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Abstract

Magnetic skyrmions represent a topologically stable field configuration that can
arise in magnetic materials that lack centres of inversion symmetry. These solitons
have potential applications in digital memory storage because of their ability to be
manipulated by currents and because of the fact that their topological stability can
imply energetic stability or metastability.

MnSi is a system that has no centre of inversion symmetry and so it is possible
to host skyrmions. In MnSi(111)/Si(111) thin films, an epitaxial mismatch induces
an in-plane tensile stress which results in a hard-axis magnetocrystalline anisotropy.
For in-plane fields, there is controversy surrounding the phase diagram. Yokouchi et
al.[76] have used planar Hall effect measurements to claim that a skyrmionic phase
does not exist at temperatures of 25 K and fields of pgH = 500 mT, which contradicts
previous SQUID magnetometry measurements [74]. The first aim of this thesis is to
resolve the controversy surrounding the existence or absence of skyrmions using a less
indirect technique.

Polarized neutron reflectometry (PNR) is sensitive to magnetic spatial variation
along the depth of the film and so can be used to resolve the presence or absence of
skyrmions. A new type of skyrmion lattice in MnSi, one with its axis of symmetry
pointing within the plane of the film was uncovered using PNR in conjunction with
computational micromagnetic modelling. It was found that the spacing in the lattice
was 22 nm, in good agreement with small angle neutron scattering. At lower fields of
oH = 300 mT, the system transitions into a metastable state. This state consists of
elliptically extended skyrmions. At higher fields of oH = 700 mT it was shown that
the system exists in a twisted ferromagnetic state.

The viability of SiC(0001) substrates to reverse the sign of the anisotropy was
also investigated. The mismatch between MnSi(111) and SiC(0001) is such that the
anisotropy might be reversed and result in an easy-axis anisotropy. Reversing the sign
of this could result in the stability of out-of-plane skyrmions. The magnetic state of
the films was probed using Hall effect measurements and the morphological state
was probed using atomic force microscopy. It was found that dewetting instabilities
during the growth of MnSi(111)/SiC(0001) result in an in-plane tensile strain and a
hard-axis uniaxial anisotropy. Though the dewetting produced an unexpected mag-
netocrystalline anisotropy, it also produced unusual morphological geometries that
could be explored in the future.
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Chapter 1

Introduction

Spin transport electronics, or spintronics as it is commonly known, began in the
1980’s. One of the first major developments in this field was the discovery of giant
magnetoresistance (GMR) by Baibuch et al. [I] and Binasch et al.[8] of the Fert and
Griinberg groups respectively. The 2007 Nobel Prize in Physics would be awarded
nearly 20 years later to Fert and Griinberg for this discovery. This still growing
field has led to many commercial applications such as magnetic memory devices and

hard-disk read-heads.

GMR is an effect whereby the resistance between ferromagnetic layered films will
change depending on the orientation of the alignment of the magnetization between
the layers. Though this effect was first discovered in Fe and Cr films and was found to
be a 79% effect, many other materials, such as Fe/MgO/Fe and CoFeB/MgO/CoFeB,
were discovered soon after [78][29]. These were found to have GMR effects of up to
604%. One way to exploit this effect is with a spin valve[15]. In a spin valve, one of the
ferromagnetic layers is pinned by an adjacent antiferromagnetic layer and the other
ferromagnetic layer is free to switch on the application of a magnetic field. By having

the layers parallel or antiparallel, information can be stored and read electrically [68].

Spin-transfer torque (STT) is another important effect in the field of spintronics
[57]. This effect was originally proposed in 1996 independently by both Slonczewski
[60] and Berger [6]. STT refers to the process whereby a spin-polarized current is
able to transfer angular momentum and influence the orientations of magnetizations.
The first theoretical and experimental consideration involved domain wall movement
[BI[I9]. At first, this work was largely ignored because of the high current density
required to move the domain walls and the relatively large prerequisite sample sizes

at the time[57]. Later on, around the turn of the millennium, with the advent of more
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advanced fabrication techniques more commercially viable implementations of STT
were discovered [21][67]. A modern implementation of STT in the area of magnetic
memory involves an array of layered devices, each with one “fixed” ferromagnetic
layer and a thinner “free” ferromagnetic layer. Usually a current is unpolarized,
upon passing the current through a first ferromagnetic layer, the current will become
polarized in the direction of the first ferromagnetic layer. This polarized current will
then interact with a thinner free layer and transfer some angular momentum to that
layer by way of STT [37]. Another implementation of STT in magnetic memory is
racetrack memory (RM), a type of non-volatile magnetic memory that was developed
at IBM’s Almaden Research Center by the Parkin group in 2008 [25]. This type
of memory involves magnetic domains arranged on a wire. In this shift-register-like
approach to memory, domains are shifted up and down the track using currents and
read out electrically. One of the potential downsides with this technology was that

domain walls would easily become stuck on defects while in transit [39)].

Though domain walls are potentially useful spintronic solitons, a newer magnetic
pseudoparticle, called a magnetic skyrmion, has emerged in recent years as a promis-
ing new object. Originally this field configuration was proposed by Tony Skyrme
in 1962 as a model for nucleons in the pion field [59]. The non-linearities produced
by chiral and other interactions in condensed matter systems have been found to
produce analogous solitons inside materials. Topologically stable field configurations
for Skyrmion-like objects have been proposed in chiral liquid crystals [11][40] and

Bose-Einstein condensates [62].

Skyrmions in magnetic crystals were first proposed by Bogdanov et al. in 1989
[12] and later predicted to exist in cubic helimagnets by RoBler et al. in 2006 [58]. In
2009 magnetic skyrmions were first experimentally verified in bulk MnSi using neutron
scattering techniques and then further investigated using Hall effect measurements
[53][45] [54]. Skyrmion crystals were subsequently observed in real space using Lorentz
transmission electron microscopy (TEM) by Yu et al. [77] in 2010. These skyrmions

have been proposed as alternatives to domain walls in RM because of their ability to



navigate around defects and their low power requirements [I8]. At present, the new
field of skyrmionics (the spintronics of skyrmions) is rapidly increasing in size and
notability. Recently, spin logic gates have been designed in order to perform logical
operations using skyrmions [79]. Both AND and OR gates have been designed based
on the manipulation of skyrmions, further broadening the scope of potential skyrmion
applications. In 2015, Tokunaga et al. [66] discovered a new class of materials that
are able to host magnetic skyrmions beyond room temperature, demonstrating that

in principle, skyrmions are capable of existing in room temperature applications.

1.1 The Bak-Jensen Free Energy

Magnetic skyrmions (hereafter referred to as simply, skyrmions) are a topologically
protected magnetic spin configuration in which the central spin points antiparallel to
the applied field. Typically a skyrmion will have close to radial symmetry and a one-
dimensional slice through any direction will have a domain-wall character. There are
a variety of types of skyrmions such as Néel-type skyrmions whose radial slices have
the appearance of Néel walls and Bloch-types that are somewhat vortex in character.
A radial slice through one of these shows winding like a Bloch domain wall. There
are even anti-skyrmions that do not have radial symmetry and whose character has
a directional dependence. Whether or not a type of skyrmion is stable or not is
determined by the precise symmetry class of the crystal. The type I will be referring
to in this thesis are Bloch-type skyrmions, as shown in fig. [1.1]

The micromagnetic model used in order to understand skyrmionic stability is the

Bak-Jensen free energy density, [2,

— 1 — —
w=A(Vm)?+ Dm -V xm— K(h-n)? — po(Hep + §Hd) M. (1.1)
The first term in the model is the exchange energy, A(Vim)?2. Here (Vm)? is the usual
notation meaning,
(Vin)? = (Vimg)? 4+ (Vmy)® + (Vm.)*. (1.2)

3



Figure 1.1: The spin configuration of a magnetic skyrmion. The arrows represent the
direction of the local magnetic moment. Skyrmions represent a topologically stable
field configuration.

This is a term that is quantum mechanical in origin and results from generalizing the

spin-exchange Hamiltonian,

Hopin = —2JS; - S, (1.3)

to a continuum model. The constant, A = 2.J5%z/a, where a is the nearest neighbour
distance and z is the number of sites per unit cell [I0]. This constant has units of
energy per unit length and typical values are ~ 107 N. The exchange energy is
lowest when there is no variation in the magnetization with respect to space. In
other words, the exchange interaction will have lowest energy when all the spins are

parallel to each other.

The next term in the free energy is the Dzyaloshinskii-Moriya interaction [16][52].
This term is a continuum generalization of the DMI Hamiltonian,

Hpar = Dy - (S; x S)). (1.4)

<

This was originally proposed on phenomenological grounds based on Landau theory
by Dzyaloshinskii. It was later identified as being the result of spin-orbit coupling by
Moriya. This term is a chiral interaction which appears in systems that have broken

inversion symmetry. The vector D;; is in general non-zero but must vanish if the
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material has any centres of centrosymmetry. This term will be either a maximum
or a minimum when the spins are oriented 90° with respect to each other. In the
continuum model this interaction takes the form, Dm -V x m. Where D is a constant
with units of energy per unit area and the sign of which will determine the handedness
of the preferred winding. Typical values of D are ~ 107% N/m. Since the DMI is
lowest when the spins are changing rapidly in space and exchange is lowest when the
spins vary little, we can combine the constants to get a length scale for magnetic
variation. Upon minimizing the free energy, one finds the wavelength of winding is
Lp = 47w A/D. Values of Lp vary between materials but are typically in the 10’s to

100’s of nm range.

The third term in this model, —K(m - 7)? represents the uniaxial magnetocrys-
talline anisotropy where n is a unit vector along the film normal. In many materials,
magnetizing along certain crystallographic directions is harder than others. The most
common anisotropic effect is uniaxial, where there is only one easy or hard direction.
K has units of energy per unit volume and is defined to be positive for materials
that are easy-axis and negative for materials that are hard-axis. Typical values of K
are ~ 10* J/m3. The origin of this term is spin-orbit interaction. Since for uniaxial
anisotropy we can have no rotational dependence, our free energy can only depend on
the azimuthal angle, 8. This means that the natural expansion is a series of sines. The
free energy will then be, wx = Ky + K sin? 0 4+ K, sin® § + Ky sin® 6 + .... Taking only
terms up to sin®# and recognizing that any constant terms can be ignored, we arrive
at the familiar expression —K (1 - n)? [10]. The effect of temperature on anisotropy
is such that it becomes less important at higher temperatures. This is because a spin
will sample an ensemble of angles at any given time due to the finite temperature.
This has the effect of lowering the extreme values of the anisotropy along the easy
and hard directions. Since only energy differences are relevant, this has the effect of
making anisotropy a less important term as the temperature is increased. Uniaxial
anisotropy is different than cubic anisotropy in that there is only one relevant direc-

tion. Because MnSi is cubic it will have cubic anisotropy, although for thin films this



is small compared to the uniaxial anisotropy and is neglected.

The final term in this free energy is the sum of Zeeman energy and the demag-
netizing field energy, —uo(ﬁm + %ﬁd) - M. The Zeeman energy, —/Loﬁext - [I, was
discovered in 1896. The atom’s dipole moment is ji and ﬁm is an external magnetic
field. In the continuum model, this interaction has the lowest energy when the mag-
netization is aligned with the external field. The demagnetizing field is a result of
the fact that the magnetization will induce a magnetic field. Calculating H, can be
done by considering Ampere’s law, V x H = 0 and the no magnetic monopoles law,
V- B =0. We use the relations H = H,,; + Hy and B = ,uo(ﬁ + M) Ampere’s law
motivates the introduction of the magnetic potential, H= —VU,,. Solutions can be
found by solving V2U,, = V - M= pm- Using the fictitious magnetic charge density,
pm, demagnetizing field problems can be mapped on to electrostatic problems. The
energy of the demagnetizing field is given by —Moﬁd .M /2, where the factor of 1/2
is due to the fact that the field is generated by the magnetization itself and is to
avoid double-counting. Because dipole fields are long range interactions this term is
usually difficult to calculate. Fortunately, it is often small compared to DMI and can

be neglected [38].

1.2 Helimagnets and Skyrmions

The first and simplest solution to the Bak-Jensen free energy functional is for a
helimagnet in 0-field and with no anisotropy. In this case the functional form which
minimizes the free energy is a helical winding of the magnetization. The function
that minimizes the free energy can be found using calculus of variations but for

expediency’s sake, we can begin with a helical magnet ansatz,

M = Mgin = Ms(cos(2wz/Lp),sin(27z/Lp), 0). (1.5)
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The total free energy for a magnetic system that only varies in the z-direction and

with only in-plane components, will be given by,

dm dm dm dm
F = d*rA )2 Y2 4+ Dimy,—— — my——2]. 1.
[ AU + (S Dl S =, S (1.6
Substituting the helical magnet in we get,
F= / Al p2r (1.7)
N vol L2D LD, .

and minimizing with respect to Lp gives us the solution for the helical wavelength,
Lp = 4w A/D. The introduction of a non-zero field and anisotropy complicates the
analysis.

The application of a field along the propagation direction will begin to cant the
spins along the field direction. This is called the cone-phase because the helical state
cants upwards in cone-like fashion. The cone angle, 6, is defined to be the angle
between the x-y plane and the spins. This angle will increase with the application of
an out-of-plane field until it saturates into a ferromagnetic state. The angle can be

calculated using an updated ansatz,

M = Mgin = Mg(cos(2rz/Lp) cos 0, sin(27z/Lp) cos 6, sin 6), (1.8)

where 6 is the cone-angle and does not vary spatially. Our new free energy will be

given by,

dm dm dm dm
F = d*rA )2 Y21+ D z_ Y — ugHM . 1.
[ Al 4 (P Dl S - - M. (1)

Minimizing with respect to the cone angle will give us,

2M0AHMS

S (1.10)

0 = arcsin(
This conical state will transition into a ferromagnet when ¢ = 90°. The field at which

7



this transition happens will be given by, ugHp = D?/2AMg.

Skyrmion stability is a more complicated question but can be answered by exam-
ining the anatomy of a skyrmion and considering the various interactions involved.
A skyrmion consists of a core that costs a substantial amount of energy due to the
Zeeman interaction and an energetically favourable ring region where the magneti-
zation winds around the core. It is the DMI that stabilizes the ring region. As
the external field increases in magnitude, the cost of the core increases and what is
usually observed is that the skyrmion contracts in size. A skyrmion and the ener-
getic components are shown in fig. (1.2} Figure a) shows the spin distribution
of an isolated skyrmion with the external field pointing in the x-direction. A line
profile through the centre of the skyrmion would display a helical like distribution of
spins. The energies are given in terms of differences between a skyrmion phase and
the ferromagnetic background. Figures b) shows the Zeeman energy difference
and c¢) shows the difference between the sums of the exchange and DMI energy for a
skyrmion and twisted ferromagnet phase. The total energy difference between these
phases is given in fig. d) and demonstrates the energetically unfavourable core
with the favourable ring. Total energy for this system of size 25.6 nmx 51.2 nmx 0.2

nm is -1.2 meV.

Skyrmions are of particular interest because of their non-trivial topology. A field
of a certain topology can never be continuously deformed into a field of a different
topology. Since a skyrmion is topologically distinct from other phases in a helimagnet,
this means that a discontinuous transition is needed during a phase change. Analo-
gous to a winding number, a skyrmion has what is called a topological charge. The
topological charge of an object is quantized and corresponds to the number of times
a vector field’s vectors can completely cover a unit sphere. For a skyrmionic phase,
the topological charge (and skyrmion number) will be given by,

1 om  om

Ny, = dxdy—m -

= G X 5y (1.11)

area

and corresponds to the number of skyrmions within a certain area [9].
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Figure 1.2: The energy density difference between a skyrmion and the twisted fer-
romagnetic background for a system of size 25.6 nmx 51.2 nmx 0.2 nm. The spin
distribution for a skyrmion is shown in a). Skyrmions are composed of an energeti-
cally favourable ring and an energetically costly core. The Zeeman energy difference
is shown in b) and is highest for the skyrmion core because it points in the opposite
direction of the applied field. The difference between the sum of the exchange and
DMI energy for a skyrmion and a twisted ferromagnet is shown in c) and is lowest in
the centre of the skyrmion. The total energy difference is shown in d) and shows the
energetically unfavourable core with the favourable ring. The integral of this gives
an energy of -1.2meV.



In practice, topological stability does not necessarily imply energetic stability be-
tween phases with differing topological charges. The discrete nature of matter means
that a continuum model of magnetization is never wholly accurate and so there can
never be an infinite energy barrier due to differences in topological charge. However,
topological stability can imply the existence of large but finite energy barriers between
competing phases. This means that skyrmions act like metastable particles and can
be moved by STT mechanisms through electrical currents. In 2015, Hanneken et
al. [24] demonstrated a new technique that exploits the fact that a skyrmion locally
alters the electronic structure through mixing of the spin channels. This allows the

presence or absence of a skyrmion to be read through electrical means.

1.3 Bulk MnSi

MnSi is a weak itinerant ferromagnet with a moment of juy, = 0.39u5/Mn below its
Curie temperature of T = 29.5 K. It has a cubic B20 crystal structure with the space
group P2;3 (number 198). This structure has a lattice parameter of aps,s; = 0.4561
nm. The structure has basis vectors at (u,u,u),(1/2 + u,1/2 — u, —u),(-u,1/2 +
u,1/2 —u), and (1/2 —u, —u, 1/2 + u) with upz,, = 0.135 and ug; = 0.845. There are
no centres of inversion within this crystal structure [35][30]. The crystal structure is
shown in fig. [L.3] A view along the [111]-direction is shown in a), the [110]-direction
in b) and the [100]-direction in c¢). A unit cell is shown along an arbitrary direction
in d).

Because of the lack of inversion symmetry, the DMI is non-zero in MnSi. This leads
to a helimagnetic state below the Curie temperature. The magnetic structure will
break up into four helical domains oriented along the four <111>-cube diagonals[23].
An applied field will align the domains at pyHey ~ 0.1 T when the system transitions
into the cone phase. As the field increases, the system transitions from a conical mag-
net into a saturated ferromagnetic state. This critical field is called pugHeo =~ 0.6 T. A
skyrmion phase has been identified in a small pocket of the phase diagram, sometimes

referred to as the “A-phase”. The controversial region was conclusively determined

10



Figure 1.3: Crystal structure of MnSi has viewed along the [111]-direction a), the
[110]-direction b) and the [100]-direction c). A unit cell is shown in d) along an
arbitrary direction.
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Figure 1.4: Magnetic phase diagram for bulk MnSi, adapted from Ref. [55]. Above the
Curie temperature, the system exists in a paramagnetic state. Below this temperature
the system is more complicated. For low fields the system exists in a mixed-phase
helical state but as the field increases it transitions to a conical state. Eventually the
system saturates at pgHgoo = 0.6 T. A skyrmion phase has been identified in a small
pocket close to Te.

to be due to a skyrmionic phase after Mithlbauer et al. [45] probed the region with
small angle neutron scattering (SANS) and Hall effect measurements [53]. Figure
shows the phase diagram for bulk MnSi at ambient pressure adapted from ref. [55].
This pocket of stability has been shown to increase in size in the presence of pressure

4.

1.4 Thin Film MnSi

Work done by Butenko et al. [13] in 2010 suggested that inducing uniaxial anisotropy
in noncentrosymmetric cubic helimagnets, such as MnSi, could result in a stabilization
of skyrmionic phases. Uniaxial distortions can be induced by epitaxial mismatch and
so the prospect of epitaxially induced mismatch in thin films emerged as a possibility

for MnSi. Because the surface lattices of MnSi(111) and Si(111) are well-matched
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Figure 1.5: For in-plane fields at low temperatures, one dimensional solutions to the
Bak-Jensen functional for a thin film are discretized. As the field is increased in-plane,
the system will transition discontinuously between a discrete number of twists [73].

(as discussed in section 2.1.2), Si(111) emerged as a viable candidate for thin film
growth. The lattice mismatch is 3% and is tensile in nature. In 2010 Karhu et al.
found this type of growth led to an enhanced Curie temperature of Tz =~ 40 K which
was closely correlated to a volumetric expansion of the unit cell [32]. It was found that
this tensile strain resulted in an out-of-plane hard-axis magnetocrystalline anisotropy.
The magnetic state with 0 field and at 7' = 5 K was found to be a helical magnet
with the propagation vector pointing along the film normal in the [111]-direction.

The wavelength of the helix was found to be 13.9 + 0.1 nm.

For out-of-plane fields, the system was found to be in a conical state. In this case,
both the anisotropy and demagnetizing field add corrections to the saturation field
[33]. For in-plane fields the situation is more complicated. The film boundaries pre-
vent the reorientation that occurs in bulk crystals and for one-dimensional solutions,
the system undergoes an unwinding that occurs in discrete steps [73]. As the field
is increased at a temperature of 5 K, it has been shown that the helix will unwind

discontinuously. These one-dimensional solutions are shown in fig. [I.5]
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It was also found that SQUID magnetometry suggested a skyrmionic phase for in-
plane fields. These skyrmions differ from the usual skyrmions because they have their
radial axis of symmetry pointing parallel to the field direction rather than perpen-
dicular to the plane [74]. The phase diagram for in-plane fields in MnSi(111)/Si(111)
as determined by SQUID is shown in fig. [[.6l Here the filled circles correspond to
peaks in dM/dH measured for decreasing fields and the unfilled circles correspond to

increasing fields. The blue squares correspond to minima in d>M /dH?.

Though the magnetometric measurements ruled out any skyrmionic phase for out-
of-plane fields, Hall measurements carried out by Li et al.[42] suggested an electrical
effect that was initially interpreted as skyrmionic in origin. Subsequent electrical
measurements by Meynell et al. [49] found that the signal in question was due to the

cone phase and was not correlated with a transition to a skyrmion phase.

The blue region in fig. [1.6] corresponds to a controversial region of the phase
diagram. Yokouchi et al. [76] have conducted planar Hall effect (PHE) measure-
ments and have found a signal that was interpreted as being skyrmionic in origin.
Additionally, their measurements in the region marked “Skyrmion” have not found a
PHE. Yokouchi et al. have interpreted this as evidence against a skyrmionic phase.
These measurements are in direct contradiction to polarized neutron reflectometry
(PNR) measurements taken in the 5 K region [73], denoted by the yellow triangles,
and SQUID magnetometry measurements [34]. Because the SQUID magnetometry
measurements as well as the PHE measurements are both relatively indirect, there
is motivation for a more direct probe of the skyrmion phase. The stars correspond
to the regions where the polarized neutron reflectometry measurements presented in
this thesis were performed. Because of the ability to resolve magnetic variation in

PNR, this technique will be able to resolve the controversy surrounding this region.
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Figure 1.6: The phase diagram for MnSi/Si(111) film for in-plane fields (H || [110])
[48]. The filled circles correspond to peaks in dM/dH for decreasing fields. The un-
filled circles are peaks for increasing fields. The blue squares are minima in d*> M /d H?
for increasing magnetic fields. The stars represent the points in the phase diagram
that were probed with polarized neutron reflectometry (PNR) measurements. The
yellow triangles were probed by PNR in Ref. [73]. The cyan region represents a region
that has been interpreted as skyrmionic by Ref. [76] due to PHE measurements.
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Figure 1.7: Solutions to the Bak-Jensen functional for out-of-plane fields with the
field and anisotropy as independent variables taken from ref. [72]. The field has
been normalized by Hp and the anisotropy has been normalized by the effective
anisotropy Ko = D?/(4A). Filled areas represent regions of stability while the lines
represent critical lines for metastability. For MnSi/Si(111), the system has easy-
plane anisotropy (negative k) and so is expected to remain in the conical phase. For
MnSi/SiC(0001), the expectation is that & will be positive and a wider variety of
magnetic phases will be available for out-of-plane fields.

1.4.1 SiC

SiC has a hexagonal lattice with the space group P63m (number 186) and presents
an interesting opportunity for an epitaxial substrate. This is because the lattice mis-
match between SiC(0001) and MnSi(111) is compressive rather than tensile. Density
functional calculations indicate that a strain sign reversal is needed to change the
hard-axis anisotropy found in MnSi/Si to an easy-axis anisotropy [34]. An easy-axis
anisotropy will help stabilize skyrmions for out-of-plane fields. A phase diagram with

applied field on the vertical axis and anisotropy on the horizontal axis is shown in fig.

L7
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Figure 1.8: Hexagonal crystallographic directions. For hexagonal crystals a fourth
miller index, i = —(h + k), is often used. The directions for a hexagonal lattice are
shown using the convention [hkil]. The reciprocal planes have their normals rotated
30° with respect to the corresponding crystallographic direction in contrast to cubic
where these directions are parallel. The (1010) plane is labelled in the figure for
reference.

In hexagonal systems a special notation is often used for clarity. A fourth Miller
index is added that is equal to ¢ = —(h + k) and directions are denoted [hkil]. This
is so that directions that are symmetric under rotational transformations take on
identical miller indices. For example, the direction with h = 1,k = 0,/ = 0 would
be denoted [1010]. This direction is, under a rotation, the same as the direction with
h =1,k = —1,1 = 0 which would be denoted by [1100]. With the additional i-index,
these two equivalent directions take on similar Miller indices. Because the system is
hexagonal, extra care must be taken when dealing with crystallographic directions
and the corresponding reciprocal lattice vectors. Unlike in a cubic system where the
[110]-direction is normal to the (110)-plane, in a hexagonal system the [1010]-direction
is offset by 30° to the (1010)-plane normal. This geometry is shown in fig. .
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Chapter 2

Methods

2.1 Sample Preparation

Samples were grown with molecular beam epitaxy (MBE), a thin film fabrication
technique that takes place in ultra-high vacuum (UHV), with a base pressure of
~ 107! torr. The UHV environment of MBE leads to exceptionally pure single
crystal films but requires slower deposition rates than other methods.

Typically the deposition material is heated until it sublimes and then will eventu-
ally condense on to the substrate. The MBE environment is sufficiently low pressure
that the mean free path of the deposited material is typically much larger than the
distance to the substrate. In the ideal case, films will grow layer-by-layer. A deposited
adatom will move around the surface from site to site until it finds a step edge. This
leads to epitaxial growth whereby a single crystal can grow nearly perfectly.

While the early work done in skyrmionics focused on behaviour in bulk crys-
tals, MBE provides an excellent opportunity to probe finite-size effects. Boundaries
and other defects are very important for understanding skyrmion confinement [47],

skyrmion nucleation[44] and skyrmion stabilization[74].

2.1.1 Molecular Beam Epitaxy

The mechanism by which crystals are grown in MBE is through beams of particles that
do not interact with the background vapour and eventually arrive on the substrate.
These beams are usually formed by evaporating material from a reservoir that is
heated by an electron beam or radiative transfer by a filament. Deposited material
arrives at relatively slow rates on clean, single crystal wafers. If the deposited material

has a lattice constant close to that of the underlying substrate, it is possible to grow
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films atomic layer by atomic layer such that extremely smooth, single crystal films

are obtained.

The UHV environment typical of MBE is necessary to reach the high purities
required for single crystal growth. These low pressures result in mean free paths
typically far greater than the chamber itself, resulting in the beam-like character of

the sublimated atoms. A schematic of the MBE system used is shown in fig. [2.1]

The substrate is mounted in a 4”7 substrate holder that offers support for the
wafer around the edges. This is placed in the sample manipulator which allows the
experimenter to rotate the sample during growth and allows electrical access for the
heating unit which is mounted above the substrate. A thermocouple is attached to
the top side of the heater. The manganese is deposited by a home built effusion cell.
By changing the current running through the filament and hence the temperature,
the deposition rate can be controlled. The manganese deposition rate is monitored
through the use of an ion gauge that is calibrated ahead of time. The silicon is
deposited using an water-cooled electron beam (e-beam) evaporator. An e-beam
evaporator generates a continuous beam of electrons from a filament that strike a
puck of material and heat it until sublimation. The deposition rate of silicon is
measured through the use of a quartz oscillator. Mechanical shutters are able to

block the beam and are used to control the timing of the growth.

The low pressures inside the MBE chamber allow for powerful in-situ measurement
techniques such as reflection high-energy electron diffraction (RHEED). A beam of
glancing incidence electrons are scattered from the sample and the diffracted electrons
are imaged with a phosphorescent screen. This allows the experimenter to monitor

the quality of the growth during the sample creation process.

The mean free path can be estimated by considering the probability that an atom
strikes the background gas whilst travelling through a thin slab with depth dx [71].
The total number of atoms per unit volume is n and the cross sectional area of a

single gas atom is o, the gas will occupy an area, A,,, and the total area of the slab
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Figure 2.1: Schematic for the molecular beam epitaxy system used to grow the MnSi
thin films presented in this thesis. The system is held in ultra-high vacuum in order to
ensure a clean growth. The sample is held on the manipulator and the temperature
is controlled with a heating element. A shroud encasing the vacuum chamber is
filled with liquid nitrogen in order to reduce the background pressure. The growth is
monitored using reflection high energy electron diffraction. Mn and Si are deposited
using an effusion cell and e-beam evaporator respectively. The Mn and Si deposition
rates are monitored using an ion gauge and a quartz oscillator respectively.
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will be, Aspiq. The probability of a collision, P., will then be given by,

Agas

Atotal

P, = V20ndz, (2.1)

where the v/2 is a geometric factor due to thermal motion. The intensity attenuation

of a beam of atoms will then be given by,

dl —I
= _\/2]on = — 2.2

where ) is defined as the mean free path. Using the ideal gas law, P = nkgT', we can

then arrive at,

N kgT
\/§0P‘

Solving for the pressure under the assumption of room temperature and a molecular

(2.3)

cross-sectional area of ~ 0.1 nm? with the requirement of A > 1 m gives us P < ~
2 x 107* torr [71]. This is much higher than typical UHV pressures and so we can
safely assume that particles travel in almost entirely ballistic trajectories.

The more important and difficult to meet requirement is that of high purity.
Gaseous material within the chamber will naturally result in the nucleation of defects
by adsorption. In order to understand how this restricts the pressure we need to
estimate the time-scale over which adsorbate arrival on the film due to the background
pressure. This time is called the monolayer (ML) arrival time and is given by, 7asp
[56]. Because a typical MBE growth happens on a time frame on the hour scale,
it is important that the (ML) arrival time is not less than an hour. First we must
calculate the molecular flux of all particles with velocity, v that are a distance Ax
away arriving on a substrate of area, A in a time interval, At. We will constrain the

velocity such that, v = Ax/At. The flux will then be given by,

N

d=— = 2.4

where n is the number of particles per unit volume. However, the particles will follow
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a Maxwell-Boltzmann-distribution and so we must multiply by the probability of a
particle having a particular velocity and integrate over this velocity distribution. We

get,

o 2m3 T
o = /0 nv’y | 7TIZJ7;T exp(—mov? /2kpT)dv = n/ %, (2.5)

where m is the mass of the particle. Finally, in order to find the ML arrival time
we need to take this flux and substitute the ideal gas law and the relation & =
Nurn/Ayvrir, where Ny /Ay is the number of atoms in a ML per unit area. We

get an expression for the ML arrival time,

vV 27TI€BTm NML
P

, 2.6
" (2.6)

TML =

and importantly, we can see that 7, is inversely proportional to the background
pressure. CO, a common MBE adsorbate, has a mass of 28 Da and a ML surface
density of Ny /Apr ~ 1 x 10m~2. Restricting 7p;7 > 1 hr, gives us the criteria,
P < 7 x107' torr. This is the primary reason MBE requires such high vacuum.
Since impurity arrival time (and hence, impurity concentration in the sample) is
inversely proportional to the background pressure, it is very important to have the

lowest background possible.

Achieving UHV pressures is a difficult process and evacuation must occur over
multiple steps. First a scroll pump and a turbo pump work to get the pressure into
the micro-torr range. After this a cryopump is turned on and is able to reach nano-
torr levels. Before a growth can occur, it is necessary to perform a bake-out, where
the entire system is heated at temperatures of ~ 150°C to reduce the pressure into
the mid 10 torr range. During a growth, the last technique used to achieve the
lowest possible pressures involves filling a jacket surrounding the chamber with liquid
nitrogen. This causes any remaining background gasses to condense on the walls of
the system for the duration of the growth and with this, the experimenter is able to

achieve pressures of the necessary low pressures for the growth.
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2.1.2  MnSi/Si

The MnSi/Si sample studied in this thesis was grown by Dr. Eric Karhu on 300 gm
thick Si(111) wafers. These wafers were cleaned in an ultrasonic bath of first acetone,

followed by methanol and then in an H,O5/NaOH base piranha solution.

The wafer was annealed at 600°C overnight to degas the sample. The native Si
oxide was then removed by heating up to 800°C for approximately 1 hour. Following
this, a buffer layer of silicon approximately 20 nm thick, is grown on the wafer which
provides a clean, flat surface upon which to grow, as evidenced by reflection high
energy electron diffraction (RHEED). A well-ordered template of MnSi(111) upon
which to grow is necessary for a single-crystal growth. In order to produce this
template, a 0.5 nm layer of amorphous Mn was deposited on the Si(111) surface and
subsequently annealed at 400°C for one hour.

Then manganese and silicon were deposited at 400°C until a film thickness of 26.7
nm of material was reached. The film quality can then be checked with RHEED. A
cap of silicon of approximately 20 nm was deposited in order to prevent oxidation of
the MnSi film.

Both MnSi and Si are cubic crystals. Because of this, a slice through the (111)-
plane produces a hexagonal surface lattice. This can be easily demonstrated by
taking the dot product between two equivalent normalized lattice vectors that lie in
the (111)-plane. For example [110]-[101] = cosf = 1/2, which implies that these
unit vectors have a 60° angular difference. For thin film MnSi on Si(111) sub-
strates, it is in fact the case that the most energetically favourable orientation has
[110]MnSi(111)[|[211]Si(111). In other words, the [111]-directions are parallel but
their [110]-directions are offset by 30°. This orientation is shown in fig. [2.2] where
the triangular shape of the material illustrates the three-fold rotational symmetry
operator that runs about the [111]-axis.

The lattice constant for MnSi and Si are ays,5; = 0.4561 nm and ag; = 0.5431 nm,
respectively. Despite the larger Si lattice, the surface cell for Si is actually smaller

than that of MnSi. This is because of the diamond cubic structure of Si and the
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Figure 2.2: The surface lattices of MnSi(111) and Si(111) are such that the smallest
epitaxial mismatch has MnSi(111) rotated 30° relative to underlying Si(111) sub-
strate. The triangles represent the threefold symmetry operator that runs about the
film normal.

fact that the cubic cell commonly used to describe diamond structures actually has a
smaller primitive cell. The primitive surface lattice vector for MnSi corresponds to the
[110] vector and has a magnitude of a5, = V2amsi = 0.645 nm. The Si primitive
surface lattice vector has a length of ag; = ag;/ V2 = 0.384 nm. Because the surface
lattice is hexagonal, there will be another lattice point a distance v3ag; = 0.665
nm away from the origin pointing in the [211] direction. This means that the MnSi
lattice point of [110] is nearly coincident with a Si lattice point provided that the two
crystals are rotated 30° relative to each other. This yields a surface lattice mismatch
of (aprnsi — \/gagi)/aMnSi = —3.1% that results in a tensile strain in the MnSi(111)
film.

2.1.3 MnSi/SiC

The SiC(0001) wafers grown upon were 300 gm thick and provided by PAM-XTAMEN.
These wafers were cleaned in an ultrasonic bath of first acetone and then methanol.
The native oxide of SiC was removed by depositing 1 nm of Si and then annealing

at 1200°C. The SiO, layer can be removed in this way, leaving a clean SiC surface as
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evidenced by RHEED [63][50].

We found that B20 MnSi would not form when manganese was in direct contact
with the SiC substrate, because of this we adapted a technique initially developed by
Higashi et. al [26]. A quadrilayer (QL) is a natural unit of thickness for MnSi(111)
and refers to a 0.263 nm thick film of 2 dense and 2 sparse layers|27]. Though Higashi
found that for films grown on Si(111) a 2 QL template was best, we found that by
increasing the template to a thickness of 3 QL produced markedly better films. An
amorphous 0.2 QL Si/1.5 QL Mn/1.3 QL Si/SiC(0001) trilayer was found to produce
the smoothest film after annealing at 500 °C. Codeposition on top of this template was

able to yield B20 MnSi films, although the growth produced complicated structures.

6H-SiC is a hexagonal crystal with an in-plane lattice constant of ag;c = 0.3073
nm. This means that a super cell composed of four (2x2) SiC surface unit cells
will be very close in size to a single surface unit cell of MnSi. The mismatch will
be given by, (anmsi — 2asic)/@mnsi = +4.7%. This has a sign opposite to that of
MnSi, indicating that any strain due to mismatch should be compressive in nature.
The size of the lattices and orientations are shown in fig. [2.3] The triangle indicates
the three-fold symmetry of the MnSi surface unit cell and the hexagon indicates the
six-fold symmetry of the SiC surface. The fact that the underlying substrate has
a six-fold rotational symmetry compared to the three-fold in MnSi, means that for
every orientation there will be a degenerate orientation that has been rotated by 60°

relative to the underlying substrate.

Though the orientation [110]MnSi(111)]|[1010]SiC(0001) does have a small mis-
match, there are other possible orientations with small mismatches. Determining the
energetics of particular orientations is complicated, but orientations that are likely
to occur can be estimated through the use of near-coincidence site lattice (NCSL)
theory [28]]46]. NCSL parametrizes epitaxial orientations with two quantities, the
mismatch, 0 and the ratio of total lattice sites to lattice sites that are nearly coin-
cident with a lattice site on the substrate, >. In order to evaluate these quantities

a translation vector for MnSi, ansi(k‘, ) = kaly + lds, must be chosen as well as a
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lattice. The angle, ¢, used in this thesis is defined by the angle between [1100]SiC
26

Figure 2.4: The MnSi(111) lattice can be rotated with respect to the underlying SiC
and [110]MnSi.



translation vector for SiC, T5i0<m, n) = mﬁl + ngg. The primitive interfacial lattice
vectors for MnSi correspond to [110] and [011] translations and will be denoted as
@y and @. The SiC primitive interfacial lattice vectors correspond to the [1010] and
[0110] translations, and will be denoted by B, and . Choosing any two surface
lattice points will give a mismatch,

[ Tsic(my n)| = | Tamsi(k, 1)

5= 2l 4 | (2.7)
| Tsic(m,n)| + |Tamsi(k, )]

and for hexagonal lattices,

Y=k + 14kl (2.8)

From the symmetries of MnSi and SiC and the presence of left and right handed
domains, only angles between 0° and 30° are truly unique. A set of points are said
to be nearly coincident if the mismatch 0 is less than 10%. Orientations that meet
this criteria are then ranked based on their value for >. The orientations with the
lowest Xyns; were 0° (0 = —0.046, Xpsns; = 1), 16.1° (6 = —0.006, Xpsns; = 3) and
30° (6 = 0.096, Xpmsi = 3).

2.1.4 Reflection High Energy Electron Diffraction

Reflection high energy electron diffraction (RHEED) is a technique commonly used in
MBE to infer in-situ information about the crystal structure of the sample. A beam
of electrons impinge upon the surface at glancing incidence and their outgoing paths
will be determined by conservation of crystal momentum and conservation of energy.
This geometric construction is called the Ewald sphere. This technique is sensitive
to only the surface atoms in part because of the glancing incidence geometry [51].
Figure [2.5] shows the Ewald sphere construction. Because of the effective 2D
surface lattice, the reciprocal lattice appears as a series of rods in k-space. For elastic
scattering, kinetic energy is conserved and so the scattered electron with wavevector

Ef will have the same magnitude as the incoming electron, providing the constraint
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Figure 2.5: The Ewald sphere construction for determining scattering vectors in re-
flection high energy electron diffraction. Allowed scattering vectors for kinetically
scattered electrons are determined by conservation of energy and conservation of
crystal momentum. Vectors which satisfy conservation of energy lie on a sphere of
radius |l;l| Vectors which satisfy conservation of crystal momentum will lie on recip-
rocal rods. The intersection of these two geometric objects will determine the possible
scattering vectors for an electron.
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Figure 2.6: Experimental geometry for the PNR measurements presented in this the-
sis. The magnetic field and neutron spins are aligned along the x-direction. The neu-
trons impinge on the sample at glancing incidence, nearly parallel to the y-direction.

on the wavevectors, |k;| = |Ef| This forms a sphere in k-space and the intersection
of this sphere with the reciprocal rods will provide the possible wavevectors for the

scattered electron [51].

2.2 Neutron Reflectometry

PNR is a low incidence reflectometry technique that is sensitive to magnetic informa-
tion and so it provides a useful means for extracting the magnetic texture of MnSi
thin films. Because of the large size of the beam (~cm), PNR provides a depth profile
of the magnetization averaged over the plane of the film[20]. Figure shows the
geometry used in our PNR measurements. The direction in which the magnetiza-
tion is probed will be in the direction of the neutron spins, the x-direction for this
experimental geometry [20].

The starting point for describing a neutron’s wave function in PNR, [¢), is the
time-independent Schrédinger equation. Because neutrons are spin-1/2, the wave
function can be expressed as a combination of spin-up and spin-down basis states,

|¥) = ay |[+) + a— |—). Solutions must be then found to,

- h
2m,,

VE+ (V= E)[g) =0, (2.9)

29



where the energy of the neutron is,

R AnR?
 2m,  2m, )2’

E (2.10)

where A is the neutron wavelength. Scattered neutrons interact with the film through
an effective potential that is the sum of both the nuclear contribution (27kh%pb/m,,)
and the Zeeman contribution (—fi - B;ff). Here p is the atomic density, b is the
coherent nuclear scattering length and By is the effective magnetic field due to the
magnetization within the layer. The effective potential is then,

2rhpb |, -
—;I,-Beff. (211)

Verr =

n

The moment of a neutron is,

L = Gntind, (2.12)

where g, = —1.9132 is the Landé factor, u,, = eh/(2m,) = 5.05x 1072".J/T is nuclear

magneton and & is the Pauli operator associated with the neutron spin,

Oy = o=\ o, = : (2.13)

Because the potential in a film can be treated as one dimensional, the Schrodinger
equation can be reduced to a one dimensional form. In order to understand the
behaviour in a simple case, we can consider solutions for a homogeneous film with no
external magnetic field. The Schrodinger equation will take the form of a Helmholtz

propagation equation,

d*>p,  2m,

d*y
E—V, =—=+k*, =0. 2.14
e DB - Vg = Tl 4wy (219
This admits solutions of the form,
Y, = Ae™™ + Be ™, (2.15)
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We can relate the incident and transmitted wave-vectors through conservation of

energy for both spin-up and spin-down eigenstates, and get,

2Mp Gn fin

(kE)? = k2 — 4mpb + 3

|Besyl- (2.16)

When the neutron enters the material, the kinetic energy is reduced by V' and the
wavevector will be reduced according to eqn. [2.16] In order to find the reflectivity
coefficients we need to solve for the wave function within the material which we can
do by satisfying the boundary conditions. Both the wave function and the derivative
of the wave function with respect to z must be continuous across the interface. The

incident wave function and the transmitted wave function will be of the form,

Vs in = AelFin=? 4 Deikin.:2 (2.17)

Yy = Ceirz? 4 De =2, (2.18)

where k;, . and ki . are the z-components of the incident and transmitted wave-

vectors. Satisfying the boundary conditions yields,

A+B=C+D (2.19)
tkin A — ikin . B = ik, ,C — k., D. (2.20)

If we assume an infinite sample there is nothing for the transmitted wave to
backscatter off of and D = 0. The transmission and reflection coefficients will be

given by,

C B



Figure 2.7: The angles of refracted and reflected scattering vectors for a neutron
scattering off an interface.

With R = |r|* we obtain the reflectivity,

kin,z - ktr,z

R =
(kin,z + ktr,z

)2 (2.22)

Figure shows the geometry of a neutron scattering off a film. The index of
refraction will be given by n = ky,./k;,. With this convention, the reflectivity can be

expressed in the Fresnel form as,

Ein, sin 0;y, — Ky sin Oy, o sin 0, — nsin by, ,

R

(2.23)

kin sin 0, — ky, sin 0, sinf;, + nsin,,”

Since the in-plane component of the wavevector is conserved, we get the relation,

k- cos 01 = k;,, cos 6. (2.24)
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Using this we can get the reflectivity,

N O — /12 — cos?
R (31n00 V/n? — cos 90)2 (2.25)

sinfy + v/n2 — cos2 6,

The critical angle for total reflection occurs when #; — 0. For small angles, we will

get

ATh2 pb £ 2, G fin| Bey |
h2k2, ’

1—-602/2=1- (2.26)

_ \/47rh2pb + 2my, g fin| Besrl

6,
- ko

(2.27)

This means that a neutron scattering experiment can determine the effective field
within a magnetized sample just by comparing the difference in critical angles be-
tween spin-up and spin-down neutrons. This can be useful in cases where contami-
nants or the film substrate are interfering with other bulk magnetization measurement

techniques, such as SQUID magnetometry.

We can write the reflectivity in terms of the critical angle. Because cosf. = n, we

can rewrite eqn. [2.25|in the limit of small angles as,

=T (0:/60)2
=iy (2.28)

which in the limit of 6./60y ~ 0 will yield,

94
"~ 1668

(2.29)

This leads to a very quick reduction in intensity as the angle is increased and is the
reason for the very sharp drop in the intensity of neutron reflectivity experiments as
the angle is increased. For a multilayer film the analysis is somewhat more difficult
as D will not be equal to 0. For a multilayer film, multiple reflections can occur
between layers. In order to treat this it’s necessary to propagate the wave through

and account for the fact that the wave can be transmitted or reflected at each interface.

33



This leads to fringes in the reflectivity and can complicate the analysis. The width
of these fringes is correlated with the thickness of the layers in the multilayer film.

In general, modelling reflectivities is difficult when dealing with a complicated
sample composed of multiple materials and layers. A typical model will usually have
thickness, interfacial roughness, densities, b and the size of the magnetic moment
as fitting parameters. The values of these parameters can be estimated but aren’t
precisely known. In these cases, the parameter space is sufficiently large that nu-
merical modelling software such as SIMULREFLEC, is needed to calculate the multiple
reflections and fit material parameters. The parameter space is explored and x? is
numerically minimized. The parameters (except for the magnetic moment) are fit in-
dependently through a combination of X-ray reflectivity (XRR) and XRD [35]. The
magnetic fit parameters such as Hp are fit through a least squares method and further
constrained through SQUID measurements.

SIMULREFLEC is used to fit the PNR data. The shape of the reflectivity data gives
information about the chemical and magnetic structure but by analysing the difference
between the spin-up and spin-down channels we can obtain a signal that is very
sensitive to the depth distribution of spins within the sample. PNR measurements
sample over a comparatively large area determined by the beam size and so a magnetic
profile averaged along the in-plane directions can be obtained. The resolution in the
depth of the film is much better and is primarily limited by the neutron wavelength,
An = 0.237 nm. The polarized neutron reflectometry (PNR) measurements shown in

this thesis were conducted at the Canadian Nuclear Laboratories [75].

2.3 Electrical Measurements

Electrical measurements were performed on a Quantum Design Physical Properties
Measurement System (PPMS) on films that had been capped with a 20 nm protective
amorphous Si layer. Samples were photolithographically patterned into a four-probe
geometry as shown in fig. 2.8/ Gold wires leads were attached to sample with indium
solder. The samples were patterned using SPR220 3.0 photoresist and were etched
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Figure 2.8: Photolithographically patterned geometry for electrical measurements on
MnSi/SiC. The voltage difference between pads 1 and 3 will be proportional to p,,.
The voltage difference between 2 and 4 will be proportional to py,.

with a 2-keV Ar-ion gun [49][46].
Figure [2.8| shows the geometry of the PPMS pattern. The longitudinal voltage
will be given by V,, = V3 — Vi, where V; refers to the voltage at the i** pad. The Hall

voltage will be given by V,, = V4 — V4. The longitudinal resistivity is given by

_ Vagwt
pSCSC - ]-L Y

(2.30)

where w = 0.5 mm is the width of the pattern, L = 10 mm is the distance along the
Hall bar where the voltage is measured, t is the film thickness and [ is the current.

The Hall resistivity is defined as

V.t
pue = 2. (2.31)

The Hall effect in magnetic materials is usually broken up into three terms, the
ordinary p$, = pigRoH, the anomalous[61][4][36] p;., and the topological [53] p/, Hall
effects. The anomalous Hall effect is usually broken up into intrinsic and extrinsic
terms. In addition conical magnetic textures require an additional term, pZ@he’", that

arises from scattering in a conical structure [49]. The total Hall effect will be,

Pyz = p;)x +pA,int _|_pA,eJ:t +P§x _‘_pother‘ (232)

yr yx yr
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A,ext

5 = apee M + B3, M is composed of skew scattering [61]

The extrinsic term, p

parametrized by «, and side-jump scattering [4] parametrized by 5. The intrinsic

A,int

2 . . .
it~ pa M [36]. Because the intrinsic

term is given by the following expression, p
and side-jump are very difficult to separate, they are grouped into one term, pi2"* =
b(T)p?,M. Because of these dependences a first-order phase transition could be
observed. A discontinuity in the field dependence of the resistance could be observed
if the films have a transition between phases. The Hall resistance should also exhibit
a discontinuity if there is a phase transition. One of the components in the Hall effect
is the topological Hall effect (THE) and is a component that arises from a geometric
phase factor called the Berry phase [7]. This factor comes about when an electron
adiabatically follows the local magnetization of a field with non-trivial topology. This

phase results in a transverse velocity which can be expressed in terms of an effective

magnetic field, Beyy = ns(h/e), where ng is the skyrmion number density,

1. ,0n 0m
ng = —m

= G X 5y (2.33)

which is the integrand of eqn. [1.11, The THE then takes on a form similar to the
regular Hall effect, although a term proportional to the polarization, P needs to be
added because electrons with opposite spins acquire opposite phases. The THE due

to skyrmions is,

pry & PRoBeyy. (2.34)

The longitudinal resistance, or magnetoresistance (MR) also provides insight into
the magnetic texture of the films [49]. Peaks in the second derivative of the MR have
been shown to correlate with changes from a conical state to a ferromagnetic state.
Electrical measurements can thus provide key evidence in determining the prominent

magnetic phase of our films.
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2.4 Computational Methods

Mumax3, a Go-based GPU-accelerated micromagnetic package [70], was used through-
out the analysis of the PNR data to predict the spin distribution in these MnSi thin
films. In order to find the lowest energy state a steepest gradient descent algorithm
was used within the MUMAX3 framework. Steepest gradient minimization relies on
the system being close to the minimum energy and so the initial conditions before
energy minimization are critically important.

The essential idea in gradient descent minimization is to reduce the function that
is to be minimized (in this case energy), in the direction opposite to the largest
gradient. Say we are minimizing the function F(Z), starting at the point #;. The

subsequent point will be chosen such that,

where 7; is an appropriately chosen step size which should be allowed to change each
iteration. This method is an iterative algorithm which probes the function only in
the vicinity close to a point x;.

The specific micromagnetics energy minimization scheme chosen was the Exl
method [I7], which is a modification of the Barzilai-Borwein method [3]. The al-
gorithm searches for the lowest free energy, F'(1h), on a sphere. The method used
in MUMAX3 does not keep the magnetization constant and so must be renormalized

after each step. Step directions are chosen such that,

After this step, the magnetization is normalized with 7;,1 = m;41/|m;11| and the
iteration repeats. Step sizes are chosen by alternating between 7! and 77 where these

are given by,

L 2
T = — (2.37)




and,

o (Mg —my_y) - (My x (=1 x VE(1my))
T = e (s < SEG)? . (2.38)

These step sizes are chosen according to the Barzilai-Borwein criteria [3] and
are solutions to 7 = min,,[F(Z; + 7VF)]. The energy is calculated using a finite
difference discretization of space using an orthorhombic grid of nearly cubic cells.
Periodic boundaries are used in x and y directions except where indicated otherwise.
For the exchange interaction, the effective field is calculated using a 6-neighbour

small-angle approximation,

- A, m; —m
Bexc =2 2.39
=5 (2:39)
Derivatives arising from DMI, are handled as central derivatives,
ony; Tir1 — M
T _ Tt — i (2.40)

dzx 2Ax

It is important to have sufficiently small cell sizes in order to avoid discretization
errors. Generally it was found that artefacts can be avoided if angular separation
between neighbouring cells is less than 10° (in reality the size of the artefacts will be
related to the second derivative of angle in space). Given that the helical wavelength
in thin film MnSi is &~ 14 nm, this puts an upper limit on cell size of 0.4 nm. A cell

size of 0.1 nm was used for most of the simulations.
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Chapter 3

Magnetic Phases of MnSi/Si(111) with In-Plane Fields

In this chapter I will discuss the work that was done on MnSi/Si(111) samples in order
to demonstrate the existence of in-plane (IP) skyrmions and to resolve the controversy
regarding the phase diagram in fig. [I.6] The stars in this phase diagram correspond to
the fields discussed in this chapter. We used polarized neutron reflectometry (PNR) in
combination with computational modelling techniques to put forward evidence that
[P-skyrmions are an energetically favourable magnetic state in MnSi/Si(111) thin
films with an applied IP magnetic field of puoH = 0.5 T, at a temperature of 25 K.
Evidence supporting two other phases is presented. A twisted ferromagnetic phase
is found at pgH = 0.7 T and a distorted skyrmion phase is found at pugH = 0.3 T.
The results are notably different than those found in ref. [73], which present results
for in-plane fields at T' = 5 K that show the system exists definitively in a helicoidal
state.

The magnetic field was applied along the MnSi[110] direction or the x-direction
as shown in fig. 2.6 The samples were first cooled in a magnetic field of poH = 0.8
T from T"= 100 K to T' = 25 K. PNR measurements were performed after decreasing
the magnetic field to the target at a constant temperature of 7" = 25 K. Using a
combination of MUMAX3 and SIMULREFLEC we can predict magnetic depth profiles

and calculate the expected reflectivity using SIMULREFLEC.

3.1 The Twisted Ferromagnetic State

At high magnetic fields, such as poH = 0.7 T, the system exists in a nearly saturated
state where most of the magnetic modulation is suppressed but small twists exist at
the surfaces [73][47]. This is called the twisted ferromagnetic state and is shown in fig.

[3.1] This shows the lowest energy state for a film with pugHp = 0.85 T, Lp = 13.9 nm
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Figure 3.1: The twisted ferromagnetic state is composed of a nearly ferromagnetic
centre with approximately exponentially decaying angles. The computationally cal-
culated angle as a function of position is shown in a), this is compared to the analytic
solution derived in ref. [47].

and Mg = 138 kA /m. SQUID measurements have demonstrated that for high enough
IP fields the system will exist in a twisted ferromagnetic state. Near the centre of the
film the system is nearly completely ferromagnetic with the spins aligned along the
field direction. However, near the edges due to the lack of pinning at the surfaces the
spins naturally form a twisted structure. These twists play an important role in the
trapping and confinement of skyrmions [47] as they provide an energy barrier to the
annihilation of skyrmions from the film boundaries.

In ref. [47] an analytic form is derived for this state. We assume a film with
the normal pointing along 2z and the applied field pointing along the x-direction. We

use a one-dimensional modulation of the magnetization that depends only on z with
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no out-of-plane (OOP) component due to the anisotropy. The magnetization will be
given by M = Mg[cos(6(z)), sin(6(z)), 0] and substituting this into eqn. we arrive

at the one-dimensional energy functional,

F= / / [A(ﬁ)2 — Dd—e + poHMg(1 — cos 0)]dzdA, (3.1)
area J 0 dz dz

where 6(z) is the angle with respect to the external field. Using the boundary condi-
tions #(0) = 2arcsin/Hp/(4H) and §(oco) = 0 [47]. Minimization of the free energy

functional yields the solution,

0(z) = 4arctan[C(H) exp(—2mzv/H/Hp/Lp)], (3.2)

where,

C(H)=2v/H/Hp — \/4(H/Hp) — 1. (3.3)

The analytic solution is plotted with the computational solution in fig. a). There
is no appreciable difference between these solutions and this provides an important
check on the reliability of the computational results. Figure b) shows that this

solution is very nearly exponential.

In order to find the ground state distribution of spins for this twisted ferromagnetic
state, we use MUMAX3 to model a system of 4096x256 spins of dimensions 420.8 nm
in the y-direction by 26.3 nm in the z-direction. The x direction is 1 cell and has
periodic boundary conditions applied. The y direction also has periodic boundaries.

The parameters of ugHp = 0.85 T, Mg = 138kA/m were used.

Two key parameters in modelling the magnetization are the strength of the ex-
change energy, A, and the strength of the DMI, D. These can in principle be extracted
from the measurement of the helical wavelength Lp = 47 A/D and the saturation
field puoHp = D?/(2AMg) but in practice, for IP fields, the nearly ferromagnetic

state never fully saturates due to the twisting at the surfaces which complicates the

41



Layer Thickness (nm) | Density (x10*®* m™3) | b (fm) | ¢ (nm)
Si substrate | oo b} 4.2 0
MnSi 26.3 8.4 0.2 0
MnSi+Si 0.4 6.9 0.6 0.27
Si0- 1.8 5.3 4.2 0.77
a-Si 20.6 1.8 15.8 0.55

Table 3.1: Material parameters for polarized neutron reflectometry (PNR) as obtained
through a combination of X-ray reflectivity and PNR in ref. [35][75]. MnSi+Si
represents a thin silicon rich MnSi phase that exists near the film interfaces.

measurement of Hp. To estimate Hp, it is usually easiest to measure the magnetiza-
tion for OOP fields where the surface twists are essentially absent. However, due to

the demagnetizing field we can only obtain the sum, uoHp + poH, = 0.86 T.

Superconducting quantum interference device (SQUID) magnetometry measures
the magnetization as a function of o H and T as averaged over the whole of the film.
For OOP fields the magnetization is linear up until saturation, which rules out the
possibility of out-of-plane skyrmions [34]. The boundary of any skyrmionic phase
would appear as a peak in the derivative of the magnetization with respect to the
applied field, a feature which is not observed. These measurements constrain H, < 0

and so we have the constraint poHp < 0.86 T.

Figure a) shows the reflectivity as a function of the scattering vector for spin-
up and spin-down neutrons. The nuclear portion of the reflectivity was determined
by X-ray reflectometry and neutron reflectometry measurements above the ordering
temperature [35][75]. The nuclear parameters used in fitting are presented in table
where b is nuclear scattering length and o is the root-mean squared layer roughness.
A thin Si-rich MnSi phase was found near the film interfaces and is shown by the

MnSi+Si layer.

The spin asymmetry, (Ry—R_)/(Ry+R_), is a convenient quantity for visualizing
the effect of the magnetic structure. Because this quantity is proportional to the
difference in spin-channels, the magnetic contribution to the scattering is highlighted
whilst the nuclear contribution is largely removed. The reflectivity for fields of 700

mT is shown in fig. a) and the spin asymmetry is shown in b). The value of
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Figure 3.2: The reflectivity as a function of scattering vector, ¢., is shown in a) for
fields of pgH = 700 mT. The inset shows x? as a function of Hp which was used as
a fit parameter. The spin asymmetry is mostly due to the magnetic structure of the
film. On the right, the depth profile used for the best fit is shown.
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Hp was fit for the fields of 700 mT where in-plane modulations are suppressed. For
the twisted ferromagnetic state, Hp is effectively the only fitting parameter and so,
with the constraints provided by SQUID magnetometry, we arrive at a reasonable
estimate. The inset of figure shows 2 as a function of Hp for fields of 700 mT. It
was found that puoHp = 1.06 + 0.26 T where the error-bars correspond to deviations
in y? of £1. Because the lack of OOP skyrmions constrains H, < 0, the best fit
for Hp is estimated to be puoHp = 0.85 T. This constraint is represented by the red
hatched region.

Figure [3.3| shows the spin asymmetry for the 700 mT data and a fit denoted by
the red line that uses the best value of Hp. The blue line shows a fully saturated
model without the surface twists and is inconsistent with the spin asymmetry. De-
spite their relatively small spatial extent, this shows the importance of these surface
twists in fitting the data and gives an indication of the sensitivity of PNR to small
magnetic modulation. With the surface twists understood and a reliable estimate of
Hp obtained, it is then possible to fit the more complicated structures that emerge

at lower fields.

3.2 In-Plane Skyrmions

For 500 mT, there is evidence from previous magnetometry measurements in ref. [74]
that an additional magnetic phase exists that is not present at lower temperatures.
However, Yokouchi et al. [76] claim that these films exist in a purely helicoidal state.
It is worth noting that these measurements are performed while reducing the field
and so we are comparing magnetic states for decreasing magnetic fields only.

PNR measurements were then performed at pgH = 500 mT and 7' = 25 K as this
was determined to be in the centre of the skyrmionic phase as shown in the phase
diagram in fig. [[.6] Yokouchi et al. [76] claim from planar Hall effect measurements
that this region should not have skyrmions. These PNR measurements are probing
this controversial region of the phase diagram. We compare fits obtained from using

both a helicoidal and a skyrmionic phase.
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Figure 3.3: A comparison between the predicted spin asymmetry for a twisted fer-
romagnetic model and a simple ferromagnetic model. We can see that the twisted
ferromagnetic model captures the features better than the a completely saturated
model.

Figure shows a comparison in the magnetic depth profile for these two states.
The main difference in the depth profiles for these states is the fact that the moment
in the centre of the film, m,(z = t/2) = —1, for the helicoidal phase. In the skyrmion
phase, the magnetic moments in the regions between skyrmions point parallel to the
field and so the average moment in the centre of the film increases relative to the
helicoidal phase. This difference leads to a noticeable change in the spin asymmetry

for the two fits.

Using the value of ugHp = 0.85 T obtained through fitting the twisted ferromag-
netic state, skyrmionic systems were simulated. A system of equally spaced in-plane
skyrmions was chosen as the initial state for the micromagnetic simulations. These
skyrmions have their axes of symmetry pointing within the plane of the film and
along the field direction. With Hp specified, the only fitting parameter is the spac-
ing between the skyrmions, although this parameter can be calculated as well. This
calculation can be performed by calculating the energy for a skyrmion lattice and min-

imizing with respect to spacing. We chose 256 cells along the z-direction and 4096
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Figure 3.4: A comparison between the magnetic depth profile for a one-dimensional
model that has a single turn helicoid and a skyrmion. The major difference between
these depth profiles is the average moment in the centre of the film. Because the
skyrmion state has regions in the centre of the film that are ferromagnetic, the average
moment for a skyrmion is higher in the film centre.

along the y-direction and 1 along the z-direction — corresponding to a 26.3x420.8 nm
grid — with periodic boundaries along the x and y directions. An in-plane field of 0.5
T is applied along the x-direction.

By varying the number of skyrmions within the film, the spacing between the
skyrmions, Lp, = L,/Ngkyr, is varied. It is assumed that such a system of equally
spaced skyrmions is close to the ground state distribution of a skyrmionic chain.
Because skyrmions are topologically stable solitons, they cannot be destroyed without
overcoming a significant energy barrier. This means that the number of skyrmions will
remain constant throughout the steepest gradient energy minimization process. The
equilibrium inter-skyrmion distance is found by calculating the energy as a function
of the number of skyrmions in a fixed volume and was also fit.

Figure a) shows the energy for a 26.3 nm (in the z-direction) by 420.8 nm
(in the y-direction) thin film with periodic boundaries in the x- and y-directions as
a function of skyrmion population. The z-direction has free boundaries. We can see
that there is an equilibrium spacing that corresponds to 19.3 nm.

The intensity as a function of ¢, for an in-plane skyrmion fit is shown in fig.

a). The magnetization depth profiles are calculated for a series of skyrmion densities.
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These are input into SIMULREFLEC in order to calculate the neutron reflectivities
and spin asymmetries. As the skyrmion spacing decreases, the magnetization in the
centre of the films increases. The inset shows x? for skyrmion fits as a function of the
spacing between skyrmions. At fields of 500 mT we found Lp, = 22 &7 nm which is
close to the value of 21 nm that was also found with small angle neutron scattering
experiments. This is in good agreement with the micromagnetic calculations provided
by MUMAX3 as discussed below.

The spin asymmetry for o H = 500 mT is shown in fig. [3.5]b). Two fits are shown
here to emphasize the fact that a helicoidal phase does not fit well with this data.
The red line shows a fit obtained with a skyrmion profile and the blue line shows a
fit obtained with a helicoidal profile which is noticeably worse. The PNR asymmetry
provides strong evidence that the centre of the film has a moment which is larger
than would be expected for a strictly one-dimensional helicoidal phase. The fact that
the PNR is in strong agreement with the micromagnetic calculation provides strong

evidence that the film exists in a skyrmionic state at this field value.

3.3 Skyrmion-Skyrmion Interactions

The interaction potential between skyrmions was investigated in the process of fitting
the 500 mT data. Because of the confinement in our films, they present a convenient
geometry for studying inter-skyrmion interactions for IP skyrmions. The energy of

the calculation, Eq, for a L, x L, X t system with N skyrmions will be given by,

Ecalc(N> = Lw(N(Eskyr + LyEback + NEznt<N))); (34)

where Ej,. is the energy per unit area of the twisted-ferromagnetic background with-
out any skyrmions and Fg,, is the energy per unit depth along 2-direction required
to add a skyrmion to this background. The ferromagnetic background scales with the
area of the film and so normalizing the background energy by the area is the most
natural approach. Since the skyrmion self-energy scales linearly with increasing L., it

is natural to report skyrmionic energies normalized by the length of the skyrmion in
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Figure 3.5: PNR reflectivity for a field of pgH = 500 mT is shown in a). The inset
shows x? as a function of the fit parameter, Lp,, which corresponds to the skyrmion
spacing. The spin asymmetry for 500 mT data is shown in b). The blue dotted line is
the fit for a 1D helicoid and the red dotted line is the fit for a skyrmionic state. The
PNR data supports the hypothesis that a skyrmionic state is present for this field.
The fitted skyrmion separation was found to be Lp, = 22 £ 7 nm which is consistent
with SANS and micromagnetic calculations.

48



O
o
(e¢]

O
—

Linear Energy Density (eV/nm)
O
N

. =-1.37 meV/nm
skyrmion
-5.14 ¢ ) ) 1
Ebackground =-12.1 meV/nm
_5. 1 6 1 1 1 1 1 1
0 5 10 15 20 25 30 35

Number of Skyrmions
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number of skyrmions in the system. For low densities, the functional form is a line
with a slope equal to the skyrmion self-energy. The intercept is the energy density of
the ferromagnetic background.

the simulation. Eg,, will be negative in a regime where skyrmions are energetically
favourable. E;,;(N) is the interaction energy per unit depth between skyrmions and
will depend on the inter-skyrmion distance and therefore on N. For small values of
N we can assume E;,; << Eg,, and so the energy as a function of N will be lin-
ear. Figure |3.6] shows the energy per unit length along the x-direction and is indeed
linear at low skyrmionic densities. The fitted line here has a slope that corresponds
to the skyrmion self-energy and the intercept corresponds to the background energy
for the system. This leads to a background energy of Epuer, = —12.1 meV/nm?. The
skyrmion self-energy per unit length was found to be —1.37 meV/nm. Since typical
skyrmions have lengths on the order of ~ 10! nm, typical skyrmion self-energies will
be on the order of 10’s of meV. The average energy per unit volume is shown in fig.

with the calculated interaction potential of the skyrmions.

49



2 =
~ >
(4p] 1, E
E ’100 —
> 0t _g
2 B
A1t o

s =
o
ie 10?3
©
3 o
10 20 30 40 50 <

Skyrmion Spacing (nm)

Figure 3.7: The energy density as a function of skyrmion spacing for fields of 500
mT is shown by the blue line. The red dots correspond to the skyrmion-skyrmion
interaction potential and is found by subtracting the contribution due to the skyrmion
self-energy and the energy of the ferromagnetic background.

By subtracting off the skyrmion self-energy and the background energy and divid-
ing by the number of skyrmion-skyrmion interactions, we can arrive at the interaction
potential. Plotting this in terms of inter-skyrmion distance reveals an approximately

exponentially decaying potential of the form,

V = Voe "/, (3.5)

characteristic of short-range interactions, where « is the exponential constant of ap-
proximately 2.3 nm. This is due to the fact that the out-of-plane component of the
skyrmion’s magnetization is approximately exponentially decaying as a function of
radial distance from the skyrmion core. As the inter-skyrmion distance is reduced, the
overlap between these tails increases exponentially and so the interaction energy also
increases exponentially. Figure [3.8 shows the skyrmion interaction potential plotted
alongside the angle of the spins with respect to the field. The interaction potential
and the angular decay of the skyrmion have approximately the same exponential

constant. The exponential constant, «, is determined to be 2.3 nm.
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Figure 3.8: The skyrmion-skyrmion interaction potential has a similar functional form
to that of the angle with respect to the field direction as a function of distance from
the skyrmion core. Both have an exponential constant close to 2.3 nm.
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Counter-intuitively, the skyrmion-skyrmion interaction for these systems is strictly
repulsive despite the tendency for skyrmions to form well-ordered lattices. The fact
that there is a minimum in the energy as a function of skyrmion spacing as shown
in fig. is sometimes misconstrued as being due to an attractive component in the
interaction. This energy minimum corresponds to an optimal skyrmion density rather
than a Lennard-Jones-like balance between attractive and repulsive interactions. This
minimum is due to the skyrmion self-energy which is often ignored. As the spacing
in a skyrmion lattice is increased, the energy increases because more of the system
exists in the energetically unfavourable ferromagnetic state. If the spacing between
skyrmions becomes too large, the energy can be lowered by adding a skyrmion (which
has a negative self-energy) to the system. After accounting for the self-energy, the
interaction potential reveals itself to be wholly repulsive. The hexagonal lattice ob-
served in skyrmionic systems is then strictly due to a hexagonal close packing type

mechanism [69)].

3.4 Elliptically Unstable Skyrmions

Though skyrmions are stable across a range of fields, there will be some point upon
lowering the field that the system enters into a region of instability and the magnetic
texture transitions into a one-turn helicoidal state. The reason that the skyrmions
are unstable below a certain field is referred to as the elliptic instability and the
field at which this happens is the strip-out field. This refers to the process by which
skyrmions are able to continuously deform into single turn helicoidal structures [41].
A system that is in a skyrmionic phase and has an applied field that is reduced below
the point of instability will find that the skyrmions are no longer able to hold their
shape.

To understand the process by which these skyrmions elongate, we can look at the
energy as a function of strain for two different fields in a micromagnetic simulation.
An isolated skyrmion was calculated for a field of ugH = 500 mT and then the spacing

between grid points along the y-direction, d,,, was changed from its original value, dj.
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Without relaxing the system, the energy was measured for various spacings. In this
way we are probing how the micromagnetic energy responds to small perturbations to
the spin configuration. The energy of the background was subtracted by running the
same simulation with no skyrmion present. The field is then lowered to pgH = 300
m'T. In this field the skyrmion is unstable and will spontaneously elongate if there are
no barriers that prevent it from doing so. Because of this instability, for lower fields
the equilibrium skyrmion spin configuration for 500 mT was used. Then, without
relaxing, d, was changed in the same way as the 500 mT simulation. The reason why
skyrmions become unstable is because as they elongate they acquire a more helicoidal
character. So, if the system is in a state where the helicoid is energetically preferable
to the skyrmion it will elongate to increase the amount of the system which is in the

helicoidal phase.

The energy as a function of € = 2(d, — dy)/(dy + dyo) is shown in figure for
fields of pugH = 0.3 T and at 0.5 T for comparison. At 500 mT the skyrmion displays
a Hookian response to small perturbations to the skyrmion shape but at 300 mT this
response changes to one whereby the energy of the skyrmion is lowered by increasing

the length.

Because there are no energy barriers in the elongation of the skyrmion, they will
spontaneously extend in this manner until they encounter an energy barrier. Even
though the helicoidal state is the lowest energy phase, the fact that the skyrmion
phase is topologically distinct from the helicoidal phase means that there will always
be some energy barriers between these phases. Possible energy barriers that could
preclude a skyrmionic phase from transitioning to a completely helicoidal phase are
the energy barriers preventing a skyrmion-skyrmion fusion and the energy barriers

that may exist at grain boundaries due to surface twists.

Initially it was assumed that the system would be in a helicoidal state in ac-
cordance with fig. [1.6 However, the spin asymmetry shown in fig. |3.10] is not
entirely consistent with the helicoidal texture predicted. The fit obtained for a one-

dimensional helicoidal structure is shown by the blue dashed line. The fit is noticeably
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Figure 3.9: The energy of a skyrmion under strain. The blue circles are the energy
for a skyrmion at 500 mT. A Hookian response to deformation suppresses the elliptic
distortion. At lower values of o H, below the strip-out field, the energy can be reduced
by distorting the skyrmion along the y-direction. This distortion will continue to cause
the skyrmion to distort until it encounters an energy barrier like another skyrmion
or a grain boundary.
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Figure 3.10: The PNR spin asymmetry for pgH = 300 mT. A 1D helicoidal model is
insufficient to explain the full PNR data, this is shown by the blue dotted line. The
red line shows the fit obtained from a skyrmionic model. This fit noticeably fails to
fit the data for ¢, > 0.4 nm~!. A lattice of elliptically distorted skyrmions was found
to be the best fit. The depth profiles are shown to the right of the spin asymmetry.

inconsistent in the high-¢. regime as well between 0.2 < ¢, < 0.4 nm™!. A skyrmionic
texture was also compared to the data and is shown is in red. Because skyrmions
are unstable at this field, the elliptic instability was suppressed by using an initial
state of skyrmions in a chain with a spacing of Lp, = 22 nm. Because of the energy
barriers preventing skyrmions from coalescing, a skyrmion chain is able to be relaxed
even below the elliptic instability. The skyrmionic profile gave a better fit than the
the helicoidal profile at low ¢, but at ¢, > 0.4nm™~! the fit is inconsistent with the
spin asymmetry.

It was found that a mixture between these two phases was a better fit to the spin-
asymmetry. We used a periodic array of elliptically distorted skyrmions to obtain the
depth profile used. It could be possible that as the field is reduced, the skyrmion array
predicted in fig. begins to elliptically distort but remains in a metastable state
where not all of the skyrmions have coalesced due to energy barriers resulting from
the skyrmion-skyrmion interaction potential. An example of half of an elliptically
distorted skyrmion is shown in fig. b) and is contrasted with a normal skyrmion
array shown in a). The left side of this elliptically distorted skyrmion has the texture

of a helicoid whereas the right side is similar to a skyrmion. The array of distorted
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Figure 3.11: The spin configuration for a 1D lattice of in-plane skyrmions and for an
elliptically distorted skyrmion. The left side of the elliptically distorted skyrmion is
nearly identical to a 1D helicoidal model whereas the right side has a skyrmion-like
end cap.

skyrmions is prepared in the micromagnetic calculation by beginning with a single
skyrmion in a system of size Lg with periodic boundaries in the x and y-directions.
Upon relaxing this system, the skyrmion will elongate until it meets the periodic
boundary and encounters itself. The spacing of this elliptically distorted skyrmion
array, Lg, is varied which effectively varies the ratio of helicoid segment to skyrmion
segment. In the depth profile, this will vary the size of the drop in the moment at
the centre of the film.

The spacing of the elongated skyrmion array, Lg, was fit and was found to have
a value of 44 + 17 nm. This corresponds to roughly a system with a half-skyrmion
and half-helicoid character. The fit to the spin asymmetry is shown by the green
curve in fig. [3.10] and the magnetic depth profile used is shown on the right. The full
reflectivity with the fit using a spacing of 44 nm is shown in fig. and the inset

shows the value of x? for the spin asymmetry as a function of 1/Lg.

There is another energy barrier at grain surfaces that could provide way to metasta-
bilize this elliptically distorted state. Because MnSi films will break up into chiral

domains if the underlying substrate is achiral, there will always be grain boundaries
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Figure 3.12: The PNR reflectivity for pioH = 300 mT. The inset shows x? as a function
of the fit parameter, Lr. The spacing between elliptically distorted skyrmions is

minimized for Lp = 44 nm.
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within the film. If at the grain boundaries the inter-grain exchange coupling is weak
compared to the intra-grain interactions it can be shown that the stable state at 300
mT is one with half-skyrmion like end caps. In this model I assume free boundary

conditions at the grain edge (the y-direction) and at the film surfaces (z-direction).

With this model I am comparing two different states. One of these is prepared
by relaxing a fully helicoidal state and the other is prepared by relaxing a skyrmion.
These magnetic states are for a film of thickness 25.2 nm along the z-direction and
102 nm along the y-direction, with periodic boundaries in the x-direction but not
the y-direction. An in-plane field of 300 mT is applied along the x-direction. The
helicoidal state will not greatly change as it is relaxed due to energy barriers at the
film edge but the state prepared with a skyrmion will elongate until it reaches the

boundaries in the y-direction. These relaxed states are shown in fig. [3.13

Figure a) shows the metastable state that is prepared using the helicoidal
model. This is close to what is usually assumed to be the ground state in the helicoidal
region of the phase diagram. Figure m b) shows the energy density for this state.
Systems could be caught in this metastable state when increasing poH from lower
fields where the system exists in a more regular helicoidal magnetic state. This usually
assumed helicoid is not the ground state for this system. Figure c¢) shows the
lower energy state. This system was prepared using the relaxed skyrmion and features
skyrmion-like end-caps. These end-caps are stabilized by the surface twists that result
from the free boundary conditions in the y-direction. The energy density is shown
in d) and the energy difference between the two systems is 8.95 meV/nm with the
elliptical state being of lower energy. Because the grains are 100’s of nm in width
on average, it must be a combination of both granular end cap barriers and inter-
skyrmion barriers that contribute to the magnetic depth profile. This analysis also
suggests that by growing wires with granular dimensions that are on the order of the
size of skyrmions, it might be possible to utilize the twists due to grain boundaries to
stabilize skyrmionic objects well outside the usual realm of stability enabling low-field

operation.
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Figure 3.13: A comparison between a 1D helicoidal state and an elliptically distorted
skyrmion state (the lowest energy state) for fields of 300 mT and free boundaries in
the y and z directions. The energy can be reduced in a helicoidal model with free
boundaries by introducing skyrmionic end caps near the boundaries in y. These end
caps are stabilized by the surface twists that form at the film interfaces.
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Figure 3.14: The PNR spin asymmetry for fields of uoH = 80 mT. The right side
shows the fitted depth profile for this field. The moment for this field is reduced due
to the presence of bichiral domains where frustration leads to disorder where helices
are rotated with respect to each other. This leads to a cancelling of the moment.

Finally, for the lowest field probed of pgH = 80 mT the system is consistent with
the expected helicoidal state. This is shown in fig. with the magnetic profile
shown to the right of the spin asymmetry. The calculated state is different than what
is observed in the spin asymmetry due to the presence of bichiral domains that were
shown to exist in ref. [32]. Frustration here creates disorder where the helices are
rotated with respect to each other. This leads to cancelling of the magnetization and
a reduced total moment.

The PNR measurements presented within this chapter provide the first direct
evidence for skyrmions in MnSi thin films and resolve the controversial in-plane phase
diagram of MnSi. These skyrmions are noteworthy for being in-plane rather than out-
of-plane, which provides interesting opportunities to explore geometries that might
not otherwise be possible for OOP skyrmions. In order to make progress in the
emerging field of skyrmionics, it is necessary to understand the conditions under
which skyrmions might be able to nucleate and in particular, the role that uniaxial

anisotropy plays in skyrmion stability.
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Chapter 4

MnSi/SiC(0001)

Our previous work in MnSi/Si found a hard axis magnetocrystalline anisotropy in-
duced by the tensile epitaxial mismatch between the MnSi film and the Si(111) sub-
strate. This hard axis anisotropy precludes the existence of out-of-plane (OOP)
skyrmions. A natural next step is then to ask whether or not it is possible to re-
verse this anisotropy by changing the sign of the epitaxial mismatch. The SiC(0001)
surface unit cell is 4.6% smaller than the surface unit cell for MnSi(111) and so this
section aims to explore the growth of MnSi(111) on SiC(0001) substrates.I will cover
the crystal structure and properties of these thin films with particular emphasis on
the atomic force microscopy and Hall-bar electrical measurements.

We find that though we were able to achieve growth of B20 MnSi(111)/SiC(0001),
the growth mode is substantially more complicated than that of MnSi/Si. In partic-
ular, the high temperatures needed for this growth lead to a dewetting that arises
from film edge capillary instabilities. This relieves the strain in the crystal leading to
a nearly unstrained MnSi film that acquires a small amount of tensile strain due to a
difference in thermal expansion coefficients.

Further complicating the analysis is the fact that while the majority of the film
exists in the desired orientation of the MnSi crystal with respect to substrate, the film
is polycrystalline in nature resulting in an ensemble of orientations. The electrical
properties support the hypothesis that the film is in a nearly unstrained state with

some small amount of residual tensile strain and a hard-axis anisotropy.

4.1 Crystal Structure

Reflection high-energy electron diffraction (RHEED) demonstrates that the film is

composed of an ensemble of B20 MnSi grains. These in-situ electron diffraction
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Figure 4.1: Reflection high energy electron diffraction patterns for in-situ MnSi/SiC.
The pattern for the underlying SiC substrate is shown in a) along the same direction
as shown in b). The (1,0) spots in SiC have twice the spacing of the (1,0) spots for
the MnSi lattice in k-space. Rotation of the grains with respect to the underlying
substrate leads to multiple reflections. These reflections have been labelled as A, B
and C' which correspond to the 0°, 16.1° and 30° respectively.

studies are shown in fig. |4.1} Figure a) shows the RHEED pattern for the SiC
substrate and fig. b) shows the RHEED pattern for a 15 nm MnSi film grown
on top, both images are taken along the same direction. The (1,0) reflections for
both images are consistent with the desired orientation of the film with respect to
the substrate, [110]MnSi(111)][[1100]SiC(0001). The bright, sharp spots indicate a
smooth MnSi surface. Figure c¢) shows b) in more detail. In fig. ), an
elliptical ring appears in the diffraction pattern. In addition to the (1,0) and (-1,0)
diffraction spots, a number of other diffraction spots appear. The extra spots along
this curve are due to extra domains that have MnSi(111)|[SiC(0001) but with their
IP crystallographic directions rotated with respect to each other by some angle, ¢.

The letters correspond to unique orientations with respect to the substrate.

62



An Ewald sphere construction was used to determine the offset angle of these
additional orientations. The A-orientation has [110]MnSi(111)][[1120]SiC(0001) and
is defined as ¢ = 0. The B-orientation has ¢ = 16.1° and the C-orientation has
¢ = 30°. Though the faint ellipse indicates that there are very many orientations
present, the bright spots indicate that there are 3 clearly dominant orientations and
the A-orientation is the most common. These angles are consistent with our prediction

using a near-coincidence site-lattice (NCSL) model.

Both X-ray diffraction and transmission electron microscopy (TEM) were used to
determine the IP and OOP lattice constants relative to that of bulk MnSi. Both found
evidence indicative of a small but tensile strain, opposite of the expected compressive

strain that would arise due to the mismatch between lattice constants.

Atomic force microscopy (AFM) measurements were performed on the MnSi sam-
ples grown on SiC substrates. Measurements were performed ez-situ using an ATEC-
CONT tip with a force constant of 0.2 N/m in contact mode. Atomic force microscopy
measurements were used to help determine the physical mechanisms responsible for

relieving the strain from the epitaxial mismatch.

A TEM dark field image for the ¢ = 0° orientation and a 3 QL sample is shown in
fig. a). It is possible to image only one particular orientation by positioning the
aperture such that it only admits light from a diffraction corresponding to the grain
of interest. The inter-grain coherence length appears to be larger than the grains
themselves suggesting that they share a common origin. Although RHEED indicates
that there are multiple orientations of MnSi present, TEM shows that the islands
have a coherent orientation within not only single island but also cohere over a length
larger than a single island. Figure b) shows a 0° dark field image for a thicker 15
nm sample. In this case the coherence is much larger than the grains shown in a),
suggesting that as material is deposited the grains coalesce into a single, much larger

grain.

63



Figure 4.2: Dark field TEM images of MnSi(111)/SiC(0001) films. A 3QL template
is shown in a) and a 15 nm sample shown in b).

Though strain can lead to energetics that can drive dewetting, the similarity be-
tween these films and those of Au films on silica substrates suggests that it is a mech-
anism primarily driven by surface energy effects rather than interfacial strain[31][65].

Although it is likely that the substrate is initially covered by the amorphous 3
QL template layer, the film has undergone a fingering instability dewetting process
at some point during annealing. This dewetting leads to the serpentine islands shown
in fig. a). These islands have an average width of approximately 100 nm and a
length of approximately 350 nm as determined with AFM.

These serpentine islands are due to a fingering instability in the films. A fluc-
tuation in the film that penetrates to the substrate can grow in size and will create
the serpentine voids that we can see in fig. a). After this hole forms, a small

instability on the hole edge will retract according to

xo o< ", (4.1)

where x4 is the radius of the hole and ¢ is time. We will have n ~ 0.4 to 0.5 for holes

in single crystal films [65].

The holes in the film are probably forming due to the hillock formation instability

which is a compressive strain relief mechanism that occurs during heating [65]. After
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this instability reaches the substrate it will begin to retreat. Mass will begin to diffuse
over the edge in order to reduce the curvature. As the mass diffuses, the bottom of
the hole will begin to retreat. This is shown in fig. a). The curvature at the edge
of the film is always greater than that of the film surrounding the hole and therefore

material will continue to diffuse [65].

The reason for the finger stability is that material builds up on the film edge as
the film edge retreats. Where the film is thinner, the film will retract more quickly.
Because as the thinner film retreats it cuts into the middle of the film where there
is less material creating an unstable retreat mechanism. This causes this instability
to retreat even more quickly and the finger-like void will continue to grow. This is
shown in fig. b) and c¢). Eventually the fingers are pinched off due to a valley
that continues to develop as the film retreats. This valley develops as a consequence
of curvature minimization after a build up of material along film edges as well as a
consequence of the Plateau-Rayleigh instability. Eventually the valley becomes deep
enough to reach the substrate and a new edge is formed and the process may repeat

[65).

TEM measurements determine that the smaller crystallites shown in the yellow
circle in fig. [4.4] are polycrystalline MnSi. These polycrystalline features are found
in all of the MnSi/SiC samples and are the likely reason behind the faint ellipse-like
curve shown in fig. c).

Figure b) shows a 3 QL template with 15 nm of material deposited on top. As
material arrives on the template, the islands grow. Though the film is discontinuous
initially, eventually it will form a contiguous network of grains. This dewetting is likely
allowing for strain relief at the substrate-film interface, as evidenced by the near zero
and tensile strain observed by X-ray and TEM. Upon cooling the film after the growth
the tensile strain can be understood with the observation that the thermal expansion
coefficients for MnSi and SiC differ. For MnSi the thermal expansion coefficient is
Qs = 1.2 X 107° K1 [64] and SiC is agic = 3.3 x 107% K~ [43]. Since as the film

is cooled, the substrate will shrink slower than the MnSi, the mismatch will grow like
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Figure 4.3: Amorphous MnSi films will undergo a fingering instability upon annealing.
Material will diffuse from regions of high curvature to regions of low curvature. This
results in receding of edges and the diffusion of material away from thinner regions,
which is shown in a) and b). The fingering instability is a result of the fact that
thinner regions diffuse faster than thicker regions. As a thin instability retreats the
hole cuts into progressively thinner regions in the middle of the film which results in
an even faster retreat. This is shown in c).
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Figure 4.4: Atomic force microscopy images for MnSi/SiC substrates. A 3 QL tem-
plate is shown in a). The serpentine domains are the result of a fingering instability
that occurs as the material is heated. b) shows a thicker film of 15 nm. As mate-
rial is codeposited on to the thinner films, the islands coalesce into larger grains. A
larger, 6 QL, template is shown in ¢). AFM has caught the film in the process of
dewetting as evidenced by the fact that some serpentine islands can still be seen. The
smaller serpentine grains are still present. The larger grains have triangular holes in
them. Because the triangular holes form edges along the [110] direction in MnSi, we
can determine the orientation of the film with respect to the substrate. d) shows a
crystallographic analysis of the film shown in ¢) where the grains are organized by ori-
entation. A corresponds to the 0° orientation, B corresponds to the 16.1° orientation
and C' corresponds to the 30° orientation. The primed grains have the same epitaxial
relationship to the substrate as the unprimed grains but have different orientations
relative to their unprimed counterparts [46].
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TA«a = T(apmsi — asic). For growth temperatures of 500°C there could be as much

as 0.4% tensile strain developing during cooling.

Figure ¢) shows a 6 QL template grown with solid phase epitaxy (SPE). SPE is
a growth method where a metastable amorphous layer crystallizes on a single-crystal
substrate, usually through annealing. A thicker film decreases the speed at which the
film dewets, as evidenced by the larger islands. The dewetting in this case primarily
occurs within the large grains, shown by the large triangular holes. Though there are
grains here with these large holes, the fingering instability can still be seen in the 6
QL template as highlighted by the red circle. Because of the thicker template, the

film has been caught in a state of dewetting.

We can exploit the fact that MnSi naturally forms edges along the (110) direction
to perform crystallography with AFM [22]. Figure d) shows a 6 QL film where
grains are highlighted by their angle with respect to [1100]SiC. The grains are marked
by A, B and C which correspond to the 0°, 16.1° and 30° respectively. The primed
orientations mark grains that are rotated 60° with respect to their unprimed counter-
parts. The primed grains will have the same epitaxial relationship to the underlying
substrate as the unprimed counterparts but will have different orientations with re-
spect to each other. The need for primed and unprimed grains is because of the fact
that MnSi has a threefold axis of symmetry and SiC has a sixfold axis of symmetry

running parallel about the film normal.

By measuring the area of the grains and their respective orientations over an
ensemble of three films, we find that the coverage of the 0°, 16.1° and 30° orientations
are roughly 51 +10%, 25 +8% and 24 +4% respectively. This is consistent with what
was observed in TEM and RHEED. An analysis of one of these AFM images is shown
in fig. d). This statistical analysis is consistent with the results found in TEM
and RHEED which suggested that the 0° orientation is the most common but that

the 16.1° and 30° orientation are present in moderate amounts.

Films such as the one shown in fig. b) were found to be electrically continuous

whereas thinner films such as those shown in a) and c) were found to be insulating.
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This is due to the contiguity of grains, which we can see is achieved in the case of the

film with 15 nm of material, but is not achieved for thinner samples.

4.2 Electrical Properties

Because the electrical measurements have contributions that depend on M, abrupt
phase transitions can be measured and it can be determined whether or not the
magnetic phase diagram is consistent with the observed strain. Because only the
thicker samples were found to be electrically conductive, electrical measurements were
only performed on a 15 nm sample similar to that shown in fig. b). A sample
with a 3 QL thick template and 15 nm of codeposited MnSi capped with a 20 nm
amorphous Si cap was used with a Quantum Design Physical Properties Measurement
System (PPMS) to probe the electrical properties of MnSi/SiC using a standard hall
bar geometry as detailed in chapter 2. Because our previous measurements of MnSi/Si
showed that a tensile strain resulted in a hard-axis magnetocrystalline anisotropy, we
anticipated that these MnSi/SiC films would demonstrate similar magnetic properties.
The electrical measurements show behaviour similar to that of MnSi/Si(111). This is
consistent with the observed strain, which was found with TEM and XRD to be tensile
as opposed to compressive. A tensile strain implies a hard-axis magnetocrystalline
anisotropy and so we would expect similar magnetic behaviour.

Figure shows the resistivity as a function of temperature for a 15 nm thick
film grown on a SiC substrate and its derivative with respect to T'. The derivative of
this can indicate phase changes. The peaks in dp/dT at 39.6+0.5 K indicates a Curie
temperature T = 39.6 K similar to that of MnSi/Si(111) (T = 42K). The increase
in Curie temperature from the bulk value of T = 29.5 K is due to the increased unit
cell volume [32].

The resistivity, p.., is about 1.5 times higher than that of the MnSi/Si(111) films.

We report a resistivity, py. = 2.78 x 1075 Qm. The residual resistivity ratio,

pra(T = 300 K)
RRR =
pee(T =0 K)

= 21.6, (4.2)
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Figure 4.5: Longitudinal resistivity as a function of temperature for a 15 nm film.

The derivative of this is a way of determining the Curie temperature which was found
to be 39.6+0.5 K.

is comparable to MnSi. This indicates that the elevated resistivity is not due to defects
in the film but rather could be due to a smaller effective thickness of the film. The
growth is such that the template is discontinuous and during the codeposition process
islands grow until they eventually connect into a continuous film. This interpretation
is further supported by the AFM results above and the fact that samples below a

thickness of 15 nm were found to insulating.

Figure a) shows the magnetoresistance of MnSi/SiC(0001), which is defined
as

MR = M’ (4.3)
Po

where pg is the resistivity at zero field. The inset shows the derivative of the mag-
netoresistance with respect to the applied field. The peak in this provides a way
of estimating the transition field between the conical and ferromagnetic states in
MnSi/Si. We estimate this field to be poHeo = 0.93 £ 0.05 T. These measurements
are consistent with a hard axis magnetocrystalline anisotropy and are very similar
to those of MnSi/Si. The magnetoresistance for a 25.4 nm film of MnSi/Si(111) is
shown in fig. ). This field is larger than the intrinsic bulk value, Hp, primarily
due to the demagnetizing field which will produce an effective field opposite to the
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applied field.

The Hall resistivity, p,, also demonstrates that the magnetic properties are con-
sistent with what would be expected from the observed strain. Measuring the Hall
resistivity can provide a means to probe topological magnetic changes as described
in chapter 2. The Hall resistivity is shown in fig. 4.6/ b). The behaviour shows no
sign of a first order phase transition that would be expected for a skyrmionic state.
Figure 4.7 b) shows Hall resistivity for a MnSi/Si(111) sample of thickness 25.4 nm.
The Hall resistivity of this sample is similar to that of the MnSi/SiC(0001) which is
consistent with a hard axis magnetocrystalline anisotropy and the observed strain.

Though the mismatch would imply a compressive strain and an easy axis anisotropy,
dewetting mechanisms prevent epitaxial compressive strain from forming. The electri-
cal measurements are consistent with the interpretation that the small tensile strain
that develops during cooling produces an easy-plane anisotropy similar to that which
is present in MnSi/Si epitaxial films.

Though the easy-axis anisotropy predicted was unable to be achieved through
the growth of MnSi on SiC substrates because of dewetting mechanisms, interesting
geometric structures were formed as a result of these dewetting mechanisms. The
geometries provided by these films could be an interesting system to explore in the
future and the surface edge states provided by the serpentine wires might provide a

means to stabilize OOP skyrmions.
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Figure 4.6: Magnetoresistance, a) and the Hall resistivity, b) as a function of applied
field for a 15 nm MnSi/SiC film. A peak in the derivative of the magnetoresistance
provides a way of determining, 1oHco, the critical field when the film transitions from
a conical state to saturated ferromagnetic state.
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Figure 4.7: Magnetoresistance [75] and Hall resistivity [49] of MnSi/Si thin films. The
behaviour looks qualitatively similar to MnSi/SiC, indicating the magnetic state is
the same as MnSi/Si.
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Chapter 5

Conclusions

The phase diagram for in-plane fields in epitaxial MnSi/Si thin films was resolved
using polarized neutron reflectometry. This technique is sensitive to the magnetic
depth profile of these films and so can be used to resolve magnetic variation along
the film normal. A phase of in-plane skyrmions was uncovered at T = 25 K and
woH = 0.5 T. These skyrmions have their axis of symmetry pointing within the
plane of the film in contrast to the more common out-of-plane skyrmions. Skyrmions
spontaneously order into a 1-dimensional lattice that was found to have a spacing of

21 nm.

At higher fields (700 mT) it was demonstrated that the films are in a twisted
ferromagnetic state where the magnetization varies little throughout the centre of the

film but near the edges there are magnetic twists.

At lower fields (300 mT) it was discovered that these in-plane skyrmions will elon-
gate through a process called the elliptic instability. It was found that energy barriers
prevent these skyrmions from fully coalescing into the stable helicoidal state. The
model used was a 1-dimensional lattice of elliptically elongated skyrmions which were
found to be 44 nm on average. A combination of barriers resulting from grain bound-
aries and the barriers that exist for merging skyrmionic end caps may be resulting in
the film existing in this metastable state.

A method for changing the sign of the uniaxial anisotropy was explored that
exploits the mismatch between MnSi(111) and SiC(0001). Because this mismatch
has the opposite sign of MnSi on Si it was thought that the anisotropy would change
sign. Because of surface energetics, the film undergoes a fingering instability as the
film is heated. Additionally, a variety of domains each with a different epitaxial

relationship relative to the substrate were found to have nucleated. As the film

74



is cooled, a very small tensile strain develops, which leads to a magnetic anisotropy
similar to MnSi/Si. This tensile strain is a result of the difference in thermal expansion
coefficients. The magnetic behaviour was found to be very similar to MnSi/Si as
would be expected from the anisotropy. The magnetic structure was probed using
electrical measurements and the morphological structure was probed using atomic
force microscopy and transmission electron microscopy.

The role of uniaxial anisotropy and the effect of confinement in epitaxial chiral
films is explored through two different methods in this thesis. It was found that
in-plane skyrmions are stabilized in MnSi/Si films. Though a change in the sign of
the anisotropy was not found, morphologically interesting structures were able to be
produced. It is possible that these structures could produce interesting geometries to

explore in the future.
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