does indeed show.
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of s This oscillation has the potential to stabilise magnetic helices within the
material.

In the rare-earth metallic magnets, the RKKY interaction is the dominant
exchange-mechanism between the large, local 4f moments. The long-range nature
of the RKKY interaction causes nearest neighbour and next-nearest neighbour
interactions to be significant, with coupling strengths of J; and J, respectively.

For a chain of N magnetic moments in a helical arrangement, that are offset to

their nearest neighbours by an angle 6, the total energy is:
E = —2N(J; cos® + J; cos20). (1.30)

Differentiating this energy leads to:

o5 _
o0
= (J; +4J3cos0)sin b, (1.32)

2N (Jysinf + 2J3sin 20 = 0, (1.31)

which has solutions for § = 0, 7, showing ferromagnetism and antiferromagnetism

respectively. However, solving the term in the brackets leads to the optimal angle

J1
427

Jo < 0 and |Jy| < 4|J3|. This shows us that the RKKY is also a magnetic

being: 6 = arccos — which is favoured over the collinear arrangements when
interaction which can lead to incommensurate magnetic structures, and is in fact

responsible for the helical magnetic structures found in Th, Dy, and Ho [34].

1.3.3 Micromagnetics

At this point, it is worthwhile to briefly mention micromagnetics. We have already
used micromagnetic simulations to model a single skyrmion system in Figures 1.3
and 1.4. Specifically, micromagnetics is a tool which aims to predict the sub-
micrometer behaviour of magnetic systems. This length-scale is far greater than
individual magnetic moments, but within the continuum approximation it is able
to resolve the collective behaviour of many magnetic systems, ranging from do-

main wall motion [46] to skyrmion systems [47].
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In this thesis, we use both static and dynamic simulations. In both cases,
micromagentics generates a local effective field for each nm-sized cell of magneti-
sation, Hp, across the whole system. This effective field is defined as [48]:

1 d°E

Hp = — —
P oM, dmdV’

(1.33)

where m is the magnetisation of the cell of volume V', and F is the continuum
form of energy that is tailored to the specific system by varying the previously
mentioned free-energy constants. Once the effective field is calculated, the mag-
netisation then Larmor-precesses around this effective field, shown in Gilbert form
as [48]:

0 0
8_1:1 = —|y/m x Hy + am X a—r;l, (1.34)

where v and « are the electron gyromagnetic ratio and Gilbert damping respec-
tively. The first term shows that the time dependent behaviour is for the moment
to precess about the effective field direction. The second term allows the moment
to relax along the effective field direction. For dynamic simulations, these values
must be adjusted for each system, whereas for static simulations, we are only
interested in the final result of a highly-over-damped simulation, as it allow us to

reach to local energy minima as fast as possible.

Thus, micromagnetics is a useful tool to simulate macroscopic magnetic be-
haviour, and we use it to explain the skyrmion stability in this introduction as
well as perform time-dependent simulations in Chapter 5, whose details can be

found within.

1.4 Magnetic Skyrmions II

In the previous magnetic skyrmion section, we saw that when only accounting
for the dominant exchange interaction”, the stereographic projection form of a

magnetic skyrmion should never be stable due to an infinite energy cost. We

"A common approximation for ferromagnets.
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can rectify this by accounting for some of the magnetic interactions introduced
in the previous section. These magnetic interactions counteract the collapse of
the finite-sized skyrmion structure, allowing the skyrmion to be a self-supporting,

entity-like object called a soliton.

Solitons were first investigated in the 19th century, when localised and soli-
tary waves would exist within narrow water canals that do not disperse®. These
canal-solitons were shown to be stabilised by interactions with the shallow canal-
floor [49], which included higher-order derivative terms which broke the linearity

of the system, supporting the formation of localised states [50].

In magnetic systems, no obvious physical interactions are described by higher-
order degrees of spatial derivatives. Thus alternative interactions which admit
self-stabilising states are needed in order to generate a skyrmion texture. Pi-
oneering work towards the realisation of magnetic solitons was done in the late
1980s, which found that DMI was a suitable stabilisation mechanism for magnetic
skyrmions in chiral magnets [51, 52, 53, 54, 55]. Skyrmions have since been found
in a number of systems that host different interactions, which we shall investigate

below.

1.4.1 Systems and Materials

Magnetic skyrmions exist within a surprisingly wide range of materials, each of
which stabilise its respective skyrmions using different mechanisms. Micron-sized
magnetic-bubbles, were first investigated in the 1970s and found that the com-

petition between the in-plane-favouring dipolar interaction and the out-of-plane

8Dispersion is a phenomenon that describes the ‘spreading out’ of waves. Single isolated
wave packets are localized in nature, thus a superposition of a large number of harmonic waves
are needed to describe the wave packet. Typically, the physical properties such as velocity
and dissipation are wavelength dependent, so one would expect the shape of a wave-packet to

change with time.
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magnetic anisotropy within thin films led to a periodic array of magnetic bubbles
[56, 57, 58, 59]. More recently, thin film heterostructures which stack alternat-
ing layers of heavy-metal to ferromagnetic layer interfaces have been subject to
intense research [60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70]. The stacking of these
layers also breaks inversion symmetry, leading to a so-called interfacial DMI.
However, the extent to which this DMI contributes is under debate [71, 72|, with
the dipolar interaction also playing a significant role. This can be seen by the
large variation in skyrmion size as a function of magnetic field [73]. In addition to
these interactions, magnetic frustration and four-spin exchange interactions have

also been suggested to lead to the formation of magnetic skyrmions [74, 75].

In the rest of this thesis, we depart from the magnetic skyrmions in thin-
film systems, and look towards bulk, single-crystalline materials which stabilise
skyrmions. At the time of writing this thesis, there are two predominant interac-

tions which lead to the stabilisation of magnetic skyrmions within these systems.

RKKY Skyrmions

We start with the more recently discovered formation mechanism of skyrmions.
As we have seen, the long-range nature of the RKKY interaction leads to the for-
mation of magnetic helices in particular magnetic systems. Nanoskyrmions, with
size < 3 nm have been found in GdzRuyAlyy [76, 77], GdaPdSis [78], GdRu,Siy
[79], MnyGsoSn [80] and EuAly [81]. These materials are centrosymmetric so the
DMI plays a small role. The exact formation mechanism for the skyrmions within
these materials is under debate, and we discuss this more thoroughly in Chapter

d.

Bulk-DMI Skyrmions

Within non-centrosymmetric, chiral bulk magnets, magnetic skyrmions can be
stabilised due to a non-vanishing DMI interaction. We show this stabilising effect

by performing micromagnetic simulations, which relax the stereographic model
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Figure 1.5: Micromagnetic simulations that relax an initial state consisting of
the stereographic projection form of a skyrmion, within different system sizes, L.

See text for further details.
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Figure 1.6: Schematic of the spin-texture of a single magnetic skyrmion, with
spins point up in the centre and down at the edges. Left and right are Bloch-type

and Néel-type skyrmions respectively.

of a skyrmion, shown before in Figure 1.3, with the micromagnetic parameters of
A=1J/m, D=0.25J/m? H=10°> A/m. As shown in Figure 1.5, we relax the
skyrmion within different systems that differ in dimension, but retain the same
micromagnetic constants. As shown, the skyrmion is a stable solution and also
remains the same size, regardless of the system dimensions. This shows that it
is indeed the DMI that provides the skyrmion spin-texture with self-supporting
interactions, as the skyrmion remains the same size regardless of the system size,

demonstrating its solitonic properties.

As mentioned previously, different crystal symmetries allow different forms of
the DMI interaction, leading to different skyrmion states depending on the sym-
metry of the crystal structure. In these systems, magnetic skyrmions take the
form of vortex-like spin structures and we show the two main types in Figure 1.6.
These structures are similar to the two dimensional stereographic projections of
the N = 1 skyrmions with xy = 90,0° respectively. The radial profile of these
magnetic vortices show a modulation of spin either perpendicular or parallel to
the radial direction, leading to nomenclature of Bloch (LHS of Figure 1.6) or

Néel-type (RHS) skyrmions respectively in analogy with magnetic domain walls.

Néel-type skyrmions have been found in the GaV,Ss_,Se, series [82, 83, 84,
85, 86, 87], whose rhombohedrally (Cs,) symmetric crystal structure leads to a

form of the DMI which favours cycloids whose spins rotate within a plane con-
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Figure 1.7: LHS: Crystal structure of the B20 helimagnets, such as MnSi
and FeGe. RHS: Crystal structure of CuyOSeO3. Both crystals feature a non-

centrosymmetric, P2;3 structure with two possible chiralities. View is along the

[111] axis for all panels.
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Figure 1.8: Top: Generic phase diagram of the Bloch-type hosting magnetic
skyrmion systems. The various forms of the magnetic spin-textures are labelled,
and we show a selection of the incommensurate magnetic phases in the bottom

Trow.

taining the magnetic wavevector. On the other hand, Bloch-type skyrmions have
been found in the bulk systems; the B20 helimagnets such as MnSi and FeGe,
(23, 88]; the Co,Zn,Mn, series [89]; and the insulator CuyOSeO3[90]. All these
materials host a non-centrosymmetric crystalline structure, which we show in
Figure 1.7. The lack of inversion symmetry allows for two chiralities of crystal
structure, leading to their incommensurate magnetic textures also having differ-
ent helicities. Furthermore, due to the shared family of magnetic interactions,
these materials exhibit a similar magnetic phase diagram. We show this generic

magnetic phase diagram in Figure 1.8.

At temperatures a few Kelvin above the Curie temperature, T, temperature

effects dominate and destroy any magnetic order. As we approach the ordering
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temperature, a small region called the fluctuation phase is found. These fluc-
tuations break the typical second-order phase transition between magnetically
ordered to disordered state, as they provide a gradual increase to the magneti-
sation without creating a discontinuity in magnetisation, akin to a Brazovskii-
transition [91, 92]. These fluctuations are composed of randomly-oriented chiral
helices with a crossover in chirality [93], and a skyrmion-liquid-like fluctuating
state [94, 95, 96]. Further decreases in temperature bring the system below T,
at which point degenerate domains of magnetic helices form due to the previ-
ously mentioned competition between the DMI and exchange interactions. The
helical propagation vector of these domains are determined by the anisotropic
interactions, the MCA and AEI Increasing the magnetic field then breaks the
degeneracy of these domains, whose wavevector and constituent moments now

cant towards the field direction such that q||H and the cone angle § < 7.

Within a small region of phase space, a previously named anomalous phase
occurs [97, 98], which we now know to be constituted of a hexagonal lattice of
magnetic skyrmions. Here, the so-called ‘skyrmion-pocket’ is a highly restricted
region close to the ordering temperature. If one minimises a hexagonal-lattice
of skyrmions subject to the exchange, DMI and Zeeman energies, we find that
the competeting conical phase is always lower in free energy. However, it was
shown that we can stabilises a lattice of skyrmions over the conical state by ac-
counting for gaussian thermal fluctuations. Other magnetic interactions, such as
cubic anisotropy and longitudinal softness, are also viable skyrmion-stabilising
mechanisms [99]. The spin-textures for the helical, conical and skyrmion lattice

phase can be seen on the bottom row of Figure 1.8.

In this thesis, we focus on the Bloch-type skyrmion hosting material CusOSeO3
in Chapters 3,4 and 6; whose complex unit cell gives rise to a number of interest-
ing magnetic interactions which have profound effects on the magnetisation. In

Chapter 5, we investigate the newly discovered RKKY-hosting magnetic skyrmion
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system, GdyPdSiz. We investigate these materials using diffraction techniques,
which we shall explain in the next Chapter. First, we will attempt to justify
our research?, by briefly overviewing the technological applications of magnetic

skyrmions.

1.5 Technological Applications

The popularity of magnetic skyrmions was first driven by the potential of using
these nano-scale entities within low-energy racetrack memory schemes [100, 101,
102], which are suggested to reduce power consumption as skyrmion motion has
been seen with current densities that are 5-6 orders of magnitude lower than
driving magnetic domain walls in ferromagnets [103]. We show an example of
such a scheme in the top panel of Figure 1.9, which would use the entity-like
nature of the magnetic skyrmion to act as the information carriers within the
device. For instance, the presence or lack of a skyrmion could be used as a
substitute for an electronic bit and represent a 0 or 1. However, the feasibility of

using skyrmions for such devices is limited, primarily due to:

e Size: Skyrmions are 2 dimensional spin-textures which take up a large
footprint of ~60x60 nm in CuyOSeO3. This is much larger than the atomic-
sized memory schemes under active development [104], which consists of
just twelve iron atoms. However, the recent discovery of nanoskyrmions in
the RKKY systems may provide incentives for further material screening

to look towards a more competitive device size.

o Skyrmion Hall angle: When driven by an electric current, magnetic skyrmions
exhibit a deflection away from the current direction in a manner commonly
called the skyrmion Hall effect [105, 106, 107]. This effect arises due to
inconsolable damping effects on a material specific basis, such as magnetic

damping and anisotropies [108]. However, synthetic antiferromagnets show

9The novel and interesting physics alone tends not to persuade scientific funding committees!
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Figure 1.9: Top: Racetrack memory schematic consisting of a magnetic track
(blue is field-polarised up, out of plane), with read/write heads (gray boxes), and
skyrmions (white is magnetisation into the plane). Below: An advanced skyrmion
device featuring a reservoir for magnetic skyrmions to occupy. This scheme would
be more suitable for advanced applications such as neuromorphic and stochastic

computing, see text for further details.



1.5. Technological Applications 43

a promising avenue due to the cancelling Magnus-forces between the two-

coupled skyrmions [109, 110].

e Detection: The reliable reading and writing of skyrmions is a non-trivial
matter. Progress has been made with nucleating skyrmions using an electri-
cal current [111], and detection using electrical resistance and Hall detection

[112, 113]

e Stability: While zero-field skyrmions have been shown to be stable in some
systems [114, 115, 116], typically skyrmions require a non-zero magnetic
field. This means any device not using zero-field skyrmions would have to

remain connected to a power supply, else all the data would be erased.

e Pinning: Pinning effects within multilayer samples have the tendency to
massively increase the required current density to become similar to domain

wall motion [117], as well as lead to non-linear behaviour [118, 119].

However, the possibility of a catastrophic future-funding-failure can be avoided
by looking towards future, next generational spintronic devices. An example of
such a device is shown in the bottom of Figure 1.9, which differs from the 1 di-
mension race track by featuring a large region where skyrmions could accumulate.
This ‘reservoir’ of skyrmions has a number of interesting effects which could be
exploited to provide technological benefits. One such is stochastic computing,
which utilizes a continuous stream of random values. Complex computations
such as image processing can then be efficiently performed by simple, bit-wise
operations on these random streams [120, 121]. A reservoir of skyrmions un-
dergoing Brownian motion due to thermal effects has the potential to expel a
random stream of skyrmions, or more functionally the random fluctuations in

the resistance across the reservoir [122, 123, 124]

Another application is neuromorphic/reservoir computing schemes. These
schemes map an input signal into a ‘black box‘, which can be trained to read the

input state and map it to the desired output. This requires systems which are
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highly complex and non-linear, such as skyrmions [125, 126, 127]. Recently, pat-
tern recognition has been demonstrated, with accuracies akin to the ideal system

[128).

Finally, lattices of magnetic skyrmions show collective modes of excitations
that lie within the MHz regime [129, 130, 131, 132, 133, 134]. One could poten-
tially use these modes as a microwave signal detector, which are currently difficult
to capture using magnetic media due to the typical frequency of a single moment

being above the GHz regime.

1.6 Summary

To summarise, we have introduced the concept of magnetic skyrmions starting
off from the original three dimensional skyrmion. We have show that whilst mag-
netic skyrmions are indeed topologically protected, it is the specific magnetic
interactions within a material which allow the skyrmion to interact with itself,
in a self-stabilising manner. We have briefly reviewed magnetic interactions, and
shown the various types of magnetic skyrmion system which these interactions
are present in. Since it is clear that the magnetic interactions are essential for
skyrmion formation, looking for alternative interactions of skyrmion stability and
manipulation would be highly useful in optimising some of the technological ap-

plications of magnetic skyrmions, shown in the final section.



Chapter 2

Techniques for Investigating

Skyrmions

In this Chapter, we will review the different techniques that have been used in
this thesis to study magnetic skyrmions. In the following results Chapters, we will
use the experimental techniques of small-angle neutron scattering (SANS)! and
resonant elastic x-ray scattering (REXS). Both techniques are reciprocal space
techniques. They utilise the wave-like nature of incoming particles, and their
interactions with matter, to determine properties of the system. This is done
by measuring the locations, intensities and widths of the diffracted particles.
REXS and SANS are both highly sensitive to magnetic structures, allowing us
to accurately probe the complex spin-texture of our samples. We are able to
perform these techniques under extreme conditions, such as liquid-helium-cooled
low temperatures and high (10 T) magnetic fields, which is currently impossible
in many imaging techniques. Furthermore, diffraction gives information about

the entire macroscopic magnetic system rather than focussing on the microscopic

ISANS was the first technique to observe the characteristic hexagonal diffraction pattern,
and identify the origin of such a pattern to be magnetic skyrmions in 2009 [23]. In 2007 [135],
and even earlier 1992 [136], SANS studies also saw diffraction, from what we now know to be
a skyrmion lattice, but the geometry of the experiment prevented the hexagonal pattern from

being fully resolved.

45
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irregularities, allowing us to use mean-field theory to describe our observations.

2.1 Scattering Theory

In this section, we will develop the theory of scattering, starting from a single
object and working our way to an entire system. A recommended book for a
more thorough explanation is the course book from the Oxford School on Neutron

Scattering: Elementary Scattering Theory [137].

2.1.1 Scattering from a single object

In an ideal scattering experiment, an incoming particle (such as an x-ray, neutron,
electron) with momentum #k; is scattered into a new state with final wavevector
k. Here, we assume the particle loses no energy as it undergoes elastic scattering.
This scattering event causes the particle to undergo a momentum transfer, q,
which is characterised by:

The magnitude of the wavevector, |k| remains the same in order to conserve
energy. The simplest way to model an incoming stream of particles is to describe

them mathematically as a complex plane wave:

”Q/}Z' = ’QDO exp Zkl - r, (22)

where 1 is related to the incident flux, ®y = [1)y|?, 7 is the elementary imaginary
number and r is the position vector. The real part of this plane wave can be seen
in Figure 2.1 a, with positive and negative values on a logarithmic scale. After
interacting with an object, the probing particles will radiate outward in a radial

manner, described by:
exp ikr

vy = thof(k, 0) (2.3)

Y
r
whose inverse-square law dependence preserves the conservation of energy in two
dimensions. The function f(k, ) is system dependent, and contains information

about the probability of the incoming particle being scattered in a particular
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direction. The scattered wave for the simple f(k,0) = 1 case is shown in (b).
Neutrons and x-rays have a more complicated scattering behaviour, and this be-
haviour also varies depending on what from these particles are scattering. A
selection of f(k,0) as a function of Q = 2ksinf, where 0 is the scattering angle,
are shown in (c). For neutrons interacting with a nucleus via the strong nuclear
force (blue line), a straightforward relationship f(k,0) = —b is found where b
is called the scattering length, and is invariant with respect to the wavevector
and scattering angle. This scattering length exhibits an erratic variation across
different isotopes and elements [138], and the invariant nature stems from the
fact that nuclei are orders of magnitude smaller than the wavelength of thermal
neutrons [139]. As we shall see, scattering theory is related to Fourier trans-
forms, which map real space into frequency space. Highly localised objects in
real space are composed of a great number of different frequencies. Thus, nuclei
are well-approximated as Dirac delta functions, whose Fourier transform leads to

a continuum of frequencies and hence f(k, #) takes a constant value.

This is more complicated again when looking at neutrons scattering from mag-
netic atoms (green), as well as x-rays from the electron cloud surrounding a nuclei
(orange), in Figure 2.1 c¢. Since both of these particles interact with a spatially
extended ensemble of object, their respective Fourier transforms also show a spa-
tial extent, with the frequencies of greater wavelength being less significant than
those with a smaller wavelength. Interestingly, the magnetic interaction with a
neutron ‘falls-off” faster than x-rays interacting with electrons. This comes from
the fact that magnetism arises from unfilled electronic shells, which typically oc-
cur at a greater distance from the nucleus as we saw in the previous Chapter.
On the other hand, x-rays are able to interact with inner-shell electrons, whose
more-localised real-space nature has a greater extent in Fourier space. These
trends are called form-factors, and have been constructed from a summation of

Gaussian functions using the experimentally derived constants for an iron atom

[140).
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Figure 2.1: Scattering from a single object. a) An incoming plane wave, b) A
spherically symmetric radial wave, ¢) Example form factors for a neutron inter-
acting with a nucleus (blue), with magnetic (green), and an x-ray with charge
(orange). d, e, f) Scattered wave of an x-ray from a single atom with polarisation
lying out of the page, in the page, and unpolarised respectively. g h,i) Scattered
wave of a neutron from a single atom, and a single moment pointing along the z
and y-directions respectively. White line in (g) and (i) are undefined regions due

to the division of zero.
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The form factors for x-rays, again get even more complicated when accounting
for the polarisation of the incoming x-ray. X-rays interact with electrons in a
dipole-like manner, meaning that x-rays with their respective electric field are
polarised within the scattering plane (in Figure 2.1 this corresponds to the plane
of the page) behave differently to those polarised out of the plane. We show this
difference in Figure 2.1 d and e, with the unpolarised case shown in (f). A neutron
interacting with an atom whose scattering length is positive, b > 0, is shown in
(g). As shown, the phase reverses when compared to the trivial case in (b), yet
both display a lack on angular dependence. The interaction of neutrons with
magnetism arises due to a quantum mechanical coupling between the intrinsic
spin of a neutron, and the unpaired electrons within the sample. The derivation
is highly involved [141], so we skip to the result that neutrons only interact with

the component of the moment that lies perpendicular to the scattering vector:
M1=M-(M-q)q. (2.4)

The implications of such behaviour, as well as the angular-dependent fall-off, can
be seen in Figure 2.1 h and i. These panels show the real part of the scattered
wave after interacting with a magnetic atom whose magnetisation lies along the
positive x and y directions respectively. Again, further complications arise when
accounting for the polarisation of the neutron and spin-flip interactions. For-
tunately, the SANS experiments we show in this thesis were performed using
unpolarised neutrons — so we’ll ignore this complication and turn our attention

to what happens when we have an ensemble of scattering objects.

2.1.2 Scattering from an ensemble

We now extend our model from a single scattering site which was located at the
origin, to an ensemble of j-objects each with a given location, R;. Each object
makes a small contribution to the scattered wave, [0¢y|;, given by:

exp (iks - (r — Ry))
r — Ry ’

[5@5]0]] = ’QZ)[) exp (’lkl . I‘) fj(k‘, 0) (25)
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where we have now let each object also have an independent form factor, f;(k,6).
Summing over all atoms and using the definition of the scattering vector in

Eq. 2.1, we have:

expiq-r

W = o exp (iky - 1) Zf k,0)———— (2.6)

|I‘— J|

The assumption that each scattering element only contributes an infinitesimal
change to the scattered wavevector is valid provided we are within the kinemat-
ical limit [142]. Also known as the Born approximation, this requires that the
scattering power is weak enough such that the particle only interacts once with
the entire sample. Events such as multiple scattering, where the neutron interacts
twice with the sample, leading to extra peaks within the diffraction pattern, are
therefore not accounted for. The intensity of the scattered wave is its modulus,

|¢|, which in the far-field limit, |[r — R;| ~ r, is:

N
P Z .
j=1

This equation contains all the information to start investigating an example.

2.1.3 Example: The skyrmion

As shown in the previous Chapter, a hexagonal lattice of skyrmions is found
within a number of non-centrosymmetric systems, just below the ordering tem-
perature. This spin-texture is a multilateral composition of unpaired electrons
which give rise to an atomic magnetic moment; a whirl-pool like form of these
magnetic moments which constitute a single skyrmion; and a hexagonal lattice
which the skyrmions occupy. These three ingredients are shown in Figure 2.2
a to ¢ respectively. Their concomitant Fourier transforms are shown below in
panels (d) to (f). As previously explained, objects which are highly localised in
real-space, such as the electrons on an atom, give a very broad frequency-space
signature. Skyrmions are also localised, albeit on a much larger scale, hence
the form-factor fall-off is far greater. Note, the circular symmetry of both the

skyrmion and the atom is preserved within the Fourier transform. A lattice
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Figure 2.2: a) Diagram of an atom showing lone pairs of electrons which constitute an atomic moment, taken from [143] with

permission. b) Real-space image of a magnetic skyrmion, composed of magnetic moments. Lighter colour denotes a moment into

the page direction, arbitrary units. ¢) Hexagonal lattice of Dirac delta functions. d-f) Fourier transform of the above real-space

images, note the difference in axis units.
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is composed of a repeating array of Dirac-delta functions, and is shown in (c).
The Fourier transform of a real-space hexagonal lattice of separation d is again
a hexagonal lattice in Fourier space?. The spacing of this reciprocal lattice is
47 /+/3d, and also undergoes a /2 rotation. This rescaling and rotation comes
from the fact that the planes which constitute a hexagonal lattice along a prin-
ciple real-space direction are m-out of phase from each other, thus resulting in

destructive interference.

The reason why we have separated the hexagonal lattice of magnetic skyrmions
into its constituent parts comes from Eq. 2.7. This equation is multiplication of
the Fourier transforms of these three individual components, with the exponent
representing the lattice, and f(k, ) representing the form factor of the unpaired
electrons which constitute an entire skyrmion. The process of multiplying these
three Fourier transforms is identical to a convolution in real-space. That is, for ev-
ery lattice point in (c), we place a skyrmion, and for every moment of a skyrmion,
we place the unpaired electrons. This operation is quite complex, hence why a
simple multiplication in reciprocal space is more commonly used. The Fourier
transform of such a convolution, is identical to the product of the three compo-
nent Fourier transforms, which we show in Figure 2.3 a. As can be seen, we again
see a hexagonal lattice in reciprocal space. However, the magnitude of the spots
rapidly decays with increasing momentum transfer. This is due to the size of the
skyrmion, and not the form factor of an individual atomic moment, whose value

is approximately uniform across this ‘small’ region of reciprocal space.

The inverse Fourier transform of the M, component is shown in (b). Here, we
recover a hexagonal lattice of skyrmions. Artifacts remain due to discretisation

issues and computational nuances. A skyrmion lattice is typically approximated

2Interestingly, the Fourier transform of a hexagonal lattice has an infinite extent in reciprocal
space, as the form factor of an individual delta function is infinite, like an atomic scattering

length
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Figure 2.3: a) The product of the three Fourier transforms of the three real-space

images shown in Figure 2.2. The finite extent of the Fourier transform of a single

skyrmion causes frequencies of shorter wavelength to decay. b) Inverse Fourier

transform of (a), showing the M, component only, with white and blue denoting

out-of and into the page respectively. Central skyrmions appear brighter, and sit

on a non-ideal lattice due to artefacts within computational Fourier transforms

and the irrational nature of a hexagonal lattice fitting on a square grid. c¢) Real-

space, triple-¢ model of the skyrmions, and its Fourier transform (d).
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in the so-called triple-¢ model. Here, a lattice of skyrmions is created by the su-
perposition of three helical textures that are oriented 60 degrees from one another.

This has the mathematical form of [144]:

m(r) = 3 mo, (x). 23

where my,(r) is a helical magnetisation texture, see previous Chapter for a ex-
ample Ansatz. The triple-¢ model makes a perfect lattice of skyrmion, and we
show this in Figure 2.3 ¢, along with its Fourier transform in (d). Distinguish-
ing between three, spatially separate domains of helices versus a multi-¢ model
is difficult in diffraction based techniques, and requires the higher-order diffrac-
tion peaks to be visible, particularly those not along a helical direction. In most
skyrmion materials, the first order peaks dominate, and thus the triple-g model is
a good approximate for the equilibrium skyrmion lattice. Finally, we show a se-
lection of other multi-g spin textures in Figure 2.4 to 2.7, which shows that very
complex magnetisation textures can be created from a simple superposition of
single-g states. It is particularly worth mentioning Figure 2.4 b, which displayed
a square lattice of merons and anti-merons. Whilst these objects are vortex-like
structures, their wrapping of spins only gives them a winding number of N = i%.
We mention this here due to the possibility of a meron-antimeron lattice being

present in GdyPdSis, the material studied in Chapter 5.

Within a diffraction experiment, one probes the absolute value of this Fourier
transform of the scattering system. Despite losing the phase information, the
measured intensities still contain a wealth of information including the form of
the magnetisation, the quality of its ordering, as well as the lattice structure.
We will now briefly look at the benefits and limits of using x-rays and neutrons

within real experiments.
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2.1.4 X-rays V Neutrons

The first magnetic neutron diffraction experiments were carried out by Shull et
al., in 1951, which observed extra superlattice peaks arising from an antiferro-
magnetic structure upon cooling below the Néel temperature [145]. The intrinsic
magnetic moment of the neutron thus provides a direct probe of the magnetisation
within the sample, predicted theoretically in 1940 [146]. Neutrons are advanta-
geous due to their highly penetrating nature, which allows the magnetism from

the entire crystal structure to be simultaneously investigated.

The first magnetic x-ray diffraction experiment was performed by Bergevin
and Brunel in 1972, who used a lab x-ray source to measure an antiferromagnetic
superlattice peak in NiO [147]. The weak interaction of x-rays with magnetism
compared with charge, coupled with the fact that magnetism only arises from the
electrons which are unpaired, meant that count times of a few days per data point
were required. Later, highly brilliant and polarised x-ray sources were developed
in the form of synchrotron radiation facilities [148]. Later, Hannon et al [149]
found that magnetic scattering was massively enhanced at atomic resonances,

leading to the term resonant elastic x-ray scattering.

The two probes for investigating magnetism are complementary to one-another.

For instance:

e X-rays are surface sensitive; neutrons are bulk sensitive.

e X-rays are element specific; whereas neutrons probe the entire sample. This
comes with a caveat that one has to measure samples with a resonance in
a particular energy range of x-rays. Typically, these fall in the soft x-ray
regime, which comes with other challenges such as the absorption by air

[150).

e Some elements, such as Cd and Gd, have very large neutron absorption

scattering lengths, forcing us to use x-rays to probe the magnetism.
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e X-rays cause a significant amount of beam heating, limiting the minimum

temperature accessible in an experiment.

In this thesis, we use neutron scattering to look at the entire magnetisation
within samples of Cuy;OSeO3 in Chapters 3, 4 and 6. In Chapter 5, we use
resonant elastic x-ray scattering (REXS) to look at the nanoskyrmion material
Gd,PdSiz, due to the highly neutron-absorbing nature of gadolinium. In that
Chapter, we perform a full-linear polarisation analysis (FLPA). Here, we develop

a clear overview of the technique below.

2.2 Full-Linear Polarisation Analysis

The specific experimental details the FLPA technique explanation is found in
Chapter 5, but here we briefly overview the method and again do another ex-
ample for a system which only features charge scattering. FLPA is a technique
which provides a more insightful probe of a system compared with looking at
raw intensities alone. At a high-level, FLPA is a process by which the incoming
linear polarisation of an x-ray beam is rotated before interacting with the sample.
For each particular incoming polarisation angle, the polarisation of the scattered
x-ray is determined. Once the outgoing polarisation is measured for all incoming
polarisation angles, a model can be used to determine, and quantify, the nature
of the scattering within the material.

In order to start to understand the theory, we must first be able to describe
the polarisation of an x-ray. Typically, a linearly polarised x-ray is described in
terms of a Jones vector, V, such that the electric-field of the x-ray is described
as [151]:

E(t,r) = R[Vexp (—i(k-r))], (2.9)

where V = ({1 )(2; ), €, are three orthogonal basis vectors with the wavevector
k||€é3. This description of polarised light can be developed further, by taking
into account circular polarisation and incoherence. This is done by the Poincaré-

Stokes parameters. These three parameters totally describe the polarisation of
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an x-ray beam. They are defined as [151]:

VAP = [V

P=—"" 2.10
I AEAE (2.10)

Vi 4 P — Vi — 4P
Py = : 2.11
N AN (2.11)

2 2
py— ViZ il = Vi +iWa[f (2.12)

2(]Vaf? + [V2]?)
These parameters are then used to describe an ensemble of waves that may some-

what be depolarised by using a coherency matrix [152]:
I
p:§(1+0-P), (2.13)

where o are the three Pauli matrices, 1 is the identity matrix, and the intensity
is given by the magnitude of the Stokes vector: I = \/P? + P3 + Pj.

Now we are at a position where we are able to completely describe the polari-
sation state of an x-ray. We now wish to look at how a scattering element within
the sample, say the magnetisation or even charge, can change the state of the
incoming polarisation. This is done using a Jones matrix, M, defined as [153]:

M — <é |Me, > <é |Me, > | (2.14)

<é|Mle, > <e|M|é, >
where €, and €/ denote incoming and outgoing x-rays, polarised within the 7 and
o-planes respectively. See Figure C.2 for a definitions. M is therefore the matrix
operation which scatters one type of polarisation into another. The polarisation

of the scattered beam can therefore be determined by:
pf=M-p-M' (2.15)

Thus, if we know the matrix operations for different scattering sources, we are
able to determine the outgoing polarisation. Table 2.1, shows three common scat-

tering sources. We show a selection of different scattering matrices in Table. 2.1.
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Source M
1 0
Charge Ey
0 cos26
) , 0 z1cos6 + z3sinf
Dipole —iF
z38inf — z;sind — 29 CcOs 26
22 —29(2z, 8in @ — 23 cos @
Interference | Fy 2 221 ’ )
29(z1 8060 + 23 cos6)  — cos? (2% tan? O + 23)

Table 2.1: Matrix scattering elements for different types of scattering source. z,
are three orthogonal directions of magnetisation, see Figure 2.8, for definitions.

Values taken from [154]

By inserting the relevant scattering element into Eq. 2.15, we are able to sim-
ulate the polarisation of the scattered x-ray. The methodology for performing
an experiment is explained in Chapter 5. We use this equation to simulate some
basic systems in Figure 2.9 a to c. In (a), a charge system is modelled for two
different scattering angles. For the 6 = 0 degree case, we see that the beam
doesn’t undergo any change in polarisation or magnitude, whereas when 6 = 45
degrees, we again see no twisting but a significant reduction of coherence around
90 degree incoming polarisation. This corresponds to the dipole-radiation argu-
ment discussed earlier in the Chapter. In (b) and (c), significant twisting can be
observed, due to interacting with the magnetism within the sample. Furthermore,
the relative phase of the magnetisation can be determined, as chiral textures such
as helices produce significant P3 scattered polarisation, whereas collinear ones do

not.

2.3 Summary

To summarise, this Chapter has introduced the basics behind reciprocal space
techniques, and the main experimental method used throughout this thesis. We

started with how particles scatter from single objects, before moving onto a col-
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U,

Figure 2.8: Coordinate system and polarisation vectors relative to the incident

(k) and scattered (k') beams. Taken from [155] under CC BY 4.0.

lection of objects in a macroscopic sample. We used an example of a skyrmion
lattice to show the importance of convolutions, and were able to simulate a hexag-
onal lattice of skyrmions using both the convolution theorem and using a triple-q
model. We then discussed using neutrons and x-rays as probes of magnetisation,

before giving an overview and some simulations of FLPA.
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Figure 2.9: a-c) Outgoing x-ray polarisation in terms of Stokes parameters,
Py (Solid), P53 (Dashed) and P; (Dotted), as a function of incoming polarisation
angle. In (a), the model system includes only charge scattering with a scattering
angle of 0, 45 degrees for dark and light blue respectively. In (b) and (c), a
magnetic system is modelled for incommensurate magnetism that lies within the
Us-Us plane. In (b), the moments are in phase, leading to an oblique spin-density

wave. In (c), the moments are out of phase, leading to a spiral.



Chapter 3

Exchange Anisotropy

Investigations in Cu0SeO3

In the first experimental Chapter of this thesis, we briefly set the scene with an
overview of the anisotropic exchange interaction (AEI), and how it differs from
the more familiar symmetric exchange interaction. We will then look at how
this interaction affects the incommensurate magnetic textures within chiral mag-
nets lacking centrosymmetry. In particular, the helical and conical states within
Cup0SeO3. We will explain how to measure the AEI using small-angle neu-
tron scattering (SANS) together with a three-dimensional vector magnet, before
showing some experimental results with data collected from the LARMOR SANS
beamline at the ISIS Neutron and Muon Source. These results confirm that the
AFEI is present in CusOSeQ3, and that we found a change of behaviour as a func-
tion of temperature, with the AEI going from ferromagnetic to anti-ferromagnetic
upon decreasing the temperature from 7 down to 5 K. We finalise the Chapter
by explaining how, despite the anisotropies in the material displaying a change
of sign, the magnetic helices within the material don’t display reorientations, as
well as commenting on a possible microscopic mechanism responsible for these

low-temperature effects.

65
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Figure 3.1: Magnetic phase diagram of Cuy;OSeOs3, obtained via magnetometry,
for magnetic fields applied along the [00 1] crystallographic directions. LTS, TC,
C, H, SKL and FP labels refer to the low-temperature skyrmion, tilted conical,
conical, helical, skyrmion lattice (A-phase) and field-polarised phases respectively.

A large signature can be seen in the LTS/TC region.

3.1 Introduction

3.1.1 Justification: Novel Phases in CuyOSeO3

We introduce this Chapter by justifying why it is worth our time to investigate
additional interactions, enriching the picture compared to the three term Hamil-

tonian introduced in Chapter 1.

In 2018, a novel magnetic state was found in the material, dubbed the tilted
conical state [156]. This state is similar to the conical state introduced earlier

in this Thesis, but differs since the wavevector of the magnetic texture is not
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parallel to the direction of the applied magnetic field. Instead, the wavevector
tilts towards a [1 1 1]-type of crystallographic direction. A real space description
of this magnetic state is introduced later in this Chapter. In the same year, a
separate skyrmion phase was found and shown to be independent from the A-

phase skyrmion phase (Near T¢) [157].

The presence of these phases make CusOSeO3 unique amongst other similar,
skyrmion-containing materials. As shown in Figure 3.1, the signatures of these
states are found far below the ordering temperature, and only for magnetic fields
applied along the [100]-type directions. This leads to these phases to be known

as the anisotropic, low-temperature phases within the material.

We shall see why these novel phases are present in this material and which

interactions are responsible in the rest of this Chapter.

3.1.2 What is the Anisotropic Exchange Interaction?

Similarly to the Heisenberg interaction, anisotropic exchange is quantum mechan-
ical in nature and describes the coupling between two nearby magnetic moments
[34]. Annoyingly, magnetic nomenclature has lead to a variety of different phe-
nomena being ascribed the name of the anisotropic exchange interaction, includ-
ing: the dipolar interaction [158], interfacial interactions between two magnetic
materials [159, 160, 161] and even the Dzyaloshinskii-Moryia interaction [34]. In
this thesis, we follow previous work on non-centrosymmetric bulk samples and
use it to describe a directionally dependent exchange interaction [162, 163, 164].
Luckily, this dilemma of different definitions can be consolidated atomistically
by using describing the coupling between two adjacent spins, S; and S; with an
exchange tensor J;; that features components ijb, such that the Hamiltonian of

the system is the sum over all pairs of spins:

1
HExh — -5 § 'SiJ5;S;i, (3.1)
1,]
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where the exchange tensor in full is,

Jo= |75 7 a5 |- 42)

This tensor is typically decomposed into three terms [165], J;; = Jé—i—%?—i—%? ,
where Jifj is the standard isotropic Heisenberg exchange defined as the average
of the diagonal elements, J); = DN Jii%, and jg + Ji‘;‘ are the symmetric

and antisymmetric! anisotropic exchange tensors respectively. The symmetric,

anisotropic exchange tensor is given by:

1
75 = Mg+ TN - T 53)
%(Jijy + Ji7 = 2ij$) ijy + ijz JiE+ I
S AR U Y D R
xz zZT z z 1 z 22z
Jii + J5 Jiy + I s+ —2J5)

(3.4)

Here, T is the identity matrix and A7 represents the transpose of matrix
A. Whilst this entire matrix may seem daunting at first, it is greatly simplified
by enforcing a cubic symmetry to the system. This would cause the diagonal
coupling constants? Ji = Jf’jy = J;7 = 0 so that the diagonal elements within
.75 would vanish, leaving only the off-diagonal components. From this we can
see that the coupling between neighbouring spins with collinear moments is zero,
as the off-diagonal components are only activated if the spins are canted away
from one another. This leaves only the off-diagonal components, which in a non-
centrosymmetric crystal are known to be finite due to the non-vanishing DMI
interaction. These diagonal moments couple to non-collinear moments, such as

those found in some incommensurate magnetic textures, as well as moments which

'The antisymmetric exchange tensor, \7;;‘, is none other than the atomistic Dzyaloshinskii-

Moryia interaction (DMI) [166].
2These couplings are all equal, so these terms are accounted by the isotropic Heisenberg

interaction, J.

;j» S0 this matrix doesn’t have to make any corrections.
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Figure 3.2: Figure shows the directional, and relative angle dependence of the
AEI and Heisenberg exchange (exch) for a pair of moments (black arrows) within
a simple system consisting of two atoms bonded by a single p-orbital. In (a) and
(b), the moment directions are aligned so both the exch and AEI vanish. When
the moments lie orthogonal to each other, the exch energy is equal regardless
of the relative directions, but the value of AEI between one moment parallel
to the bond (c¢) and both perpendicular to bond (d) is inequivalent due to the

inequivalent symmetry.

lie along a non-trivial crystal direction. For non-collinear moments, these off-
diagonal elements still favour particular orientations relative to the crystal axes,

and are more easily visualised via a symmetry argument as in Figure 3.2.

As can be seen in panel (a) and (b), a parallel arrangement of magnetic mo-
ments which lie along a principle axis direction cause the AEI and Heisenberg
exchange energy to vanish by definition. However, by looking at the (uniaxial)
symmetry of the system, the degeneracy of orthogonal moments is lifted due to
the inequivalent scenarios seen in (c¢) and (d). This energy splitting is due to the
AFEI, as the Heisenberg exchange only depends on the dot product between the
two spins, not their relative orientation with respect to crystal axes. Within a cu-

bic system however, the (100) directions are equivalent. In this case, the breaking
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of degeneracy can be found when considering the (111) and [100] crystal direc-
tions, ultimately leading to the AEI being (partly) responsible for controlling
the propagation direction of the magnetic helices within non-centrosymmetric

magnets, as discussed in the following section.

3.1.3 Exchange Anisotropy in Cubic Helimagnets

The symmetry of the cubic materials place the requirement that the macroscopic
physical properties (and therefore the free-energy descriptions) to also exhibit
the same symmetry according to the Neumann principle [34]. Since the magnetic
textures within the B20 helimagnetic materials are slowly-varying, the continuum
approximation is typically used, and to first order the free energy contribution
from the exchange interaction is isotropic. We revisit the well-known free-energy

expansion first mentioned in Chapter 1:

F(r) = Dm(r) - (V x m(r)) + A(Vm)? + poMym - H, (3.5)

where A, D are the constants for the previously mentioned exchange and Dzyaloshinskii-
Moriya interactions (DMI), and the final term is the Zeeman interaction. This
free-energy equation is mostly-isotropic, with the symmetry of the system only
being broken by an external magnetic field. In zero field, the energy only de-
pends on the relative angle between the magnetic moments, leading to an infinite
number of degenerate configurations as the moment directions with respect to
the crystal axes do not influence the final free energy. However, by taking into
account higher-order corrections we encounter anisotropic terms. These occur at
fourth-order in the spin-orbit coupling and are typically weaker than the terms
mentioned in Eq. 3.5, which are lower-order corrections to the free energy (for in-

stance, DMI is first-order). For completeness, we show here the five fourth-order
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terms allowed by cubic symmetry:

1 omy, om om,
Fonis(1) = 5l G2 + (G0 + (G2
om,0m, OmgyOm, Om, 0Om,
+ )

Or Ox oy Jy 0z 0z
B (8my om,  Om,O0m, N om, Omy, )

Jx O dy Oy 0z 0z
omz Om,  Om,dm, Om, 8m$]
or Jy Jy 0z 0z O
0? 0? 0? 0? 0? 0?

g™ gE Tt g g™t g™ g™

+K(mi+m§+mﬁ),

+ 72[(

+ 23]

1
—-A
+2 2[

where 7, 23 are the three symmetric AEI terms, A is the second-order Heisen-
berg exchange interaction, and the last term is the fourth-order single-ion mag-
netocrysalline anisotropy (MCA) with a constant K. In the following, we follow
previous studies and set v; = 7 and 723, A2 = 0 for simplicity [156]. Note
that only the 7; term was initally investigated in the original Bak-Jensen model
[167]. Due to their relative weakness compared to the isotropic interactions,
these anisotropic interactions do not typically play a major role in the forma-
tion of the incommensurate magnetic textures present in the chiral helimagnets.
However, they do influence the crystallographic direction in which the zero-field
magnetic helices propagate. This is most noticeable when comparing MnSi and
Cuy0SeO3, where the helices in MnSi always follow the (111) directions whereas
in CuyOSeOg3, the helices are locked along the (100) directions. Interestingly in
FeGe, there exists a helical reorientation from the (100) to (111) upon cooling
from near room-temperature to below around 230 K [168]. However, revealing
the detailed physics behind such a macroscopic reorientation is difficult as both
the anisotropic exchange interactions and single-ion anisotropy influence the di-

rection of the magnetic helices.

The orientational dependence of both the AEI and MCA on a number of
spin-textures can be seen by inserting a conical state Ansatz into terms 1 and

5 of Eq. 3.6, see Appendix A for the full derivation. Here, we describe the
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Figure 3.3: Schematic of a magnetic conical state with cone angle, 6, and

wavevector (q) angle ¢.

magnetisation, m(r) of a conical state by:
m(r)/M; = sinf(cos(q - r)é&; +sin(q - r)és) + cos 0és, (3.7)

where 6 is the conical angle, and {&,} define three mutually orthogonal basis
vectors, with &3 || q. In order to simplify this Ansatz, we consider a conical tex-
ture with the wavevector restricted to the plane spanned by the three high cubic-
symmetry directions ([001], [110], [L11]), such that q = (5 sin ¢, 7= sin ¢, g cos ),
and the magnetisation can be described by only using two angular coordinates,

0 and ¢. A schematic of this conical state is shown in Figure 3.3.

Here 6 is the conical angle which determines how closely the magnetic mo-
ments lie along the magnetic wavevector, q, with 6 = 0, 90° for a field-polarised /helical
state respectively. Here, we define the direction of the wavevector to be solely
determine by a single spherical polar-coordinate ¢. This definition locks the
wavevector to always lie within a plane in space, instead of being free to move in
three dimensions, in order to simplify the maths. Fortunately, this simplification

matches our experimental observations described in a later section.

In the absence of an external magnetic field, the orientation of the magnetic
helicies within non-centrosymmetric cubic helimagnets is determined by both the

MCA and the AEL For these magnets, the leading terms are [167, 156]:

Fyea = K(my, +m;, +m3), (3.8)
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Fapr=7 ) (d;,”)? (3.9)

1=T,Y,T

Inserting the conical Ansatz shown in Eq. 3.7 into these equations and in-
tegrating over one conical period, we find the average free energy density per

wavelength yields:

.4
Frea(8,6) = K sin* f(cos’ ¢ + 222

3 qi 2 0 si 2 2
+ K sin? 6 cos® §( Sl; gb+ i Q;COS ¢

3cos*¢ 3cos’¢p 3sintgp 3
K cos* ¢ —
+ K cos™ §( 5 t— g t 5t 16)’

) (3.10)

2 2 2
Fapi(0,6,9) = n sm49 — gb(g cos® ¢ + 1). (3.11)

The free energy dependence on 6 and ¢ is shown in Figure 3.4. Note how the

AEI free energy is wavelength dependent, whilst the MCA is not. Here lies the
origin of why we are able to separate out the AEI contribution from the MCA,

and we shall return to this point later.

As shown in panel (a) and panel (b) of Figure 3.4, both the AEI and MCA
influence the direction of the conical wavevector for a variety of different values
of # and ¢. In (a), the AEI is greatest in magnitude in the helical phase (6 = 90
degrees), and diminishes linearly with increasing conical angle to zero when the
moments are all aligned in the field polarised state, regardless of their final crys-
tallographic direction. Furthermore we see two maxima at ¢ = £54.7 degrees),
corresponding to two [111] directions, and a minima at ¢ = 0°, the [001] crys-
talline direction. Of course, changing the sign of v reverses these so that the
previous maxima are now the minima. This shows us that in the helical state,
a positive vy prefers the wavevector to lie along the (100) directions, whereas a
negative prefers the (111). Finally, in the field polarised region, the AEI van-

ishes, similarly to the Heisenberg interaction.

In panel (b), the MCA has also be seen to play a role in the determination of

the zero-field magnetic helices, with the wavevectors preferring (111) for K > 0
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Figure 3.4: Normalised AEI (a) and MCA (b) energy landscapes of a conical
state with a cone angle 6 and angular direction ¢, such that ¢ = 0,90 is [00 1],
[110]. Depending on the signs and strengths of v and K, the magnetic helices
orient along the 4 equivalent (111) directions (c), or 3 (100) directions (d).



3.2. Methods and Experimental Details 75

and (100) for K < 0. However, unlike the AEI, the MCA is most prevalent
within the field-polarised state as the anisotropy is not averaged out across a
winding texture, as instead the moments simultaneously lie along easy /hard axes
respectively. Interestingly, the MCA displayed local minima (for K < 0) along
the (111) directions around 6 = 45 degrees, which reverses the easy axes from

the (100) at the extremes of # = 0 and 90° respectively.

These panels show us that, depending on the sign of both the MCA and AEI
and their relative strengths, the zero-field magnetic helicies can be stabilised along
either the (111) direction as shown in panel (c) or the (100) direction, panel
(d). Decoupling the relevant anisotropy from the myriad of possible interactions
by just looking at the propagation direction of the magnetic helices is therefore
impossible, and a more advanced technique than those typically used must be

employed to extract the values of the anisotropic free energy contributions.

3.2 Methods and Experimental Details

3.2.1 Technique Overview

As mentioned in the previous section, the effects from a myriad of different
anisotropic interactions are hard to decouple. To make matters worse, these terms
are typically orders of magnitudes smaller than the conventional exchange inter-
action. Typically, the in-house techniques of torque magnetometry [169, 170, 171]
and ferromagnetic resonance [172, 173, 174] are used for determining the magnetic
anisotropy, but both are usually limited to only extracting the uniaxial constant of
thin-film magnetic systems, which is far stronger than cubic anisotropy [175, 169].
Due to the symmetry of a thin-film, there is often a large energy difference be-
tween magnetisation lying in and out-of the plane of the sample. Separating the
various symmetry-allowed single-ion anisotropies is a laborious task [176], and to
the best of our knowledge no one has implemented determining the AEI in either

technique.
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These limitations call for a new method that separates the effects of these
two anisotropies. As we shall see, one possibility is using SANS, together with a
3D vector magnet, to probe the orientational-dependence of the incommensurate
conical states within chiral bulk-samples. Within these systems, conical states
are induced by the application of a moderate magnetic field (See Chapter 1 for
the general phase diagram of these systems), with a strength great enough to
transition the system out of a helical state locked along a particular orientation,
but not so strong as to field-polarise the material. Furthermore, the orientation of
these conical states can also be controlled by the direction of the applied magnetic
field, giving us the ability to manipulate the wavevector of the spin-texture into
any direction as the conical state tends to trivially follow the magnetic field direc-
tion®. In the following, we provide the mathematical description at the mean-field
level of how to measure the AEI by exploiting such control of a magnetic conical

state, within a 3D vector magnet.

We start by using the non-constant terms within the free energy expansion
derived by Bak and Jensen [167], which is valid for systems of P2;3 crystal
symmetry that host slowly-varying magnetization densities within the continuum

approximation m(r) [10]:
F(r) = Dm(r) - (V x m(r))

+ LA + (T, + (T,

1 Omgo ,0my. ., ,0m,
—i—K(mi—i—m;—l—mi)

2] (3.12)

+ M()(m ’ Ha)a
where D, A are the familiar Dzyaloshinskii-Moriya and exchange stiffness, and
K, are the 4™ order MCA and AEI constants respectively. The final term in

Eq. (1) is the Zeeman interaction within an applied field H,. In the case of

3this is not always the case, such as the tilted conical state in CuaOSeO3 [156, 177]
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D =0, and A,~ > 0, the spin-texture reduces to a simple ferromagnet, with the
spin direction given by the sign of the MCA constant K.

Similarly to the previous section, inserting the conical Ansatz given in Eq. 3.7
into the free energy expansion, integrating over one conical period, A, before
differentiating with respect to ¢ (See Appendix A for the full derivation) we find

a single stable solution:

—F(q,¢) =sin®0[D + Aq + %vq sin® ¢(3 cos® ¢ + 1)],

_ D)
A+ %vsin2 #(3cos2p+ 1)
As shown by Eq 3.13, the free energies which determine the periodicity of

(3.13)

q

the incommensurate states within non-centrosymmetric magnets at a mean-field
level are limited to the DMI and both the isotropic and anisotropic exchange
interactions. Due to the the integration and normalisation of the free energy
over an entire conical period, the Zeeman and anisotropy energies vanish due to
the symmetry of the magnetic Ansatz, and thus changing the magnitude of the
applied field has no effect on the conical period. However, the direction of the
applied field (H,) induces a rotation of the conical wavevector angle (¢) to follow
the field direction, thus subjecting the conical state to the anisotropic effects of

the AEI

An example experimental configuration is shown in Figure 3.5. Here, incoming
neutrons are directed along the [110] direction of the sample, and are able to
diffract off magnetic textures with periodic components that lie within the plane
normal to the same direction (cyan circle in Figure 3.5). This geometry places
three high-symmetry directions into the scattering plane, namely the [001], [111]
and [110]. By using a 3D vector field cryomagnet, it is possible to induce a
conical state with an arbitrary propagation direction. By aligning the field along
different crystallographic directions, we form a conical state with different free
energy due to the anisotropic nature of the AEI and MCA. As we will see in the

later section, the MCA does not influence the wavelength of the conical state.

On the other hand, the free energy contribution of the AEI is proportional to
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[111]
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Figure 3.5: SANS scattering geometry with a 3D vector magnet. Incoming
neutrons (ng) parallel to the [110] direction, with the applied magnetic field
perpendicular to ny within the scattering plane (cyan circle). A polychromatic
incoming neutron pulse (dark purple), scatters at different angles depending on

the wavelength (lighter purples).

¢?, similarly to the Heisenberg exchange interaction. Thus the wavelength of

the conical spin-texture will either shrink or expand in order to minimise the
directionally dependent AEI. We perform such an experiment and present the

results in the following section.

3.2.2 SANS Experimental Details on the Larmor Beam-

line

This section presents the experimental results from a 20.5 mg single crystal of
(Cug.98Zmg 02)20Se0s3, that was grown at the University of Warwick utilising the
chemical vapour transport technique, see [178] and Chapter 2 for further details.
For the SANS experiment, the LARMOR instrument at the ISIS Neutron and
Muon Source was used. The sample was aligned with an x-ray Laue camera (Mul-
tiwire Laboratories) such that the [110] direction was vertical in the laboratory
frame and the [110] direction was parallel with the incident neutron beam. This

orientation allows the magnetic textures whose periodic components lie within
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a plane spanned by the all three high cubic-symmetry directions ((100), (110),
and (111)) to simultaneously satisfy the Bragg condition, as shown in Figure 3.5.

A Zn-substituted sample was chosen for our study due to the reduction of
the regular exchange interaction compared to pristine CuyOSeQs, resulting in a
greater value of ¢ [178]. Previously, we have shown in our previous work that the
Zn ions occupy the Cu-sites in a random distribution, and that the large length
scales of the magnetic textures render microscopic pinning effects to be irrele-
vant [178]. This is shown by the strong similarities of the magnetic behaviour
between Zn-substituted and pristine samples [179], and hence we expect our re-
sults here will extend to pristine samples. Furthermore, the larger wavevector is
more appropriate for LARMOR, which receives a hotter neutron spectrum than
other SANS instruments such as ZOOM. Therefore, the diffraction angles are typ-
ically smaller and yielding a poorer g-resolution, particularly at low magnitudes
of magnetic wavevector. Since we are looking for subtle changes in the magnetic

wavevector, the Zn-doped sample is more suitable.

The time-of-flight (TOF) neutron diffraction data were reduced with Mantid
[180], which automatically accounts for detector and pixel efficiencies by running
a standard sample prior to the experiment, and provides the user with reduced
SANS patterns, i.e. two-dimensional maps of diffracted neutron intensity at

different values of ¢, and g,.

3.2.3 A Note on Hysteresis

Due to the large footprint of the 3D vector magnet at ISIS, the cryostat takes a
large amount of time to change and settle to new temperatures. In our sample
of Cuy0OSeOs, it typical to warm the sample above the curie temperature (58
K in our sample) to reset the magnetic state. Changing the temperature from
5 K to 65 K, before returning to a stable 5 K took over two hours to complete,

rendering resetting the sample’s state many times to be infeasible due to the time-
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limitations of a beamline experiment. Therefore, the samples state only reset
three times to for the three temperatures studied further in the next section.
These resets were done at zero field, warming above 60 K before cooling and
stabilising at the desired temperature. The magnetic field was then increased
until a pure conical state was observed with no co-existence with helical domains.
Then, the magnetic field was rotated without resetting the state each time in a
cold sample state. Alternative hysterical studies, using a flash heater mount such
as the one used in Chapter 6, would be very worthwhile to investigate the true

ground state and look for time-dependent relaxation effects.

3.2.4 Rotating Field Scans

To observe the effects of the anisotropic interactions on the magnetic textures
within Zn-doped Cuy;OSeO3, we performed the required field scans by rotating
the direction of the magnetic field whilst maintaining the field at a constant
magnitude. Initially, the field was applied vertically in the laboratory frame af-
ter zero-field cooling. The field orientation was then rotated 90 degrees in 46
steps about an axis parallel with the neutron beam, such that the [110], [1 11],
[001] directions were parallel with the field at angles of 0, 35.3 and 90 degrees
respectively. This procedure was performed at 5, 12 and 50 K at magnetic field
magnitudes of 70, 60 and 40 mT respectively. These fields were chosen to avoid
phase coexistence between the magnetic conical and helical states, whose phase

boundary varies as a function of field, see Chapter 2.

A selection of frames from the field scans are shown in the next section, within

Figure 3.6.
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Figure 3.6: Selection of reduced SANS patterns for field rotations at 40 mT, 50
K(a) and 70 mT, 5 K(b). The field angles for each frame are 0, 22, 44, 68 and 90°
for frames (i-v) and are shown by the thick dashed lines. The thin-dashed circle
gives the location of equidistant ¢ = 0.011 AT Crystallographic directions are
shown by the dotted lines in af(i).

3.3 Results and Explanation

In the first frame of the 50 K dataset, (a-i), the vertically applied magnetic
field induces a magnetic conical state with wavevector along the [110] direction,
which we detect as a single pair of vertical peaks with ¢ ~ 0.011A_1, with a corre-
sponding real space length of 57 nm, in agreement with previous measurements on
doped samples [178, 179]. Upon rotating the field, (a:ii-v), the conical wavevector
rotates in an attempt to follow the direction of the magnetic field. This behaviour
is expected in the limit in which the AEI and MCA are much smaller than the
isotropic Dzyaloshinskii-Moriya and exchange interactions (v, K << A, D), al-

lowing the conical wavevector to rotate freely to minimize the Zeeman interaction.

However, this behaviour is not replicated within the data taken at lower tem-
peratures in Figure 3.6b(i-v), which shows that the angle of the conical wavevector
(¢) consistently lags behind the magnetic field angle (Hy), particularly after the

field passes through the [111] direction. This offset between the field direction
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and ¢ increases in magnitude with further rotation of the magnetic field, up to
a maxima just before the field is applied along the [001] direction. This mag-
netic state is characteristic of the tilted conical state seen previously in pristine
Cuy0SeO3 [156], and shows that while isotropic interactions dominate at tem-
peratures near T¢, the anisotropic interactions be seen to become increasingly
important at low temperatures, as they are shown to prevent the free rotation of

the magnetic conical state.

To quantify the effects of the anisotropic interactions, the conical peaks col-
lected during the field scans shown in Figure 3.6 and an additional set at 12 K
were fitted to two-dimensional gaussian functions defined in polar coordinates,
allowing the extraction of the magnetic wavevector angle, ¢, and magnitude, q.
See Chapter 4 for further details about the fitting procedure. The results of this
fitting for field angle scans at the three different temperatures are shown in Fig-

ure 3.7.

The behaviour of ¢ as a function of field angle is shown in Figure 3.7a. A
clear difference between the high temperature and low temperature regimes can
be seen. In the 50 K dataset, ¢ initially decreases slightly as the applied field

is rotated from the [110] to [111] direction and then increases as the field is
rotated further, up to a maximum when H is along [001]. This behaviour is
reversed at low temperatures (both at 12 K and 5 K), where the magnitude of
the conical wavevector instead increases to a maximum when the field is rotated
from [110] to [111], before quickly decreasing as the field angle approaches the
[001] direction. In Figure 3.7b, the effects of the anisotropic interactions can also
clearly be seen to be more significant within the low-temperature datasets, where
¢ deviates substantially from linearity after the magnetic field passes through

[111], as compared to the 50 K dataset where ¢ deviates only slightly from the

expected linear trend in the absence of anisotropic interactions.
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Figure 3.7: a,b) Normalised wavevector magnitude, and wavevector angle, ¢,
of the conical state as a function of applied field angle, Hy4. Dark blue, light blue
and orange indicate temperatures of 5, 12, and 50 K respectively. Dashed line

shows [111] direction. Dotted line shows H.

In accordance with Eq. 3.13, the implications of this dependence can more
easily be seen in Figure 3.8a-c, which shows the experimentally measured values
of the conical wavevector ¢ for different conical wavevector angles, ¢, at 50, 12
and 5 K respectively. At 50 K, the increased wavevector at [001] compared to
[111] is a clear indication of a positive exchange anisotropy constant v, where
energy costs for directions other than the (100), are compensated by a shrinking
of the conical wavevector. This behaviour reverses with decreasing temperature,
shown in Figure 3.8b and c, where the wavevector maxima are located at the

11 T] and minima towards the [0 OT], suggesting a change of sign of ~.

Using the experimentally determined value for the exchange stiffness, A =
4.4 x 10713 J/m from Tc = 57 K [178, 181], and fitting both D and v in Equa-
tion 3.13 to the data in Figure 3.8, we find v = 2.1(2) x 107 J/m at 50 K,
—3.4(4) x 107" at 12 K, and —6.7(3) x 107'* J/m at 5 K. The low-temperature



84 Chapter 3. Exchange Anisotropy Investigations in Cu;0SeOg3

— 0.0114

0.0112
0

b)
0.0110

— 0.0108 T~

40

102

0.024[110]

' 102

0.00 [001]

ay ( o)
-
1

~0.02 10!

—0.02 0.00 0.02
qx (A_l)

Figure 3.8: Values of the extracted wavevector magnitude (¢q) against wavevec-
tor angle (¢) with (a-c) being the 50, 12 and 5 K datasets respectively. Fits to
Eq. 3 are shown by the bold lines, with dotted lines showing regions ignored in
the fitting procedure due to the appearance of higher-order peaks, shown in (d).
Dashed line at ¢ = 54.7 degrees corresponds to the [111] direction.
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values are consistent with theoretical values of v required for formation of the

tilted conical state [156], in agreement with the TC states observed in this study.

During the refinement of the low temperature datasets, only angles above 55
degrees were used. This is because at low temperatures, the direction of the
conical wavevector deviates significantly from the magnetic field direction for ¢
< 55 degrees, inducing a component of the magnetic field perpendicular to the
conical wavevector. Applying transverse fields to a helical state with a pinned q
direction is known to deform the helix [182], introducing higher-order components
to the Fourier transform of the magnetic state. The presence of higher order peaks
in our SANS pattern shown in Figure 3.8d suggest that similar deformations are
occurring in our tilted conical state. For helices, these deformations are known to
reduce the value of ¢ as the perpendicular field strength increases, which would
be consistent with our observations that a large variation of ¢ occurs when there
are prominent higher-order peaks. Fully accounting for these deformations within

our model spin-texture remains an avenue intended for future study.

3.4 Discussion

3.4.1 Why do the Helices in Cu;0SeO3; always stay along
the (100)?

In the previous section, we showed that the AEI is present in CuyOSeO3 and that
one can measure it within a bulk sample by investigating the magnitude of wave-
length of the conical phase changes as a function of crystallographic direction.
Furthermore, we also showed that the AEI constant undergoes a change of sign
from positive to negative upon cooling. In the absence of cubic anisotropy, this
change of sign of the AEI would induce a helical reorientation from the (100) to

(111) directions, similar to the helical reorientation in FeGe*. For the orientation

4However, it is currently not known whether the AEI or MCA is responsible for this
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Figure 3.9: Magnetocrystalline anisotropy constant, K, as a function of temper-
ature, as extracted from the magnetic work (green, blue), and the upper critical
field H. (orange). Shown in grey shading is the regime in which an LTS phase

becomes favourable, data taken with permission from [183].

of the helical wavevector to remain aligned along the (100) directions (consistent
with experimental observations), we require that K must be negative when - is
also negative, with the condition |K| > £|y|¢* found by differentiating Eqgs. 3.10
and 3.11. This requires that the magnitude of K increases with decreasing tem-

peratures.

As shown in Figure 3.9, the MCA was found to become increasingly negative
upon cooling towards lower temperatures using a variety of experimental tech-
niques. This experimental finding supports our hypothesis that the helicies in
Cuy0SeOy lie along the (100) as the negative MCA dominates over the nega-
tive AEI (which would prefer them to align along the (111)). Interestingly, we
see that at high temperatures, the value of K is either vanishingly small or even
positive, which would prefer a (111) alignment of helices. Fortunately, our exper-
imental findings reconcile this, as we find a positive v towards high-temperatures,
meaning that near T the AEI dominates over the MCA. This delicate hand-over
of significance allows the helices to always remain locked along the (100), despite

both interactions undergoing a change of sign. We postulate that at temperatures
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where neither interaction is clearly dominating (away from the skyrmion pocket
in a region not thoroughly studied), interesting phenomena and novel magnetic

states may be waiting to be discovered.

3.4.2 A possible mechanism

The rich behaviour of both the MCA and AEI, together with the recently dis-
covered tilted conical and low temperature skyrmion states arises due to complex
unit cell of CuyOSeO3 when compared to the B20 compounds such as MnSi and

FeGe, containing 16 Cu?* ions per unit cell.

As shown in Figure 3.10a, these Cu?* ions constitute a network of four corner-
sharing tetrahedra, each containing two differing Cu-sites, Cu(1) and Cu(2) in a
ratio of 1:3 respectively. These Cu?" ions interact with each other via superex-
change, mediated by an intermediate oxygen atom. The symmetries within the
crystal structure leads to five inequivalent superexchange constants and Dzyaloshin-
skii-Moriya (DM) vectors. Both ferromagnetic and antiferromagnetic exchanges
are present, whose values have been determined experimentally [184, 185] and
from first principles [186]. To summarise previous findings, the strong FM and
AFM interactions between the ions within the tetrahedra causes their tetrahe-
dron to behave as an effective spin-1 triplet, coupled weakly to each other as
shown in Figure 3.10b. Interestingly, the DM couplings in the ground state of
each tetrahedra cancel out by symmetry, showing that the DM interaction within
Cup0Se0g3 arises due to the effective DM couplings between each tetrahedra and
is not of atomistic origin. The effective spins of each tetrahedra have a range of
excited states to give a great number of possible effective interactions beyond the

five super-exchange and DM couplings between the Cu?* ions.

It was found that the first-excited state within a single tetrahedron appears
far above T at 275 K [186]. The effective macro-spin of the unit cell, panel (c),

is composed of the effective spins from the four tetrahedra, these were found to
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Figure 3.10: a) Unit cell of CuyOSeO3 showing the Cu(1) and Cu(2) sites as
white and black arrows respectively. Strong (weak) superexchange couplings,
where intermediate oxygen atoms are not connected for clarity, are shown as
thick (thin) lines between Cu-spins. Red shows ferromagnetic couplings, blue
show antiferromagnetic. b) The strong couplings in each tetrahedra allows each
tetrahedron to be modelled as an effective spin, introducing further effective in-
teractions. The long-period magnetic textures are well described using mean-field
theory, which ignores the crystal structure and approximates the magnetisation

as a density per unit cell, shown in (c).

have excitations in the region of 16 K [186]. We speculate whether the cessation of
effective spin-state mixing upon cooling to lower temperatures is responsible for
the large change in material parameters away from 7. We emphasise the point
that whilst these individual atomistic interactions are inevitably all temperature
dependent, we don’t expect any one particular interaction to undergo such a
dramatic effect as to change in sign. Instead, we suspect that the highly non-
trivial combination of all the subtly-changing magnetic interactions within a unit
cell to gives rise to the change in sign of the emergent, mean-field, anisotropic

exchange interaction interaction.

3.5 Conclusions

In conclusion, we performed SANS on a single crystal of (CugggZng g2)20SeOs,

using a novel 3D vector magnet to decouple the anisotropic interactions within
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the material by rotating magnetic field of constant magnitude. We observed a
change of behaviour of the magnitude of the conical wavevector, ¢, as a func-
tion of wavevector angle, ¢, whereby the crystal directions corresponding to a
maximum or minimum in ¢ reversed with cooling from 50 K to 12 K. We have
explained this using a mean-field, continuum model and find that the AEI con-
stant changes sign between these temperatures, with fitted values consistent with
those required for tilted conical state formation. Unlike in the related compound
FeGe, helical reorientation does not occur within Cuy,OSeO3 with the change in
sign of the AEI This is due to an increasingly negative cubic anisotropy, which
increases in magnitude faster than the AEI, causing the helical wavevectors to
remain along the (100) directions. We believe our finding that the AEI changes
sign at similar temperatures to the occurrence of the low-temperature skyrmions
and tilted conical magnetic phases will be highly useful for understanding the
formation and stabilisation of these newly discovered magnetic textures within

this material.



Chapter 4

Electric Field Controlled

Skyrmion Deflection

We introduce this Chapter with how electric-fields can be used to control var-
ious magnetic textures via magnetoelectric coupling, which not only opens up
another external control parameter, but also provides unique benefits from the
viewpoint of novel spintronic devices. We briefly cover the use of E-fields on
multilayer skyrmion-systems, before moving onto the effects of E-fields applied
to bulk single-crystalline materials and justify the use of bulk materials over het-
erostructure systems in nano-fabricated device architectures. We explain how
a SANS experiment can be performed simultaneously at cryogenic temperatures
and within both electric and magnetic fields, before showing recent data collected
at the SANS-I beamline at the Paul Scherrer Institute, using a bespoke sample
of the magnetoelectric insulator, Cu,OSeQO3. By fitting the SANS data to two di-
mensional gaussian functions, we are able to extract a detailed description of how
an electric field influences the recently discovered low temperature states within
the material. In particular, this SANS experiment provides the first observation
that the direction of the skyrmion-coexisting conical states within Cu,OSeO3 can
be reliably manipulated within a bulk single-crystalline material by varying an
applied electric field. We explain these findings using a free energy expansion,

which allows us to determine the relevant, material-specific magnetic energies,

90
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which reveals that the interplay of a number of different magnetic anisotropies
are critical for attaining this behaviour within nano-fabricated devices. This
Chapter provides the detailed requirements for the engineering of future mag-
netic materials that can directly control individual skyrmion motion within a
nanosized racetrack by changing the direction of the localized conical state using
our proposed mechanism. In the final section, we show a potential use of such a
mechanism within an example nano-device: a skyrmion double transistor. Here,
time-dependent micromagnetic simulations are performed in order to show future
researchers that the interaction between localised magnetic states is inherently
repulsive, which when combined with our proposed deflection mechanism opens

up the scope for a large variety of nano-devices.

4.1 Background

4.1.1 A Brief Introduction to Magnetoelectrics

In general, a magnetoelectric (ME) material is one which exhibits a coupling be-
tween the magnetic and electric properties of the material. The first theorised
(and then subsequently discovered) single-crystalline ME material was CryOg
[166, 187], whose polarisation was found to have a symmetry-required linear cou-

pling between both an electric and a magnetic field:
Pi = Z EOijEj + Z Oéinj, (41)
J J

where x° is the electric susceptibility and o;; is a tensor which describes the linear
response of the electric polarisation to the applied magnetic field. The tensorial
nature of these couplings accounts for a polarisation that lies along a different
direction than the applied magnetic/electric field, and is heavily dependent on
the crystal symmetry. Since then, a number of different microscopic mechanisms
with different effects on their respective coupling tensors have been discovered:
single ion anisotropy [188, 189], symmetric-exchange striction [190, 191, 192, 193],
heterostructure strain and flexomagnetism [194, 116, 195, 176].
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These discoveries paved the way for a new class of materials: multiferroics.
These are materials which exhibit a number of spontaneous ferroic properties,
typically either magnetisation, polarisation and lattice distortions. An overview
of their relevent order parameter and conjugate fields are shown in Figure 4.1.
Here, we see that ME coupling links the magnetic and electric order parameters
together. The coupling works both ways - not only can the electric polarisation be
controlled by an external magnetic field, but the magnetisation can be controlled

by an external electric field as well. We can see this by rewriting Eq. 4.1:
poM; = ZNOXZ‘LH]' + Z i B, (4.2)
J J

where X" is the magnetic susceptibility and «;; is the same tensor used in Eq. 4.1.
This reciprocity has fueled a huge amount of research into multiferroics, as they
open up a large number of possibilities for future devices [196, 197, 198, 199].
One of the major goals is to create electric-field-controlled magnetic data storage.
These storage schemes have massive benefits over conventional hard drives, in-
cluding a decreased power consumption when generating electrical fields opposed
to magnetic fields, easier integration into micro-sized memory devices as all the
components would solely be electrical, and providing a low-energy-dissipation de-

vice by avoiding Joule heating [200].

This goal is also shared by the skyrmionics community, and the effects of
an electric field on magnetic skyrmions have been extensively studied within
heterostructure systems, as the intrinsic strain induced via a lattice parameter
mismatch during the fabrication process leads to an inherent magnetoelectric cou-
pling [206]. Within these systems, it was found that electric fields induce a wide
range of effects, including being able to induce skyrmion creation/annihilation
in transition-metal multilayers [207, 208, 209, 210, 211], via single-ion anisotropy
[212, 213, 214] or by directly influencing the DMI interaction [215, 216, 217]. In
some systems, this effect is so strong that even a skyrmion chirality switching

can be observed [218, 219, 220]. However, with the recent advances in focussed
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Figure 4.1: A diagram showing different types of multiferroics and their relevant
order parameter (blue) and conjugate fields (red). Figure taken with permission

from [201].
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Figure 4.2: Comparison of skyrmions within single crystalline materials in (a),
electron holography image of FeGe from [202], with multilayer skyrmions in (b),
scanning transmission x-ray microscopy image of CoB/Ir/Pt stacks from [203].
Recent examples of nanofabricated devices used for x-ray holography [204] and
for emergent helical induction [205]. All figures reproduced with permission or

under the CC BY 4.0.
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ion beam (FIB) technology, there is now great interest in fabricating nanosized
devices cut from thin lamellae of bulk single-crystal samples, see Figure 4.2 ¢
and d, and [205, 204, 221, 222, 223, 224|. These systems have a number of prac-
tical advantages over multilayer systems, as well as featuring different physics.
In particular, the lack of inherent pinning sites that are predominant in multi-
layer systems compared with single-crystalline samples allows for more robust
and uniform skyrmion motion, as well as a greater consistency in skyrmion sizes
(see Figure 4.2 a) and overall less prone to inconsistencies in multilayer systems

225, 226].

4.1.2 Previous Electric Field Studies on CuyOSeO3

Cuy0SeO3 is the only currently known, Bloch-type-skyrmion-hosting, single-
crystalline material, which remarkably also possesses the insulating and magneto-
electric properties required for controlling bulk-DMI-stabilised skyrmions within
an electric field. Prior to the discovery of skyrmions within the material, a num-
ber of novel magnetoelectric effects were under investigation. In particular, the
onset of polarisation at the magnetic ordering temperature in the absence of any
observable lattice strain was found using neutron scattering and nuclear mag-
netic resonance techniques, and was unique among magnetoelectric materials at
the time [227, 228]. After the subsequent discovery of skyrmions in CuyOSeOs
[90, 229, 230], their magnetoelectric properties and their dynamics were found to
be highly directionally dependent on both the crystallographic direction of the
applied electric field, as well as the crystallographic plane the skyrmion lattice
occupied [231, 232, 233]. A breakdown of the electric polarisation induced by a
magnetic skyrmion in CuyOSeO3, depending on the crystallographic direction is

shown in Figure 4.3.

This directional dependence of the electric polarisation confirmed that the
d — p hybridisation mechanism is the responsible microscopic model for the mag-

netically induced electric polarisation within the material [234, 235], rejecting an
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(b)—(d) local electric polarisation vector p, and (e)—(g) local electric charge p
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Figure 4.4: (a),(b) Average skyrmion lattice rotation angle as a function of
E-field, and subtracted SANS pattern from high/low E-fields respectively, from
[238]. (c) Extension/reduction of skyrmion stability in positive/negative E-fields
respectively, from [239]. (d) Skyrmion SANS intensity as a function of time after
applying an electric field of 1.7 V/um at poH = 30 mT, from [240]. All figures

taken with the required permission.

earlier hypothesis by Jia et al [236, 237]. The coupling of this anisotropic polar-
isation with the magnetic skyrmions allows a number of interesting effects to be

observed, which we summarise in Figure 4.4.

As shown in Figure 4.4 a and b, an E-field-induced rotation of the skyrmion
lattice occurs when the skyrmions are stabilised by a magnetic field along the
[110] direction. This field direction induces an electric polarisation along the
[100] direction, which in turn couples (in part) to an electric field along the
[111] direction, allowing positive/negative rotations of the skyrmion lattice in
positive/negative electric fields respectively [241, 238, 242, 243]. In (c), the ap-

plication of a magnetic field along the [111] induces a net polarisation also along
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the same direction. The magnetoelastic free energy Fy g, is proportional to the
the dot-product between the magnetic polarisation and applied electric field, P
and E respectively, such that Fy g o< E - P. Therefore, in the E||HJ|[111] ex-
perimental geometry, we are able to expand/reduce the extent of the skyrmion
pocket, depending on the sign of the applied F-field. This variation in free energy
changes the regions of phase-space in which the skyrmion lattice is more stable
than the competing conical phase [244, 239]. This allows an FE-field induced
switching-like mechanism between the skyrmion and conical phases, which has
been observed in lamellae systems [245, 246], and allows the formation energy

barrier to be determined by performing lifetime measurements [240].

As shown in this overview, research on the effect of electric fields has solely
focussed on the skyrmion pocket situated just below Tx. However, as we will show
in the rest of this Chapter, the effects of an electric field on the recently discovered,
anisotropy-stabilised low-temperature magnetic states (See Chapter 3) have not

been extensively studied and remain an untapped avenue for research.

4.2 Experimental Setup and Sample Prepara-
tion

To perform a SANS experiment within an electric field, a 71 mg sample of
Cup0SeO3 was shaped using a polishing wheel into a plate. The final dimensions
were 3.5 x 4 x 1 mm?® with a mass of 51.7 mg. The sample was polished such that
there were two parallel (110) faces. See Figure 4.5 a and b for the final sample
shape and crystal directions. After polishing, the presence of low temperature
states within the sample was confirmed using a magnetometer (Quantum Design
MPMS 3), as previous studies had used a spherical sample to reduce demagneti-
sation effects and plate-like samples had not previously been studied [157]. In
order to generate the anisotropy-stabilised spin-textures, a field-cycle protocol is

required. Here, we determined that rapidly changing the applied magnetic field
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Figure 4.5: ab) Images of the polished sample of CuyOSeOj3 labelled with the
crystallographic directions. Magnetic moment versus applied magnetic field poH
as a function of temperature a) after zero-field-cooling and b) after forty magnetic

field oscillations between 40 at 60 mT.

between 40 and 60 mT was optimal for seeding these low-temperature states,
which grew in volume-fraction with the number of cycles (typically we performed
20). The presence of low-temperature states are observed by the clear differ-
ences in the magnetisation curves, between the purely zero-field-cooled (ZFC)
and ZFC followed by magnetic field cycle protocols. Namely, these differences
are the presence of a greater number of inflections, which suggests that a larger
number of magnetic phase transitions are present. These confirmed the presence
of, and determined the optimum field-cycle range of low temperature magnetic

states within the sample, ahead of the SANS experiment.

We primarily prepared the sample to provide a good contact between the elec-
tric field plates, in order to ensure a homogeneous electric field across the entire
sample as well as to avoid electrical arcing, which ultimately limits the maxi-

mum electric field we can apply during an experiment. After preparation and
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H || [001] [110]

Detector

Figure 4.6: Scattering geometry for the E-field SANS experment: incoming
neutrons parallel to the [110] direction with the applied magnetic field perpen-
dicular to the neutron beam, parallel to [001] (blue arrow). Silver paste contacts
on the surfaces apply a uniform electric field along the [110] (green arrow) direc-
tion. This orientation allows the different low-temperature states to be identified

by their spatially separated diffraction patterns on the detector.

characterisation, the single crystal was mounted onto a dedicated E-field sample
holder (see Bartkowiak et al. [247]), with electrodes attached via silver epoxy
directly onto the large, flat (1T0) faces. The sample was then placed within a
horizontal-field cryomagnet and oriented such that the conditions of E || ng ||
[110], and H L ng || [001], were met simultaneously, as shown in an overview of

the experimental setup in Figure 4.6.

As shown on the schematic of the detector, in Figure 4.6, the benefit of us-
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ing this experimental geometry is that it has the advantage that all of the low-
temperature states can be distinguished as their respective diffraction spots lie
within spatially separated regions on the detector. The small-angle neutron scat-
tering measurements were performed at the SANS-I beamline at the Swiss Spalla-
tion Neutron Source SINQ, Paul Scherrer Institut, Switzerland, with neutrons of
wavelength \, = 8 A, a wavelength spread A\, /), = 10%, with a collimator and
detector distance of 18 m. These conditions allowed us to separately investigate
the populations, wavevector and ordering of all three low-temperature magnetic
states, and observe the effect of (if any) an electric field applied along the [110]

crystalline direction.

4.3 FE-field SANS Results

During a typical SANS experiment which investigates incommensurate mag-
netism, rocked diffraction patterns (w-scan in Figure 4.6) are measured by rotat-
ing both the sample and cryomagnet together through an angular range such that
the diffraction spots completely pass through the diffraction condition, allowing
the full intensity of the diffraction spot to be measured, as well as simultaneously
providing further information on the ordering and direction of the wavevector of
the magnetic texture. In our experiment, we were limited to a 14 degree angular
range, and the individual diffraction patterns from an example rocking curve is

shown in Figure 4.7.

The finite spatial extent of the spin-textures together with the instrumen-
tal resolution broaden the diffraction spots such that we are able to observe the
diffracted intensities from all three magnetic phases at a variety of different rock-
ing angles. Each image is a single-frame of a rocking scan, and is composed of

raw data (lower left) and the resultant fit from a 2D gaussian function, defined

by:
Tioy q 0

I(q,0) XP(—W or2

)+c, (4.3)

2mo,.09
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Figure 4.7: Individual frames of the SANS patterns from a single rocking scan
taken at 5 K, 40 mT and 0 V. As shown, the gaussian fits are in excellent agree-

ment with the raw data, which are separated by a curved line.
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where ¢ is the magnitude of the scattered wavevector, 6 is angular coordinate on
the detector and o;, I'; are the standard deviations and FWHMSs of the magni-
tude of g and 0 respectively. As can be seen, there is excellent agreement between
the raw data and the fitted intensities, allowing us to extract a large amount of
additional information (and quantitative errors) other than looking at integrated

intensities alone.

Similar rocking scans were repeated eleven times, taken at temperatures rang-
ing from 5 K to 60 K and with magnetic fields ranging between 0 - 250 mT. A
consistent, zero-field-cooled procedure was used, starting from 60 to 5 K, before
simultaneously ramping to the desired electric field and applying 40 magnetic
field oscillations from 40 mT to 60 mT to generate a mixed-state consisting of
low temperature skyrmions, tilted conical and regular conical. Background mea-
surements were carried out in the paramagnetic state at 7' = 70 K and within
the field-polarised regime at 5 K, 250 mT. The results of these rocking scans are

summarised in Figure 4.8.

As shown in the summed rocking scans (creating by taking the sum of all
15 frames during a w-scan, hence far better counting statistics when comparing
to an individual frame in Figure 4.7) in Figure 4.8 a to ¢, our sample consis-
tently exhibits a coexistence between three different magnetic states (LTS, TC
and C) regardless of the magnitude of the applied electric field. The FWHM of
the diffracted spots are experimentally limited, suggesting that these phases are
long-range ordered and spatially separated by domain walls [248, 249, 250]. To
maximise the diffracted intensity from the TC state, a slight canting of the sample
was induced to break the degeneracy of the four-possible (111) TC domain ori-
entations, promoting a single domain whose wavevector aligns closest to the field
direction, as expected from previous reports [156]. For the different electric fields,
we observe no clear, noticeable differences in the magnitude of the wavevectors

or the integrated intensities in the summed images for any of the three coexist-
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Figure 4.8: a-c) Integrated intensities from rocked SANS patterns in a 40 mT

magnetic field at 5 K, after 40 field oscillations within an electric field of 0 V (a),
2500 V (b) and -1150 V (c) respectively. d) Rocking scans of the gaussian-fitted

tilted conical intensity taken at a series of electric fields, showing a shift in the

peak proportional to the electric field.

e) The linear dependence of the peak

center of the rocking curve (wp) as a function of applied voltage for a selection

of temperatures. f) Temperature dependence of the LTS state population within

different electric fields.
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Figure 4.9: a) The tilted conical canting angle, ¢, obtained by the gaussian fit-
ting procedure, during a rocking scan taken at 5 K, 40 mT and 0 V. The parabolic
nature is expected due to the geometry of the experiment, as the projection of
the TC conical state away from the optimal diffraction condition reduces the ap-
parent canting angle. b) Temperature and E-field dependence on the total TC
canting angle. The canting angles of the tilted cone are very temperature depen-
dent due to material anisotropies varying as a function of temperature. There
is little effect from the FE-field, whose effect is mostly to deflect the wavevector

along an orthogonal angle.

ing magnetic phases, despite being at the limits of the experimentally accessible

E-fields with £ = 0, 2.5 and -1.150 kV /mm respectively.

However, by performing the 2D radial gaussian-fitting procedure to the TC
diffracted intensities to each frame in the rocking-curve (this process is high-
lighted earlier in Figure 4.7), we are able to extract more information than solely
investigating the integrated intensities alone. Figure 4.8 shows FE-field depen-
dent, gaussian-fitted-intensities across the whole rocking scan for the TC peaks
in Figure 4.8 d. We find that the peak of the rocking curve (wy) varies as a func-
tion of the applied E-field, shifting towards larger (smaller) angles for negative

(positive) electric fields respectively. Using the relationship ¢;(nm) = 1(¢I') to
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find the correlation length along the beam-direction, we see the FWHM (I") ~ 11
degrees) remain roughly constant leading to a correlation length of approximately
9.5 microns, more than 100 times the size of an individual skyrmion, suggesting
that the various phases appear to macroscopically phase segregated rather than
microscopically mixed. The correlation lengths along orthogonal directions are

experimentally limited due to the large spread of neutron wavelengths.

On the other-hand, the tilted conical angle, ¢ (defined as the angle of the
wavevector away from the applied magnetic field), does not vary under differ-
ent E-fields and the quadratic behaviour found in the w-dependence shown in
Figure 4.9 a is consistent with the experimental geometry. The main parameter
which can be used to vary the tilted conical angle is temperature, in agreement
with previous studies [156], and we show this for completeness in Figure 4.9 b.
The variation of wy and not of ¢g reveals that the propagation direction of the
TC spin texture deviates within a finite F-field away from the £ = 0 alignment,
in a direction along the equatorial polar angle, x (parallel with neutron beam,

see inset of Figure 4.6 for angular definitions).

This behaviour is found at a variety of applied E-fields and temperatures, as
shown in Figure 4.8 e, with different temperatures offset in w for clarity. Here, wy
varies linearly for both positive and negative applied E-fields, at all temperatures
investigated. These experimental results on a bulk single-crystal system unam-
biguously show that the electric field drives the wavevector of the TC state along
a direction perpendicular to the magnetic field. In contrast, no magnetoelectric
effects on the LTS are observed. Unlike previous studies of E-field effects on
skyrmions in the A-phase, which demonstrated the E-field control of the SkL ori-
entation and phase stability [251, 252, 253, 244, 254, 255, 256, 257], the direction
of magnetic modulations of the LTS remain firmly fixed in the plane spanned by
the [100] and [01 0] directions, resulting in a zero net electric polarisation due to

each skyrmion carrying a cancelling electric quadrupole [90].
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Figure 4.10: LTS fitted-intensity as a function of magnetic field oscillations
between 40-60 mT. SANS measurements taken every two oscillations up to 40x
oscillations. Repeating the same procedure resulted in an equivalent intensity.
(b-d) ¢,-rock (orthogonal-to-w motor of cryostat, not to be confused with tilted
conical angle ¢) of the LTS peaks at electric fields of b) -1150 V, ¢) 0 V and d) 2500
V. No variance to the ordering can be observed suggesting the low-temperature

skyrmions remain in a disordered ring.

This lack of coupling can be seen in the temperature dependence of the LTS
intensity, Figure 4.8 f, which shows identical final LTS populations and order-
ing within statistical limits. An electric field also has negligible affect on the
formation-barrier of the low-temperature skyrmions, as can be seen in Figure 4.10
a, which shows identical LTS populations for both zero and high electric field as
a function of magnetic field cycling. Finally, the E-field also has no effect on
the skyrmion ordering, as shown in Figure 4.10 b to d, where the constant value
shows the omnipresent ring-like nature of the LTS compared to the hexagonal

HTS.

Despite the apparent lack of influence an electric field in this geometry has on

the low-temperature skyrmions, the ability to reliably control the orientation of
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the TC state using an FE-field whilst not altering the stability of the co-existing
skyrmions provides possible new functionality paradigms that may find use in
skyrmionic devices. In the following section, we will show that this mechanism
could be used to control skyrmion motion by dynamically altering the propagation
direction of the TC state, such that it acts as a switchable barrier that is able to
deflect a skyrmion under motion along different trajectories. In order to develop
such a nano-device, it is essential to engineer materials which host the specific
anisotropic and magnetoelectric properties. Thus, in the following section we
start this process by determining these interactions from a mean-field theory

perspective.

4.4 An Explanation: Mean-Field Theory

The FE-field-induced reorientations of the tilted conical wavevector within the
multiferroic CuyOSeO3 highlights the remarkable anisotropic and magnetoelectric
properties of the material. In the proceeding section, we generalise our findings by
performing a theoretical investigation to obtain the relevant magnetic interactions
as well as their relative strengths, allowing device-suitable magnetic materials
to be engineered accordingly. Since the tilted conical state is incommensurate
with a periodicity much greater than the chemical unit cell, we can explain our
observations using a mean-field theory. According to the cubic crystal symmetry,

the continuum form of the electric polarisation, P, is given by [233, 258, 259]:
P = (P, P, P,) = X, .(mym,, mym,, mym,), (4.4)

where {z,y, 2z} define a basis following the (100) crystal directions. The mate-

C
me’

rial parameter, \¢ . is the magnetoelectric coupling constant and is related to

the strength of the spin-orbit coupling interaction.

As seen in Eq. 4.4, the electric polarisation is determined by the moment
directions that constitute a particular spin texture, and we further show this de-

pendence in Figure 4.11 a to d. For a magnetic helix directed along the [100]
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Figure 4.11: a) Magnetization of a helical spin-texture with wavevector along the
[100] (x) direction. b) The electric polarisation induced by the helical state in (a).
c) Magnetization of a skyrmion lattice with periodic components confined within the
[100]-[010] (z-y) plane and concomitant polarisation in (d) which shows a cancelling
electric quadrupole when integrated across an entire skyrmion. e) Schematic of a tilted
conical state with conical angle 6 (0 = 90,0 degrees for helical/field-aligned state re-
spectively). Polar-angles of ¢, x are used to describe the orientation of the TC state. f)
Map of total polarisation, | P |, as a function of § and ¢ for a particular equatorial angle
X = 0. g-h) The individual components of the P-vector as a function of equatorial angle
¢ with Pigg, Po1o, Poo1 being blue solid, brown dashed and purple dotted respectively
and with x = 0, 5 degrees for (g) and (h) respectively in agreement with experimental
observations. The ¢ dependence follows the path given by the gray dashed line in (a).

i) Induced polarisation along the [110], Pigo — Po1o, as a function of equatorial angle

x for a fixed ¢ = 30 degrees, taken from experimental observations.
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direction (a), the resultant polarisation (b) appears with twice the helical fre-
quency and aligns along the propagation vector of the helix. In (c), we show the
magnetization of a skyrmion lattice with periodic components confined within
the [100], [010] plane (in agreement with LTS) and we find that each skyrmion
possess an electric quadrupole moment in (d). For both of these spin-textures,
integrating across the magnetic unit cell results in net-zero polarisation, and as
such little electric field dependence is measured. However, magnetic structures
which deviate away from high-symmetry crystal directions may induce a non-

vanishing polarisation when integrated across the magnetic unit cell.

One example of such a magnetic state with a non-vanishing polarisation is the
tilted conical state. The orientational dependence (¢) of the electric-polarisation
generated by a tilted conical state for any conical angle (6, see Figure 4.11 e for
angular definitions, and Appendix B for derivation) is shown in Figure 4.11 f. For
¢ = 0, the wavevector, q, lies along the [001] direction, and we find there is no
induced polarisation for any value of §. However, even at minor tilt angles (where
the state is defined as a tilted cone rather than regular conical state), such as
¢ > 10 degrees, the tilted conical states induce a significant electric polarisation
for a range of conical angles. The vectorial nature of the electric polarisation as a
function of ¢, is shown in Figure 4.11 g and h. This dependence follows the gray-
dashed line in Figure 4.11 a, with the conical angle § = 70 degrees in agreement
with the derivation in Appendix B. For the case where the equatorial (y) angle is
zero (Experimentally realized for £ = 0 V), the polarisation along the [100] and
[010] crystal directions show an equal, antisymmetric behaviour about ¢ = 0, in
contrast to Fpor. In this configuration, the polarisation components would then
cancel or lie orthogonal to the applied E-field along the [1 TO], and the magneto-

electric coupling term would not contribute to the overall magnetic free energy.

However, when an equatorial rotation, Ay is introduced, the degeneracy be-

tween Py and Pyg is broken and a non-vanishing polarisation (P;3¢) is induced,
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see Figure 4.11 h. Here we choose x = 5 degrees, in agreement with the maximum
deflection observed in Figure 4.8. Due to its antisymmetric properties, this polar-
isation direction changes sign depending on the value of ¢, akin to reversing the
E-field polarity. This change of sign can further be seen in Figure 4.11 i, which
shows the value of P39 as a function of x for the experimentally determined value
of ¢ = 30 degrees. This deflection of the TC wavevector along the y direction,
when in the presence of the electric field, lowers the free energy of the system via
a finite magnetoelectric coupling. However, this deflection causes an increase in
anisotropy energy. By expanding the free energy density [156, 177, 167], integrat-
ing over a conical period and differentiating with respect to x (see appendix B),
we find the tilted conical deflection along x direction for small E to be:

o X, 05 0£(6)
OE ~ vg?sin?fsin® ¢ + K sin® dg(0)’

(4.5)

where 7, K are the AEI and MCA constants respectively. ¢(f) and f(0) are
trigonometric functions of conical angle only. The linear dependence of the x-
deflection with respect to the applied E-field in Eq. A.5, matches the relationship
found in experimental data in Figure 4.8 e, showing that the magnetoelectric cou-
pling is less significant than the anisotropic magnetic interactions. The magnitude

of the F-field which reorients the TC direction can be reduced by engineering
c

systems with a large coupling constant A, ., or by minimising the anisotropic
constants. However, reducing the value of K and ~ destabilises the TC texture
[156, 177], which needs to remain a local minima in the free energy landscape to

act as a barrier state within a device setting.

4.5 Demonstration of a Novel Control Mecha-
nism

This Chapter has so far focussed on the experimental observation that the skyrmion-

coexisting tilted conical states within Cu,OSeO3 can be reoriented via an F-field,
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as well as providing an explanation at the mean-field level. In this final section

of this Chapter, we turn our attention to the potential impact of our findings.

The current data revolution is being driven by rapid developments within the
field of electronics, which has been accelerating since the Nobel-prize-winning
development of the bipolar junction transistor [260]. However, the ever-growing
demand for higher processing speeds together with more compact data storage
has lead to significant environmental concerns due to inevitable increases in en-
ergy consumption. One solution is to find alternative, low-energy transistor-
mechanisms. As first discussed in Chapter 1, magnetic skyrmions are an active
research area with the aim of exploiting possible functional devices. Here, we
show that skyrmions are suitable candidates for transistor-like devices, as we are
able to control the path of a magnetic skyrmion via the orientation of another lo-
calised state. For the purpose of an electric-field-controlled transistor-like device,
it is essential that the orientation of this localised state can be controlled by an
electric-field, as it is the orientation of this state that influences the trajectory
of the skyrmion. We show this via time-dependent micromagnetic simulations,
which ultimately prove that by using a specific device-geometry!, a skyrmion can
be deflected into different channels, and be destroyed, in analogy with the three

outputs of an electronic double transistor: (-1, 0, 1).

The micromagnetic simulations of the skyrmionic double transistor device

were performed with the Ubermag [261] meta-package which uses OOMMEF [262]

'We note that at the nanoscale the specific magnetic configuration present in our bulk sample
during the SANS experiment is significantly different to the spin-configuration investigated
micromagnetically here. As always, a direct translation between reciprocal space studies on
a bulk system to a real space simulation of a micron-sized device is plagued with caveats.
We highlight that whilst there is not a one-to-one spin-mapping between our sample and the
simulations, the crux of these simulations are to show that skyrmions can be deflected by co-
existing magnetic states, which in our experiment were the FE-field-dependent tilted conical

phase.
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as the micromagnetic system driver. The simulated system was specified with
total dimensions 1000 x 250 x 5 nm, using finite difference cells with a volume
of 5 nm?, with a number of cell switched off by setting their magnetization to
zero to obtain the desired geometry. We describe the transistor system using the
simplest skyrmion-hosting micromagnetic energy functional of a chiral magnet

with symmetry class T, which reads:
E = / A(Vm) + Dm - (m x m) — ugM;m - H, dV, (4.6)
1%

where m is the normalized magnetization, A = 3.5x 107 Jm™! is the continuum
isotropic exchange constant, M, = 1 x 10° A m™! is the saturation magnetization,
D =7.4x107° Jm™2 is the isotropic DMI constant, H, is the applied magnetic

field which was set with a constant magnitude |Ha| = 4 x 10° Am™!

applied
mostly along the z-direction (out of plane), tilted by 1 degree towards the y-
direction to break symmetry. These values are the experimentally determined
magnetic parameters of CuyOSeO3[263]. To ensure we had an initial state within
an energy minima, the state was relaxed using the MinDriver () method. After
the state was relaxed, we used the TimeDriver () method, which relaxes the
system taking into account the magnetization dynamics which are governed by

the Landau-Liftshitz-Gilbert (LLG) with spin-transfer torque from the Zhang-Li
(ZL) model:

d
— = —ym x Heg + a(m x i—‘f) +7B(e(m x mp x m) — ¢ (m x mp), (4.7)

where v = 2 x 10° m A~ s7! and a = 0.5 are the default values gyromagnetic
ratio and damping parameters respectively. In a small number of cells within the
barrier region, the gyromagnetic ratio was set to 0 to approximate the effects of
pinning required for the localized state [264]. 5 = 0.5 is the current density (j, =
100 A m~?) dependent ZL, damping parameter, ¢, ¢ and mp are the spin transfer
terms and electron polarisation direction. Time-dependent micromagnetic simu-
lations were done using a step-size of 2 x 107! s, with every 100 steps saved for

a total of 501 frames.
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Figure 4.12: a) Example schematic of a skyrmion double transistor with current
contacts on either terminal (orange) and the E-field contacts illustrated as the
blue plate above the division. b) Skyrmion double transistor with the barrier
state aligned in the neutral state illustrated as a function of time. The skyrmion
propagates along the track until it is annihilated by the localized barrier texture.
¢, d) Skyrmion double transistor aligned as one of the two active states such that
the localized barrier texture is oriented to mimic the effect of an applied E-field
on the TC state. In each case the skyrmion is repelled by the barrier forcing its

propagation along one of the two possible paths.
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As shown by our simulations in Figure 4.12, an isolated skyrmion is driven
downstream towards the two possible exits, guided by edge-twist states [264]. A
number of mechanisms have been proposed to induce isolated skyrmion motion,
including thermal and magnetic field gradients [265, 266, 108]. However, despite
Cuy0SeO3 being an insulator, we decided to use the only available micromagnet-
ically implemented method of using a spin-polarised current (j, = 100 Am~2),
which drives the skyrmions via spin transfer torque [267]. In reality, one could use
an alternative driving method, engineer a two-layer device consisting of conduct-
ing multilayer that is strongly coupled to an insulating region, or add insulating
contacts across the device that would allow the creation of a temporary electric
field to set the direction of a pinned conical state within a conductive sample via

an instantaneous magnetoelectric coupling.

Initially, we relax the system to form an isolated skyrmion, together with a
strip of negative magnetization to act as the barrier state in place for the tilted
cone, since the 2D projection of a tilted cone with a wavevector component along
z is non-physical. We give the barrier state three different starting angles to
mimic the effect of using an electric field with £ < 0, ¥ = 0 and £ > 0, anal-
ogous with our experimental results. For £ = 0 (Figure 4.12 b) the skyrmion
is forcefully driven towards the barrier state, before eventually colliding and an-
nihilating with the barrier state, comparable to the edge-state destruction of
skyrmions [268]. However, in Figure 4.12 b and ¢, the inherent repulsive inter-
action between the barrier state and the skyrmion causes an alteration in the
skyrmion’s trajectory. This alteration directs the skyrmion to move towards one
of two possible exits. Depending on the angular direction of the barrier state,
the skyrmion arrives at the relevant exit gate at different times due to the the
skyrmion Hall-angle [226], which arises as a consequence of the skyrmion wind-

ing number, by either aiding/hindering the deflection away from the barrier state.

This gives the device three possible output states: skyrmion deflected down,
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skyrmion deflected up, and skyrmion annihilated. This output is analogous to
an electronic double transistor, which are frequently used in series for the cre-
ation of the NOR logic-gate; a universal logic gate that can perform the AND,
OR and NOT logic-functions. The practical realization of such a device would
allow for all of the operations required by skyrmion computing, as well as provid-
ing a useful method to control the number of skyrmions within other proposed
skyrmion computing schemes [125, 269, 270, 271]. We have demonstrated that by
using an F-field, we can deterministically control the propagation direction of the
TC texture. This presents an interesting opportunity for skyrmionic devices by
utilizing the fact that well-behaved magnetic states, that are each local minima
of the magnetic Hamiltonian (e.g. isolated LTS and localized TC states, shown
theoretically to exist [272]), by definition have repulsive interactions [273]. This
inherent repulsion between coexisting states allows a novel mechanism to directly
manipulate the direction of moving skyrmions within devices settings. For exam-
ple, individual skyrmions within a racetrack can have their trajectories altered
through the interaction with a localized conical state. The skyrmion motion al-
ters according to the orientation of a localized conical state, which is dependent

on the magnitude and direction of an applied E-field.

4.6 Conclusions

In conclusion, we have shown that the direction of the skyrmion-coexisting conical
states can be controlled by using an applied electric field. We have explained
that the microscopic origin for the E-field-induced conical state deflection is well
accounted for by using mean-field theory, and shown that this deflection is linear
with the magnitude of E. Our findings open up the possibilities of using localised
conical states within nanosized skyrmion racetracks as bumper states, which guide
the skyrmions towards particular outputs whose outcome can be controlled using
an electric field. In particular, we have performed time-dependent micromagnetic
simulations of a skyrmion double-transistor device, which is a key element in

realizing skyrmion computing and other advanced spintronic devices.



Chapter 5

Resonant X-Ray Scattering from
GdoPdSis

In this Chapter, we investigate the centrosymmetric, intermetallic material Gd,PdSis.
Recently it has been reported that a hexagonal lattice of nanosized (2.4 nm) mag-
netic skyrmions exist within the material. These are not only far smaller than
those observed in the B20 materials (MnSi is the smallest at 18 nm), but require
a new ordering mechanism due to the lack of a global DMI from the symmetry of
the crystal structure. Previous experiments have provided evidence for skyrmions
in a region (SkL phase) of greatly increased Hall-resistivity, which the authors
attribute due to the topological Hall effect. The skyrmions are flanked in field
by two other incommensurate magnetic phase, termed IC-I and IC-II at low and

high-fields respectively.

Here, we perform magnetometry measurements and resonant x-ray experi-
ments to investigate the incommensurate magnetic textures within the material.
In agreement with previous findings, we find there are three incommensurate tex-
tures and that transitions between them can be induced by changing the strength
of the magnetic field applied along the crystal c-axis. We further develop our un-
derstanding of the material by revealing that a large amount of scattered x-ray

intensity arises from charge scattering effects, hindering a thorough interpreta-

116



5.1. Introduction 117

tion of the form of the spin-textures when looking at diffracted intensities alone.
We overcome this issue by performing a full-linear polarisation analysis (FLPA),
which has the capability to separate the contributions of charge and magnetic
scattering. Here we find that the IC-I and SkL phases are composed of elliptical
helices which are modulated in amplitude, and the charge scattering is a result of
stacking faults in the crystalline superstructure, leading to an incoherent, diffuse
background. The IC-IT phase takes the form of a spin-density-wave. All these
phases require that the moment magnitude varies as a function of space, some-
thing previously unmentioned in the literature. We therefore suggest a mechanism
which uses local DMI, which itself arises due to the crystallographic superstruc-

ture, to explain these moment-varying spin textures.

5.1 Introduction

5.1.1 A Brief History of Gd,PdSis

The series of rare earth (R) ternary silicides, RoPdSis, were first synthesised in
1989 and found to mainly order antiferromagnetically with Néel temperatures
between 8 and 21 K [274]. Notably, Nd,PdSis displays anomalous ferromag-
netic behaviour, attributed to the hybridisation of the local 4 f moments with
the conduction electrons [275]. Of the series, the Gd member receives the great-
est interest due to the large number of interesting physical properties, includ-
ing: a resistivity minimum at 45 K that is suppressed within a magnetic field
(276, 277, 278, 279], slow magnetic relaxation effects that are not due to spin-
ice disorder [280], highly anisotropic behaviour despite Gd being an S-state ion
[281], first-order-like metamagnetic transitions [281], a negative magnetoresis-
tance [281], a large magnetocalorific effect [281, 282, 283], as well as non-linear

Hall [281, 78], and Nernst effects [284].

Of particular interest is the Hall effect, which was shown to be strongly in-

creased within a region of phase space between the two metamagnetic transitions



118 Chapter 5. Resonant X-Ray Scattering from Gd,PdSis

[281, 78]. However, the physical origin of such an enhanced Hall effect was ini-
tially thought to be modification of the Fermi surface across the metamagnetic
anomaly, long before Hall contributions arising from magnetic topology were con-
ceived [285]. More recently, it has been suggested that such a large addition
arises from nanoskyrmions [78]. However, we note that magnetic-field-induced
changes to the Fermi-surface cannot be ruled out, and it is challenging! to per-
form band-structure-mapping techniques within a magnetic field such as angle-
resolved-photoelectron-emission-spectroscopy (ARPES). However, field-induced
changes to the Fermi-surface were observed using the de Haas-Van Alphen effect

in another related nanoskyrmion material, GARuySiy [286].

For both Gd,PdSiz and ThyPdSi;, ARPES measurements were used to demon-
strate Fermi-surface nesting in the absence of an external magnetic field, leading
to the momentum-dependent Ruderman-Kittel-Kasuya-Yosida (RKKY) interac-
tion having a maximum coupling strength at a wavevector equal to the prop-
agation vector of the corresponding spin-structures [287]. Furthermore, diffuse
neutron scattering was employed to determine the coupling between a number
of Gd-atoms within the unit cell, and found that the interactions were spatially
extended with a change of sign, consistent with an RKKY mechanism [288]. De-
spite this experimental evidence, a number of conflicting theoretical mechanisms
have been proposed to stabilise the nanoskyrmions within Gd,PdSis. In partic-
ular, two first-principles studies investigated the nanoskyrmion formation mech-
anism in GdyPdSiz. The first study determined the responsible mechanism as
being frustration effects between the antiferromagnetic/ferromagnetic couplings

between the Gd-4f/Gd-5d orbitals respectively [289]. However, the later study

!For ARPES, the band structure is mapped by exploiting the photoelectric effect, whereby
using an incoming photon of a particular energy and wavevector, the band structure of the
surface of the materials can be precisely mapped by measuring the emission angle and energy
of the ejected photo-electron. Performing this within almost any magnetic field deflects the

ejected electrons, hindering a thorough characterisation of the band structure.
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fully resolved the nested band structure [290], and in agreement with the experi-
mental findings, found the RKKY interaction fully accounted for the ordering of

zero-field state.

This picture gets even more confounding when we add to the complexity by
considering the crystallographic superstructure of the material, something previ-
ously neglected. The crystallographic superstructure is present across all the the
members of the RoPdSis series [291]. As shown in Figure 5.1 a, the primitive unit
cell of the material is composed of hexagonal planes of Gd atoms intercalated be-
tween a honeycomb mix of Pd/Si atoms in a 1:3 ratio. Typically, a random mix
of Pd/Si is considered, yet it has been shown that the primitive cell undergoes
a 2 x 2 x 8 times increase due to the stacking of inequivalent layers of Pd/Si.
The super-cell is shown in Figure 5.1 b. This increase leads to a great increase in
the number of locations in reciprocal space that allow constructive interference,
which can be seen in the neutron diffraction pattern showing additional crystal-
lographic peaks occurring at [h + %, h+ 1, L] [291].

As we have seen, Gd,PdSis is attracting great research interest and a large
number of mysteries about the material still remain. In the rest of the Chapter,
we show the results of magnetometry and resonant x-ray scattering experiments
which both highlight the existence, and characterise their form, of a number of
ordered magnetic phases within the material. Furthermore, we also find a stepwise
transition in temperature, which has been under-reported in previous studies. We
explain these findings by highlighting something currently unappreciated in the

literature, the presence of local DMI in an overall centrosymmetric material.

5.2 Results and Discussion

In order to reveal the nature of these spin-textures, we cut a 2 x 2 x 5 mm? single
crystal of GdyPdSi; that was isolated from a large boule grown by the optical

floating zone technique at the University of Warwick. X-ray Laue diffraction
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Figure 5.1: All sub-figures are taken from [291]. a) The basic AlB, structure.
In green are atoms on the la sites (0, 0, 0), in gold are the atoms occupying
the 2d sites. The ¢ to a ratio is close to one. b) Sketch of a possible symmetry-
degenerate superstructure, with the layer sequence ABCDBADC. ¢) A line scan
across the rectangle shown within the diffracted intensities from reciprocal hhl

plane of Tm,PdSis at 300 K in (d).
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was used to determine the sample orientation and a high level of crystallinity
was observed prior to performing a resonant elastic x-ray scattering (REXS)
experiment at the I16 and P09 beamlines of Diamond Light Source and PETRA
IV respectively.

5.2.1 Magnetometry

Magnetic susceptibility measurements were performed using a Quantum Design
MPMS3 at the 110 support laboratory, Diamond Light Source. Here, a drive field
of 1 mT at 10 Hz was used to measure the AC-susceptibility which is useful for
identifying magnetic phase transitions. A magnetic phase diagram was created
by sweeping the magnetic field, parallel to the c-axis, from 0 to 2 T. These field-
scans were measured under a zero field cooling (ZFC) protocol, with each scan
finalising by warming the sample above 30 K, and setting the field to zero be-
fore driving to the new temperature for the next field scan. The resultant phase
diagram is shown in Figure 5.2 a, which displays clear peaks in the magnetic
susceptibility, x’, that indicate magnetic phase transitions between the IC-I and
A (SKL) phases, the A and IC-II phases, as well as a broad region of increased

susceptibility near zero-field between the paramagnetic to IC-I phase boundary.

To investigate the paramagnetic to IC-I phase boundary in more detail, we
performed a high resolution DC magnetisation temperature scan using a Quan-
tum Design MPMS2, at Durham University Physics Department, within a near
zero magnetic field (1 Oe), and show the results in Figure 5.2 b. Here, a large
temperature range is shown for completeness, and shows a large increase in mag-
netisation at the ordering temperature of 21 K, in agreement with previous studies
[78]. Interestingly, we find novel behaviour towards higher temperatures, between
125 and 180 K, which shows a number of inflections suggesting that the material
possesses a more complex magnetic behaviour than previously considered in the

literature. A detailed analysis of this high-temperature behaviour is beyond the
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Figure 5.2: a) The real component of AC susceptibility phase diagram of
Gd,PdSi3 showing the locations of the incommensurate (IC-1/1II), previously pro-
posed skyrmion (A) and paramagnetic (P) phases. b) Temperature scan of the
magnetisation of GdaPdSiz within a low-magnetic field of 1 Oe. A number of in-
flections can be seen and are marked with teal triangles. Inset shows more detail

near the critical temperature.
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scope of this thesis?.

As shown by the inset of Figure 5.2 b, the broad peak found in the phase
diagram has the possibility of being two successive phase transitions from the
paramagnetic to the IC-1I, before then transforming into the IC-I state. Here, the
difference between a broadened peak and two clear inflections is ambiguous, but
previous work using high resolution dilatometric measurements determined that
there are two distinct magnetic phases at zero field with different magnetoeleastic
coupling constants [292]. In the next section, we perform resonant elastic x-ray
scattering, which reveals a deeper level of understanding about these magnetic
phase transitions and the form of the incommensurate magnetic phases within

the material.

5.2.2 Resonant X-ray Scattering from 116

As shown by the magnetic phase diagram in Figure 5.2 a, cooling Gd,PdSi3 be-
low its ordering temperature of 22 K results in a number of different magnetic
phases, in which phase transitions between (at least) three distinct magnetic
phases can be induced by applying magnetic fields of various strengths along the
crystalline c-axis. Due to the interference between the crystallographic structure
and the incommensurate nature of the magnetic textures, an increased number
of locations in reciprocal space can be brought into the diffraction condition.
These locations take the form of satellite peaks around a structural Bragg peak,
with each satellite isolated by the magnetic wave-vector of the relevant magnetic
phase. A diagram of reciprocal space can be found in Figure 5.3 a, which shows
a number of crystalline Bragg peaks (orange) within the ab-plane, as well as the
locations of the magnetic satellites (blue). In (b), we show the scattered wavevec-

tor (k') within the region of reciprocal space that is relevant for our study. We

2preliminary analysis suggests that this behaviour could arise from short range ordering
with the stacking faults in the layered system, which we shall talk about in more detail in later

sections in this Chapter
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chose to investigate three satellite peaks surrounding the crystalline (300)-Bragg
peak, labelled as q_1 o _3 which arise from textures with a magnetic wavevector
T_1,2,3 respectively. As highlighted in (b), the scattered x-ray wavevector is
nearly collinear with 7_o, with a deflection of less than 7°. This directional sim-
ilarity, together with the use of polarized x-rays, allows the modulated moment
within the basal plane to be broken down into components which are parallel and

perpendicular to 7, as we shall see later in Eq. 5.1.

To obtain magnetic sensitivity, we tuned into the Gd Ly edge (7.931 keV), with
incoming x-rays linearly polarised within the scattering plane (7 polarisation in
Figure 5.3 ¢). The polarisation of the outgoing scattered x-rays were determined
using a gold (222) analyser crystal® to separately measure the outgoing x-rays that
were polarised either within the scattering plane, 7o, or perpendicular to the
plane, 7—7. In our experiment, the x-ray out-of-plane (o) direction was collinear
with the crystallographic c-axis. The resonant dipole scattering amplitude for

each polarisation channel then takes the form [154]:

fT(O' = _lFl(E, : mLc)a

frn = Fycos 20 + i Fym. sin 26,

(5.1)

where 6 is the scattering angle, k' is the scattered x-ray wavevector and 7,1
is the magnetisation parallel (perpendicular) to the crystallographic c-axis. The
factors F), determine the strength of the resonance and are highly energy de-
pendent. Resonant charge scattering is determined by the n = 0 term, whereas
n = 1 gives the first-harmonic resonant magnetic scattering. Higher harmonic
terms exist but are not relevant for this study. Field scans were taken after a
zero-field-cooled (ZFC) protocol, up to the calibrated maximum field of 0.95 T.
Temperature control was achieved using a “He cold finger cryostat. A magnetic

field was applied using a water-cooled copper coil electromagnet with iron pole

3an analyser crystal is done by trying to find a strongly scattering material, with a Bragg

peak which lies close to 90 degrees for your particular x-ray wavelength. The closer the angle

is to this extinction angle, the less beam-spillover background ones gets during an experiment.
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Figure 5.3: a) Diagram of reciprocal space showing the locations of the crystalline

Bragg peaks (Orange) and the surrounding magnetic satellites (Teal). b) A zoomed
in region of (a) around the (300) Bragg peak, showing the scattering x-ray wavevec-
tor being nearly collinear with the magnetic wavevector 7_3. ¢) Experimental set-up
showing the magnetic field (I:j ||c, the incoming 7 polarization and the separation of the
outgoing x-rays into m—m or m—¢ components using an analyzer crystal by rotating the

analzer crystal angle 4 from 0 (shown) to 90 degrees respectively.
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Figure 5.4: ab) Zero-field scattered intensity at 8 K as a function of x-ray
energy across the Gd Ls edge from the @3 satellite in each polarisation channel,

m—o (orange circle) and m—m (teal square) respectively.

pieces.

In this horizontal scattering layout, both the incoming and outgoing x-ray
wavevectors are within the crystallographic ab plane, and the magnetic field can
be applied along the ¢ direction. In our setup, as shown by Eq. 5.1, intensity in
the spin-flip channel (7—0) arises from a magnetic modulation parallel to the out-
going x-ray, which is in the ab plane, whereas the scattering in the non-spin-flip
-7 channel arises from c-axis magnetic modulation and/or modulated charge

order.

The origin of the scattering can be seen in Figure 5.4 a and b, which shows the
zero-field energy scans of the scattered satellite intensity for each outgoing polar-
isation at a readout temperature of 8 K. In (a), the 7~ channel (sensitive only
to magnetic scattering) shows substantial intensity only close to the Gd Ls edge,
and near-zero intensity elsewhere, consistent with the expected large enhance-
ment of the magnetic scattering cross-section on resonance [154]. By contrast,

the m—m channel in (b) (sensitive to both charge and magnetic scattering) shows

4Note this is the read-out temperature, as discussed later, the readout is substantially lower

than the actual temperature.
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significant intensity both at resonance and far away from it. This intensity away
from resonance cannot arise from magnetic scattering, as the non-resonant mag-
netic scattering component shown is over two orders of magnitude weaker than
the peak at resonance, as expected for purely magnetic x-ray scattering [154],
whereas in (b) the averaged off-resonance intensity is much larger at 20% of the
resonant peak intensity. We note that it is impossible for this intensity away from
resonance to arise from leak-through from the other polarisation channel, as we
show this to be near zero in (a). This result shows that a substantial fraction
of the incommensurate satellite 7—m intensity arises from charge scattering. This
charge scattering could have a number of origins, such as the tail-end of a crys-
talline Bragg peak, diffuse scattering from the presence of structural disorder, or
the presence of a low temperature CDW with the same wavevector as the mag-

netic structures. We will reveal the true the origin in the next section.

The magnetic-field driven behaviour was then subsequently investigated, and
we show the polarisation-dependent scattered intensity of each magnetic satel-
lite form the set {¢_; 23} as shown in Figure 5.5. Here, the intensities were
determined by fitting Gaussian functions to rocking-scans across the magnetic
satellite peaks, to account for any change in the magnetic wavevector. The inten-
sities from each ¢, in the 7o channels (orange curves in Figure 5.5 b to d) arise
due to the interaction with an in-plane modulated magnetic moment. For each
¢.n, We see an initial increase of intensity with increasing field, up to a maximum
near the transition at 0.5 T, followed by a decrease to a non-zero value at the
highest measured field of 0.95 T for ¢; 3, and near-zero for ¢». We interpret this
reduction to be caused by the magnetic moments uniformly aligning with the
magnetic field, reducing the in-plane modulation and thus the scattered intensity
at these wavevectors. In addition, we find that the 7—o intensity from ¢» peak
is very small at all fields. This corresponds to a lack of a magnetic modulation
along the direction of the magnetic wavevector [154], with the remnant inten-

sity arising due to the small 7 degree angle between the vectors. Our data are



128 Chapter 5. Resonant X-Ray Scattering from Gd,PdSis

0.30
a) o ©°° e 14K
S 0.25 i °®% o gk
S o " ]
e e © B
& 0.20 6 10 e b
§, ."'. .‘. °
< . o
<0151t .. 0 e o
D@ . o o ° ®
010 £222° 000 a
03
b) -
o - B nm-o
L@ (] -
502 e ° q-11
s e o
0]l @t o....
= 01 Q0@ e ) 0-...gf
4
0.0 N N s ..‘.--, ---- Q.- al
0.100 {©) L i,.»-‘i """ B q-2]
5 0.075
2 ‘
= 0.050 :
E .
0.025 .
Q@ e @ Q@ @, Q... o.....
0.000 8,90
0.6 d) “4‘. ------ Q-.... °.... L 6_3
So4) ° o g
s
E 02 @ (5] °
...... ..
0.0 Ao
e
_1001€) ié B ! ,,,,, L
® 075 E ' A g ]
Eos0} @ G g j
§025 @ g %
z - A g3 ﬁ
0.00 ; : ; :
00 02 04 06 08 10

Hjic (T)

Figure 5.5: a) Real component of the AC-susceptibility of Gd,PdSiz as a func-
tion of magnetic field applied along the c-axis at both 8 K (orange) and 14 K
(teal). b-d) X-ray intensity separated into the 77 (teal) and 7—o (orange) chan-
nels as a function of applied field for each of the incommensurate satellites, ¢,.
The temperature for all measurements was nominally 8 K, see discussion in text.
(e) Geometrically normalized m—o intensities for all ¢, assuming the moment-

modulation is perpendicular to 7,,.
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therefore consistent with in-plane magnetic moment oscillations for all fields lying
perpendicular to the direction of the in-plane magnetic wavevector, in agreement

with the findings of Kurumayji et al. [78].

The intensities within the 7—7 channels (teal curves on Figure 5.5 ¢ to e)
show further interesting features. At low fields, the intensities for the different
satellites in the m—m channel are not equal. Previously, residual strain arising
from mounting the sample has been suggested to lift the degeneracy of magnetic
and charge domains [293, 78]. This results in a higher population of one domain,
explaining the increased scattering for ¢’3. Upon increasing the field, the inten-
sity from ¢3 drops while the others remain constant, but ultimately results in

near-equal intensities for all three peaks at fields above 0.55 T.

Increasing the magnetic field past the phase transition at 0.5 T, we see a de-
crease of the intensity in the m—m channel, stabilizing at 0.75 T to a near-zero
intensity. This field of 0.75 T does not match the magnetic phase transitions ob-
served from AC susceptibility at 8 K (red dataset in Figure 5.5 a) ; in fact, it lies
directly between the two transitions at the point where we would expect the mag-
netic A-phase to be most stable. The origin of this was later found to be a large
temperature offset between the thermocouple and sample, and by comparing our
REXS data to the 14 K magnetometry we recover the phase-transitions in the
correct place. Whilst such a large temperature offset is relatively uncommon, in
our experiment we used an unattenuated incoming beam which locally raises the
temperature of the sample. By matching the phase-transition signatures from the
REXS data in Figure 5.5 b to d to the magnetometry data in (a), we determined

a temperature offset of 6 K, with the true temperature being around 14 K.

Information about the relative magnetic domain populations is shown by the
geometrically normalized 7o intensity, I77 /(7 - Em)Q, which is obtained from

the modulus of Eq. 5.1 assuming that the in-plane moment is perpendicular to the
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magnetic wavevector, in Figure 5.5 e. We find near equal scattering within error
for all fields in which the IC-I phase exists, rendering the ability to distinguish
the magnetic texture between three single-q textures and one triple-q texture im-
possible. This observation is at odds with the m-m scattered intensities at low
fields, in which q_3 had a larger weighting compared to the other two wavevec-
tors. Here, we assume this is due to crystal strain during the mounting process,
possibly giving this low-field spin-texture a greater c-axis component, rather than
a greater population. After the magnetic transition, the normalized intensities
from the three wavevectors strongly overlap at 0.55 T, and then continually drift
apart under an increasing field up to 0.95 T. This shows us that the IC-II phase
is most likely composed of separate domains of single-g textures, whilst for the

IC-T and A-phase we are unable to categorically rule out either from REXS alone.

We now turn our attention to the temperature-dependent evolution of the
magnetic textures in GdyPdSi3. We measured the zero-field temperature depen-
dence of the scattered intensity from {3, which we present in Figure 5.6 a. The
different polarisation channels show that the onset of the c-axis modulation occurs
at an appreciably lower temperature than the planar magnetism (orange/m—o),
suppressed by ~2 K. This step-wise transition reveals the nature of the broad-
peak of increased magnetic susceptibility shown in Figure 5.2 b. Specifically, two
separate transitions are observed, namely from the paramagnetic to IC-II, then
from the IC-II to IC-I respectively. This is in agreement with previous magne-

toelastic measurements [292].

At larger magnetic fields, the temperature difference between the c-axis or-
dering and ab-plane increases from ~2 K at zero field, to ~8 K at 0.5 T, and the
c-axis component never appears at 1.0 T. These observations are in agreement
with the magnetic phase diagram in Figure 5.2 a, which shows that the IC-II
phase becomes more dominant at higher magnetic fields, suppressing the forma-

tion of out-of-plane modulated textures such at the SkL. phase. Note, in all of
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these a significant temperature offset is present, which we again attribute to local
beam-heating. In all magnetic fields investigated, we see that the IC-II phase
initially forms out of the disordered phase upon decreasing the temperature, be-
fore the other spin-texture (if at all). A similar feature has been seen in another
nanoskyrmion material, GdsRusAlj>, and was attributed to the evolution of a
magnetic helix (which has a c-axis modulation) from a 1-dimensional transverse
spin density wave (which has no c-axis component) [294]. However, the origins for
this mechanism and its subsequent discussion has been under-investigated in re-
cent reports on this material. We will provide a possible mechanism for Gd,PdSis

later in this Chapter.

5.2.3 Full-Linear Polarisation Analysis from P09

In order to obtain a more detailed understanding of the incommensurate magnetic
textures within Gd,PdSis, we performed a full-linear polarisation analysis exper-
iment at the P09 beamline at the Deutsches Elektronen-Synchrotron (DESY).
This beamline features a heavy-load horizontal Psi-diffractometer, a two-axis in-
strument which is capable of applying up to 14 T within a temperature range
between 2.3 to 300 K using the standard variable temperature insert [295], per-
fect for studying the magnetic textures within Gd,PdSiz. Prior to performing the
FLPA, we briefly repeated the findings from 116 to calibrate the temperature, en-
ergy and identify the field-dependent magnetic phase boundaries. We show these

repeated measurements in Appendix C.

During a FLPA experiment, the outgoing x-ray polarization 7’ is measured
for number of incident linear polarization angles 7;, allowing a more detailed in-
vestigation of the scattering processes compared with raw intensities alone, see
Chapter 2 for a more detailed explanation. In the following section, we investigate
the magnetic [3+7, -7, 0] reflection, where 7 is the magnitude of the wavevector
of the incommensurate magnetic texture, at 12 K within magnetic fields of 0,

0.55, and 1.5 T, corresponding to the IC-I, SkI. and IC-II phases respectively, as
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labelled in the phase diagram in Figure 5.2.

The polarisation of the scattered x-ray is determined by performing angular
O-rocks of a graphite (006) analyser crystal®, close to the optimum diffraction
condition with 204 ~ 90°, as shown in Figure 5.7 a. By rotating the angle of
the analyser crystal about the scattered wavevector, n4 in Figure. 5.3 ¢, different
projections of the scattered x-ray polarisation are obtained. Fitting the diffracted
intensities as a function of 14 (see top of Figure 5.7 b) provides the polarisation
density matrix of the scattered x-ray, y' in terms of the Poincare-Stokes polari-
sation vector P’ = (P/, Py, Pj). Density matrices allow a complete description of
the polarisation [155]. The measured values of P, and P, for the IC-I, SkL and
IC-II states for various incoming polarisation angles are shown in Figure 5.7 ¢ as
open triangles, squares and circles respectively, offset from each other for clarity.
The process of scattering a particular polarisation into another via an optical ele-
ment with forward scattering power M is given by u/ = MTyu;M [296, 297]. Here,
we include both the charge and the magnetic scattering contributions within the

refinements, with scattering powers given by:

1 0
M, = F. , (5.2)
0 cos20
0 z1c080 + z3sinf
M,, = —iF}, ' ’ , (5.3)
z3sinf — zy cosf — 29 sin 26

where F,. and F), are the charge and magnetic scattering amplitudes respectively,
and the matrix elements describe the transitions between states of different polar-
isation [154]. The magnetisation directions, z,, are determined by the scattering
geometry [297]. During the refinement, arbitrary magnetic structures can be con-
structed from a set of irreducible components, {I',}. For our crystal symmetry
and the incommensurate magnetic wavevector, only three irreducible components

exist, and they can be seen in Figure 5.7 d. These components are analogous to

5Similar angle at the Gd-L3 edge to Au (006)
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spin-density waves with the magnetic moments that are restricted along a sin-
gle crystalline direction and vary in magnitude. Specifically, I's || (1,—1,0),
I3 || (0,0,1), T'y || (1,1,0). Since we use a hexagonal coordinate system, I'y, I'y

are parallel /perpendicular to the magnetic wavevector respectively.

Using MagStREXS® [298], we determined the form of the magnetic modula-
tions by fitting a model to the raw data in Figure 5.7 ¢. The best fit is obtained by
considering the outgoing polarisation to arise from two independent, incoherent
scattering sources with probability p; such that p' = p, ), + pepl.. This accounts
for scattering from separate, incoherent magnetic and charge contributions re-
spectively. The refined parameters are shown in Table 5.1 and the fit by the solid
lines in Figure 5.7 ¢, which are in excellent agreement with the measured data. A
fit including coherent magnetic and charge (for example a charge density wave),
and those considering magnetic-only contributions poorer still, can be found in

the Appendix C.

The presence of an incoherent charge scattering indicates a large amount of
crystallographic disorder within the system, which we attribute due to stacking-
faults within the superlattice structure [299]. This interpretation is in agreement
with our observations of diffuse charge scattering and the crystallographic su-
perstructure with electron diffraction and the x-ray energy scans in the previous
sections. The concomitant scattering from both magnetism and diffuse charge
explains the inconsistencies to previous interpretations about the form of the
spin-textures, which have found circular helices, fan-states and coplanar mag-

netism when looking at scattered x-ray intensities alone [300, 78].

The elliptic nature of the magnetic states can be seen by the ratio fitted pa-
rameters, ['3/I'y in Table 5.1, which shows the periodic magnetism lies mostly

within the ab-plane, with the c-axis component at 0 T being diminished by ~ \/Lﬁ

SWe are truly grateful for the help of Pablo Bereciartua, who performed these simulations.
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Intensity as a function of n4 for circular left and circular right incoming polarisation.
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Field (T) | Iy I's Iy o Modulation Type
0 0 | #40.72(1) | 1 | 24(1) | Elliptical Helix
0.55 0 | £40.59(1) | 1 | 16(2) Elliptical Helix
1.50 0 0 1 ] 36(9) T-SDW

Table 5.1: Fitted parameters within MagStREXS. The irreducible components
Iy 5 correspond to SDWs with the moment oscillating parallel /perpendicular to
the magnetic wavevector within the ab-plane, and I'y being parallel to the c-axis.
a represents the ratio of the charge and magnetic scattering powers, multiplied

by their respective scattering populations.

This is exacerbated at the higher magnetic fields in the SkLL phase, which shows a
greater ellipticity of ~ 0.6. This out-of-plane component then vanishes within the
IC-1I state, revealing that the state is a transverse spin-density wave (T-SDW).
The ellipticity of the states requires the moment magnitude to vary in space,
which is not the case in a tilted conical or fan-like state [78]. Depending on the
superposition and the relative phase-offset between the three degenerate magnetic
wavevectors, a lattice of merons/antimerons, skyrmions and phase-separated he-
lices are all candidate phases, and are indistinguishable with diffraction-based
techniques. However, our findings show all candidate phases, whose form can be

seen later in Figure 5.8, feature an elliptical distortion and a varying moment size.

Notably, the c-axis components of the helices are required from the fitting pro-
cedure to be out of phase from the in-plane component, meaning these magnetic
states have to be chiral and not an oblique SDW, a right-handed helix (RHH)
is shown in Figure 5.7 d for clarity. The linear-polarisation of the x-rays leads
to ambiguity in sign of the imaginary I's component, meaning both right-handed
textures and left-handed textures give identical signatures in the measured data.
However, these two chiralities can be identified by using circularly polarised x-
rays. This can be seen in Figure 5.7 e, which shows a simulation of a RHH with

both right and left circularly polarised x-rays (dotted lines), and featured a clear
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difference in the diffracted intensities. However, the measured data (open circles)
show identical behaviour within experimental error, suggesting there are equal
volume fractions of left and right-handed elliptical helices, as expected due to the

overall centrosymmetry of the crystal system.

Information about the ordering of the magnetic structures can been seen by
the reciprocal space scans shown in Figure 5.7 h, which shows the diffracted
intensity as a function of the h and [ reciprocal space directions. The full-width-
half-maximum, (FW HM), varies between the reciprocal space directions. The
real-space correlation length, & = L(FWHM)™!, for the two directions is & =
30(8) A and &, = 230(30) A. The short correlation length along the crystalline
c-axis is over an order of magnitude shorter than the hexagonal plane, and corre-
sponds to roughly one superstructure cell. Similar to the diffuse charge scattering,
the magnetic disorder arises due to the irregular stacking of different crystallo-

graphic layers.

The real space form of a selection of possible magnetic spin textures can be
found in Figure 5.8. Due to the inability” to recover phase information from
diffraction-based experiments, it is possible to generate a number of two dimen-
sional, multi-¢ (magnetic texture with more than one diffraction spot, such as
skyrmions) spin-textures by superposing a number of single-¢ textures. The ba-
sis spin texture for the IC-I phase and SkL phase is shown in (a), which shows an
elliptical helix constructed as '+ %Fg. Superpositions of this same spin-texture
with different wavevectors generate two-dimensional spin-textures, which can be
written as [304]:

sinf,sinq, - r + ¢,
m(r,q) = Z sinf,sinq, -r+ ¢, | (5.4)
T\ ttcosa, T,

" Although diffractive magnetic holography and magnetic-contrast phase-retrieval algorithms

have been demonstrated [301, 302, 303].
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Meron-
Antimeron

Figure 5.8: a) (top center) the primitive building block of the possible triple-g spin
textures (b-e). The following are candidate phases for the IC-I and SkL phases respec-
tively. In a), we have 1-¢ elliptical helices which may form roughly-equally populated,
spatially separated domains of both orientation and chirality. b,c) Elliptical skyrmion
spin-textures with different chirality, created by superposing the spin-textures in (a)
with no phase shift. d,e) Elliptical Meron-Antimeron lattices with differing chirali-
ties, formed similarly to the skyrmions but differ in terms of a relative phase shift of
5 between eacxh single-g strcuture, see text for an in-depth discussion. f,g) Candi-
date phases for the IC-II region, namely of 1D spin-density-waves and their triple-¢q

superposition state consisting of XY-vortices respectively.
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where q,, ¢, and £ are the wavevector, phase and ellipticity of the vth spiral,
respectively, and r is the position vector. 6, is a geometric term to ensure the
helices are Bloch-type, such that m-q = 0, and ¢, = %W(V —1). In the following,
each wavevector lies along three equivalent directions in the hexagonal plane with
a1 = (¢,0), g2 = q(—%, ‘/Tg) and q3 = q(%, ‘/73) By setting ¢y 23 to be zero, we
generate the lattice of skyrmions in Figure 5.8 b, whose chirality can be reversed
as in (c¢) by changing the sign in the z-component in Eq. 5.4. Similarly, both chi-
ralities of a meron-antimeron lattice can be generated with ¢ 23 = 7 asin (d) and
(e). On the other hand, by using superpositions of T-SDW basis (f), one can gen-

erate an XY-vortex lattice as shown in (g). Spin-textures (a) to (e) have identical

form-factors, are are indistinguishable using diffraction techniques such as REXS.

Whilst in this study we are unable to reveal the true form of the spin-textures,
we do unambiguously identify the basis of which multiple-¢ spin-textures can
be built from in all three incommensurate magnetic phases. Furthermore, the
diffuse nature of both the magnetic spin-textures and the charge density highlights
the importance of the crystallographic superstructure within the material. In
particular, the stacking of different layers leads to disorder, as well as local DMI

interactions which we shall investigate further in the following section.

5.2.4 Origin of Local Chirality

The crystallographic superstructure in Gd;PdSiz has largely been ignored in
the recent experimental and theoretical investigations of the magnetic skyrmions
within the material. However, as we have seen in the previous sections, there are
a number of implications which the superstructure imposes on the magnetism,
not only just increasing the level of disorder due to irregularities in the crystal-

lographic superstructure.

Four distinct arrangements of Pd/Si are allowed through symmetry argu-

ments, and are shown in Figure 5.9 a. Here, the hexagonal lattice of Gd atoms
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is sandwiched by a honeycomb lattice of Pd/Si atoms. Layers A,B,C have a pair
of Pd atoms near the central Gd, which are distinguished by rotating the loca-
tion of the Pd pair about the c-axis. Layer D has the pair beyond the nearest
Gd neighbours, and other orientations are equivalent by symmetry. A previous
density-functional-theory study found the optimal stacking sequence had alter-
nating layers, although double layers were similar in energy which may explain
the inherent disorder [291]. Interestingly, despite the overall centrosymmetric
crystal structure, the stacking of different Pd-Si layers causes the bonds between
the Gd®* ions to exist within non-centrosymmetric environments which gives rise
to a local DMI interaction, see Figure. 5.9 a, with a DMI vector perpendicular to

the Gd-Gd bond direction.

The orientation of the DMI vector, D;;, between two magnetic ions, ¢, 7, is
constrained by the symmetry of the local environment around the centre of the
bond. When the magnetic interaction between the two ions is driven by the

superexchange mechanism, the orientation of D;; is defined as [305, 306]:
Dz‘j X r; XTIy, (55)

where r; ; is the vector from the relevant magnetic atom to the intermediate
atom (Pd in this case) responsible for the superexchange mechanism. The re-
sultant DMI vector for one particular Gd-Gd bond within Gd,PdSis is shown in
Figure 5.9 b. Here, the DMI vector is confined to always point in a direction per-
pendicular to the bond. As we shall see, the irregular stacking of non-equivalent
layers leads to an enlarged unit cell containing 4 (total) Gd atoms. This leads to
Gd-Gd bond environments similar to the one shown in Figure 5.9 b, as well as
DMI inactive ones where the bonds exist within a centrosymmetric environment

that are surrounded by four Si atoms.

The stacking of all possible layer combinations can be seen in Figure 5.10.
Here, 12 different combinations are shown which are all equal in crystallographic

free energy [291]. Since the stacking of identical layers is higher in energy, they
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DO-5 300
18

Figure 5.9: a) Crystal structure of GdyPdSi3 with triangular planes of Gd atoms
(teal) between a honeycombed mix of Pd/Si (orange/cream) forming a crystalline
superstructure that has 8 unit cells stacked along the c-direction. Here, only
the four distinct layers, A-D, are shown for clarity. b) The stacking of non-
equivalent layers leads to a non-centrosymmetric environment at the center of
some Gd-Gd bonds, this leads to a DMI vector (white arrow) that is confined to
be perpendicular to the Gd-Pd-Gd triangle.
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have been omitted. Asshown, all 12 layers show a unique structure and a doubling

of the unit cell in the a,b hexagonal crystallographic-directions.

The resulting DMI vectors of the layer stacking from Figure 5.10 can be de-
termined using Eq. 5.5, and we show these vectors in Figure 5.11. As can be seen,
the orientation of these DMI vectors are constrained to 12 different directions due
the symmetry of the enlarged unit cell. Across the unit cell, we find the sum of
all DMI vectors results in a vanishing net DMI interaction, as required from the
overall centrosymmetry of the unit cell. However, despite the net-zero nature of
the DMI, the local interaction between two neighbouring atoms is still present

and is currently unaccounted for in most theoretical treatments of the material.

As can be seen, the irregularities of the direction of the DMI leads to non-
mutually satisfying interactions across the various pairs of moments which con-
stitute the unit cell, analogous to exchange-frustrated interaction in geometri-
cally non-trivial systems [307, 308]. For example, the natural helicity of the the
magnetic textures, that were proven to be chiral in zero-field by the XMCD mea-
surements in the previous section, leads to a reduction/increase in free energy
for different bond pairs depending on the relative orientation of the neighbouring
moments (S;;) and the DMI vector. This can be seen in the Hamiltonian (H)

of the DMI:

Here, the DMI vector will have a component lying parallel/anti-parallel to the
cross product of the spins, meaning that different Gd atoms within the unit cell
will vary in terms of free energy®. This variation of free energy across the various
sites within the unit cell leads to an interesting situation whose implications can

be explained at the mean-field level.

8Note, in systems with a non-frustrated DMI interaction, it is known that magnetic helices
are stabilised due to competition with the exchange. In this system, it is known that the RKKY

interaction drives the formation of these spin-textures.
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Figure 5.10: Projections of the atoms within enlarged unit cell of all possible
stacking pairs, showing the hexagonal plane of Gd atoms at z = 0, and both the
non-magnetic Pd/Si inter-planar layers at z = 5. When both layers feature
Si-Si, the symbol is represented as a black dot. When there is a Pd/Si projection,
the symbol is a red cross/dox depending on whether the Pd is located within the
bottom/top plane respectively.
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Figure 5.11: Diagram of the Gd atoms within enlarged unit cell of all possible
stacking pairs, showing the direction of the local DMI vector between each Gd
pair. Some bonds do not feature a DMI vector due to the symmetry of the bond.

Green/blue arrows represent the vector canting up/down from the reader.
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Following the derivation presented here [309], the i-th site-resolved mean-field
spin vector moment m;, with total-magnitude p, is temperature dependent with

a magnitude:

- T B¢
m, =L ) 5.7
(it B1) o 57

where £(z) is the temperature-dependent (T') Langevin function, and B is the
effective field at site 7. As mentioned previously in Chapter 1, the effective field
is obtained by taking the variational derivative of the Hamiltonian of the system,

—§H /ém;, which for the DMI term gives uBf’DM = —-D;; x m;.

Using Eq. 5.7 together with the knowledge that the discordant DMI vectors
lead to a frustration-like effect, a possible origin of the multi-step transition from
the paramagnetic state to the T-SDW, IC-1II texture at 19.5 K which then further
transitions into the elliptical helix texture in zero field at 16.5 K, is that the
variation of the site-resolved effective field causes different moments within the
unit cell to order at different temperatures. This can be seen by the Langevin
function, which scales the magnitude local moment depending on the free energy
of the system and the temperature. At temperatures towards T, only the sites
which are DMI-enhanced will order, which are then followed by the DMI-reduced
sites upon cooling which results in a multi-step transition. This effect would also
cause the moment magnitude to vary across the cell, as required by the elliptical

nature of all of the spin-textures within the material.

5.2.5 Conclusion

In this Chapter we have demonstrated that the simple picture of skyrmions exist-
ing within GdyPdSi;3 is far more complicated than initially thought. In addition
to a number of different incommensurate magnetic phases, we observe a number
of effects that are currently unexplained. In particular, the form of the mag-
netic spin-textures were previously assumed to be composed of helices, which we

have shown to be elliptical in nature. This ellipticity leads to interesting effects,
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such as the requirement for the moment magnitude to vary in space akin to a
spin-density wave. This, coupled with our findings of a step-wise transition in
temperature, lead us to investigate alternative mechanisms which may explain

the system more accurately.

Here, we have proposed that a site-dependent, local DMI is responsible for our
findings, as depending on the particular arrangement of the magnetic moments,
the local DMI either reduces/increases the magnetic free energy of the site, nat-
urally leading to magnitude modulations and site-dependent ordering tempera-
tures. Furthermore, depending on the stacking of the crystalline superstructure,
different chiralities of magnetism may exist within different layers, meaning when
summed along the c-axis no global chirality is present, explaining the lack a mag-

netic signal within the material when using electron microscopy techniques.

Looking forward, we intend to develop a custom mean-field solver which can
implement both a spatially varying DMI interaction as well as the RKKY mech-
anism to further study this system. Here, we hope to observe that the relative
strength between the DMI and exchange interactions to be the main mechanism
between the multi-step transition, as well as hopefully observing a breaking of
degeneracy between the two-chiralities depending on the particular layer of the

crystalline superstructure.



Chapter 6

Unexpected Skyrmion

Renucleation

In this Chapter, we present small-angle-neutron-scattering (SANS) results which
show that at low temperature, metastable skyrmions within Cu;OSeO3 increase
in volume fraction during an increasing field scan. We name this effect skyrmion
renucleation, as it requires a seeding metastable skyrmion state to occur. Here,
we first review why this effect is unexpected within the framework of the cur-
rent understanding of the literature. Then, we explain how to create metastable
skyrmions during a SANS experiment within Cu,OSeO3, before showing experi-
mental evidence that renucleation occurs for a variety of temperatures and crys-
tallographic orientations. We end the Chapter with a discussion of possible mech-

anisms as well future planned works.

6.1 Introduction

In the majority of bulk, single-crystal, skyrmion-containing materials which sta-
bilise their respective incommensurate magnetic phases via the DMI, skyrmions
are typically considered to exist within a highly-restricted region of tempera-
tures and magnetic fields. As shown in Figure 6.1 a to d, the existence magnetic

skyrmions in a number of materials is confined to a small pocket of phase space,

147
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requiring the application of a moderate magnetic field whilst simultaneously stay-

ing within a small window of temperature, typically a few Kelvin below T¢.

The limited extent of the equilibrium skyrmion state presents a challenge in
developing spintronic devices, as they impose the condition that the devices need
to operate within a narrow temperature range and maintain a remnant field when
the device is switched off. However, these concerns can be rectified by rapidly
cooling the system within a suitable applied field. This ‘freezes’ metastable mag-
netic skyrmions into the system, which have been observed to exist across a
greatly extended temperature range in a number of materials including MnSi
[313, 314, 315], FeGe [316], Feq5Cog5S1 [317, 318], CuyOSeO3 [319, 239, 157], and
Co-Zn-Mn alloys' [321, 320, 322].

The current understanding of metastable skyrmions is well summarised in
a recent Zn-doped CuyOSeOjs study [179, 323], which shows that metastable
skyrmions can exist down to 10 K and greater fields than the maximum of
the equilibrium skyrmion pocket. We show the region of phase-space where
metastable skyrmions exist in Figure 6.2 a. The stability of the metastable
magnetic skyrmions can be determined using lifetime measurements, typically
by observing a relaxation effect in the magnetic susceptibility [179], or a decay in
the scattered SANS intensity [324]. We show a typical relaxation of the magnetic
susceptibility from the study in Figure 6.2 b, whose exponential nature allows the

extraction of a typical lifetime constant (7) using an Arrhenius law. This constant

*EB]
kgT 1*

is related to the energy barrier of the system (Eg), such that 7(7") = 7 exp|
This energy barrier is typically considered to arise from the topological protection
of the skyrmions [325], although other effects such as pinning, entropy-limitations

and effective anisotropies also contribute [326, 179, 327].

IThis is particularly exciting in CogZngMns,, where zero-field and room-temperature

metastable skyrmions have been observed [320]
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Figure 6.1: Magnetic phase diagrams of MnSi (from [310], transport and mag-
netometry measurements), FeGe (from [311], magnetometry), CusOSeOj3 (from
[312], magnetometry) and CoyoZnyo (from [89], magnetometry). Magnetic phases
are labelled. A-phase, SkX and SL all refer to the magnetic skyrmion phase.



150 Chapter 6. Unexpected Skyrmion Renucleation
a) 100 -
b Uniform Magnetisation (UM) Tc
75 ‘
Conical (C) |
L)
30 SkL—C %o,
< Metastable (MS) SkL <
o X X
25 ST LT - -
= SkL—H
E 04
m . °
Helical (H). oY-o / °
-253- —C—— O Equilibrium SkL
[ ]
..
- - @
a0 Conical (C) o®
=157 . o P 11 [001]
100 Uniform Magnetisation (UM) B 1 [110]
1 20 30 40 50 60
T (K)
b) C)
1.0 016 mT
105_
1B
104_
0
~ 103
102_
SkL—H SkLoC \¢
1014 'Ly = 0.066 lc = —0.053
102 104 105 106 10 20 30 40

t(s)

B (mT)

Figure 6.2: a) Supercooled magnetic phase diagram of (Cug.ggZngo2)20Se0Os3, as
determined by measurements of the electric polarisation P along the [001] crystal-
lographic axis, when the magnetic field is applied along the [110] axis. The phase
diagram was determined by field cooling (FC) at 24 mT, as indicated by the green
arrow. The uniform magnetisation (UM, white), conical (C, blue), helical (H, red) and
equilibrium skyrmion lattice (SkL, yellow) phases are labelled. b) The normalised real
component of the AC susceptibility, x§, measured as a function of time at a range
of applied magnetic fields after field cooling the sample at 20 mT from 65 to 49 K,
fits are to an Arrenhius law to determine the energy barrier of the system. c) The
fitted lifetimes plotted as a function of the applied magnetic field on a logarithmic axis,
showing that the lifetime exponentially decreases under the application of a field away

from the initial magnetic field. All data taken from [323].
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Ultimately, the study [323] concludes that metastable skyrmions exist within
a very large region of the overall magnetic phase diagram, and that the energy
barrier rapidly decays as one modifies the magnitude of the applied magnetic
field away from the initial value. This is shown by the exponential decrease of
the skyrmion lifetime shown in Figure 6.2 c¢. Thus, according to our current
understanding, increasing the magnitude of the magnetic field after field cooling

should result in a lower population of skyrmions.

In the rest of this Chapter, we show that the low-temperature behaviour of
metastable skyrmions is more complex than previously thought. By using SANS
together with a super-cooling mount, we are able to rapidly cool the sample
from above T to 5 K in a matter of seconds, freezing in a large population of
metastable skyrmions. We first discuss the differences between the equilibrium
and the metastable skyrmion state, before revealing that at low-temperatures,
the skyrmion population in fact increases rather then decreasing. We show that
this effect is present for a number of crystallographic orientations, and discuss

possible mechanisms for such a renucleation.

6.2 Experimental Methods

In order to generate a metastable skyrmion state within pristine Cu,OSeOgs, rapid
field cooling is required as the lifetime of skyrmions at temperatures just under
the skyrmion pocket (say =~ 54 K) are of the order of seconds [179]. Therefore,
the standard cooling rates of orange cryostats (about 20 K/min) would result in
a large amount of skyrmion decay and hinder a thorough investigation of this
state. In order to circumvent this issue, we prepared a custom sample mount.
As shown in Figure 6.3, a sample of CusOSeO3 was mounted such that the [10 0]
direction was normal to the aluminium plate, which was checked using an x-ray
Laue camera prior to the experiment using the reference silicon wafer. The sample
was mounted in-between two strips of cadmium, whose highly neutron-absorbing

properties provide a strong feature to aid with sample alignment. Rapid cooling
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Figure 6.3: Pictures of the sample mount showing the single crystal of
Cuy0Se0g, silicon wafter and cadmium strips for sample alignment, as well as
constantan wire. The constantan wire doesn’t block the path of the neutrons,

and is able to locally heat the sample.

was achieved by locally heating the entire sample plate. This was achieved by
wrapping the prongs on the sample mount with highly resistive constantan wire
[328], which locally heats the sample stage, which is surrounded by the cryostat
bath. The cryostat is which is kept at the target temperature, typically 5 K. By
passing a current through the constantan wire, we are able to locally heat the
sample to above T¢ from 5 K in a matter of seconds, before turning the current
off, which rapidly thermalises the sample with the cryostat to cool back to 5 K,
again in a few seconds. This procedure would take more than 10 minutes using

a standard cryostat.

We show for completeness the calibration of the heater. The effectiveness of
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the heater can be determined by rapidly collecting the SANS patterns? from the
magnetic state of the sample over the length of an entire current pulse. In the
event that the pulse length or pulse current was too low, the sample would fail
to reach above T, and only a variation of the helical diffraction spot intensity
would be noticeable. However, by applying a slight magnetic field to induce
skyrmions, we can be sure that we successfully heated above T by the presence of
metastable skyrmions in the final diffraction pattern, after the heating procedure.
A successful calibration run is shown in Figure 6.4 a, which shows the summed
intensity from a 0.5 s exposure which was background subtracted with a frame at
60 K. As shown in the initial state in (b), the ZFC procedure leads to two helical

domains propagating along the [010] and [001] directions?

. Upon applying a
current of 1 A, the helical intensity diminishes, before becoming negligible after
5 s. The heater is switched off at 6 s, at which point there is no appreciable
scattering above background as shown in panel c. Due to the helium exchange
gas, the temperature of the sample rapidly starts to cool, staying with in the
skyrmion pocket (panel d) for only about one second which can be seen in the
summed intensities as a large spike of scattered intensity. As expected, a large
amount of skyrmions decay as shown by the steep decrease in scattered intensity
after t = 7.5 s. This is because we have reached temperatures just below the
skyrmion pocket, where the skyrmion lifetime is at a minimum. However, this
decrease stops once we reach t = 9 s, we are now in a regime where the lifetime
of the skyrmions has greatly increased [179]. At ¢ > 14 s, we find no further
increases in intensity, showing us that the system is now in thermal equilibrium
with the cryostat bath. As shown in panel (e), we now have a state composed of
a mixture between helices and metastable skyrmions, at 5 K, as required. Note
that the constant increase in intensity is not from an increase in skyrmion volume

population, but an effect of temperature. Namely, as one cools many magnetic

2Here, we were able to use such a small exposure time of 0.5 s due to the high neutron flux

of D33.
3The third domain lies out of the diffraction condition, as the [10 0] direction is parallel with

the neutron beam.
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Figure 6.4: Calibration of the flash-heater. a) Summed intensity from an entire
sample pattern in a wavevector range between 0.007 < ¢ < 0.013 as a function
of time. The heater is activated at t = 0 s, and turned off at 6 s of heating time.

b-e) Single snapshot of the state at different times, see labels in (a).

states, the magnetic state becomes more ordered which results in an increase in

scattered intensity at the center of the rocking curve [34].

6.3 Results

6.3.1 Equilibrium Skyrmions V Metastable Skyrmions

SANS not only gives us information about what magnetic state is present, but
also the magnetic wavevector, ordering and populations of the different magnetic
states within a sample. In the following section, we investigate the metastable
skyrmion state within pristine Cuy;OSeO3 at the D33 beamline, Institut Laue-

Langevin. Prior to the beamtime, magnetometry measurements were performed
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on a 33.2 mg sample of Cuy,0OSeO3, which was mounted on a quartz rod such that
an applied magnetic field would lie along the crystalline [1 1 0] direction. Here, we
used the Quantum Design MPMS3 at the R52 ISIS Support Laboratory. A high-
resolution phase diagram was mapped by using the MPMS in vibrating sample
mode (VSM). Here, the magnetisation of the sample is continuously measured at
a high rate whilst slowly increasing the temperature from 54 to 60 K. This would
have a density around 40 data points per Kelvin. After reaching the maximum
temperature, the sample was zero-field-cooled (ZFC) back to 54 K, before increas-
ing the field to the target value to start the next increasing temperature sweep.
By differentiating the data with respect to temperature, sharp magnetic phase
boundaries can be seen between the conical, skyrmion lattice, field-polarised and
disordered phases can be observed. We show the resultant magnetic phase dia-

gram near 7 in Figure 6.5 a.

An extended magnetic phase diagram for the sample can be found in Figure 6.5
b. Here, phase boundaries are marked by square symbols which were obtained
by identifying the peaks in the 9M/OH of a increasing field scan M (H) from 0
to 100 mT, which were taken after ZFC from 60 K. Here, it is important to note
that upon rapid, skyrmion-field-cooling (SFC), the metastable skyrmions decay
into the helical state at temperatures below 40 K, whereas at higher temperatures

the skyrmions decay into the conical state.

In order to visualise and understand the differences between an equilibrium
and metastable skyrmion state, micromagnetic simulations were performed us-
ing the standard CuyOSeO3 parameters [329]. The clean skyrmion lattice state
shown in Figure 6.5 e was generated by using a triple-q initial starting state be-
fore relaxation, whilst the disordered state in Figure 6.5 ¢ was relaxed from a
skyrmion state with random fluctuations, with a slight reduction in the value
of the magnetic field, to encourage the skyrmions to decay into magnetic he-
lices in agreement with the measured magnetic phase diagram. As shown by the
simulated SANS scattering patterns in Figure 6.5 d and f, ‘metastable’ and equi-

librium lattices can be distinguished by the presence of diffuse neutron scattering
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Figure 6.5: Metastable skyrmions in CusOSeQOg, for magnetic field applied along
the [110] direction. a) Magnetic phase diagram near T, generated using the tem-
perature gradient of the magnetisation. The equilibrium skyrmion lattice (SkL),
helical (H), conical (C), field polarised (FP), fluctuation disordered (FD) and
paramagnetic (PM) phases are labelled. b) Extended magnetic phase diagram
generated by inflections in the magnetisation as a function of magnetic field. Equi-
librium skyrmion pocket represented as blue oval near 60 K. c,e) Micromagnetic
simulations of skyrmions within CusOSeOj relaxed under clean/disordered initial
conditions respectively. d,f) Simulated SANS intensity for the disordered/ordered

skyrmion system respectively.
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Figure 6.6: SANS patterns made by summing 29 frames of a rocking scan
centred about the [110] direction, rocking scan has a total angular range of 15°,
with a 0.5° resolution. The state on the left hand side is from the equilibrium
skyrmion pocket at 22 mT and 57 K, whilst the right hand side is after SFC to
5 K.

at low-¢, arising due to the disordered nature of the equilibrium state.

As shown in Figure 6.6, clear differences in the rocked SANS patterns can be
seen between the equilibrium skyrmion state and the metastable skyrmion state.
Whilst a six spot pattern corresponding to the presence of a hexagonal lattice
of magnetic skyrmions is present in both cases, we see that whilst the intensities
in each of the six spots at 57 K are approximately equal, the horizontal pair
of Bragg peaks are dominant in the metastable state. This pair of spots has
a wavevector aligned along the [100]?, so that the helical state and a pair of
metastable skyrmion diffraction peaks overlap. This shows us that indeed, the
skyrmions have decayed into the helical state upon cooling, as can further be seen
by the reduced intensity of the two pairs of skyrmion peaks with ¢, # 0 at 5 K

compared with the equilibrium state.

In addition to differences in the intensity distributions, we also see the presence

4A different sample orientation was used after calibrating the heater in Figure 6.4.
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of a large amount of diffuse scattering at low-¢ when we compare the metastable
skyrmion system to the equilibrium. In both datasets, background measurements
were taken in a high-field to minimise the effects of thermal drift. As we saw in
Figure 6.5 d, the presence of magnetic disorder leads to this background, as in
particular regions of the sample there is a lack of magnetic crystallinity, liber-
alising the requirement that scattering can only occur at Bragg peaks, allowing
diffuse scattering. This signature, together with the intensity, shows us that the
equilibrium skyrmions decay into magnetic helicies upon cooling, and form both
phase separated regions maintaining translational order but also cause regions of
the sample to exhibit highly disordered behaviour, similar to the micromagnetic
simulation shown in Figure 6.5 c.

So far, we have shown that we are able to create metastable skyrmions in
Cuy08e03, as well as observing how this state is different to the skyrmions at
equilibrium. In the following results sections, we will show what happens to the

metastable state as a function of the applied magnetic field.

6.3.2 Field Scans

The field-driven evolution of the metastable skyrmion state is shown in Figure 6.7,
after SFC at 22 mT to 5 K. Here, we show the SANS patterns which again are
generated by summing every frame within a single rocking curve. At lower mag-
netic fields (row a), we see the general features of the metastable state. Namely,
the presence of diffuse scattering, as well as the horizontal pair of Bragg spots
being dominant due to magnetic phase coexistance of skyrmions with the helical
state. In addition to first-order peaks, we also see a large number of higher-order
peaks within the diffraction pattern, particularly along the horizontal direction.
These higher-order peaks give us more information about the detailed form of
the spin-texture, although a detailed analysis requires a more thorough study to
mitigate the effects of multiple scattering [330].

In the second row, with fields increasing from 55 mT to 85 mT, we observe an

overall increase of skyrmion scattered intensity, and the peaks becoming roughly
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Figure 6.7: Field dependent SANS patterns made by summing 29 frames of a rocking scan centred about the [110] direction. Taken
after SFC at 22 mT to a temperature of 5 K. Magnitude of fields are labelled. Colour-bar and axes are identical for all plots.
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equal in magnitude. At the same time, the diffuse scattering reduces. This in-
tensity variation suggests that skyrmions are growing in volume fraction upon
increasing the magnetic field, as well as becoming more long-range ordered. Fur-
ther increases in field, in row c, reverses this trend, showing a decaying skyrmion
intensity with further increases field. This is accompanied with a distortion of
the hexagonal lattice of skyrmions, as instead of the skyrmion diffraction spots
lying on a circle centred about the origin, the skyrmion spots appear to lie on an
oval with the major axis lying in the vertical direction. In the final row, we see
this trend continue, with the skyrmions further decaying, and becoming further

distorted, until no incommensurate magnetism can be seen at 170 mT.

This behaviour can be more quantitatively investigated by fitting 2D Gaussian
functions to every peak in the diffraction pattern in a similar manner to those
described in the previous SANS experimental Chapters in this thesis. The fitting
of Gaussians gives us the benefit that we are able to obtain the intensity, 2D
location and the broadening of each peak. We show the fitted results in Figure 6.8,
with each pair of spots being plotted separately using the colour-coding shown in
the reference image above the figure. The fitted intensities intensities are shown
in a, which shows that the two skyrmion peaks (green and orange only) initially
decrease in population as expected from previous theory. These peaks fall to
roughly half their original intensity at 45 mT. After increasing the field past this
minimum, the skyrmions gain population, with around a five times increase in
volume fraction at their maximum at 70 mT. Simultaneously to this, we see the
helical intensity (blue pair, overlaps with the third skyrmion wavevector), rapidly
decaying though this whole process (not shown), and the diffuse scattering at low-

q also decrease at the same time as the skyrmions increase in volume fraction.

This rapid increase in skyrmion population can also be seen in the wavevector
dependence in panel (c). Here, the initial reduction of each wavevector is thwarted
by the onset of the return of skyrmions. This is consistent with the picture that
skyrmions are initially decaying, such to increase their separation distance, before

becoming more closely packed as the population of skyrmions increases. We note
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Figure 6.8: Field dependence of the scattered intensity (a), higher-order intensity
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wave-vectors is used. The gray trend in (a) Shows the level of diffuse scattering, taken

by the sum of the gray circle in reference.
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that the wavevector in the horizontal direction (blue), is consistently smaller
than the other two pairs, at fields greater that 35 mT, and in fact this difference
increases continually with further applications of magnetic field, showing that

significant skyrmion-lattice distortion is present. Will will revisit this point later.

Interestingly, the ordering of the wavevector shows also identifiable regimes
which also consistently follow the notion that skyrmions start to decay upon
increasing the magnetic field, before returning with a greater initial population
upon further increases past 45 mT. In panels (d) and (f), the full-width-half-
maximum (FWHM) is shown for both the radial (¢) and azimuthal (¢) directions
respectively. In both cases, the helical state has the lowest level of disorder at
low-field, and the skyrmion peaks have a high level of initial disorder. This picutre
is in agreement that the skyrmions decay into the helical state, leaving behind
disordered regions which broaden the skyrmion lattice peaks as well as lead to
the low-q diffuse scattering. In the regime where the skyrmions are decaying,
we see a slight decrease I'; and a strong increase in I'y, suggesting that as the
skyrmions decay there is a greater level of orientational disorder in the system.
Upon reaching the maximum population of skyrmions, the FWHM for all pairs
of peaks becomes identical and takes a value far lower than the initial value for
the skyrmions, suggesting that this state after skyrmion renucleation is far more

ordered than the metastable state at 22 mT.

Upon increasing the field past the greatest population of skyrmions, we again
see novel behaviour, this time in the distortion of the skyrmion lattice. The
skyrmion lattice distortion is seen in panel (e), which plots the change in the
azimuthal location of the diffraction peaks as a function of applied field. Here, we
see the horizontal (blue) pair staying in roughly the sample azimuthal location,
lying parallel to the crystalline [100] direction. On the otherhand, the green
and orange diffraction spots show rich a field-dependent behaviour. As shown,
the the spots initially cant towards the [100] directions respectively, reaching a
maximum deflection at 45 mT, coinciding with the minimum volume fraction of

skyrmions. As skyrmions begin to repopulate the system, this canting is reversed
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and in fact over shoots, such that these two pairs start canting toward the vertical,
[011] direction. At the largest of fields, we see a large deflection of wavevector
direction in (e), very asymmetric wavevector magnitudes in (c), and a clear oval
shape to the skyrmion lattice in Figure 6.7. One origin for this lattice distortion
may be a geometrical effect, whereby the magnetic field is misaligned with the
neutron beam. This would induce a torque effect of the skyrmion lattice, leading
to an artifact in the diffraction pattern. However, as shown in Figure 6.9, the
centre of the skyrmion peak intensity within the rocking scan appears roughly at
0° for all fields. In order for the torque to cause an equivalent feature to what we
see (the wavevector in the ¢, direction is roughly equal to 0.8¢,), an angular offset
of nearly 37° would be required, far greater than any torquing we may see in the
SANS rocking in Figure 6.9. This tells us that a deformation of the skyrmion

lattice is indeed occurring at higher magnetic fields.

As previously mentioned, higher-order peaks in the diffraction pattern reveal
more information about the spin-texture. By normalising the higher-order peak
intensities to the first-order peak intensities, we are able to track changes in
their ratio which avoids issues from multiple scattering, which remain a constant
in their contribution to the higher-order peak intensities. We show the field
dependence of the higher order peak ratios in Figure 6.8 b. In the ¢, + qn
dataset, we see a quadratic trend to the intensity ratios, after applying a field
of at least 50 mT. Similarly, we also see quadratic behaviour in the 2¢, dataset,
this time after 75 mT. At lower fields, there is also non-linear behaviour. In these
peaks, the higher order peak from the helical state contributes to the scattered
intensity. Here, we explain this low-field behaviour by the helical state deforming
under the application of a perpendicular magnetic field, akin to a chiral soliton
lattice [331]. This is because the magnetic field induces distortions to the helical
spin-texture, whose wavevector is unable to reorient due to being pinned in place
by cubic anisotropy. The decrease at 50 mT is due to the helical state decaying
at the same time the skyrmions are renucleating. The quadratic behaviour in

both sets of higher order peaks is offset from H = 0, in strong agreements with
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Figure 6.9: Rocking scans of the horizontal pair of magnetic peaks of the
metastable skyrmion state at 5 K, normalised to their maximum intensity. Dif-
ferent colours correspond to different external fields, with dark to light being the
increasing field direction. The presence of double peak suggest two domains of
skyrmions/helicies that are slighly offset from one another, primarily due to de-

magnetisation effects.
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theoretical work [330], which found the the offset to be related to phase of the
three wavevectors that constitute the skyrmion lattice in the triple-g model.
To summarise the results of the field-induced behaviour of the metastable

state, we have the following:

e Metastable skyrmions at 5 K coexist with helical states, forming a highly

disordered state with broad skyrmion peaks and diffuse scatter.

e Small increases in magnetic field reduce the population of skyrmions, in-

creasing their separation and orientational disorder.

e Further increase in magnetic field then cause a remarkable renucleation
of skyrmions, greatly increasing the population past the initial value after
SFC, and increasing the ordering as shown by a reduction in the FWHMs

and the departure of diffuse scattering.

e Even greater increases in field cause the skyrmion lattice to decay, distorting
their form as shown by the higher-order-peak ratios, as well as the shape of

the lattice, as shown by azimuthal deflection of the peaks.

These observations are at odds with previous assumptions that metastable
skyrmion populations decay with an increasing field [179, 326]. In the following
results sections, we will explore the temperature and crystallographic-orientation

dependence.

6.3.3 Temperature and Crystallographic Dependence

The temperature dependence of skyrmion renucleation is shown in Figure 6.10.
Here, the skyrmion intensities were taken by summing an appropriate regions
within the summed rocking scans using the GRASP software [332]. Similarly to
the previous field scan, the cryostat was set to a particular temperature, before
performing the SFC to create a metastable skyrmion state at the cryostat tem-
peratures. As shown, renucleation strongly occurs at 10 K, with slight rises found

at 15 and 20 K. At 25 K, we see that the skyrmion population remains constant
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Figure 6.10: Temperature dependence of the renucleation of metastable
skyrmions for fields along the [110]. Intensities are normalised to their initial

value, and were obtained by summing suitable regions of interest within the

GRASP software [332].

upon minor increases in field, before decaying after 60 mT. This picture at 25 K
is more consistent with previous metastable skyrmion studies [179, 326].

The crystallographic-orientation dependence of skyrmion renucleation is shown
in Figure 6.11. Here, the skyrmion intensities were again taken by summing an
appropriate regions within the summed rocking scans. For all orientations inves-
tigated, we see that skyrmion renucleation occurs at 5 K. However, for directions
towards the [111] direction, we see the characteristic dip in intensity (see the
[66 1] direction for example, close to the [110]) is not present. Instead, for [111]
the intensity rises straight away to a maximum at 40 mT, before the skyrmion
intensity decays. Interestingly, the [111] direction has the lowest field at which
skyrmions decay, despite being a hard axis [183]. This initial increase can also
be seen along the [22 1] direction, which shows a much greater increase than the
[111], but also doesn’t display the characteristic initial dip. At [33 1], we reach a
cross-over regime, where both an initial increase and the dip of intensities appear
to be present, before entering a regime which is similar to the [110], with [hh 1]

(h > 3) all showing similar behaviour.
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Figure 6.11: Orientation dependence of the renucleation of metastable skymri-
ons at 5 K. Intensities are normalised to their initial value, and were obtained by

summing suitable regions of interest within the GRASP software.

6.4 Discussion

As we have shown, metastable skyrmion renucleation is present at temperatures
below 15 K and for a wide variety of crystallographic orientations. The exact
mechanism behind the renucleation is currently unknown. However, we are able to
gain hints of such a mechanism by considering the temperatures and co-exisiting

phases.

Since the renucleations only happen at temperatures below 20 K, we can
assume that thermal fluctuations do not play a role in stabilising the renucle-
ated skyrmions, unlike the equilibrium phase at 58 K. Furthermore, at these
temperatures, the low-temperature-skyrmion (LTS) phase appears only for mag-
netic fields applied along the [100]. We note that this entire study was performed
away from the (100) directions, and zero-field-cooled scans displayed trivial mag-
netic behaviour (specifically, magnetic helices transforming into the conical/field-
polarised phase which are not shown.) Therefore, the renucleated skyrmions are
intrinsically different from the LTS, as they form along LTS-forbidden directions,

and require a seeding, metastable skyrmion state. However, given the tempera-
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Figure 6.12: Initial metastable skyrmion states after skyrmion-field-cooling.

Temperature dependence is in the top row, with temperatures of 10, 15, 20 and
25 K (left to right respectively.) Bottom row shows crystallographic dependence,
with the magnetic field applied parallel to [111], [221], [331], [441], [551],
[661] (left to right respectively)

tures at which both phases exist, we can assume that changes in crystalline and

exchange anisotropies to play a role.

The extent to which these anisotropies play an effect is also unknown. For
mechanisms which are highly dependent on the anisotropy, one expects the re-
sultant behaviour to also behave very anisotropically. However, as shown in Fig-
ure 6.11, the renucleation phenomenon appears for a number of crystallographic
directions. This reduces the reliance on the anisotropic interactions, although
there are some notable differences between the crystal directions. For fields near
parallel to [110]°, a magnetic phase coexistance with a helical state with a hori-
zontal propagation vector is present, as well as a significant diffuse scattering at
low-q. This is shown in Figure 6.12. On the otherhand, at angles towards the
[111], no helix is is found in the diffraction patterns, although it is probably that
3 domains of helices do exist but do not meet the diffraction condition here. It
is also possible, that the phase boundary between the helical state and conical

state occurs at lower fields for these directions, meaning the metastable skyrmions

®including the [44 1], [551], [661]
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have decayed into the conical state rather than helical state. Further measure-
ments in a field-perpendicular geometry would answer this, or by performing a

3D reciprocal space mapping technique.

Ultimately, the images with both a clear helix and diffuse scattering present
are those where the skyrmions initially decay, before renucleating back with much
greater intensity, and the other directions lack this initial decay. This may re-
veal some more information about the role of the disorder. Recently, numerical
simulations have shown that skyrmions are seeding from domain-walls between
helical states with perpendicular magnetic wavevectors [250]. However, in our
ZFC field-scans, we observed no presence of skyrmions, only in systems where a
metastable skyrmion lattice was already present. This suggests that skyrmions
are able to nucleate off other, already existing skyrmions, more easily than helical
domain walls. This argument is further supported by the concomitant decrease

in diffuse scattering with skyrmion renucleation in Figure 6.8 a.

In order to understand the nucleations, further work is planned. Here, we
intend to do further SANS measurements in a perpendicular geometry in order
to measure the role of the conical state during the nucleation procedure. This will
allow us to see whether the metastable skyrmions just decay into helices and dis-
order during the SFC process, as well as look at the orientational dependence too.
In order to understand why renucleations happens at all, micromagnetic simula-
tions have been planned in order to show whether skyrmions are able to form at
domain walls between skyrmions and the helical state, similar to a previous study
just looking domain walls looking at helical textures with orthogonal wavevec-
tor [250]. Furthermore, we plan to use a geodesic nudged elastic band (GNEB)
approach [333, 334, 335], which will be able to determine the minimum energy

transition between a metastable skyrmion state and the renucleated skyrmions.

Finally, we will briefly turn our attention to the high-field (> 100 mT) be-
haviour during the [1 1 0]-direction field scan, whose data is shown in Figures 6.7

and 6.8. After the renculeation of skyrmions, we see a separate effect of a
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skyrmion lattice distortion which gets more distorted with higher fields. The
distortion itself is away from a hexagonal packing of skyrmions, breaking the de-
generacy of the three magnetic wavevectors. Hexagonal lattice distortions require
both a variation in the magnitude of the wavevectors, as well as their azimuthal
locations, in agreement with our experimental results. Whilst spontaneous sym-
metry breaking has been used to describe the distributions in superconducting
flux-line lattices [336, 337], here we suggest an alternative mechanism is respon-
sible. As shown in Chapter 3, the anisotropic exchange interaction (AEI) within
Cuy0Se0g3 is both significant and negative in value. This interaction then natu-
rally leads to magnetic helices shortening in wavevector if they are propagating
along a (100) direction, and the (111) becoming hard axes respectively. Inter-
estingly, the [111] and [111] crystal directions are around 57° from the [100]
direction. A conventional, triple-¢, skyrmion lattice forms with its wavevectors
rotated 60° apart. Therefore it is favourable to both reduce the magnitude of the
horizontal wavevector, and tilt the remaining two wavectors towards the [011]
direction. Both of these effects reduce the energy of the AEI, and the resul-
tant shrinking and rotation describe canonical variables® for the distortion of a
hexagonal lattice. In order to confirm that it is indeed the AEI that drives this
deformation, particle dynamics simulations with novel anisotropic interactions

are planned to model the large-scale deformation of an ensemble of skyrmions.

6.5 Conclusions

To conclude, we developed a sample holder in order to rapidly cool a single crystal
of Cus0SeO3 and allow the study of metastable skyrmions within the system. Af-
ter characterising the metastable skyrmions, we discovered the phenomenon that
skyrmions grew in volume fraction under the application of an increasing mag-

netic field, in contrast to our current understanding of metastable skyrmions.

6Canonical variables are ones which are linked to the properties of a system in an intrinsic

linear combination, meaning any change of the system requires both variable to vary.
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We further show this effect is present up to 15 K, and also found for a variety
of different crystallographic orientation. The role of disorder, crystallographic
orientation, magnetic phase co-existance, energy barriers and lattice distortions
are planned to be investigated in follow-up experimental and theoretical investi-

gations.



Chapter 7

Summary and Conclusion

To summarise, we saw in Chapter 1 that the magnetic interactions within cer-
tain single-crystal materials are essential for the self-stabilisation of skyrmions,
and thus studying these interactions as well as others, leads to new opportunities

to stabilise skyrmions in novel materials as well as the possibility for control them.

In Chapter 3, we discussed the importance of anisotropic interactions, such as
magnetocrystalline anisotropy (MCA) and the anisotropic exchange interaction
(AEI). Particularly, their role in stabilising the low-temperature magnetic states
within Cuy,OSeO3. We developed a methodology to separate out the effects of the
two interactions, by looking at the directional dependence of the helical wavevec-
tor within a small-angle neutron scattering experiment. We then used this method
to measure the AEI as a function of temperature in Zn-subsituted CuyOSeOs,
and remarkable saw a transition from having a positive value to negative with
decreasing temperature. Our observation unifies why the helical wavevector in
Cuy0SeO3 always remains along the [100] directions, as well as confirming that
a negative AEI is responsible for forming the tilted conical state within the ma-
terial. Interestingly, the change of sign corresponds to the overall balance of a
large number of magnetic interactions within the unit cell, which form a myriad
of individual and effective spin-excitations from a previous theoretical study, and

we speculate whether the presence of these excitations is responsible for the large
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change in a mean-field, macroscopic material parameter.

In Chapter 4, we investigated how an external electric field could be used
within next-generational skyrmionic devices. In particular, we focused on the
low-temperature tilted conical phase in CuyOSeO3. By applying an electric field
perpendicular to the magnetic field direction, we saw we were able to control
the orientation of the tilted conical wavevector. We performed mean-field calcu-
lations that were in strong agreement with our experimental observations. Our
calculations also provide a recipe for material scientists to engineer future ma-
terials to obtain large deflections in the tilted conical wavevector. Furthermore,
we performed time-dependent micromagnetic simulations on a toy-system, which
shows that our deflection mechanism would be useful for skyrmion transistor-like
devices. This is because the tilted conical state could act as a barrier state, which
deflects the path of the skyrmion. An electric field could then be used to change
the direction of the barrier state, without affecting the stability of the skyrmion.

In Chapter 5, we investigated the spin-textures within the nano-skyrmion com-
pound GdyPdSis using resonant elastic x-ray scattering. Here, we were able to
identify strong signals in the scattered intensity and the magnetic wavevector de-
pendence as a function of the applied field which correspond to the magnetic phase
transitions identified using magnetometry. We performed a full-linear polarisa-
tion analysis, which revealed the exact form of the incommensurate spin-textures
to be composed of elliptical Bloch-type helices, as well as an omnipresent dif-
fuse charge-scattering background. This charge scattering arises from crystalline
stacking-faults in the crystallographic superlattice structure. Our fits show that
these helices have to be chiral, but we also found these was no preferred hand-
edness across a macroscopic region of the sample. We show that depending on
the crystal-layer stacking, different local Dzyaloshinskii-Moriya interaction (DMI)
vectors are present which may break the degeneracy of the helix at particular

layers, as well as provide a site-dependent variation in effective field, explaining
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a double-step transition upon cooling. We hope that upcoming site-dependent
atomic simulations will confirm the DMI plays a significant role in this overall

centrosymmetric system.

Finally, in Chapter 6, we revisit CusOSeO3 and investigated the field-dependent
behaviour of metastable magnetic skyrmions. Unexpectedly, we observed a large
increase in skyrmion population upon increasing the magnitude of the mag-
netic field, which is at odds with the current framework of previous studies
of metastable skyrmions. This renucleation occurs for a number of crystal-
directions, and is only present at low-temperatures. Future micromagnetic and
geodesic nudged elastic band theoretical investigations are planned in order to
reveal the microscopic mechanism and the relevant magnetic interactions behind

this phenomena.



Appendix A

Conical State Ansatz within the

Continuum Approximation

Mathematical Coordinate System and Angular

Definitions

A.1 Derivation of Free Energy Equation

A.1.1 Mathematical description of a conical state

The conical spin-texture as a function of real-space position, m(r) is described

by:

my sinf cos(q - r) &
m(r) = | my | = | sinfsin(q-r) & | (A1)
ms cos 6 é;3

where 6 is the conical angle with 6 = 0, 7 forming a field-polarised/helical state
respectively. q is the wavevector of the conical state and contains the information
about the wavelength of the conical state as well as specifying the direction the
cone would propagate along. Here, {&,} define three mutually orthogonal basis

vectors, such that q || és.
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In our experiment, we observed that at low temperatures and moderate mag-
netic fields applied along the z-direction, a tilted conical state emerges whose
wavevector does not follow the field direction. This tilting corresponded to inten-
sities being recorded at a different azimuthal angle on the detector, ¢, up towards
the [111] direction. In the following analysis, we use spherical polar coordinates

to define the direction of the conical wavevector:

X sin ¢ cos Y
y|=|sin¢gsiny |, (A.2)
z cos ¢

where the symbol for the polar angle ¢ being chosen due to its similarity for
detector azimuthal angle when the equatorial angle xy = 7, i.e. it spans the plane
normal to the [110]-direction. This coordinate system is shown schematically
in Figure A.1. Since a number of anisotropic energy density terms require the
magnetisation along particular directions, it is useful to perform a change of basis

into (my, my, m,):

My cosy cos¢siny —singsiny my
my | = | —sinx cos¢cosy —singcosx | | ma |- (A.3)
m, 0 sin ¢ cos ¢ ms

Or using the Einstein summation convention:

mf = Aijmj (A4)

where m{ refer to the i*" magnetisation component in the cartesian/{&,} basis

respectively.
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qz

Figure A.1: Coordinate system used for both the experimental and theoretical anal-

ysis. Magnetic modulations with a particular wavevector, q can be described in polar

coordinates using the equatorial, x, and polar, ¢, angles. In the SANS experimental

results shown in Chapter 4, rotations of the sample (by the angle w) rotates the diffrac-

tion plane about the ¢, axis, allowing magnetic modulations which possess a drift in x

to be measured.
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A.1.2 Magnetic Free Energy Density

The free energy density expansion for a slowly-varying spin density m(r) is given

by:

F(r) = Dm(r) - (V x m(r))

+ LA+ (T, (T

+ UGG+ (G + (G (A5)

+K(mi+m3+m§)

— poM;(m(r) -H) — P(r) - E

where a description of various energy terms and their constants can be found in
the main text. Due to the cyclical nature of the magnetic textures, it’s better to

evaluate the average free energy density across a whole conical period, F, where:
_ 1 [
F= —/ F(r) d°r. (A.6)
A Jo

Using this equation, we can determine the free-energy contribution of the
various energy terms for different wavevector directions ¢, xy and conical angles
6. Since both the Dzyaloshinskii Moriya and exchange interactions are isotropic,

we do not need to consider them to explain our experimental findings.

Anisotropic Exchange Interaction

The average free energy due to the anisotropic exchange interaction is:
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Fapr = 2+ / (Daye (D2 | (O

2\ ox dy 0z
3mz
2,\7 / > |
i={z,y,2}
— Z / g A% sin® 0sin®(q - 1) + g7 A sin® 0 cos(q - 1)
2)\ o
i={z,y,z

— 2¢; A Az sin(q - r) cos(q - r)

1
=1 Z (A%, + AZ) sin? 0¢?
i={z,y,z}

1
= ZYC]Q sin? 0(2sin” ¢ cos? x sin? x + sin? ¢ cos? ¢(cos? y + sin® x) + cos? ¢ sin® ¢).

Differentiating with respect to x we find:

OF 1
aAEI = §7q2 sin? @ sin* ¢ sin x(cos x + cos 3x). (A7)
X

Taking a small angle approximation for y:

aFAEI

I ~ v¢*x sin® O sin* ¢, (A.8)

we find that the variation of the average free energy due to the AEI is linear with
small deviations in Y.
Magnetocrystalline Anisotropy

In a cubic system, the lowest order term which contributes to the magnetic

anisotropy is to fourth order. This has the free energy form of:

A
FMCA—_ K(mi—l—m;—l—mi) d31‘
0
K A
= — Z m; d’r
A 0 1=T,Y,2

K A
0

1=T,Y,2

+ Alymy + 6ALAEmam3 + Ajym; + else d°r,
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where else contains odd powers of the magnetisation which vanish during the

integral. This gives us the result:

_ 3
FMCA = K Z g Sin4 O(A?I + 2A7?1AZ22 + A;l2)

1=T,Y,2
+ 3 cos? 0 sin? Q(A%A?g + A?QA%)

+ cos* OAL,.

Substituting in for a spherical polar coordinate basis yields:

_ 3K
Froa = Y sin (sin® y 4 cos® x 4 4 sin? y cos? x cos? ¢ + cos® ¢(sin* y + cos® x) + sin* ¢)

+ 3K cos® sin? (2 sin® ¢ sin® x cos® x + sin® ¢ sin® ¢(cos* y + sin® y + 1))

+ K cos® 0(cos® ¢ + sin® ¢(sin* x + cos® y)).

Differentiating this with respect to :

F
0 gj(CA = K sin® ¢(sin x(cos x + cos(3x)(6sin® § cos® § — % sin® 0)) — sin(4y)).
(A.9)
And finally:
aFMCA -~ - 4 ) 2 a4 4
~ K sin® ¢(24 sin” 0 cos® 0 — 3sin” 0 — 4 cos” 0)x. (A.10)

%
Zeeman Energy

The average Zeeman energy is given by:

m
A 0
M,H [
:_/“LOT/ sin ¢ sin@sin(q - r) + cos ¢ cos @ dr
0

= —uoMH cos ¢ cos b,
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where we used our experimental geometry of applying a field along the z-direction,
and the definition of m, used in Eq. 3. This equation tells use the intuitive result
that the Zeeman energy is minimized if all moments are collinear # = 0, and
point along the magnetic field direction, ¢ = 0. Note the lack of dependence on
the equatorial angle, .

E P-Coupling

The average free energy due to an electric polarisation within an applied electric
field is:
- A
Fpp = —/ P-E d’r, (A.11)
0
where P; = A°m$mg, with {4, j, k} = {z,y, 2} +cycl., and \° is the electromagnetic
coupling constant. Integrating one polarisation component over one wavelength,

A, gives:

A A
/ Bdr:)\c/ mimy, dr
0 0
A
= [ () ()
0
by
= )\C/ AﬂAkl(mf)2 + else. dr
0

sin? 6

PO

(Alekl + AjQAkQ) + COS2 GAklAkl),

where the else. contains terms which vanish during the integration. Using this

result, together with the A;; values in (3) we can now determine the free energy

due to an E-field along the [110]:

A
Fgp = —E)\C/ (mym. —mgym,) d°r
0

sin® @
= _E)\C[ 9 (Azl (Ayl - A:):l) + Az2 (Ay2 - A:J:Q))
+ A5 cos? O(Ays — Ays)]
_ sin? 0 _ 9 _
= —EX°sin ¢ cos ¢( (cos y — siny) — cos” f(cos x — sin x)).

2
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Differentiating with respect to x gives:

F in?
86513 = E\°sin ¢ cos gb(sn; i

— cos? ) (sin y + cos x), (A.12)

and taking a small angle approximation gives us a linear equation:

F in?
a@ip ~ E\°sin ¢ cos gb(su; 0

—cos”0)(1+ ). (A.13)



Appendix B

E-field Dependence of the Tilted

Conical State

A zero-temperature free energy density expansion for a slowly-varying spin den-

sity m(r) is given by:

F(r) = Dm(r) - (V x m(r))

+ %A[(vmx)2 +(Vmy)* + (Vm.)’]

1 0Omy om, om,,

G+ () o+ (2 (B.1)

—l—K(mi—l—m:—l—mﬁ)

— poM,(m(r) - H) — P(r) - E,
where D, A is the Dzyaloshinskii-Moriya interaction coefficient and exchange stiff-
ness respectively. The anisotropy constants, K, ~, are for the fourth-order magne-
tocrystalline anisotropy and anisotropic exchange interactions respectively, and
are required take on particular values in order to generate a tilted conical state
[156]. H and E are the applied magnetic and electric fields respectively, each lin-
early couple with the reduced magnetization m(r) and polarization P(r). We use
the same polar coordinate basis to define the conical state wavevector in spherical

polar coordinates, where q = q(q, ¢, x), such that:
m(r)/M, = sinf(cos(q - r)é; + sin(q - r)és) + cos é;, (B.2)
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where 6 is the conical angle, and {&,} define three mutually orthogonal basis
vectors, such that q || é;. To match the experimental configuration, we set
the equatorial angle (y = 0°) such that variations in ¢ cause q to rotate about
the [110] direction (neutron beam direction), within the plane perpendicular
to the neutron beam during the SANS experiment (azimuthal angle on the a
SANS experiment detector, see example patterns in Chapters 3,4 and 6). Using
q = ¢(sin ¢ cos a, sin ¢ sin «, cos ¢), together with an applied electric field along
the [110] direction, E, inserting this into Eq. B.1, integrating over one conical
period to find the average free energy before differentiating with respect to a;, we
find:
Z—Z = yag® sin? O sin* ¢
+ EX¢ _singcosd(1 + ) f(60) (B.3)

+ Kasin®* ¢g(6),

where the functions f(f) = 2% — cos?§ and g(0) = 24sin?fcos®§ — 3sin' g —
4 cos* 0 are dependent on the conical angle only. As shown, the (1 + «) term in
Eq. (B.3) causes a non-zero electric field to shift the solutions of the free energy
differential to finite values of . These values can be determined by solving Eq. (4)
to obtain «(F), which for small F we find the linear relationship present in the

main text:

o0 X cos 67(0)
OF — ~yq?sin? 0 sin® ¢ + K sin ¢pg(6)

Furthermore, the magnitude of the gradient allows us to determine the con-

(B.4)

ical angle 6 providing the material constants are known. At 5 K, the material
parameters of v = —6.7 x 1074 Jm™! [177], K = —0.6 x 10> Jm3 [183] and
X, = 5.64 x 1072 nCm~! [233] are known, allowing us to use the gradient of
the 5 K dataset to determine the conical angle, § =70.3(2)°.



Appendix C

Extended Results from P09

This appendix provides an extension of the experimental work collected from the

P09 found in Chapter 5.

C.1 Field scans

In order to perform the FLPA measurements at appropriate fields, we repeated
the field scans from 116 beamtime in order to identifying the phase boundaries.
Figure C.1 shows a 3D map of the intensity (height) as a function of both, h, the
reciprocal-lattice coordinate and the applied magnetic field, H, in panel (a). As
can be seen, and further shown for clarity in panels (b) and (c), a large plateau
of intensity between 0.5 and 0.9 T indicates the SkL pahse, as well as a dip in
the magnitude of the magnetic wavevector 7. Using these scans, the two phase
boundaries between the three magnetic phases were identified and the FLPA

measurements were conduced at 0, 0.65 and 1.5 T respectively.
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Figure C.1: Extended data from P09. a) 3D intensity map as a function of
both magnetic field and recirpocal lattice vector. b, ¢) Field-dependence of the
gaussian-fitted values of the magnitude of the magnetic wavevector (7) and the

intensities repectively

C.2 FLPA Fits Extended

In Chapter 5, we showed that the best fits could be obtained by using an in-
coherent mixture of the charge and magnetic contributions. In Figure C.2, the
FLPA fits for both a coherent (dashed) and incoherent model (solid) are shown
in the three magnetic phases. As shown, the incoherent model is clearly superior
in fit quality for the IC-I and SkL phases, but both models are degenerate in the
IC-II phase. This is because the IC-II phase is a spin-density wave with only one
direction magnetic modulation, so the interference between magnetic and charge

scattering leads to an identical effect for both an incoherent and coherent model.
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Figure C.2: FLPA data (open circles) with fits from both a model assuming
coherent (dashed) and incoherent (solid) charge contributions together with in-
commensurate magnetism in three dimensions. Top panels shows the Ic-I state,
middle is the SKL, and bottom is IC-II taken at fields of 0, 0.65 and 1.5 T respec-

tively. Blue shows the Stokes component, P1, orange shows the P2.
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