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Abstract

Topological magnets represent a unique class of quantum materials in which a non-
trivial Berry curvature in real- or momentum-space couples to the magnetic properties of
the topological electronic or spin system. Magnetic skyrmions constitute one such class of
topological magnets, characterized by real space topological swirling spin-textures which
manifest as localized nanometric excitations in the magnetization field. These protected
quasi-particle objects possess a helical chiral structure which supports a diverse landscape
of states and defects, whose interactions with spins and electrons produce novel trans-
port properties and emergent dynamics controllable over a wide range of parameter space.
This spectrum of phenomena has inspired magnetic skyrmions as the forerunners for novel
spintronic high-density memory and ultra-low power logic device applications. As quasi-
particles, skyrmions may condense into crystalline orders, typically forming periodic lattice
arrangements which extend three-dimensionally in bulk materials. This enhanced dimen-
sionality opens the door to new stabilization pathways, configurational degrees of freedom,
and dynamical modes which offer unique functionalities to those of thin systems. For
practical applications, understanding skyrmion nucleation, annihilation, transition, and
organizational pathways is critical to realizing controllable dynamics and manipulation in
future devices.

In this thesis, we explore the development and application of various neutron scattering
tomography and structured neutron beam techniques for three-dimensional investigations
of bulk magnetic topological materials and their defect-mediated dynamical phenomena.
A combination of X-ray, magnetometry, and neutron scattering techniques are used to
first identify and characterize the disordered phase of an above room-temperature bulk
skyrmion material, Co8Zn8Mn4. Detailed small angle neutron scattering (SANS) measure-
ments are then performed over the entire temperature-magnetic field phase diagram of the
material as a function of a dynamic skyrmion ordering sequence. 2D SANS images in com-
bination with micromagnetic simulations reveal a novel disordered-to-ordered skyrmion
square lattice transition pathway which represents a new type of non-charge conserving
topological transition. This transition is characterized by a novel promotion of four-fold
order in SANS and a violation of the conservation of total skyrmion number. Dynamical
skyrmion responses in the metastable skyrmion triangular lattice phase showed an exotic
memory phase, with an ordered skyrmion signal persisting in spite of hysteresis protocols
involving field-induced saturation into the ferromagnetic phase.

Further studies of skyrmion stabilization mechanisms and their dynamical defect path-
ways were performed through the development of a novel SANS tomography algorithm,
applied to the ordered thermal equilibrium skyrmion triangular lattice phase of the bulk

iv



Co8Zn8Mn4 sample. Multi-projection neutron scattering datasets collected from the sam-
ple were used to generate the first three-dimensional visualizations of a bulk skyrmion lat-
tice. The reconstructions unveiled a host of exotic skyrmion features, such as branching,
segmented, twisting, and filament structures, mediated by three-dimensional topological
transitions through two different emergent monopole (MP)-antimonopole (AMP) defect
pathways.

Methods for the direct identification and determination of topological features and de-
fects of bulk micromagnetic materials, without a priori knowledge of the sample, can be
achieved through the incorporation of structured neutron beam methods to neutron scat-
tering experiments. Holographic approaches similar to those used in the development of
optical structured waves were implemented with neutrons to generate a method for the
selective tuning of single-valued neutron orbital angular momentum (OAM) states. A con-
ventional SANS setup was used to explore the diffraction of linear neutron waves input
on a microfabricated grating which consists of arrays of phase-gratings with q-fold fork
dislocations and nanometric spatial dimensions comparable to those of magnetic skyrmion
lattice periodicities. Far-field scattering images exhibit doughnut intensity profiles cen-
tered on the first diffraction orders, with q-dependent radii, thereby demonstrating the
tunable generation of topological neutron states for phase- and topology-matched studies
of quantum materials.

Together, these studies demonstrate the development and application of novel tools for
direct investigations of bulk topological magnetic materials, while uncovering a diverse col-
lection of skyrmion energetics, disorder-dependent dynamics, and three-dimensional topo-
logical transition defect pathways. Future works are proposed which explore the three-
dimensional formation and evolution of bulk skyrmion tubes under various temperature-
magnetic field trajectories and degrees of skyrmion order, using both tomographic, struc-
tured neutron beam approaches, and combinations thereof. In doing so, we may provide the
first standalone method of characterizing bulk magnetic sample topologies, defect densities,
and their correlations. These methods open the door to a new generation of neutron scat-
tering techniques for probing exotic topological interactions and the complete standalone
characterization of quantum materials.
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Chapter 1

Introduction

1.1 Skyrmions and Topology

Topology, order, and symmetry are inextricably linked, inducing non-trivial phases and
quasi-particle excitations which manifest exotic properties and new classi�cation schemes
for novel states of quantum materials [1, 2, 3, 4]. Topological phases and their transitions in
condensed matter systems constitute a unique genre of quantum matter which transcend
the traditional Landau-Ginsburg framework of continuous phase transitions [5, 6]. No
longer marked by the onset of a spontaneously broken symmetry, these topological phases
exhibit an emergence of non-trivial physical properties that cannot be described by a local
order parameter, but must instead be described by a topological invariant [5, 7]. Perhaps
one of the most seminal examples of such a system is that of a two-dimensional electron gas.
When observed in a magnetic �eld applied normal to the gas plane, a vanishing longitudinal
conductance was observed, accompanied by a quantized hall conductance [8, 9, 10]. The
quantized hall conductance could only be described in terms of an integer which counts the
number of conducting chiral channels at the edges of the system [8, 11, 12, 13, 14, 15, 16].
The existence of such topological states inspired exotic classi�cation schemes of matter
based on this new kind of topological order, where quantized observables are described by
discrete topological invariants [17, 18, 19, 7].

Since then, topological phenomena have been predicted and observed in a myriad of
systems spanning dislocations in condensed matter [19, 20] to skyrmions in particle physics
[21], manifesting across a variety of physical degrees of freedom such as spin, space, energy,
and momentum [22, 23, 24, 25, 26, 27]. Skyrmions, in particular, represent an especially
proli�c topological object; originally proposed as a topologically protected quasi-particle
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to describe the stability of hadrons through a non-linear sigma model [21], they have since
been predicted and realized across diverse quantum states of matter such as supercon-
ductors [28, 29, 30], super
uids [31, 32], Bose-Einstein condensates [33, 34], liquid crystals
[35, 36, 37], and magnets [38, 39]. In quantum magnets, skyrmions manifest in the winding
degree of the magnetization, producing localized vortex-like spin con�gurations, charac-
terized by an integer mapping to the unit sphere (Fig. 1.1). The number of times the
physical space spanned by a 2D (x,y) plane of magnetization,R2, wraps the order param-
eter space of the surface of a 3D unit sphere,S2, denotes the topological charge of the
skyrmion [40]. This integer topological charge mathematically forbids a continuous change
of homotopy, introducing a �nite energy barrier for topological transitions in a real physical
system [41]. These localized topological features give rise to a myriad of protected states,
non-equilibrium phenomena, and extreme dynamics [42, 43, 44, 45, 46, 47] with countless
applications across information, sensing, and energy technologies [48, 49, 50, 51, 52, 53].

Figure 1.1: Illustrations of Bloch, Ne�el, and antiskyrmion spin textures (left-to-right) of
polarity p = 1 and topological chargeQ = 1 (left, middle) and Q = � 1 (right). Their
corresponding inverse stereographic projections are shown on the unit sphere. Reproduced
from [54].

The local spin texture of an isolated skyrmion within a ferromagnetic background can
be visualized by considering a smooth� rotation between upward pointing spins at the
periphery, to downward pointing spins at the core, subtending a solid angle of 4� [55].
Integrating the magnetization density, n (r ), over the solid angle de�nes the topological
charge of a skyrmion as:
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NSk =
1

4�

ZZ

S
n �

�
@n
@x

�
@n
@y

�
d2r (1.1)

Here, n (r ) = M
jM j , describes the unit vector order parameter pointing in the direction

of the magnetization, M . Referring to Fig. 1.1, we can see that the various skyrmion
con�gurations all wrap the unit sphere once, and so have a topological charge corresponding
to jNSk j = 1. In contrast, topologically trivial spin textures, such as ferromagnetic states
or helical con�gurations, would only map to one spin orientation or trace out a closed
radial loop of spin orientations on the unit sphere, respectively, thus endowing them with
a topological charge of 0. Structures possessing half-integer topological charges, so called
merons and antimerons, wheren rotates by �

2 from its center to its periphery, have also
been observed in chiral lattice skyrmion hosting materials [56], in addition to a wide range
of higher-order topological structures such as biskyrmions [57], thus emphasizing the rich
zoology of topological spin textures and their transitions through fractionalization [58] and
hybridization [56] pathways in chiral magnets.

While the topological charge of a skyrmion is paramount to its description, it is not suf-
�cient to uniquely characterize the skyrmion state given the large degeneracy of skyrmion
spin textures for a given topological charge. For the complete classi�cation of a skyrmion
spin texture we turn to additional magnetic degrees of freedom, such as helicity, polarity,
and vorticity, which characterize the angle of the global rotation around the z-axis, the di-
rection of magnetization at the skyrmion center, and the rotation direction of the in-plane
spin components, respectively [54, 56]. These parameters distinguish various degenerate
topological charge skyrmion spin textures from one another, such as Bloch, N�eel and an-
tiskyrmions (Fig. 1.1), which all possess a topological charge ofjNSk j = 1 but maintain
di�erent helicities, polarities, and vorticities [54, 51] We can de�ne these quantities by
introducing polar coordinates,r = ( r cos'; r sin' ), and exploiting the circular symmetry
of the magnetization to express a skyrmion as:

n (r ) = ( cos�( ' )sin�( r ); sin�( ' )sin�( r ); cos�( r )) : (1.2)

Inserting this expression into equation 1.1, we obtain the skyrmion topological charge
which can be evaluated in terms ofr and ' as:

NSk =
1

4�

Z 1

0
dr

Z 2�

0
d'

�
@�( r )

@r
�

@�( ' )
@'

�
(1.3)

NSk = [cos �( r )]r = 1
r =0 [�( ' )] ' =2 �

' =0 (1.4)

3



Here, the topological charge is a function of both the out-of-plane, �, and in-plane,
�, magnetization. Accordingly, one can de�ne a skyrmion by supposing the spins point
up at r ! 1 and point down at r = 0, evaluating the �rst portion of equation 1.4 as
[cos �( r )]r = 1

r =0 = 2: Determining �( ' ), however, requires the introduction of helicity,
 ,
and vorticity, m. The vorticity is de�ned by the integer, m = [�( ' )] ' =2 �

' =0 : Therefore, the
topological charge is determined by the product of the vorticity,m, and polarity, P, as
NSk = m � P. The helicity represents the phase di�erence that can appear in the rotation
of the magnetization, �( ' ), modeling the chirality of the magnetization as:

�( ' ) = m' + 
: (1.5)

Whereas the polarity and vorticity assume integer skyrmion values, the helicity is a
continuous parameter which allows for skyrmions as intermediate states between Bloch
and N�eel spin textures. Using these quantities, we can rewrite the magnetization de�ned
in equation 1.2 as:

n (r ) = ( sin(m' + 
 )cos�( r ); sin(m' + 
 )sin�( r ); cos�( r )) : (1.6)

Together, these parameters uniquely de�ne a host of skyrmion spin textures belonging to
Bloch, N�eel, and antiskyrmion con�gurations with various chiralities [51]. By homotopy
theory and conservation of topological charge, it is apparent that topological transitions
between skyrmion states and their competing helical, conical, and ferromagneticNSk = 0
states, requires the presence of a topological defect to introduce a discontinuity into the
material �eld. The discontinuous transition from NSk = 1 to NSk = 0 and vice versa,
poses a topological energy barrier associated with the production of such a singularity. In
real skyrmion systems, these defects are thought to be associated with magnetic Bloch
points [59, 60] which may arise due to underlying crystalline or magnetic disorder, thermal

uctuations, and magnetic �eld tuning. This topological energy barrier associates stability
and robustness against energetic perturbations which might otherwise disrupt topologically
trivial states. As a result, skyrmions are said to be topologically protected, exhibiting
exceptionally robust states, exotic emergent dynamics, and novel transport properties ideal
for spintronic applications.

Magnetic skyrmions were originally predicted to spontaneously form in [61] chiral
magnets through competing exchange interactions, namely ferromagnetic interactions and
Dzyaloshinskii{Moriya interactions (DMI), within a �nite temperature window. As a re-
sult, a range of cubic B20 helimagnets with non-centrosymmetric crystal structures, capable
of stabilizing twisted magnetic states, were proposed as skyrmion-hosting candidate mate-
rials. Their discovery in real materials was marked by the small angle neutron scattering
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(SANS) measurements performed in the A-phase of a bulk chiral itinerant-electron magnet
MnSi [62]. Here, the broken inversion symmetry from the B20 crystal structure, belong-
ing to symmetry class P213, and the resultant spin-orbit coupling, generates a DMI. The
Hamiltonian is then comprised of three hierarchically ordered magnetic interaction terms
with well separated interaction energies, since the latter two interactions are second- or
higher-order perturbation terms of the spin-orbit interaction [63]. The competition between
the strongest ferromagnetic exchange interaction, which favors co-linear spin arrangements,
and second strongest antisymmetric DMI, which favors perpendicular alignment of the spin,
stabilizes a spiral spin state with a periodicity decoupled from the underlying atomic lat-
tice [62]. This long-range helimagnetic order is de�ned by a helical propagation vector,Q,
pinned along the cubic space-diagonal< 111> by higher order spin-orbit coupling terms
which represent the weakest interaction|anisotropic exchange. Application of a magnetic
�eld unpins the helical propagation vector,Q, and aligns it parallel to the magnetic �eld,
forming a triangular lattice skyrmion phase within a certain temperature-magnetic �eld
(T-H) envelope [62]. Since then, magnetic skyrmions have been realized in variety of sys-
tems and forms, including arti�cial lattices [64], thin �lms at ambient conditions [65], and
centrosymmetric systems stabilized by additional magnetic contributions such as geometric
frustration or four-spin interactions mediated by itinerant electrons [66, 67, 68].

1.2 Skyrmion Stabilization

Skyrmion stabilization mechanisms are predominantly determined by the interplay of
the systems various exchange interactions with additional contributions arising from the
sample's dimensionality and geometry, such as coupling to surfaces/interfaces, skyrmion-
skyrmion interactions, demagnetization, and con�nement e�ects [69, 70, 71, 72, 73]. In
noncentrosymmetric helimagnets, skyrmions are typically stabilized through competing
DM and magnetic exchange interactions which stabilize helical ground states and skyrmion
states in the respective absence and presence of an external magnetic �eld [40, 74]. These
skyrmion states exist in a small region of the T-H phase diagram, stabilized by thermal 
uc-
tuations in equilibrium pockets just below the Curie temperature,Tc [62, 38, 75, 76, 77, 43].
In bulk systems, broken inversion symmetry of the underlying crystal lattice serves as the
origin for the DMI, whereas in thin �lm systems an interfacial DMI arises from a lack of in-
version symmetry at dissimilar interfaces of magnetic multilayers or from strong spin{orbit
coupling at heterointerfaces [78]. However, skyrmions are not unique to acentric mag-
nets; more recently, skyrmions have been observed in centrosymmetric systems that are
not endowed with macroscopically subsisting DMI. In these cases, the skyrmions may
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be stabilized via alternative microscopic mechanisms such as geometrical frustration or
multiple-spin interactions involving itinerant electrons [68, 79].

The diversity of skyrmion stabilization mechanisms has lead to their formation across
a multitude of lengthscales, energetic phases, lattice structures, dimensions, magnetic or-
ders, topologies, vorticities, and helicities, encompassing a rich collection of exotic topolog-
ical magnetic con�gurations ranging from braided superstructures to topologically trivial
skyrmioniums [80, 81, 82, 83, 84, 85]. Skyrmions may exist as isolated structures [86, 87]
or form lattice arrangements in both two and three dimensions [59, 88]. Three-dimensional
skyrmions may be visualized through the homogeneous extension of the two-dimensional
skyrmion magnetization sheets into tube-like structures along the direction of the exter-
nal magnetic �eld. These tube-like structures typically fall into two regimes on the basis
of their sample thickness and surface-to-volume e�ects, exhibiting fundamentally di�er-
ent energetics, structures, and defects. In thin and con�ned systems, where the sample
thickness is comparable to|or slightly greater than|the helical period, geometric con-
straints and reduced dimensionality imposed by a samples shape and thickness, have been
shown to mediate a variety of surface and boundary related e�ects. Surface induced in-
teractions/coupling, such as magnetic anisotropy and demagnetization e�ects, have been
shown to a�ect skyrmion stability in cubic helimagnets [89, 90], while surface/boundary
induced distortions like chiral twists, axial tube modulations, and pronounced edge states
that have been observed to pin, nucleate, and destroy skyrmions across a myriad of systems
[91, 70, 69, 73, 92, 93, 94, 95, 96, 97]. In contrast, bulk systems, where the sample thickness
is much larger than the helical period, tend to be dominated by volume e�ects which favor
skyrmion-skyrmion interactions and stabilization via the three-dimensional proliferation of
defects [59]. As a result, bulk systems exhibit drastically di�erent skyrmion shapes, struc-
tures, trajectories, defects, topological transition energy barriers and dynamics compared
to con�ned systems [60]. Their added degrees of freedom, o�er new skyrmion orienta-
tions and spatial morphologies, in addition to exotic transition pathways and emergent
dynamics. Bulk systems have also been shown to host metastable skyrmion objects via
rapid quenching of the equilibrium skyrmion phase [98, 99, 100]. These metastable objects
exist over a drastically enhanced T-H window with unprecedented lifetimes and persistent
memory e�ects [101, 71, 102]. This collection of properties make bulk skyrmion systems
promising candidates for information carriers in future spintronic devices. For the purposes
of this work, we will be primarily concerned with DMI stabilized skyrmion-hosting bulk
cubic helimagnets.

The magnetic properties of solids originate from the spin degrees of freedom of electrons
and their associated rotational motions. These two forms of rotation represent two distinct
types of angular momentum. In the former, an intrinsic angular momentum is responsible
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for the electron spin,s, while the latter represents an extrinsic form which generates an
orbital angular momentum,l. These forms of motion couple through spin-orbit interactions
and generate magnetic moments whose collective contributions give rise to magnetism
in samples. In accordance with quantum mechanics, we can associate magnetic dipole
moments of � l = � B l and � s = � g� B s with the spin and orbital components, where
g = 2:0023 is the relativistic gyromagnetic ratio of the electron and� B = ~e=2me represents
the Bohr magneton, given an electron chargee and massme. The total angular momentum
for a free magnetic atom or ion is then given by

J = S + L =
X

i

l i +
X

i

si ; (1.7)

where quantum numbersJ; L; and S can assume half-integer or integer values. This leads
to a total magnetic moment of

M = �

*
X

i

(l i + 2si ) � B

+

; (1.8)

whereh�i represents the quantum mechanical expectation value.

The interaction energies of the magnetic moments are governed by the Hamiltonian
of the system. Various interactions can arise depending on the composition, symmetry,
and environment of the system. A magnetic moment,� , in an external magnetic �eld, B ,
will experience a Zeeman interaction which tends to align the magnetic moment along the
direction of the external �eld, as described by the Zeeman Hamiltonian below:

HZe = � � � B : (1.9)

A combination of electrostatic forces and the Pauli exclusion principle gives rise to the
Heisenberg exchange interaction,

HEx = Jex Si � Sj : (1.10)

Perhaps one of the most proli�c interactions in magnets, this interaction favors collinear
spins, S, with positive and negative exchange constants,Jex, corresponding to parallel
and antiparallel spin alignments in ferromagnets and antiferromagnets, respectively. Since
this interaction is short-ranged, typically one only needs to consider interactions between
nearest neighbour spins. Together, these two interactions are su�cient to describe the
behavior of ferromagnets and antiferromagnets.
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To generate chiral spin textures, an additional term is needed which e�ectively twists the
spin texture over some period. A combination of spin-orbit coupling and broken inversion
symmetry produces a competing exchange interaction, known as the DMI, which favors
perpendicular spin arrangements given by

HDM = D ij � (Si � Sj ) (1.11)

D ij is the coupling vector which depends on the type of relativistic spin-orbit coupling
present in the system, and therefore the symmetry of the magnetic exchange path be-
tween the two involved nearest neighbour spins [103]. Transverse and longitudinal DMI
are responsible for N�eel versus Bloch type skyrmion magnetizations [104]. Together, these
energy contributions stabilize incommensurate magnetic ordering, such as helical, conical,
and skyrmion states in bulk cubic helimagnets. In particular, the competition of the ex-
change and DM interactions favors canted spin ground states, stabilizing incommensurate
spiral modulations just below Tc in zero �eld. These helical textures are characterized
by a continuous rotation of spins orthogonal to a propagation vector,q, forming single-
harmonic modes with their rotation sense determined by the sign of the DM constant,D.
The reduced strength of the DM interaction relative to the Heisenberg exchange interac-
tion acts like a perturbation on the underlying dominant collinear spin structure, yielding
modulated spin structures with propagation vectors much greater than the dimensions of
the crystallographic unit cell. As a result the spin texture is said to be decoupled from its
underlying atomic lattice. The helical periodicity may be de�ned from the helical wave-
vector jqj = D=J , which is related to the helical wavelength,� , by q = 2�=� . These states
are continuously degenerate with respect to the helical propagation directions, whereq is
typically pinned by magnetic anisotropy to lie along the easy axes [63, 105], such as the
body diagonals in MnSi or the cubic axes in FeGe or Cu2OSeO3 [106].

Application of a magnetic �eld lifts the degeneracy, stabilizing conical modulations
which acquire a canted angle as the magnetization vector rotates along the surface of the
cone, combining the properties of the helical and ferromagnetic states. Reorientations
of these chiral modulations have been observed upon changes in temperature and �eld
[107, 108, 106, 109], mediating a variety of tilted one-dimensional spiral states and low-
temperature skyrmion lattice states [110, 106, 111]. Competition between the Zeeman and
magnetic anisotropy energies determines the critical �eld of the transition from the helical
to conical spiral states [106]. Further increase in the magnetic �eld induces a transition
from the conical state to a �eld-saturated ferromagnetic state above some critical value,
while an increase in temperature above Tc produces a transition to a paramagnetic state
(Fig. 1.2).

While the ferromagnetic, DM, and Zeeman interactions are on their own su�cient to
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Figure 1.2: Typical temperature-magnetic �eld (T-H) phase diagram of a bulk DMI
skyrmion lattice (SkL) material, illustrating the thermal equilibrium skyrmion lattice
pocket just below the Curie temperature, Tc.

stabilize a skyrmion state, magnetocrystalline anisotropy has been shown to mediate ex-
otic skyrmion ordering and domain dynamics [112, 113, 114], structural lattice transitions
[115, 116, 99, 100], in addition to stabilizing a variety of novel low-temperature chiral
and skyrmion states as mentioned above [117, 110, 111, 118, 106]. Magnetocrystalline
anisotropy is rooted in spin-orbit coupling, where it represents the amount of energy re-
quired to overcome the coupling between the spin and the orbital motion of the electron
while rotating a spin away from the easy axis of the magnetisation. Its energy density for
a cubic system can be written as:

E
V

= K 0 + K 1(� 2� 2 + � 2
 2 + 
 2� 2) + K 2� 2� 2
 2 + O4; (1.12)

whereK 0, K 1, and K 2 are anisotropy parameters,� , � , and 
 are the directional cosines,
and O4 represents higher order terms. The relative strengths and signs ofK 1 and K 2

determine the easy axis of the magnetic system [119]. Therefore, the delicate balance of
these anisotropy constants, together with additional contributions such as magnetic dis-
order, e�ectively pin the helical propagation vectors, setting the orientation of the helical
ground state relative to the crystal axes. Shape anisotropy e�ects arising from demagne-
tizing e�ects due to the shape of the sample have also been shown to in
uence skyrmion
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formation, shape, and stability [111, 72, 71].

These interactions can be modelled using the classical continuum model [40]:

H =
Z �

Jex

2
[r n(r )]2 + D n(r ) � [r � n(r )] � B � n(r ) + K E

�
dr : (1.13)

Here, D/J is small and the skyrmion size is su�ciently greater than the underlying atomic
lattice period. As a result, we may treat the spin texture as a local spin texture,n(r ),
rather than individual spins. The �rst term represents the Heisenberg exchange interaction,
with exchange constantJex, followed by the DM term, whose strength is given by the
constantD. The third and fourth terms represent the Zeeman and anisotropy interactions,
respectively. The ground state of equation 1.13 is a helical state, where the spin plane is
perpendicular to q, thereby minimizing the energy [40]. The triangular lattice skyrmion
state can be viewed as a hybridized triple-q state consisting of the superposition of three
helices perpendicular to the external magnetic �eld, each o�set by 120 degrees relative to
each other [40], satisfying the relation

3X

i =1

qi = 0: (1.14)

The local spin texture,n(r ), can be expressed as a sum of the background uniform ferro-
magnetic state and the helices as

n(r ) � nuniform (r ) +
3X

i =1

nq i (r + � r i ); (1.15)

wherenq i (r ) = A [n i 1 cos(qi � r ) + n i 2 sin (qi � r )] represents the magnetization of a single
helix of amplitude A and wavevectorqi , possessing a phaseqi � � r . The two-dimensional
Fourier transform of this magnetic structure manifests a hexagonal pattern, with the norm
of the hexagon given byjqj. As a result, the triangular lattice skyrmion phase has a distinct
scattering signature in reciprocal space techniques, like SANS, for geometries where the
skyrmion lattice is on the plane normal to the incident neutron wavevector.

1.3 Skyrmionic Topological Transitions Through De-
fects

Conduction electrons coupled to non-collinear spin textures acquire quantum mechanical
phases [38]. In the case of skyrmions, this phase can be identi�ed as a Berry phase that
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Figure 1.3: Three-dimensional visualisations of Bloch-point mediated skyrmion annihila-
tion mechanisms through the helical (H) and conical (C) states from simulations (a,b).
The grey contours represent the z-component of magnetization,sz = 0. The back right
surface of each simulation has been coloured according to the localsz or sx components
respectively, highlighting the orientation of the surrounding helical and conical structures.
Visualisations of the skyrmion to helical (SkL! H), and skyrmion to conical (SkL! C)
annihilation mechanisms (c), showing the nucleation of a pair of Bloch points where either
the SkT connects to the local helical structure (left,H + and H � ), or breaks in two to
form the conical state (right, C+ and C� ). d) Cross-sections of the spin texture around
the Bloch-point structures shown in c). Insets display the local spin arrangement around
each Bloch point. Colours indicate the mz component. Reproduced from [60].

the spin of a conduction electron accumulates when following the magnetic texture adi-
abatically [59, 120]. This phase can be rewritten as an e�ective Aharonov{Bohm phase,
associated with `emergent' magnetic and electric �elds,B e and E e:
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B e =
~
2

" ijk n̂ � (@j n̂ � @k n̂) (1.16)

E e = ~n̂ � (@i n̂ � @t n̂) : (1.17)

These emergent �elds produce measurable phenomena such as the Topological Hall ef-
fect, ulta-low current drive of skyrmions, and emergent electromagnetic induction, making
skyrmions objects easily controllable and manipulable for future spintronic applications
[38]. Since the emergent �elds measure the solid angle for an in�nitesimal loop in space
and space{time, n̂ = ( r ; t), @i = @r i , and " ijk is the totally antisymmetric tensor. In-
tegration of the skyrmion spin over the unit sphere associates one quantum of emergent
magnetic 
ux with each skyrmion tube, where

Z
B e d� = 4� ~;

=
� 2� ~
jqej

:
(1.18)

The convention used here associates 1/2 (-1/2) charges with the conduction electrons of the
majority (minority) bands. Because the emergent 
ux that de�nes skyrmions is quantized,
their nucleation and termination is mediated by emergent magnetic charges that must also
be quantized [59]. These emergent magnetic monopoles (MP)/ antimonopoles (AMP) can
be identi�ed as the source terms for the emergent magnetic �eld. As a result, any changes
in topology are therefore thought to take place via emergent magnetic (anti)monopoles
along the tubes depth, which act as sources or sinks for the quantized emergent magnetic
skyrmion 
ux. In particular, the formation of monopoles at skyrmion branching and seg-
menting points and their motion along the tubes length in response to changes in external
parameters, such as �eld or temperature conditions, have been proposed to drive a change
in skyrmion topology through the unwinding of individual skyrmions [121, 60] and the
zipping/unzipping of neighboring skyrmion tubes [59, 122, 60]. The emergent magnetic
(anti)monopoles can be identi�ed with real-space Bloch point magnetic defects which con-
stitute topological singularities represented by points of vanishing magnetization where the
magnetization rotates by 180 degrees in the space of a single spin. Since total emergent
charge is conserved, skyrmionic transitions can only take place in three dimensions when
emergent (anti)monopoles are either pinned to a material defect or jammed in place and
unable to overcome the activation energy required to travel to the material surface or reach
an oppositely-charged monopole to annihilate [123, 122, 69].
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While skyrmions may conceptually extend uninterrupted along the entire depth of the
crystal, real systems at non-zero temperatures contain a �nite density of defects which
disrupt the tubes propagation. Topological defects, like Bloch point magnetic defects, nat-
urally occur on material defects and surfaces but are otherwise energetically-unfavorable
in skyrmion-hosting material. These pre-existing topological defects may be associated
with impurities or site-occupancy disorder which introduces local variations in exchange
parameters. The variations may act as nucleating and pinning defects, stabilizing jammed
states comprised of labyrinth and orientationally disordered chiral phases [112]. In the
absence of such defects, there exists a �nite energy barrier for (anti)monopole creation,
owing to the discontinuous change in topology. Tuning the free energy contributions of
external parameters to exceed the original spin-exchange interaction energy overcomes the
topological energy barrier for MP/AMP creation, serving as an additional pathway for
defect creation[124]. These free energy contributions may be thermal or �eld induced,
creating (anti)monopoles in opposing pairs within the system or uniquely at the system's
surface. While MP/AMP nucleation and propagation is known to stabilize thermody-
namic skyrmion phases through thermal 
uctuations, this mechanism was more recently
used to explain the disentangling of jammed states during a magnetic �eld rotation ordering
sequence [112]. Here, the proliferation of the MP/AMP pairs along various angular trajec-
tories is thought to break up labyrinth states, with the �nal order of the skyrmion phase
determined by the degree to which the monopoles propagated along the depth of the ma-
terial. The �nal ordered phase would therefore be marked by the complete MP/AMP pair-
annihilation or surface annihilation, leaving behind minimal (anti)monopole defect densi-
ties. In addition to magnetic �eld orientation, magnetic �eld magnitudes which are detuned
above or below the ideal skyrmion value may also nucleate (anti)monopoles. Skyrmion
annihilation upon �eld-increasing and �eld-decreasing conditions is thought to occur via
disparate transition pathways, nucleating segmentation and branching monopoles, respec-
tively [59].

A variety of Bloch-point mediated topological structures have been proposed and ob-
served, ranging from interrupted segmenting and branching skyrmion string structures
[59, 60, 122], to localized skyrmion �laments [125]. In the latter case, these localized
skyrmion states may manifest as chiral bobbers [80] and magnetic torons [118, 109, 125]
which represent surface-localized skyrmion stacks with continuously reducing diameters
and �nite penetration depths marked by termination on a Bloch point, and skyrmion
fragments cupped by Bloch points on either end, respectively. However, existing stud-
ies of skyrmions and their defects are primarily limited to micrmomagnetic investigations
and static imaging measurements in con�ned systems. Two-dimensional examinations
of skyrmions have revealed a myriad of in-plane skyrmion string deformations including
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elongated structures [59] and bent skyrmion strings which terminate on the surface [92]
or form at edges [69], in addition to chiral bobbers at the surface of FeGe lamellae [80].
Three-dimensional imaging in con�ned systems has revealed axial modulation of skyrmion
tubes [70], while a recent study [126] con�rmed the presence of interrupted and merging-
type skyrmion strings in a sparsely populated micrometer sized thin plate needle-shaped
sample of Mn1:4Pt0:9Pd0:4Sn using scalar magnetic X-ray tomography. The observations,
however, are limited to individual skyrmion strings in a sample thickness only a few times
the skyrmion tube diameters, whose con�ned geometry and thickness gradient fundamen-
tally alters the skyrmions shape and behaviour; bulk lattice skyrmion behavior has yet to
be experimentally observed.

1.4 Bulk Co-Zn-Mn Skyrmion Compounds

Practical implementation of skyrmions in future spintronic devices entails their stability
and e�cient control over a wide range of temperatures and �elds, most notably room tem-
perature and zero �eld. Integral to this, is a complete understanding of their dynamics
and stabilization through defects in three dimensions as there should exist some optimal
thickness and defect density for skyrmion stability and manipulation in three dimensions.
While thin �lms have been shown to exhibit enhanced skyrmion equilibrium pockets owing
to destabilized conical phases [76, 77], thicker regimes have revealed drastically reduced
skyrmion drive current densities and impurity e�ects [91]. Defect-related pinning has simi-
larly shown to play a critical role in skyrmion dynamics and stability, with disorder e�ects
mediating a wide range of exotic phenomena and stabilization pathways. In particular,
static persistent skyrmion signals/memory e�ects, and extended lifetimes have been as-
sociated with magnetic defects/disorder [118], whereas pinning has been shown to both
facilitate and inhibit dynamics [46, 127, 128, 129, 130, 122], particularly topological tran-
sitions [59, 122, 60]. This competition between disorder and elasticity generates a complex
energy landscape which promotes diverse skyrmion states with exotic dynamics. Charac-
terization of the interplay of topological stability and skyrmion dynamics with disorder
could be used to establish ideal defect densities for enabling skyrmion reorientations and
enhancing stability, guiding the tailoring of future material parameters for spintronic ap-
plications.

The chemically doped CoxZnyMn20� x� y compositional series presents a unique platform
to investigate skyrmion behaviour, owing to it's interplay of magnetic anisotropy, site dis-
order, and frustration, which generates diverse topological phases and lattice forms across
thermal equilibrium and metastable minima in the free energy landscape at a variety of
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temperatures including room temperature [116, 99, 56, 75, 131, 132]. The Co-Zn-Mn alloys
belong to the � -Mn-type family of cubic chiral magnets [75], with a di�erent chiral space
group from that of the traditional B20-type skyrmion-hosting compounds [40]. This family
of intermetallics belongs to theP4132 or P4332 cubic chiral space group, depending on its
handedness [133], and exhibits diverse properties and skyrmion phases depending on the
degree of Mn-doping. The pure� -Mn compositional family has a unit cell which consists
of 20 atoms distributed across 2 crystallographic sites; Co atoms occupy the 8c site, while
and both Co and Zn atoms occupy 12d sites [133, 75, 134]. The chemically substituted
ternary Co-Zn-Mn alloy system has been reported to be stable in a wide composition
range CoxZnyMn20� x� y from Co10Zn10 to Mn20, with Tc dependent on the composition
ratio [134]. The end� -Mn system is a well established spin liquid arising from magnetic
frustration amongst antiferromagnetically coupled Mn spins in the hyperkagome network
of the 12d sites [135, 136]. The other end member binary Co10Zn10 alloy is a ferromagnet
with Tc around 460 K, stabilizing a helimagnetic ground state under ambient conditions
with a magnetic periodicity of 185 nm [75]. Partial substitution of Mn produces a rapid
reduction in the magnetic modulation period and the paramagnetic-to-helimagnetic tran-
sition temperature, Tc [116], developing a spin-glass state in an x-region 3< x < 6 due
to a combination of magnetic frustration inherent to� -Mn and magnetic disorder from
competing ferromagnetic and antiferromagnetic Co and Mn spins [116, 137, 138]. Notably,
Co8Zn8Mn4 hosts a thermal equilibrium phase just above room temperature, making it an
ideal candidate for spintronic applications under ambient conditions.

The properties of the chiral spin textures are set by the interplay of the magnetic
energy terms which govern the system, in addition to various contributions such as dis-
order and shape e�ects. Tuning this complex energy landscape may be accomplished via
changes in temperature, magnetic �eld, and/or chemical substitution, revealing a variety of
skyrmion phases and lattice types. For example, the relative in
uence of the ferromagnetic
exchange, DM, and anisotropic interactions can be varied via the manipulation of degrees
of magnetic disorder through chemical substitution. Mn-doping in the Co-Zn-Mn inter-
metallic series has been shown to in
uence magnetic disorder, frustration and anisotropy,
mediating skyrmion lattice transitions between triangular, rhombic, square, and disordered
types. In particular, the cooperative enhancement of magnetocrystalline anisotropy andq
value drives a triangular-square structural lattice skyrmion transformation in Co7Zn7Mn6;
Co8Zn8Mn4; and Co9Zn9Mn2 upon cooling [116, 99, 115] (Fig. 1.4). Magnetic frustration
arising from the antiferromagnetic correlations of Mn spins dominates at lower tempera-
tures, producing spin-glass states in Co7Zn7Mn6 and Co8Zn8Mn4 compounds, in addition
to the stabilization of a disconnected thermal equilibrium phase in Co7Zn7Mn6 [139, 140]
far below Tc.
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Figure 1.4: Summary of temperature-magnetic �eld (T-H) phase diagrams for equilibrium
and metastable skyrmion states for (b) Co10Zn10, (c) Co9Zn9Mn2, (d) Co8Zn8Mn4, and
(e) Co7Zn7Mn6, produced from measurement processes illustrated by the state diagrams
in (a). The following notations are used: H, helical; C, conical; F, ferromagnetic; E,
equilibrium; M, metastable; T, triangular; R, rhombic; S, square; SkX, skyrmion crystal;
DSk, disordered skyrmions; and RSG, reentrant spin glass. Reproduced from [116].

Rapid �eld-cooling (FC) processes, by way of the equilibrium skyrmion phase pocket,
have been shown to stabilize metastable skyrmion states across triangular, rhombic, and
square lattice types. Similar to glass transitions in liquids, these skyrmions exist in
quenched states which kinetically avoid the skyrmion-to-conical transition pathway, form-
ing metastable skyrmion strings. Metastable skyrmion phases have been universally found
in skyrmion materials spanning MnSi to Cu2OSeO3 [100, 141, 122, 59, 118, 110, 142, 98, 38],
exhibiting disorder dependent cooling rates and lifetimes governed by both the height of
the decay energy barrier and the density of pinning sites [141, 101]. Since this state is not
the energy minimum of the system, and so has a �nite lifetime, there exists a topological
energy barrier that must be overcome for skyrmion annihilation processes. This energy
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barrier scales with temperature, leading to observed skyrmion lifetimes in excess of a week
[143, 141], with much greater lifetimes predicted theoretically [101, 116]. Defect pinning
also serves to enhance skyrmion lifetimes and decrease cooling rates by inhibiting the pro-
liferation of magnetic Bloch points|the mechanism by which skyrmions are proposed to
decay. Whereas nominally disorder-free systems such as MnSi require rapid cooling rates
on the order of hundreds of Kelvin per second to minimize any thermal 
uctuations which
could overcome the activation energy of topological transition between skyrmion-lattice
and conical states [100, 141], doped systems such as Cu2OSeO3 and the Co-Zn-Mn se-
ries require only moderate cooling temperatures on the order of Kelvin per minute, owing
to enhanced skyrmion stability through their pinning to impurities/defects [99, 71, 101].
Moreover, metastable supercooled states belonging to the Co-Zn-Mn alloys have also been
demonstrated in thin-plate samples, showing L-shaped elongated skyrmions [117]. Similar
exotic skyrmion structures in thin-plate Co-Zn-Mn skyrmion samples have been observed
spanning smectic liquid-crystalline arrangements of skyrmions in Co8:5Zn7:5Mn4 [144], to
in-plane string defects in Co9Zn9Mn2 [92], to skyrmion chains and meron-antimeron square
lattices in Co8Zn9Mn3, stabilized by in-plane shape anisotropy [56]. Together, this collec-
tion of exotic defects, structures, dynamics, and tunable energetics makes the Co-Zn-Mn
a rich platform from which to study, guiding the future development and manipulation of
skyrmions for spintronic applications.
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Chapter 2

Theoretical Formalism and
Experimental Techniques

2.1 The Neutron and Its Interactions

The neutron possesses a unique collection of properties that endows it with extraordinary
sensitivity and novel probing abilities, making it an ideal test particle of fundamental/exotic
physics and an unmatched tool for material investigations. The neutron is a composite spin
1/2 particle, which has a mass of 1:674928(1) � 10� 27kg and carries a magnetic moment
of -1.9130427(5) nuclear magnetons. While electrically neutral, the neutron is composed of
charged quarks with an asymmetric distribution which generate a radial charge distribu-
tion [145] that lends itself to fundamental studies of nucleon dynamics [145]. Free neutrons
are unstable with a lifetime of approximately 15 minutes, after which time they undergo�
decay into a proton, an electron, and an antineutrino, mediated by the weak interaction.
Studies of the neutron lifetime have powerful implications for physics beyond the standard
model, with measurements ranging from veri�cation of Big-bang nucleosynthesis (BBN)
through predictions of primordial light element abundances [146], to examinations of V-
A structure of the weak interaction and the quark-mixing Cabibbo{Kobayashi{Maskawa
(CKM) matrix [147]. In matter, neutrons are subject to short-range nuclear forces, scatter-
ing from nuclei primarily through the strong force. Longer range dipole-dipole interactions
between the magnetic moment of the neutron and unpaired electrons produce magnetic
scattering interactions on the same order of magnitude as the nuclear contribution [148].
We will neglect contributions from additional electromagnetic interactions as they are typ-
ically two orders of magnitude smaller than the magnetic dipole interaction. Neutrons
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therefore provide experimental access to all of the four fundamental forces, with promise
of sensitivity to a �fth force [149], spanning an extraordinary range of lengthscales and
timescales with a unique hierarchy of energies. This collection of properties makes neu-
trons an invaluable tool for interferometric, spectroscopic and scattering investigations of
fundamental physics and quantum materials, unrivaled in their sensitivity and diversity of
interactions. Existing studies encompass foundational tests of quantum mechanics, such
as entanglement [150, 151] and the 4� symmetry of fermions [152, 153], to hypothetical
beyond-standard-model interactions and dark sector models [154, 155, 156], to explorations
of emergent and exotic magnetism [157, 158, 59]. Additionally, neutrons have demonstrated
unique promise in quantum information models of dynamical di�raction, enabling new ap-
proaches to complex di�raction problems and the design of novel neutron optical elements
[159, 160, 161, 162, 163].

According to the wave-particle duality, the de Broglie wavelength of the neutron with
massm and momentump, is given by:

� =
h
p

; (2.1)

whereh represents Plank's constant. Alternatively, a neutron with wavevectork = 2� / �
may be expressed in terms of its momentum,

p = ~k; (2.2)

where ~ = h/2 is the reduced Plank's constant. The energy of the neutron can then be
expressed in terms of these quantities as:

E =
p2

2m
=

h2

2m� 2
=

~2k2

2m
: (2.3)

Neutron matter wave �elds 	( r ; t) can be described by the Schr•odinger equation:

H 	( r ; t) =
�

�
~2

2m
r 2 + V(r ; t)

�
	( r ; t) = i~

@ (r ; t)
@t

; (2.4)

whereH is the Hamiltonian andV(r ; t) is the external potential. This is a linear equation
which can be solved in free space using the plane wave Ansatz

	( r ; t) = ei (k �r � !t ) ; (2.5)

where ! = E=~. For purposes of this thesis, we will be concerned only with stationary
situations in which there are time-independent potentials,V(r ). In these cases, equation
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2.4 can be solved using the method of separation of variables, where 	(r ; t) =  (r ) (t).
This yields solutions of the form

	( r ; t) =  (r )e
� iE

~ t ; (2.6)

where (r ) satis�es the the time-independent Schr•odinger equation given by:

�
�

~2

2m
r 2 + V(r )

�
 (r ) = E (r ): (2.7)

The exponential term represents the unitary time-evolution operator. This equation is a
Helmholtz scalar wave equation which can be re-written in close mathematical analogy to
the optics of electromagnetic waves as

r 2 (r ) + K 2(r ) (r ) = 0 : (2.8)

K (r ) is the spatially dependent wavevector in the region of the potential, de�ned by

K 2(r ) =
2m
~2

[E � V(r )] : (2.9)

As mentioned earlier, the neutron interacts via all four fundamental forces, therefore a
variety of potentials may exist in equation 2.7 ranging from gravitation to Coriolis [164].
Neutron-matter interactions, are typically dominated by short-range strong nuclear forces
which can be described by the point-like Fermi pseudopotential for each nucleus at siter j ,
such that

Vnuc (r ) =
X

j

2� ~
m

bc � (r � r j ); (2.10)

where � is the three-dimensional Dirac delta function. Here, the true strong neutron in-
teraction is replaced by a small interaction potential which leads to a correct s-scattering
amplitude in the �rst Born approximation. This approximation is valid for thermal neu-
trons in which the range of the strong nuclear force, which roughly corresponds to the
nuclear radius R and is typically on the order of fm, is much smaller than the de Broglie
wavelength,� . In such cases, the scattering interaction is characterized by a single param-
eter, bc, which describes the scattering length. Expanding this potential to a real material
which consists of an assembly of nuclei| averaging over a macroscopic volume|the po-
tential scales to an e�ective optical potential,
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Vnuc (r ) =
2� ~2

m
bc N; (2.11)

whereN is the atom density andbc is the scattering length density of the material. Note
that in the case of absorption processes, the scattering length density becomes complex
valued. This optical potential generates a material index of refraction at a vacuum-solid
interface as governed by Snell's Law,

n =
k
k0

=
v
v0

=
sin(
 0)
sin(
 )

; (2.12)

where an incident ray of wavevectork0 makes an angle
 0 with the surface normal, and
the refracted ray inside the medium of wavevectork makes an angle
 with the surface
normal. Expressing this equation in terms of material properties, given the de�nition ofk
in equation 2.9 yields:

n =

r

1 �
V
E

; (2.13)

This can also be directly seen from a �rst order expansion of the refractive indexn, in
terms of neutron momentum,

n =
p
p0

=

s
p2

0 � 2mV0

p2
0

: (2.14)

Neutron optical potentials are typically on the order of 100 nV, while cold neutrons have
kinetic energies on the order of 10 meV. UsingEkin = 106 � V0, the �rst order expansion
of equation 2.14 yields

n ' 1 �
V0

2Ekin
= 1 �

� 2Nbc

2�
: (2.15)

From here, we observe that the refractive index n is very close to unity, withn � 1� 10� 6 for
cold neutrons andn � 1� 10� 5 for thermal neutrons. This is in stark contrast to photons in
the optical regime, which exhibit refractive indices upwards of 1.5 for insulating materials
[164]. While this property makes refraction at large angles unfeasible, the exceptional
precision and control of neutron de
ection at small angles is realizable, through refracting
prisms for example [165, 166]. Total external re
ection at surfaces for angles less than the
critical angle � c is another consequence of equation 2.15. For thermal neutrons, this angle
is typically less than 0:3� , while for ultra-cold neutrons the critical angle can reach 90�

[164], enabling neutron storage and trapping methods for times which are only limited by
the neutrons� decay lifetime [167]. These devices have expansive applications for particle
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physics and cosmology, namely involving precision measurements of the neutron lifetime
and electric dipole moment (EDM) [147, 168, 169].

Until now, we have excluded magnetic-based neutron interactions, however, the rela-
tively large intrinsic magnetic moment of the neutron couples to unpaired electrons from
the magnetic atoms. In magnetic materials, the neutron interacts with the magnetic in-
duction �eld, B , via its magnetic dipole moment,� , by

Vmag (r ) = � � � B (r ) = � � � � B (r ); (2.16)

where we have expressed magnetic dipole moment of the neutron in terms of the Pauli spin
operator � = ( � x ; � y; � z). Expanding equation 2.16 in terms of the Pauli spin matrices
and magnetic dipole momentum� = � 
� N � , where � N is the nuclear magneton and

 = 1:832� 108 T � 1s� 1 is the neutron gyromagnetic ratio, yields:

Vmag (r ) =
� ~


2
(� xBx + � yBy + � zBz) ; (2.17)

where the Pauli spin matrices are

� x =
�

0 1
1 0

�
; � y =

�
0 � i
i 0

�
; � z =

�
1 0
0 � 1

�
: (2.18)

This potential underpins the magnetic-neutron interaction, serving as the basis for mag-
netic neutron scattering as we shall see in section 2.1.4.

2.1.1 Quantum Phase Shifts

Phase is a universal quantum property of a wavefunction, required for the existence of
interference and di�raction e�ects. The neutron wavefunction can be modi�ed in phase
by various means, involving nuclear, magnetic, electric, or gravitational potentials. This
feature serves as the basis of perfect crystal neutron interferometry and grating interferom-
etry techniques [170, 171, 172, 173, 174, 175, 176, 177, 178]. The quantum phase� (x ; t) of
a matter wave evolving in space and time can be de�ned according to the Feynman-Dirac
path integrals along trajectories de�ned in classical mechanics. This is equivalent to the
eikonal approximation used in geometrical optics, which states that neutron rays are the
classical trajectories of neutrons, and is valid for neutrons when the potential is slowly
varying compared to the neutron wavelength. The neutrons phase can then be expressed
as the path integral over the Lagrangian,L , in space-time, given by
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� (x ; t) =
1
~

Z
Ldt0: (2.19)

The Lagrangian,L , is related to the Hamiltonian H by a Legendre-transformation,

L = p � v � H : (2.20)

Substituting equation 2.20 into equation 2.19 yields

� (x ; t) =
1
~

Z x

x0

p � ds �
1
~

Z t

t0

Hdt0 =
Z x

x0

k � ds �
Z t

t0

!dt 0: (2.21)

Here, we consider only energy conserving potentials and ignore the second term which
results in a global phase. A stationary phase shift is represented by a potentialV(x),
which changes the momenta in accordance with energy conservation as

(p + �p)2

2m
+ V(x) = E ) v � �p � � V(x) (2.22)

given a the \golden rule" of small perturbations. The relative phase shift �� , which
corresponds to the induced phase shift in the material relative to the phase shift in free
space, becomes

� � =
1
~

Z t

t0

�p � vdt0 � �
1
~

Z t

t0

V dt0 = �
1

~v

Z x

x0

V dx: (2.23)

As per convention, we shall use� to denote � � . Equivalently, using equation 2.11 for a
generalized scattering length, the phase shift can be expressed as

� = �
Z

dlhbi ; (2.24)

wherehbi is the scattering length density of the sample. Therefore the nuclear phase shift
that a neutron accrues when traveling along the ^z direction through a material is given by

� =
2�Nb cD

kz0
: (2.25)

The corresponding evolution of the neutron wavefunction is found by integrating over the
potential as follows:

	 out (z) =  in (z)
Z 1

�1
e

� i
~

Rt
t 0

V dtdkz =  in (z)
Z 1

�1
e� i Nb c D 2�

k z dkz �  in (z)e� i Nb c D 2�
k z0 =  in (z)ei� :

(2.26)
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Similarly, the phase accumulated by a neutron with magnetic dipole moment,� , in a
magnetic �eld, B , is given by

� = � hbM i
Z

dl � � B : (2.27)

We can consider the case of the neutron spin aligned parallel and anti-parallel to the
external magnetic �eld, in which case equation 2.27 reduces to

� = �
uN Bmn �l

2� ~2
; (2.28)

where the� sign is due to Zeeman splitting of the spin-up and spin-down states,mn is the
mass of the neutron, andl is the path length through the magnetic �eld. The corresponding
unitary operator which describes the time evolution of the neutron spin in a magnetic �eld
can be computed from equations 2.16 and 2.23, as

Ûm = e� i
~

Rt
t 0

Vmag dt0

= ei 
t
2 � �B : (2.29)

Alternatively, the operator can be computed from the exponential term in equation
2.26,

Ûm = T f e� i
R

H dt0
g; (2.30)

whereT f :::g denotes the time-ordered product. Taking the �rst order term in the Dyson
series expansion of equation 2.30 yields the in�nitesimal time evolution operator:

Ûm = 1 � iHdt: (2.31)

2.1.2 Topological Phase Shifts

Topological states, characterized by phase singularities, such as vortices, are inherent to
any wave phenomena spanning light [179, 180, 181, 182, 183] to electrons [184, 185]. These
states manifest helical wavefronts with phase singularities that describe a quantized form
of azimuthal motion, known as orbital angular momentum (OAM). Therefore, just as
quantum particles, such as photons and electrons, can possess linear and spin angular
momentum, they are also capable of hosting a quantized topological genre of momentum,
OAM. Note that this form of OAM is not to be confused with the OAM associated with the
motion of electrons around the atomic nucleus in atoms and molecules [186]. This twisted
property can be expressed as an azimuthal phase dependence in which the wavefunction
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varies aseil� , yielding quantized values of OAM equal tol~, where l is the OAM value
which corresponds to the topological charge of the centre phase singularity and� denote
the azimuth around the propagation axis [186, 187]. The topological charge of the phase
is given by

l =
1

2�
�

I

C
r ' (r )dr; (2.32)

which counts the number of 2� phase jumps for a tiny closed loop surrounding the singu-
larity, C. This phase singularity produces a ring-like \doughnut" intensity pattern upon
propagation to the far �eld [186].

Figure 2.1: Illustrations showing the conversion from incident plane wavefronts to helical
wavefronts using a spiral phase plate. Adapted from [188].

These states present novel avenues for the generation of selective probes, providing
unprecedented access to structures and interactions spanning nuclear physics to vision
sciences [189, 190, 191, 192, 193]. For neutrons, the realization of OAM states provides
a new degree of freedom and subspace from which to explore fundamental interactions
and topological material properties, spanning gravity to magnetism. This mode also of-
fers topological protection from noise, inspiring various applications for non-trivial neutron
propagation techniques and quantum information science. The coherent control of neu-
tron OAM holds special promise for the study of topological structures and excitations
in materials. Here, the coherent di�raction and interference of neutron OAM states from
topological material states across imaging and scattering techniques could serve as a direct
and novel route of characterizing defect densities, topological charge, correlation lengths,
and phase transitions for a myriad of systems. Moreover, examining the dynamics of
topological-to-neutron sample interactions and incorporating spin couplings could unveil
exotic interactions and excitations such as magnon-OAM transfer and controlled rotations
of bulk nanometric magnetic structures.
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The generation of neutron OAM states was recently accomplished through a spiral
phase plate (SPP) in which the thickness of the device varies uniformly as a function of
the plate's azimuthal angle,� , as h = h0 + hs�= 2� , whereh0 is the base height andhs is
the step height (see Figure. 2.1) [194]. Given equation 2.25, the azimuthal phase shift can
be calculated as

� = � Nbc� (h0 + hs�= 2� ) : (2.33)

The wavefunction after passing through the SPP, 	0, can therefore be expressed as 	0 =
ei� 	. Using this technique, the average OAM of the beams was measured for various topo-
logical charges using a perfect-crystal neutron interferometer to image the phase pro�le
[194]. Since then, numerous demonstrations of neutron OAM have been proposed and
performed [195, 196], including generations of spin-orbit coupled neutron beams and their
lattices [197, 198]. These beams present unique opportunities to study quantum materials
which exhibit similar correlations between spin and OAM, such as magnetic topological
materials like skyrmions. However, existing techniques entail the manipulation of the av-
erage neutron OAM value, with the creation of a neutron state with helical wavefronts
dominated by a single OAM value remaining elusive. Moreover, current generation tech-
niques su�er limitations in the production of OAM lengthscales below hundreds of microns,
severely restricting the accessible lengthscales that can be probed and making these tech-
niques incompatible with nanometric studies of quantum materials. Overcoming these
challenges is critical to realizing tunable implementations for quantum material character-
ization applications.

2.1.3 Neutron Scattering

Neutron scattering is a powerful experimental technique ideally suited for structural and
dynamical studies of condensed matter by way of the neutrons nuclear/magnetic properties
and its broad tunability in energy. The weak interactions and electric neutrality of the
neutron enables high penetration depths into materials, making neutron scattering a non-
destructive bulk probe of materials unparalleled by X-rays or electrons. While this property
is clearly desirable for studies of quantum materials, it is also quite attractive for the
fabrication of complex sample environments. Since neutrons penetrate robust materials
such as silicon, quartz, and sapphire, and heavy elements like aluminum and titanium,
we may utilize demanding and bulky setups with sizeable amounts of material in the
beam, such as in cryogomagnets and rheological devices|setups that are non-trivial for
conventional electron and X-ray di�ractive techniques. The implementation of these vast
sample environments enables in situ real-time investigations of soft and hard materials
spanning temperatures from 35 mK - 2270 K, magnetic �elds exceeding 13 T, and a range
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of high-pressure environments, electric �elds and current pulses, and internal stresses,
amongst others.

Since the neutron interacts weakly with matter, each neutron normally only scatters
once in the sample volume such that it is strong enough to be measured, while still being
weak enough so as to not disturb the system too severely. The de Broglie wavelength of
thermal neutrons is on the order of the interatomic distances in solids, while its energy and
momenta match the atomic and magnetic excitations in condensed matter, making inter-
ference e�ects possible [199]. The high tunability of the energy of neutrons through mod-
eration processes, spanning 0.1 meV to 100 meV for cold to thermal neutrons, respectively,
[200], enables nuclear and magnetic structural investigations across angstrom to microm-
eter lengthscales. While discussions of neutron scattering applications to soft matter are
excluded in this thesis, it should be noted that small angle scattering techniques are partic-
ularly suited for microstructure investigations of soft materials [201, 202, 203, 204]. These
studies range from characterizing the structural parameters of particulate systems like sur-
factants and polymers [205], to uncovering di�usive motions of biological macromolecules
[205]. Furthermore, the isotopic sensitivity of the neutron enables contrast matching stud-
ies through selective deuterium labelling which may be used to highlight structural details
or tag molecules to study dynamic processes [205] such as phase behavior and molecular
conformation, in both solutions and the bulk [206]. Therefore, neutrons are able to provide
deep insights into the nuclear and magnetic structural and dynamical properties of bulk
materials, endowing it as a highly versatile tool across a wide range of systems and sample
environments.

Scattering Geometry and Cross-sections

A typical neutron scattering experiment involves preparing an incident beam of neutrons
with a well-de�ned wavevctork i and 
ux � i (k i ), through various collimation and monochro-
mating techniques, to scatter from a sample of interest. The scattered neutron properties
such as energy and momentum may be analyzed to deduce the structural and dynamical
properties of the interacting sample. The incident neutron 
ux is de�ned as the number of
neutrons, n, passing through a unit area per second (typically expressed in n/cm2s), with
the surface area being perpendicular to the incident neutron beam. This can be nicely
represented by the di�erential scattering cross-section, which describes the phase space
density of the scattered current. Disregarding changes in energy and momentum, we can
de�ne the systems collective ability to scatter neutrons using the total neutron scattering
cross section given by� tot = 1=� i (which has units of area). However, the interaction of
the beam with the sample will scatter the neutrons into a small volume of the phase space,
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at a wavevectork f . As a result, we must introduce the di�erential scattering cross-section,
which is de�ned by the the ratio of this scattered current density to the incident neutron

ux density and incorporates the angular dependence of the scattered state in terms of a
solid angled
 in the direction � and � . For elastic scattering, the di�erential scattering
cross-section is de�ned as

d�
d


=
C

� ��

; (2.34)

where C is the measured count rate at the detector which subtends a solid angle of �
,
with an e�ciency � . For inelastic scattering, we use a double di�erential cross-section,

d2�
d
 dEf

=
C

� ��
� E f
; (2.35)

which describes the scattering interaction in terms of a �nal energy,E f , and the interval
of energy transfer in the detector, �E f . The scattering geometry, and various scattering
processes are illustrated below in Fig. 2.2. The phase space element in a beam can then be
de�ned as the product of the collimation solid angle, the width of the energy distribution,
and the beam cross-section.

Figure 2.2: Schematics depicting typical neutron scattering modalities, such as elastic
neutron scattering (a), and inelastic scattering with neutron energy loss (b) and gain (c).
Reprinted with permissions from [207].

The changes in neutron energy and momentum are governed by conservation laws,

Q = k i � k f ; (2.36)

E = E f (� f ) � E i (� i ); (2.37)

E =
~2

2mn
(k2

i � k2
f ); (2.38)
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which determine the scattering triangles of Fig. 2.2. An intuitive understanding of neu-
tron di�raction from crystalline materials may be given in the context of Bragg's Law,
in which constructive interference of waves scattered from adjacent planes of atoms at a
scattering angle,� , only occurs when the path length di�erence is an integer multiple of
wavelength,� . Bragg's Law is mathematically expressed asn� = 2dsin(� ), where n is an
integer and d is the lattice plane spacing. Alternatively, this may be derived by consid-
ering the scattering triangle given byQ = 4�

� sin(� ), in combination with the condition
for constructive interference given byQ d = 2�n , where Q is perpendicular to the two
scattering planes. Neutron di�raction therefore produces Bragg peaks which correspond
to each set of lattice planes, denoted by three Miller indices (h; k; l ), yielding information
on the microscopic structure of the material. These need not be limited to atomic-scale
structures; neutrons can di�ract from a variety of periodic nuclear and magnetic struc-
tures, exceeding micrometer lengthscales, limited by the lower energy limit of conventional
moderation processes.

The total cross-section,� tot , is therefore obtained upon integration of equations 2.34
and 2.35:

� tot =
Z

d�
d


d
 =
ZZ

d2�
d
 dEf

d
 dEf =
C
� �

; (2.39)

It should also be noted that in this discussion we have considered ideal beams of neutrons,
whereas in real-life experiments we must consider distributions in neutron energy and
momentum, centered on some mean value. Optimization of these beams depends on the
competition between the resolution requirements and 
ux/counting time considerations of
the experiment. Too strict of collimation, and therefore resolution, will lead to a fruitless
loss of neutrons and degradation of statistics. Conversely, while a reduction in collimation
o�ers enhancements in 
ux, the loss in instrument resolution can smear the signal. Recent
advancements in high-transmission neutron optical focusing methods have been made using
micro-machined triangular array refractive prisms [208], however, these devices are not yet
ready for widespread implementation on SANS beamlines.

Scattered State

This section largely follows from Sears [148]. The scattered neutron state can be computed
as a simple solution of the Schr•odinger equation involving perturbation theory, as described
here. We begin with equation 2.4. Considering only time-independent potentials, we
arrive at stationary solutions of the form shown in equation 2.6. The task of determining
the scattered state therefore equates to �nding the eigenfunctions, (r ), which satisfy
equation 2.7. Since the incoming and outgoing neutron particles are free, we can neglect
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bound states of the potential. The incoming neutron wavefunction of the statejk i , with
wavevectork, can be described by a complex plane wave 	i (r ) = ei (k i �r ) . This follows from
the time-independent version of equation 2.5 with the normalization factor excluded since
the di�erential cross-section depends only on the ratio of the scattered wave amplitude to
that of the in-going wave. When the interaction potential is adiabatically switched on, the
scattered state, 	 k , can be constructed as an integral equation using the retarded Green
function, G, and transition operator, T, as

	 k (r ) = (1 + GT) jk i : (2.40)

Note, the transition operator determines the transition rate from the incoming plane wave
state to the scattered state. Here, the free particle energy dependent outgoing Green's
function, G, is given by

G = ( E + i" � H0)� 1 ; (2.41)

whereH0 represents the neutron free-particle Hamiltonian satisfying

H0j� i = E j� i : (2.42)

Here, j� i is the zero mode eigenket ofH0 with the energy eigenvalueE. Since H0 has
a continuous spectrum that will includeE, we can expressE as a complexi�ed energy
E + i" . The exact purpose of this \i" " prescription becomes apparent when solving the
Green's function in momentum space using an integral representation overk0. In doing
so, a singularity is present whenk02 = k2. Performing contour integration and taking the
limit as " ! 0 shifts the poles slightly o� of the realk0 axis, distorting the contour to a
semicircle on which the wavefunctions vanish. As a result, the integral is given as a sum
of the residues at the various poles.

We recognize equation 2.40 as a Lippmann-Schwinger equation which has a unique
solution satisfying the given boundary conditions of the incident plane wave wavevector,
k, and purely outgoing scattered waves. Expressing 2.41 in the coordinate representation
and taking the limit as " ! 0+ , we get

hr jGjr 0i = �
m

2� ~2

eik jr � r 0j

jr � r 0j
: (2.43)

This equation represents an outgoing spherical wave of the formG(r ) = ei kr

r ; incoming
spherical waves, identical to equation 2.43, with an opposite sign in their exponent are
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produced in the limit as " ! 0� . Expressing the scattered wave, 	k , in the coordinate
representation yields

	 k (r ) =  k (r ) +
Z

dr 0hr jGjr 0ihr 0jT jk i : (2.44)

This represents a coherent superposition of the incident plane wave k (r ) and a spherical
scattered wavehr jGjr 0i from every point r 0 where hr 0jT jk i 6= 0. In small angle neutron
scattering geometries where the neutron detector position is much larger than the range of
the potential (i.e., in the limit as r ! 1 ), we can take the asymptotic behavior of 	k (r )
for r � r 0, reducing the scattered waves,hr jGjr 0i , to a single spherical scattered wave.
This transforms the above equation to

	 k (r ) = f ei k �r + f (� )
eikr

r
g; (2.45)

which describes the potential as a source of perturbation to the incident plane wave. There-
fore, the scattered state is the sum of an incident plane wave and outgoing spherical wave,
yielding asymptotic and stationary solutions to the Schr•odinger equation. The quantity
f (� ) gives the amplitude of the scattered wave relative to the incident wave and is de�ned
according to

f (� ) = �
4� 2m

~2
hk 0jT jk i : (2.46)

Thus, the challenge of solving the Schr•odinger equation for the scattered state, reduces to
�nding the transition operator, T.

Following from the Lippmann-Schwinger equation 2.40, the transition operator is de-
�ned as

T = V (1 � GV)� 1 : (2.47)

T must then satisfy the equationT = V + TGV, the iterated solution of which gives the
Born series,

T = V + V GV + V GV GV + ::: (2.48)

The physical origin of equation 2.48 arises from the fact that the scattered spherical waves
become sources of scattering in their own right. Therefore, the neutron-matter interaction
produces an in�nite series of scattering processes and can be expressed as a von Neumann
series of the form

T = V

 

1 +
X

n

(GV)n

!

: (2.49)
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This can be viewed as a multiple scattering expansion, where the �rst term represents the
contribution from single scattering. Unlike nuclear interactions, the magnetic interaction
is a weak long-range interaction which may be treated by retaining only the �rst time in
the expansion, such thatT = V and b= � m

2� ~2 V, which follows from equation 2.10. In this
case, the scattering process is so weak that terms with non-zero angular momentum can
be neglected, resulting in a scattered wave which has spherical symmetry with respect to
the scattering centre. This is known as the s-wave or Born approximation and is valid for
thermal/cold neutron scattering processes, excluding neutron re
ectivity. The solution for
the scattered wave therefore reduces to the problem of calculating the transition matrix
element of the interaction potential. Operating in the Born approximation and using the
relations for the scattering wavevector given byQ = k0� k, equation 2.46 can be expressed
as

f (� ) =
� m
2� ~2

Z
d3r 0 ei Q �r 0

V(r 0): (2.50)

Therefore, the scattering amplitude is simply the Fourier transform of the interaction
potential, V(r 0). Looking at equations 2.10 and 2.50, we see thatf (� ) = � b.

The incoming neutron 
ux may be expressed as �in = j	 in j2v = jAj2v, wherev is the
neutron velocity and A is the amplitude of the function. Similarly, the scattered 
ux at a
distance, r, from the scattering nucleus can be written as �out = j	 out j2v = jA j2vb2

r 2 . The
total cross-section can therefore be de�ned as the total 
ux passing through a sphere of
radius, R, around the nucleus, divided by the incoming 
ux

� s =
j	 out j2 v 4� R 2

j	 in j2v
: (2.51)

This yields the following expressions for the di�erential scattered cross-section and scat-
tered cross-section:

d�
d


= jf (� )j2 = jbj2;

� s =
Z

4�
jf (� )j2d
 = 4 � jbj2;

(2.52)

whereb= b0 + b0+ ib00is the scattering length which is a sum of the length associated with
the potential scattering (b0), and the real (b0) and imaginary (ib00) parts of the resonance
scattering [199]. Alternatively, using equations 2.10 and 2.50 we may de�ne the scattering
amplitude as

A(q) /
X

j

f (q)e2�i q�r j (2.53)
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and express the di�erential scattered cross-section as

d�
d


= j
X

j

� bj ei Qr j j2; (2.54)

given the atomic scattering length,bj , from an individual nucleus,j . Note, equation 2.54
is proportional to the scattered intensity,I (Q).

2.1.4 Magnetic Neutron Scattering

The magnetic interaction potential between a neutron in a spin state� , and a moving
electron of momentum,p, charge� e, and spin s can be described by equation 2.16. The
magnetic 
ux density, B , may be separated into two contributions: the �rst is due to the
interaction of the neutron with the spin magnetic moment of the electrons,B s, and the
second is due to the interaction of the neutron magnetic �eld with the electric current
produced by the electron's orbital motion,B l . The magnetic dipole moment for a neutron
at position r n gives rise to a vector potential at the position of an electron,r e, according
to

A n (r e; r n ) = � N �
r
r 3

; (2.55)

wherer = r e � r n and r = jr j. The magnetic interaction Hamiltonian from equation 2.16
between a neutron and a single electron, neglecting diamagnetic terms of second order in
� N , becomes

H int (r e; r n ) =
1

2m

�
p +

e
c

(A e + A n )
� 2

�
1

2m

�
p +

e
c
A e

� 2
+ 2� B s � B n

= 2� B

�
1
~

A n � p0+ s � (r � A n )
�

;
(2.56)

where A e denotes the additional contribution to the total vector potential from the sur-
rounding electrons, or an external magnetic �eld. IfA e is nonzero, thenp0becomesp+ e

cA e.
From equation 2.56 we see that the interaction potential is given by

V (r ) = � 
� N 2� B � �
�
r �

�
s � r

r 2

�
+

1
~

p � r
r 2

�
; (2.57)

which consists of the following spin and orbital contributions to the magnetic 
ux density:

B s(r ) = � 2� B
� 0

4�
r �

�
� � r

r 3
;
�

(2.58)
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B l (r ) = � 2� B
� 0

4�
1
~

p � r
r 3

: (2.59)

In order to calculate the magnetic scattering cross-section from a material which con-
tains many unpaired electrons, we must calculate the transition matrix element of the
interaction potential given by,

hk1� 1� 1 jV j k0� 0� 0i : (2.60)

The �rst matrix element hk1 jV j k i for a sample containing many unpaired electrons is
given by the sum

X

i

hk1 jV j k0i = 4 �
� N 2� B � � M ? (k1 � k0); (2.61)

whereM ? is the magnetic interaction operator given by

M ? =
X

i

f Q̂ �
�

si � Q̂
�

+
i

~Q

�
p i � Q̂

�
gei Q �r i : (2.62)

This operator can be expressed in terms of its spin and orbital components as

M ? = M ? S + M ? L = Q̂ �
�

M � Q̂
�

; (2.63)

where
M = M S + M L = �

1
2� B

M (Q): (2.64)

This operator M represents the Fourier transform of the real-space magnetization,M (r ),
given by

M (Q) =
Z

M (r )ei Q �r dr (2.65)

and M ? is the projection ofM (Q) onto the plane perpendicular toQ̂, given by

M ? = M �
�

M � Q̂
�

Q̂: (2.66)

This equation corresponds to the magnetic selection rule and shows that magnetic scat-
tering is only sensitive to components of the magnetization that lie perpendicular to the
direction of the momentum transfer,Q. For elastic scattering, the magnetic cross section
is therefore given by

d�
d


=
�


r 2
0

2� B

� 2

jhM ? (Q)ij 2 : (2.67)
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Equation 2.67 illustrates the relationship between the the Fourier transform of the sample
magnetization to the scattered intensity, while highlighting the magnetic con�gurations
that can be accessed from di�erent geometries. For example, on page 10 we noted that
the triangular lattice skyrmion pattern manifests as a hexagon in SANS when probed with
the incident neutron wavevector normal to the lattice plane. Conversely, the conical spin
phase with the wavevector parallel to the magnetic �eld and incident neutron wavevector
generates no pattern on this plane. Therefore, conical and other chiral magnetic states
whose propagation wavevectors lie parallel to the incident neutron wavevector, must be
probed from perpendicular geometries.

2.2 Magnetometry

Superconducting Quantum Interference Device (SQUID) magnetometry is an extremely
sensitive and invaluable characterization technique that enables the determination of a
samples bulk magnetic magnetic properties, given the direct measurement of its magnetic

ux [209]. Since SQUIDs rely on the measurement of magnetic 
ux, they are capable
of measuring any physical quantity that can be converted into a magnetic 
ux, such as
magnetic �elds, magnetic �eld gradients, current, voltage, displacement, and magnetic
susceptibility, making it a versatile interdisciplinary technique spanning the detection of
tiny magnetic signals from the brain/heart in biomagnetism, to the search for axions in
cosmology [210, 211]. In general, the device consists of 3 main components, the pick-up
circuit, the SQUID volume, and the feedback electronics [212]. At the heart of the SQUID
is a superconducting loop interrupted by either one or two Josephson junctions for the
RF or dc SQUID, respectively [210]. In the works presented here, measurements were
performed on a a Quantum Design MPMS 5 RF SQUID. From here on, we will therefore
limit our discussions of SQUID's to those of RF types. For a single-junction loop driven
by an AC current, the current-voltage curve exhibits discrete steps whose separation is
given by integer multiple of f � 0, where f is the frequency of the AC current. In an RF
SQUID, the loop is inductively coupled to the inductor of an LC-resonant circuit via a
mutual inductance M, and is driven by an RF current spanning tens of megahertz to
several gigahertz [210], producing an RF voltage which is periodic in the 
ux applied to
the SQUID. Since the amplitude of the oscillating voltage across the resonant circuit is
periodic in the applied 
ux, with a period of one 
ux quantum, � 0 = h

2e [213], its detection
capabilities are on the order of� 10� 5� 0 [213, 210].

Measurement of a samples magnetic properties is accomplished via the inductive cou-
pling of the loop to a local external magnetic �eld, combining the physical phenomena
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of 
ux quantization and Josephson tunneling [210] to produce an output voltage that is
periodic in the applied magnetic 
ux. In direct current (DC) operation mode, the sample
is magnetized by a superconducting magnet and is moved through the pick-up coils, induc-
ing a change of a magnetic 
ux threading the loop, which is converted to a voltage [214].
These detection coils constitute a second-order gradiometer shown in Fig. 2.3, thereby
eliminating noise e�ects due to spatially homogeneous �elds and �elds that vary linearly
with distance [213]. This output voltage corresponds to the voltage required to keep the
SQUID 
ux-locked at the desired working point as a function of distance. From here, the
magnetic moment of the sample is given in emu from comparison to carefully calibrated
voltage curves for a known magnetic sample, yielding a DC magnetization curveM (H ).

Figure 2.3: Illustration of a DC SQUID measurement for an RF SQUID showing the
sample movement through the detection coil (orange), the SQUID (black), and the single
Josephson junction (red X). Adapted from [215].

.

While DC measurements employ static �elds to measure a constant magnetic moment,
AC measurements may be performed to measure the AC magnetic moment, providing
information on the magnetization dynamics of the sample. In AC measurement mode,
the sample is held in the center of the detection coil and a small AC drive magnetic
�eld is superimposed on the DC �eld, producing a time-dependent moment in the sample
without sample motion. For small drive frequencies, in the measurement regime most
closely resembling that of DC measurements, the moment of the sample follows the M(H)
curve that would be measured in a DC experiment. For a small AC �eld with an amplitude
of HAC and driving frequency! ,the induced AC moment is given by

MAC =
�

dM
dH

�
� HAC sin (!t ) : (2.68)
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The amplitude of the observedMAC signal, or equivalently the slope of theM (H )
curve, is given by a quantity known as the magnetic susceptibility, de�ned as� = dM=dH.
The sensitivity of this term to di�erential changes in M is responsible for the unparalleled
sensitivity of this technique, detecting small magnetic shifts even when the absolute mo-
ment is large. At higher drive frequencies, the magnetization of the sample may lag behind
the drive �eld, yielding a phase shift � , relative to the drive signal. The susceptibility can
therefore be separated into a real in-phase component,� 0, and an imaginary out-of-phase
component,� 00given by

� 0 = � cos(� )

� 00= � sin(� );
(2.69)

where� is given by
p

� 02 + � 002 and � = arctan( � 00=� 0). In the low frequency limit, similar
to DC measurements, the real component is equivalent to the susceptibility; the imaginary
component indicates dissipative dynamic processes such as relaxation and irreversibility
in spin-glasses, domain wall motion in ferromagnets, and phase transitions and their dy-
namics across a wide variety of samples and magnetic states from skyrmions [216, 101] to
superconductors [217, 218, 219].

2.3 X-ray Di�raction

X-ray di�raction serves as a valuable technique which provides complementary informa-
tion to neutron di�raction. X-rays interact with matter primarily through electromagnetic
interactions with the electron cloud of atoms, yielding information on electron distribu-
tions inaccessible by neutrons. This also leads to a predictable scattering cross section
for elements, proportional to their electron density, enabling a di�erent contrast between
elements. As a result, combining neutron and X-ray scattering techniques leads to a more
detailed interpretation of the scattering patterns as compared to a single-contrast experi-
ment.

X-ray di�raction experiments in particular, enable the determination of fundamen-
tal parameters of a crystalline sample, such as the positions, arrangements, and size of
the constituent crystals. In monochromatic single crystal di�raction under the von Laue
formalism, incident X-rays with wavevectorsk , will undergo di�raction if the following
condition is met:

e2�i (k � k 0)�R = 1; (2.70)
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whereR represents the set of Bravais lattice vectors [220] which satisfyR � (k � k 0) = 2 �m
for integral m. An equivalent formulation derives from Bragg's Law where constructive
interference occurs when the path di�erence between two X-rays specularly re
ected from
an incident angle� via successive parallel planes of ions spaced a distanced apart, must
equal an integral number of wavelengths� for their constructive interference,

n� = 2dsin(� ): (2.71)

The equivalence of these two criteria for the constructive interference of X-rays can be
seen by considering the Laue condition for constructive interference, where the change in
wavevectorK = k � k 0 must be a vector of the reciprocal lattice. This condition can be
reformulated entirely in terms of the incident wavevectork as k � K̂ = 1

2K , which states
that an incident wavevectork will satisfy Laue's condition if the tip of the vector lies in
a plane corresponding to the perpendicular bisector of a line joining the origin of k-space
to a reciprocal lattice point K . From here, it is apparent that the origin of the di�raction
peaks in both the Laue and Bragg formalism's arises from parallel planes, namely from
the k-space Bragg planes in the Laue case, and a family of direct lattice planes in the
Bragg case [220]. Since the Laue condition assumes elastic scattering, it follows that the
incident and scattered wavevectors make the same angle� with the plane perpendicular
to K . Therefore, a uni�ed approach describes the scattering as a Bragg re
ection, with
Bragg angle� , from a family of direct lattice planes perpendicular to the reciprocal lattice
vector K .

As shown in section 2.1.3, the scattering amplitude is described by equation 2.53, with
the exception that now the scattering factor for each atom,f j , arises due to interactions
with the electron cloud, depending strongly on atomic number. The intensity of the Bragg
peaks is given by the square of the scattering amplitude,jA(q)j2, yielding equation 2.54.

2.3.1 Powder X-ray Di�raction

Powder X-ray Di�raction (PRXD) is a principal characterization technique used in the
phase identi�cation and structural characterization of crystalline materials. Its opera-
tional principles rely on the Bragg di�raction of incident X-rays from crystallographic
planes, denoted by three Miller indices (h, k, l) upon variation of the angle of incidence
� . In the Ewald sphere construction which is �xed in k-space, as the sample is rotated the
reciprocal lattice rotates causing each reciprocal lattice point to traverse a circle about the
axis of rotation of the sample. As a result, Bragg di�raction occurs whenever this circle
intersects the Ewald sphere [220]. For a single crystal sample, these scattering intensities
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produce distinct Bragg peaks as a function of scattering angle. For a powdered sample
which consists of randomly oriented grains, the incident direction is isotropically averaged,
wherein the axis of rotation is varied over all possible orientations, thereby yielding di�rac-
tion cones. The di�raction pattern of such a sample can be viewed as the summation of the
di�raction patterns from all possible orientations of a single crystal. The di�raction spots
of a single crystal therefore transform into concentric rings in the limit of random orien-
tational disorder. However, given the one-dimensional nature of PXRD where scattering
intensity is measured as a function of scattering angle 2� , symmetry-equivalent re
ections
are summed yielding a multiplicity e�ect. For example, given theh100i family of planes in
a cubic crystal system, the scattered peak will arise from the superimposition of di�raction
spots belonging to the (100); (010); (001); (�100); (0; �1; 0); (0; 0; �1) planes. Therefore each
peak in a PXRD pattern serves as a measure of the d-spacing that represents a family
of lattice planes, providing critical information on the crystal structure and phase purity,
including lattice parameters, crystallite sizes, and atom positions/occupancies.

The reduction of the three-dimensional reciprocal space data onto one-dimensional 2�
data sets leads to a drastic loss of information, resulting from accidental and systematic
peak overlap [221]. From this it is typically not possible to make a full structure solution
determination. However, using a model for a calculated PXRD, the crystal structure may
be re�ned in a process known as a Rietveld re�nement. This process implements the least-
squares method, minimizing the weighted residuals between the calculated pattern and
experimental data. The model is described by a set of parameters which includes contri-
butions from the background, lattice parameters, atomic positions, strain, microstructure,
and instrumental factors, amongst others [222, 221].

PXRD measurements presented here were performed at McMaster University for a
monochromatic X-ray beam with �ltered Cu K � 1 radiation of wavelength 1.541�A. Poly-
crystalline samples used in measurements were ground into �ne powders in order to both
reduce nonsystematic inaccuracies from large crystallites and peak broadening due to �nite
size e�ects from small crystallites [222]. The powdered samples were unformly distributed
on a rotating disk which was placed at the joint of the goniometer. The sample rotation
serves to enhance the orientational randomness of the crystallites, eliminating any pre-
ferred orientation and texturing e�ects which would otherwise bias the measurement. The
Rietveld re�nement was performed using Fullprof [223].

2.3.2 Laue Di�raction

Contrary to Powder X-ray Di�raction in which the sample is rotated to successively satisfy
conditions for Bragg Di�raction from di�erent crystallographic planes, the Laue method
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involves the variation of wavelength to achieve Bragg di�raction from di�erent crystallo-
graphic planes. In Laue di�raction experiments, a stationary sample with a �xed orien-
tation ( � ) and incident direction n , is illuminated by a beam of polychromatic X-rays,
thereby satisfying Bragg's condition for multiple reciprocal lattice vectors simultaneously.
In the Ewald sphere construction, the Bragg peaks correspond to reciprocal lattice vectors
which lie within the region contained between two spheres determined byk0 = 2� n

� 0
and

k1 = 2� n
� 1

. This method is therefore best suited for determining the orientation of crystals
in a sample whose structure is known, since the di�raction pattern re
ects the symmetry
of the symmetry axis of the crystal [220]. In polycrystalline samples, this method can also
be applied to get estimates of sample mosaicity through the systematic scanning of a sam-
ples surface based on the misorientation of smeared or split Laue patterns from di�erent
crystallites. However, due to the limited penetration depth of X-rays, neutron pole �gures
are best suited for this application.

Laue di�raction measurements presented here were performed in the backscatter geom-
etry. Systematic scanning and slicing of the crystal was performed to analyze the samples
crystallinity and align the sample to one of the dominant grains.
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Chapter 3

Characterization of the Disordered
Co8Zn 8Mn 4 Skyrmion Material

The study presented in this chapter is adapted from [224].

As discussed in section 1.4, the Co-Zn-Mn alloys play host to a rich variety of mag-
netic and topological phases which have been characterized over a wide range of techniques
[75, 116, 131, 115, 140, 56], including the triangular lattice thermal equilibrium phase of
Co8Zn8Mn4 [75]. The tuning of the Mn-doping for the compositional series introduces both
magnetic frustration and magnetic disorder due to antiferromagnetically coupled Mn spin
correlations [116, 140, 137] and site mixing of the ferromagnetic Co and antiferromagnetic
Mn spins [137, 116], respectively. Magnetic anisotropy has also been shown to vary both
in magnitude and orientation of its easy axes upon variation of the Co/Mn ratio [115]. It
is precisely this cooperative interplay of magnetic anisotropy, spin disorder, and frustra-
tion which stabilizes such a rich energy landscape with a high density of defects in these
materials. Accordingly, a myriad of exotic long-period chiral structures/phases have since
been realized in the Co-Zn-Mn series, ranging from meron-antimeron lattices generated by
in-plane magnetic anisotropy [56], to disconnected low-temperature disordered skyrmion
phases stabilized by frustrated interactions [140]. However, previous studies have been
constrained to single-crystalline samples and magnetically ordered skyrmion phases, disre-
garding the in
uence of disorder in skyrmion stabilization. In this chapter, we report the
synthesis procedure and characterization of a polycrystalline Co8Zn8Mn4 disordered bulk
sample. We employ powder X-ray di�raction, and backscatter Laue di�raction as charac-
terization tools of the crystallinity of the samples, while magnetic susceptibility and SANS
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measurements are performed to study the skyrmion phase. Magnetic susceptibility mea-
surements show a dip anomaly in the magnetization curves, which persists over a range
of approximately 305 K { 315 K. SANS measurements reveal a rotationally disordered
polydomain skyrmion lattice. Applying a symmetry-breaking magnetic �eld sequence, we
were able to orient and order the previously jammed state to yield the prototypical hexag-
onal di�raction patterns, with secondary di�raction rings. This emergence of skyrmion
order serves as a unique demonstration of the fundamental interplay of structural disorder,
and anisotropy, in stabilizing the thermal equilibrium phase, reinforcing the rich energy
landscapes inherent to these materials.

3.1 Synthesis

The material was synthesized via the solid state reaction 8Co + 8Zn + 4Mn! Co8Zn8Mn4.
The powders were mixed in stoichiometric ratios in an agate mortar under an argon at-
mosphere. Once thoroughly ground, the resulting mixture was pressed into a pellet, which
was then sealed in an evacuated quartz tube with a conically shaped end. The conical
shape of the ampoule served to facilitate nucleation along a dominant growth direction,
imposed by the geometry of the con�ning tube. The ampoule was inserted into a furnace
at 700� C and the temperature was increased to 1025� C over the course of 12 hours. It
was then cooled at a rate of 2� C=h until 700� C was reached. Finally, it dwelled at 700� C
for 12 hours, and was removed. The �nal product was a conical shaped silver polycrystal
(approximately 2-3 grains) with dimensions 0.8 cm x 1.4 cm (diameter x length) and mass
of 2 g as shown in Fig. 3.1.

Figure 3.1: Polycrystalline Co8Zn8Mn4 sample mixed under argon of dimensions 0.8 cm x
1.4 cm and mass 2 g. Each grid line corresponds to 1 mm. Reprinted from [224].

The reaction products were analysed via powder X-ray di�raction in the scattering
angular (2� ) range of 20� � 110� using the Cu K � 1 wavelength of 1.54056�A. A Rietveld
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re�nement of the di�raction data to the P4132 space-group (� -Mn-type) was performed
using the FullProf program, from which we were able to extract a lattice constant of
6.37161(1)�A. Fig. 3.2 shows the Rietveld re�nement for the powder X-ray di�raction
spectra, where the red dots are the measured spectra, the black line is the predicted
spectra (where the vertical blue lines below indicate expected peak locations), and the
blue line is the di�erence between the two. The sharpness of present peaks (evidenced by
the zero slope of the blue curve), and absence of additional peaks indicate the sample is
phase pure.

Figure 3.2: Rietveld re�nement for powder X-ray di�raction of Co8Zn8Mn4. The black
curve is the predicted spectra, the red line is the data, and the blue is the di�erence
between the two. The green vertical lines indicate the locations of the expected peaks.
The re�nement demonstrates the sample is phase pure with space-group� -Mn and lattice
constant 6.37161(1)�A. Reprinted from [224].

3.2 Characterization

Backscatter X-ray Laue di�raction was performed as a preliminary investigation of the
crystallinity and orientation of the material (Fig. 3.3). Based on a changing di�raction
pattern during translation, we were able to identify grain boundaries. Through systematic
scanning and slicing, the polycrystal was cut into a rectangular prism of dimensions 3.4 mm
x 3.3 mm x 3.0 mm while mapping the crystal orientation of the polycrystalline sample.
The �nal product was polycrystalline with the (100) direction of the dominant grain along
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Figure 3.3: Laue image along (100) direction of dominant grain on the front face of the
cube. All peaks were indexed to the (100) direction, verifying the single grain portion of
this material. The fourfold symmetry of the pattern is characteristic for the (100) direction
of a cubic crystal. Reprinted from [224].

one face of the rectangular prism. Fig. 3.3 shows a Laue pattern for the dominant grain,
demonstrating the archetypal 4-fold symmetry of the cubic lattice along the (100) direction.

Magnetic susceptibility measurements were performed using a Quantum Design MPMS
5 Superconducting Quantum Interference Device with an AC option installed. The high
temperature ferromagnetic phase was veri�ed via FC from 400 K (Fig. 3.4). The onset of
the transition was found to be 320 K. A Curie-Weiss �t between 350 K and 400 K results in
an e�ective magnetic moment of 1.6� B . The high temperature vertical o�set between the
FC and ZFC (zero-�eld cooled) curves is a result of the disparity in magnetization due to
the aligned ferromagnetically ordered domains in the FC case, as opposed to the misaligned
domains in the ZFC case which produce a smaller net moment. Further cooling revealed a
notable path dependence of the susceptibility on di�erent magnetic �eld cooling protocols
(i.e. ZFC or FC), as is evident by the sharp change in temperature dependence of the ZFC
magnetization at around 7 K (illustrated by the arrow in Fig. 3.4). This magnetic behavior
is evidence of a spin-glass transition, wherein the marked irreversible magnetic behavior
after �eld cooling is a result of the cooperative freezing of spin-glass [225]. FC measure-
ments bias the energy landscape, whereas for ZFC measurements the existence of many
metastable states leads to an irreversible path dependence, as the material may not follow
the same path to escape the energy valley. The mechanisms underpinning this transition
have been previously reported via crystal structure analysis by neutron powder di�raction
in [137], occurring due to site mixing between the Co and Mn atoms on the 8c crystal-
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Figure 3.4: Magnetic susceptibility per mol of Co8Zn8Mn4 after zero �eld cooling (ZFC)
and �eld cooling from 400 K in a magnetic �eld of 20 Oe. The bifurcation behaviour of the
ZFC and FC curves at 7 K results from the path-dependent behaviour of the susceptibility
(as indicated by the arrow in the ZFC curve), which is indicative of a spin-glass transition.
Reprinted from [224].

lographic sites, which gives rise to random competition amongst the ferromagnetic and
antiferromagnetic interactions, yielding quenched magnetic disorder. Further susceptibil-
ity measurements were carried out to con�rm the presence of the skyrmion phase; Fig. 3.5
shows isothermal magnetization measurements as a function of magnetic �eld for a 20.0
mg polycrystalline piece of the sample. The magnetization measurements were taken while
increasing the DC �eld from 0 Oe to 400 Oe, after which measurements were taken while
decreasing the �eld (not shown). The notable decrease in magnetization for temperatures
above 320 K is consistent with exiting an ordered phase into a paramagnetic phase.

We performed di�erential magnetic susceptibility measurements at 300 K, 305 K, 310
K, and 315 K. This was investigated by taking numerical derivatives of the M vs H curves
and, after smoothing the data, show abrupt dips in the susceptibility (with the strongest
dip occurring at 310 K contained within the rectangular dotted box in Fig. 3.6), suggestive
of a phase transition.

AC susceptibility measurements were performed which depend upondM
dH but do not

involve using a numerical derivative, which can be susceptible to large 
uctuations. AC
measurements are therefore a much more sensitive technique, yielding a much smaller
uncertainty than the above di�erential magnetic susceptibility measurements. The AC
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Figure 3.5: Magnetic �eld dependent magnetization upon increasing magnetic �elds from
0 Oe to 400 Oe for a temperature range of 300 K-340 K, in 5 K increments. Low-high
temperature corresponds to blue-red curves. Note a substantial decrease in magnetization
for temperatures greater then 320 K, consistent with a paramagnetic phase. Reprinted
from [224].

susceptibility measurements show similar peaks as a function of applied �eld, indicating a
phase transition. The most pronounced dip structure is again observed at a temperature
of 310 K (contained within the magnetic �eld range de�ned by the two lines and arrow
in Fig. 3.7), consistent with Fig. 3.6. These dip structures are well-known markers of the
temperatures and �elds over which the skyrmion phase exists [75]. The AC susceptibility
shows much cleaner and more de�ned dip structures than Fig. 3.6. AC measurements
also probe the dynamics of the system and may be included in future work to probe the
time-scales of the metastable skyrmion phases found below 300 K.

We performed unpolarized SANS at the NG7-30m beamline at the National Institute
for Standards and Technology (NIST) for a 15 m beam con�guration and a neutron wave-
length of 6�A[226, 227]. At room temperature in zero �eld, our initial SANS measurements
revealed four smeared magnetic satellites atop a circular ring, indicating multi-domain sin-
gle q-helical structures, with the preferential smearing direction of the peaks elucidating
the anisotropy direction (Fig. 3.8a). Upon �eld-cooling through the ferromagnetic phase,
from 420 K to 310 K in a �eld of 250 Oe, a ring developed. The absence of the signature
triangular lattice skyrmion hexagonal pattern is a result of the polycrystalline nature of the
material; the misalignment of the skyrmion domains breaks the order in many directions
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Figure 3.6: Temperature dependent isothermal di�erential magnetic susceptibility upon
increasing magnetic �elds from 0 Oe to 400 Oe. Low-high temperature corresponds to dark
blue-light blue curves. The dip structure (region contained within the rectangular dotted
box) is most clearly pronounced for 310 K, and presents at a �eld of� 200 Oe, indicating
the onset of the skyrmion phase. Reprinted from [224].

thereby smearing the hexagonal patterns, precipitated by each individual domain, to pro-
duce a ring. Using a symmetry-breaking magnetic �eld sequence [112] where the sample
is rotated symmetrically in the static magnetic �eld to precipitate ordered and oriented
skyrmion lattices despite the overwhelming structural disorder, the underlying triangular
lattice skyrmion phase was revealed. The development of a �rst order ring with 6 peaks and
an additional secondary ring was observed after 10 symmetric rotations. Fig. 3.8c shows
the fully discernible 6-fold primary ring after 30 rotations, accompanied by a second-order
ring mimicking the same hexagonal symmetry with 12 peaks. The presence of the sec-
ondary ring indicates potential multiple scattering and/or higher order di�raction. The
underlying mechanism is left to be investigated for future experiments. The energetics
of the skyrmion ordering sequence showed, through micromagnetic simulations, magnetic
moments to diverge away from the external �eld when approaching a magnetic hard axis,
consequently increasing the DM energy, resulting in a lattice reorientation [112]. Therefore,
the response of our material to the ordering sequence highlights the role of anisotropy in
skyrmion formation, and reorientation dynamics.
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Figure 3.7: Temperature dependence of AC magnetic susceptibility per mol of Co8Zn8Mn4

over a range of 305 K-317.5 K after increasing magnetic �elds from 0 Oe to 500 Oe in a 100
Hz driving �eld, with an amplitude of 0.1 Oe. Low-high temperature corresponds to dark
blue-lighter colored curves. The skyrmion phase is most pronounced at a temperature
of 310 K, and is observed to persist in the dip anomaly between 100 Oe and 450 Oe
(contained within the region bounded by the lines, as indicated by the arrow). The �eld
value at the minimum of the dip determines the largest and most robust skyrmion phase;
these temperature and �eld parameters are then used for SANS measurements on the
material. Reprinted from [224].

3.3 Conclusions

We have successfully demonstrated the synthesis and characterization of the above room
temperature bulk disordered triangular lattice skyrmion material Co8Zn8Mn4. Powder X-
ray di�raction studies revealed a pure phase, while backscatter Laue di�raction and neu-
tron di�raction indicated a polycrystalline material. SANS measurements demonstrated
the underlying rotationally disordered skyrmion domains. Application of the symmetry-
breaking rotation sequence [112] precipitated ordered and oriented triangular skyrmion
lattices, yielding secondary di�raction rings. These secondary di�raction rings are most
likely a combination of double scattering (owing to the thickness of the sample), and
higher-order di�raction, in turn elucidating the e�ectiveness of the technique in [112] for
ordering and even promoting the growth of skyrmions, despite the presence of disorder,
thereby producing long-range order. While the phenomena of skyrmion ordering is by no
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Figure 3.8: SANS images showing disordered helical ground state at room temperature in
zero �eld a), initial scattering ring for disordered skyrmion domains at 310 K in a magnetic
�eld of 250 Oe b), schematic of symmetry-breaking �eld rotation setup, and SANS image
after 30 rotations of the rotation sequence at 310 K in a �eld of 250 Oe, c). The increased
intensity/preferential smearing of the peaks in the top right and bottom left diagonals of
the fourfold helical image elucidate the anisotropy direction for the crystal. Schematic of
the rotation setup illustrates neutron propagation direction (n) is in the z-direction. For
the symmetry-breaking rotation sequence the sample is rotated symmetrically in the xz
plane about � , with the magnetic �eld �xed in the z-direction. Reprinted from [224].

means novel, experimental demonstrations of the conversion from disordered chiral states
to ordered skyrmion lattice forms|in varying host compounds|contributes fundamen-
tal insights into the nature of skyrmion formation energetics, pinning phenomena, and
stabilization mechanisms. This study serves as a unique demonstration of the interplay
of anisotropy and disorder in the thermal equilibrium phase for the Co-Zn-Mn skyrmion
series, reinforcing the in
uence of crystalline disorder and material defects on skyrmion
formation and orientations in skyrmion phases stabilized by thermal 
uctuations. Future
experiments may explore the ratio of multiple scattering to higher-order di�raction through
the use of Renninger scans [228]. Furthermore, we intend to use a newly developed recon-
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struction algorithm [229] to perform 3D tomography of skyrmion topological transitions in
the bulk, as well as incorporate spin components to explore the structure of the neutron
wavefunction after passing through a skyrmion sample [160, 197, 195].
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Chapter 4

Skyrmion Alignment and Pinning
E�ects in a Disordered Multi-Phase
Skyrmion Material Co 8Zn 8Mn 4

The study presented in this chapter is adapted from [113].

Underlying disorder in skyrmion materials may both inhibit and facilitate skyrmion
reorientations and changes in topology. The identi�cation of these disorder-induced topo-
logically active regimes is critical to realizing robust skyrmion spintronic implementations,
yet few studies exist for disordered bulk samples. In this chapter, we employ small angle
neutron scattering and micromagnetic simulations to examine the in
uence of skyrmion or-
der on skyrmion lattice formation, transition, and reorientation dynamics across the phase
space of a disordered polycrystalline Co8Zn8Mn4 bulk sample. Our measurements reveal
a new disordered-to-ordered skyrmion square lattice transition pathway characterized by
the novel promotion of four-fold order in SANS and accompanied by a change in topol-
ogy of the system, reinforced through micromagnetic simulations. Pinning responses are
observed to dominate skyrmion dynamics in the metastable triangular lattice phase, en-
hancing skyrmion stabilization through a remarkable and previously undetected skyrmion
memory e�ect which reproduces previous ordering processes and persists in zero �eld.
These results uncover the cooperative interplay of anisotropy and disorder in skyrmion
formation and restructuring dynamics, establishing new tunable pathways for skyrmion
manipulation.
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4.1 Disordered Skyrmion States

Bulk skyrmion states have been realized over a broad temperature-magnetic �eld phase
space, with stabilization mechanisms ranging from thermal 
uctuations just belowTc in
thermodynamic equilibrium states [75], to quenching processes via rapid �eld-cooling (FC)
procedures in metastable states [141]. Such metastable skyrmion phases have been shown to
exhibit disorder-dependent cooling rates (i.e., dependent on doping, vacancies, etc, present
in the system) [99, 141, 122, 101, 116, 59, 118], with a unique hierarchy of interaction terms
determining unconventional skyrmion formation and stabilization energetics [230]. One
notable example is the anisotropy-stabilized low-temperature skyrmion lattices realized in
the bulk cubic helimagnet, Cu2OSeO3, through competition between anisotropic exchange
and cubic anisotropy [118]. Additionally, studies of disordered skyrmion systems with weak
magnetocrystalline anisotropy have demonstrated the precipitation of skyrmion order in
triangular lattice phases through sequences which rock the external magnetic �eld relative
to the sample [112]. As such, examining the role of disorder and anisotropy in skyrmion
systems [231, 101] serves as an excellent testbed for realizing new pathways and mechanisms
which stabilize metastable phases and facilitate structural lattice transitions.

The chemically doped CoxZnyMn20� x� y compositional series outlined in section 1.4,
presents a unique platform to investigate skyrmion behaviour, owing to its interplay of
magnetic anisotropy, site disorder, and frustration, which generates diverse topological
phases and lattice forms [116, 99, 56, 75]. Of particular interest are the thermal equilib-
rium and metastable phases, which host skyrmion lattices of both triangular and square
forms. Random site occupancies of Co and Mn atoms on the 8c site, and Co, Zn, and
Mn atoms on the 12d site introduces site-disorder which stabilizes a high density of de-
fects [137, 116], enabling quenching to triangular lattice metastable phases with moderate
cooling rates [99, 116, 232, 117]. Upon further cooling, the interaction energy hierarchy
shifts: magnetocrystalline anisotropy increases [115, 116] and the development of antifer-
romagnetic correlations of the Mn spins decreases the ratio of the ferromagnetic exchange
to DM interaction [232, 116, 137, 117]. Together, these two actions drive a large increase
in q, which triggers a triangular-to-square lattice transition, where anisotropy determines
the directionality and type of distortion [99, 116, 232, 117].

4.2 Methods

Unpolarized SANS was performed at the NG7-30m beamline at the National Institute for
Standards and Technology (NIST) for a 15 m beam con�guration and a neutron wavelength
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of 6 �A(Fig. 4.1a) [226, 227, 233]. The sample used for these measurements was that of
a polycrystalline cube of dimensions 3.4 mm x 3.3 mm x 3.0 mm, whose growth and
characterization was outlined in chapter 3 [224]. Prior to changing any temperature or
�eld parameters, the ground-state helical phase was veri�ed at room temperature in zero
�eld (Fig. 4.1b). A �eld-cooling procedure was executed from the ferromagnetic phase to
enter the skyrmion envelope (Fig. 4.2), with the magnetic �eld applied along the neutron

ight path (z-direction in Fig. 4.1a), lowered until 250 G, determined from the maximal
dip in previous AC susceptibility measurements [224]. Using a skyrmion-ordering sequence
[112], the sample was rotated symmetrically in the static magnetic �eld to precipitate an
ordered and oriented skyrmion lattice (Fig. 4.1a).

To examine the in
uence of underlying disorder on skyrmion lattice transitions, the
low-temperature metastable square lattice skyrmion phase (M-S-SkX) was investigated by
way of the disordered thermal equilibrium triangular lattice skyrmion phase ((D)E-T-SkX)
phase (Fig. 4.11a). The (D)E-T-SkX phase was regained from its ordered counterpart by
saturation into the ferromagnetic phase, through the application of a strong magnetic �eld,
and subsequent lowering of the �eld back into the skyrmion envelope (b.2 of Fig. 4.11). A
square phase was then realized at 28 K in a �eld of 100 G (b.3 of Fig. 4.11).

In a separate SANS experiment, the ordered thermal equilibrium triangular lattice
skyrmion phase ((O)E-T-SkX) was brought into the ordered metastable triangular lattice
skyrmion phase ((O)M-T-SkX) via FC (c.2 of Fig. 4.11). In the (O)M-T-SkX phase, at a
temperature of 173 K, the skyrmion phase was saturated into the ferromagnetic phase by
increasing the �eld to 1 T, from its previous value of 10 G (indicated by the vertical arrow
in Fig. 4.2). The �eld was then lowered back to 10 G (c.3 of Fig. 4.11) in an attempt to
regain the phase to examine the nature of the metastability, and any potential memory
e�ects. The ordering sequence was then performed in the resultant phase for two di�erent
�eld values (c.4 and c.5 of Fig. 4.11) in order to investigate the energetics and pinning
dynamics of the persisting phase. Finally, the ordered square phase was entered (c.6 of
Fig. 4.11) using another FC procedure for comparison with the disordered square phase,
to understand the mechanisms of the transition.

4.3 Skyrmion Ordering in the Thermal Equilibrium
Phase

The experimental setup for the SANS experiments is shown in Fig. 4.1a. The SANS pattern
for the initial helical state was that of four smeared magnetic satellites atop a circular
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ring, indicative of multi-domain single q-helical structures (Fig. 4.1b) [75, 224]. After FC
through the ferromagnetic phase, from 420 K in a �eld of 250 G, a ring developed at 310
K (Fig. 4.1c). The absence of the signature triangular lattice skyrmion hexagonal pattern
is most likely a combination of the chemically disordered and above-room-temperature
nature of the phase/material.

Figure 4.1: Schematic of the experimental SANS setup (a). The neutron propagation
direction and magnetic �eld direction are parallel (along z). For the ordering sequence the
sample was rotated symmetrically about the y-axis (in the xz-plane), with the magnetic
�eld held �xed in the z-direction. SANS images for b) disordered helical state at 290 K in
0 G, and c) initially disordered thermal equilibrium phase (D-Skx) at 310 K in 250 G, both
exhibiting magnetic scattering at approximately the sameq0 of 0.0052�A � 1 (reproduced
from [224]). Note that the presence of a 
are in both images is caused by scattering o� of
the samples surface due to a neutron beam size exceeding the sample size. Both images
are normalized to a �xed number of standard monitor counts to enable direct comparison
between images, with the same scale for the color plots. Note the colorbar is a log-scale of
intensity. Adapted and reprinted from [113].

When referring to the levels of disorder in the material, there are two principle length
scales we may address: the exchange interaction �eld (i.e the combination of ferromagnetic
exchange (A), DMI (D), and anisotropy from site-to-site), and the periodicity of the spin
texture (as determined on average from the ratio of A/D). For this material, the exchange
length is approximately 11 nm as de�ned in [234] using material parameters from [232].
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The crystal mosaicity was previously reported in [224] as consisting of approximately 2-3
grains, with the crystal cut such that the (100) direction of the dominant grain is along
the front face of the rectangular prism. Systematically scanning and slicing of the ma-
terial using Backscatter X-ray Laue di�raction provided estimations of sample mosaicity
consisting of 2-3 grains, one occupying a majority volume fraction, with low-angle grain
boundaries. In order to produce a ring-like scattering image, one would need a large collec-
tion of slightly misoriented grains|assuming the grains are composed of idealized skyrmion
domains which exhibit perfect triangular packing of the skyrmions (i.e., long transverse
correlation lengths) and therefore minimal azimuthal smearing in their di�raction peaks.
Each grain would then precipitate a sixfold pattern, with their superposition smearing the
individual hexagonal patterns into a ring. In the event that the sample was comprised
of a few grains, large-angle grain boundaries would be required to su�ciently rotate the
hexagonal scattering patterns enough to smear their collective scattering pattern into a
ring. Given the reported crystallinity of the sample, these two cases are unlikely to be
responsible for the observed disorder. We will therefore concern ourselves primarily with
the two length scales of disorder mentioned earlier, and take note that grain boundaries
may act as sources of disorder, interrupting skyrmion long-range ordering in a non-linear
manner [235]. While this e�ect is not quanti�able given only a single polycrystalline sam-
ple and the compounding in
uence of site-disorder, sample polycrystallinity may become
more relevant when discussing defect-related pinning in the metastable phase.

Alternatively, the compositional disorder inherent to the unit cell of the CoxZnyMn20� x� y

series of materials may manifest as random local variations in the exchange �eld, which can
serve as nucleating and pinning defect sites, irrespective of the crystallinity of the material.
Examples include single crystal samples of doped (Fe, Co)Si, which have been shown to
produce disordered chiral jammed states [112]. In particular, the internal chemical disor-
der and weak magnetocrystalline coupling produces multiple degenerate helical domains,
which transform into skyrmion domains with weak relative orientation, upon application
of a laboratory �eld [112]. This leads to orientational disorder of the second length scale,
wherein one domain will propagate, becoming trapped upon intersecting another domain
and/or defect. This trapping precludes long-range order, precipitating intermediate chiral
spin textures due to the domain spacing not satisfying integer skyrmion lattice constant
multiples, resulting from randomly distributed nucleating sites [112]. The inability of
these structures to propagate or reorient leads to "jammed" con�gurations, such as chiral
or labyrinth domains, amongst skyrmion domains [112]. Therefore, the chemical disorder
collectively generates a rich energy landscape exhibiting intermediate chiral and jammed
skyrmion states.

Similarly, CoxZnyMn20� x� y possesses both internal chemical disorder [116, 137] and rel-
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Figure 4.2: Known phase diagram of Co8Zn8Mn4 material (lightly shaded regions) compiled
from [116], with region of phase space which we have sampled through AC and SANS
measurements (both in this paper and in [224]) illustrated by darkly shaded regions. Red
dots illustrate measurement points of SANS images in the paper. White and black arrows
indicating the �eld-cooling procedures and memory test performed in the experiments,
respectively. Field-cooling procedures were performed over a magnetic �eld range spanning
50 G to 400 G. Green regions correspond to the thermal equilibrium skyrmion phase (E-
T-SkX). Note: for our material, this skyrmion window is shifted up by approximately 10
K as compared to [116]. Purple and pink regions correspond to metastable triangular
lattice (M-T-SkX) and square lattice phases (M-S-SkX), respectively. Helical, conical, and
ferromagnetic states are indicated by H, C, and FM, respectively. Reprinted from [113].

atively weak magnetocrystalline anisotropy around room temperature [115]. The ring-like
scattering pattern displayed in Fig. 4.1c may therefore be attributed to the misalignment
and trapping of the skyrmion and chiral domains which breaks the order in many di-
rections. In reciprocal space, this would produce a ring scattering pattern due to the
superimposition of rotationally o�set hexagonal patterns and other magnetic structures,
such as rotationally disordered helical domains, with no net orientation, but the same pre-
ferred q. Therefore, the degree of order may be interpreted from the angular width of the
di�raction peaks, which we will examine later. Moreover, it is not to be ignored that we
are in an above-room-temperature phase; thermal 
uctuations which stabilize this phase
may also contribute 
uctuation-disorder by way of skyrmion merging, splitting, collapse,
and nucleation.
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Figure 4.3: SANS measurements as a function of magnetic �eld skyrmion-ordering se-
quence. Di�raction patterns and their corresponding annular averages of �rst-order scat-
tering rings after 10 (a), and 40 (b) rotations of the ordering sequence at 310 K in a
magnetic �eld of 250 Oe. Solid lines are �ts of the measurement points to six Gaussian
peak functions with a constant baseline intensity. Note the peak heights and widths are
drastically altered between a) and b). All images are normalized to a �xed number of
standard monitor counts to enable direct comparison between images, with the same scale
for the color plots. Note the colorbar is a log-scale of intensity. Reprinted from [113].

The skyrmion-ordering sequence which was used in the SANS experiments entails ro-
tating the sample in the static magnetic �eld (about the y-axis in Fig. 4.1a), with the
rotational range determining the e�cacy of the skyrmion ordering response. This tech-
nique has been previously demonstrated to disentangle jammed chiral states, thought to
reduce defect densities and nucleate additional skyrmion topological charge [112]. This
sequence was used in combination with various FC procedures and samplings of the phase
space of the material (outlined in Fig. 4.2). Upon application of the ordering sequence in
the (D)E-T-SkX phase, the development of a �rst-order ring with 6 peaks was observed,
accommodated by an additional secondary ring mimicking the same hexagonal symmetry
with 12 peaks. Fig. 4.3a and b show the developing, and fully discernible 6-fold primary
rings after 10 and 40 rotations, respectively. The presence of the secondary ring indicates
potential multiple scattering and/or higher order di�raction. Comparing Fig. 4.1c and
Fig. 4.3, we observe the conversion of the disordered phase to the ordered triangular lat-
tice phase via the dissolution of the ring di�raction pattern, and promotion of hexagonal
peaks. Looking at the azimuthal projection of the primary di�raction rings of Fig. 4.3, we
see that this transition manifests as an evolution of six peaks, accompanied by decreasing
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peak widths and baseline intensity. Note that there is no direct conversion between the
decrease in ring intensity and increase in peak intensity, reinforcing the conclusion that the
ring is comprised of additional chiral magnetic structures that upon rotation nucleate addi-
tional topological charge structures. This action is consistent with disentangling a jammed
state of chiral domains, through the collective reorientation of skyrmion domains and for-
mation of new skyrmions via the breakup of labyrinth domains through emergent monopole
nucleation and propagation [112, 59]. Therefore, the reported behaviour in Fig. 4.3 occurs
as the rotational skyrmion alignment improves, and previously jammed states comprised
of mixed helical/labyrinth phases are disentangled, enabling further skyrmion nucleation
and propagation, which additionally contributes to the sixfold scattering signal.

4.4 Disordered Metastable Skyrmion Transitions

As we cooled the sample by a FC procedure through the (D)E-T-SkX phase into the dis-
ordered metastable triangular phase ((D)M-T-SkX), there was a subtle development of
peaks atop the ring di�raction pattern. The promotion of these peaks was observed to
alternate with continued cooling, dissolving peaks into the background ring, while enhanc-
ing new peaks. The SANS measurement in the disordered square phase (Fig. 4.4) shows a
heavily smeared four-fold pattern with signi�cant promotion of the peaks along a preferred
orientation of the q-vector. Subsequent re-warming processes into the room-temperature
skyrmion phase, in addition to AC susceptibility measurements performed in the square
phase, con�rmed the presence of skyrmions which contributed to the square pattern. The
annular average con�rms the presence of four peaks; the variable baseline intensity, height,
and width of the peaks suggests preferential development of the square lattice phase along
a preferred q-direction. That is to say, the two peaks along the anisotropy direction display
decreased baseline intensities and peak widths, and increased scattering intensities com-
pared to the remaining two peaks. This is consistent with recent studies examining cubic
anisotropy in the CoxZnyMn20� x� y skyrmion series, which found that anisotropy controls
the angular distribution of the q-vectors, exhibiting a trend with temperature similar to
that of the inverse of the full width at half maximum of the SANS peaks [115]. In our
case, however, the mere presence of four-fold peaks suggests a more complex action, gener-
ating improved rotational alignment in addition to increased development of the skyrmion
tubes in the preferred q direction|whether it be through lengthening of existing tubes
and/or nucleation of new tubes, contrary to what one would expect. In [115], increased
anisotropy enhances orientational order and de�nes the distribution in rotational align-
ment of the skyrmions. Alternatively, for the case of disordered skyrmions there is this
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