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Abstract

Non-collinear spin textures are of great interest both fundamentally and technologically.
One of the most interesting such textures is a skyrmion, which is a vortex-like localized
topological spin texture that possesses numerous interesting features. Its exotic properties
include robustness against impurities and external perturbations, high mobility, long lifetimes
and a low threshold current for movement. These make magnetic skyrmions fundamentally
interesting and attractive for technological applications such as high-density memory devices,
especially in a racetrack storage device and for neuromorphic computing. Over the last decade,
extensive studies have been carried out concerning two types of isotropic topological spin
textures: Bloch skyrmions and Néel skyrmions that have chiral boundaries with helicoid and
cycloid propagating walls, respectively. They have been observed in the bulk system with B20
compounds and those with Csy crystal symmetry, respectively. Recently, a different kind of
anisotropic spin texture termed an ‘antiskyrmion’ (composed of alternating chiral boundaries
of helicoids and cycloids) has been observed in a ferromagnetic inverse tetragonal Heusler
compound Mn; 4Pto 9oPdy.;Sn with Dyq symmetry. In this thesis, an unanticipated discovery of a
novel spin texture namely an ‘elliptical Bloch Skyrmion’ having a topological charge -1 has
been found in the same Daq system whose crystalline symmetry supports antiskyrmions with
topological charge +1. The simultaneous existence of these distinct nano-objects with opposite
topological charges depends on the temperature and field history. These spin textures are also
found in Mn:Rho.oslro.0sSn, a low saturation magnetization ferrimagnetic inverse tetragonal
Heusler compound, thereby opening a path toward fully zero moment spin textures. In addition
to its fundamental importance, the findings presented in this thesis permit an advanced version
of the magnetic racetrack data storage device that could be more feasible than conventional
racetracks. Instead of utilizing the presence or absence of skyrmions as binary bits, a sequence
of skyrmions can be read as ‘1’ bits and antiskyrmions as ‘0’ bits that is more robust against
thermal drift, and the necessity of maintaining defined distances among the data bits is not

needed.
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Introduction

Chirality is a general characteristic of many diverse objects such as solid and liquid
crystals, molecules, and light, and gives rise to rich phenomena. In magnetism, chirality is
exhibited by spin textures in materials that lack inversion symmetry and is a consequence, for
example, of an asymmetric exchange interaction, a relativistic phenomenon called the
Dzyaloshinskii-Moriya exchange interaction (DMI)!-2. One of the most interesting spin textures
that was recently discovered is the skyrmion which is chiral and has been observed in several
distinct families of acentric magnetic compounds® *. Their small size, intrinsic stability that
derives from their topologically protected properties, as well as the low current densities
required for their motion have great potential for the ever-growing demand of energy efficient
data-storage devices’. Such devices may overcome the forecast breakdown of Moore’s law®
exponential growth of storage and operation speed. In the proposed non-volatile storage device,
magnetic racetrack memory, the presence and absence of nano size skyrmions can be used to
encode ‘1’ and ‘0’ bits’. Based on the work presented in this thesis, the concept of a skyrmion
based racetrack operation can be extended. For example, spin textures with opposite topological
charges, a sequence of skyrmions and antiskyrmions (Fig. 1), can be used as the digital bits.
This concept could be more reliable against thermal drift and thus superior to a racetrack based
on a single type of a topological spin texture. Such a device may overcome the need to maintain
a well-defined distance between successive magnetic bits in a racetrack®. Here, in this thesis,
the discovery of several non-collinear spin textures having distinct topological charges in a

single D»¢ Heusler compound is presented.




Figure 1 | Skyrmion-antiskyrmion racetrack. Co-existence of skyrmions (elliptically shaped)
and antiskyrmions in a racetrack geometry. Skyrmions are encoded as ‘1’ bits and antiskyrmions as

‘0’ bits.

The main focus of this study is the investigation of magnetic textures in D>¢ Heusler compounds

and the main goals of the thesis are as follows:

D Discovering new spin textures in D>q¢ Heusler compounds and studying their
detailed properties to enrich the field of topology in magnetism.

(I)  Optimizing the nano-track geometry and generating isolated and single chains
of topologically protected non-trivial nano-objects that will establish new
hallmarks for technological applications.

(III) ~ Studying the stability of spin textures with magnetic fields and temperatures
using various protocols and finding a way to observe the striking behavior of
spin textures near the specimen edges.

(IV)  Exploring new compound with different compositions having distinct magnetic

properties in the D2q family that can host different spin textures.

The next few paragraphs give chapter-wise outlines considering the above-mentioned goals.

In Chapter 2, the basics of non-collinearity in magnetism are introduced with a particular focus
on Bloch skyrmions, Néel skyrmions and antiskyrmions. The energy terms require to stabilize
those topological spin textures are presented. The intrinsic stability of various spin textures and

their implication as potential candidates in future technology are also mentioned in this chapter.




The experimental tools which are employed in this thesis are mentioned in chapter 3. The step-
wise preparation of thin specimen from the bulk crystal is presented in detail. The working
principle of various techniques are elaborated to investigate structural and magnetic properties

of bulk samples and thin specimens.

Chapter 4 is devoted to the surprising discovery of a topologically charged object namely an
elliptical Bloch skyrmion (topological charge -1) in the D2q compound Mn; 4Pty 9Pdo.1Sn whose
symmetry should provide support only for one topological object, namely an antiskyrmion
(topological charge +1). The interactions responsible for the formation of two distinct
oppositely topologically charged objects and their properties are discussed in detail. In addition,
other than round shaped antiskyrmions, their deformation to square-shaped objects is discussed.
The formation of the crystal Mni4PtooPdo.1Sn is only possible when the compound has

significant numbers of Mn vacancies. The reason for this is not properly understood.

Differently oriented nano-tracks are investigated to study the anisotropic behavior of
antiskyrmions in chapter 5. Sparse state and a single chain of antiskyrmions, elliptical Bloch
skyrmions, and their simultaneous existence are observed at room temperature. Furthermore,
the nucleation of nano-objects depending on the starting configurations is demonstrated in

different reliable ways.

The various possible metastable states of spin textures are examined depending upon the field
and temperature. The role of the in-plane magnetic field is shown extensively by obtaining the
different initial states through the temporary application of in-plane components of fields. In
addition, the stability of fractional antiskyrmions and fractional elliptical skyrmions, which bear

fractional charge numbers, near the edge of the extended specimen are described in chapter 6.

In chapter 7, antiskyrmions and Bloch skyrmions are also observed in a second D>¢ compound
of Mn2Rho ¢sIro.0sSn that is without any significant Mn vacancies unlike Mni 4Pto.oPdo.1Sn. The
stability of spin textures is inspected over a wide range of temperature and field. This compound
is a ferrimagnet which has a magnetic moment less than half of the ferromagnetic compound

Mn; 4Pto.9Pdo.1Sn.

Chapter 8 summarizes the results of the thesis, and gives an outlook on the future research

projects.
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Figure 2 | Spin textures in D2q symmetry. Schematic diagram of different spin textures which are
presented in this thesis for systems with Dyq symmetry. CW and CCW correspond to clock-wise

and counter clock-wise chiralities for elliptical Bloch skyrmions.




Magnetic skyrmions

2.1 Non-collinear magnetism

The most common demonstration of magnetism is collinear magnetism, such as
ferromagnetism, ferrimagnetism and antiferromagnetism, where magnetic moments are aligned
either parallel or antiparallel to each other bearing a common magnetization axis. The first non-
collinear magnetic structure was discovered experimentally about 50 years ago’ !°. In contrast
to the collinear magnetism, the magnetization axis for all atoms in non-collinear magnets is not
the same but changes direction spatially. The complex non-collinear magnetic structures exist
in various magnetic systems. They occur in matters with competing exchange interaction
among different neighbors such as helimagnet of lanthanides, fcc-Fe, bee-Eu, or in LaMn2Ge»
1-13 “Several magnetically disordered systems, such as, spin glasses or triangular lattice that
interact antiferromagnetically with their neighbors, have non-collinear structures. Other
example includes domain walls where competing monocrystalline anisotropy and exchange
play an essential role for the formation of non-collinear structures. Of all these non-collinear
structures, chiral magnet is particularly interesting as it warrants a special impact due to the
presence of the antisymmetric exchange interaction known as Dzyaloshinskii-Moriya
interaction (DMI)!-2. The distinct features in the chiral magnets are their fixed sense rotation of
magnetization tied to the crystal lattice’s chirality. Here the competition between the exchange
interaction, which favors the parallel alignment of the spins, and DMI interaction, which favors
the perpendicular spin arrangement, results in uniform canting of the spins that differs from the

complex stripe pattern arising from the exchange and dipole interactions. On applying the




magnetic field along the crystallographic direction, the ground state helical structure in the
chiral magnet transforms to the non-trivial topological object of fixed chirality, which is coined
as magnetic skyrmion. These chiral structures, unlike conventional bubble, give rise to an
interesting physical phenomenon called topological Hall effect, which is generated due to the
emergent magnetic field'* 5. Moreover, skyrmions can be moved in an ultralow current

density'®, whose magnitude is few orders smaller than that of bubbles or domain walls motion>

17

2.2 Magnetic skyrmions

The term ‘skyrmion’ was coined by British Physicist Tony Skyrme to describe the
interaction of fundamental particles such as pions using the nonlinear field model'®. Nearly 30
years later, the pioneering theoretical observation of magnetic skyrmions in acentric magnets
was predicted for the first time in condensed matter Physics by Bogdanov ef al® in 1989. It
proposed the potential stability of non-singular, localized and topologically stable spin
configuration on including the chiral terms in the classical energy equation. Their existence as
a periodic array of skyrmion lattice was found in several crystallographic symmetry classes'.
The skyrmions are found in non-centrosymmetric chiral crystals because of the antisymmetric
exchange interaction called DMI, resulting from breaking the inversion symmetry and spin-
orbit coupling (SOC). Experimentally, skyrmion was confirmed by Miihlbauer ez al.?° in 2009,
nearly two decades after the theoretical report. They were found in a cubic MnSi crystal via
small-angle neutron scattering. In this crystal, the ground state is a helical phase and the
skyrmion state (indicated as ‘A’ phase in Fig. 1a) is found over a narrow region of field and
temperature near the transition temperature. When the magnetic field is applied perpendicular
to the single crystal surface, six bright spots are produced in the neutron scattering which
indicates the existence of skyrmion lattice (Fig. 1b and 1c). The first real space imaging of
skyrmions was successfully achieved using an in-situ Lorentz TEM on a FeosCoo.sSi single
crystal thin lamella (or specimen)?!. After that, several B20 compounds such as Cux0SeO3??,
FeGe?, B-Co-Zn-Mn?* alloys were found to host skyrmion. The enhanced skyrmion stability
against the magnetic fields and temperatures, far below the transition temperature region, was
found in thin lamellae (< 100 nm) as reported?® 2326, The DMI which stabilizes the spin textures
in these B20 compounds is known as bulk DMI and the skyrmions are called as Bloch

skyrmions, as magnetic moments rotate in a tangential plane like Bloch wall propagation.
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Figure 1 | First observation of magnetic skyrmion in MnSi. (a) Temperature vs Magnetic field
phase diagram for bulk MnSi. (b) Schematic of triangular spin structure. (¢) The six intensity
maxima in the momentum space neutron scattering experiment corresponds to the triangular lattice

state. From (S. Miihlbauer ef al. Skyrmion Lattice in a Chiral Magnet. Science 323, 915 (2009), Ref. [20]).
Reprinted with permission from AAAS.

The second type of skyrmion is known as Néel skyrmion that arises when the inversion
symmetry is broken at the interface of a heavy metal and magnetic material?’”. The DMI
associated with the Néel skyrmion is known as interfacial DMI. This type of spin texture was
first identified at the interface of Fe monolayer and Ir(111), where the heavy metal Ir induces
DMI?8, Later, it has also been observed that the effective strength of DMI is significantly
enhanced by sandwiching the ferromagnet in between two different heavy metals, e.g., Ir|Co|Pt
multilayers (Fig. 2a) has more DMI than only Pt|Co multilayers®. The DM vector originating
from the top Pt|Co layer has the same direction as the DM vector originating from bottom Ir|Co
layer that guarantee the additive nature of DMI strength (Fig. 2b) and the formation of Néel
skyrmions (Fig. 2c). Nevertheless, it has also been seen that combining the oxide interfaces to
Pt|Co shows large interfacial DMI, e.g., Pt|Co|Al,O3 or MgO?%-32. Contrary to Bloch skyrmion,
the magnetic moment in Néel skyrmion is rotated in a radial plane when moving from core to

periphery or vice versa. Moreover, Néel skyrmion were also found in bulk non-




centrosymmetric Cyy crystal symmetry of GaViSg*, VOSe,05*, PtMnGa*® and van der Waals

ferromagnet like Fe3GeTe,.

(=)

Figure 2 | Néel skyrmions in Multilayers. (a) Schematic of additive DMI properties in Pt|Co|Ir
multilayers. (b) Shows the enlarged view of a small portion of the multilayer stacks. (¢) Skyrmion
in the (Ir|Co|Pt)10 multilayer stacks using scanning transmission X-ray microscopy (STXM) at 68

mT. Adapted by the permission from Springer Nature Terms and Conditions for RightsLink Permissions Springer
Nature Customer Service Centre GmbH: Macmillan Publishers Limited, part of Springer Nature Nanotechnology,
Additive interfacial chiral interaction in multilayers for stabilization of small individual skyrmions at room

temperature, C. Moreau-Luchaire et al. 2016; Ref. [29].

Other than Bloch and Néel skyrmions, magnetic bubbles of size varying from nanometer
to micrometer size were also found in centrosymmetric magnetic compounds. These bubbles
are either trivial or topologically protected non-trivial spin textures, depending on the in-plane
components of spin arrangement®’#’. Recently, square skyrmion lattice induced through four-
spin interactions was found in centrosymmetric tetragonal magnet GdRu»Si; in the absence of
inversion symmetry breaking and geometrically frustrated lattice*!. Bi-skyrmion of topological
charge +2 has also been reported in MnNiGa*?, while Loudon et al.** claimed the bi-skyrmion
to be similar to the type II bubble in the same compound. Other than this, theoretical studies

suggested the possible generation of the in-plane magnetized version of the skyrmion, called




bimeron** %, A ring-like texture skyrmionium consists of a combined structure of two
skyrmions of opposite polarity was also predicted by Bogdanov et al.* that can be stabilized
by a similar DMI like skyrmion. These are also referred to as 2w skyrmions since going from
the edge to the center of this object; azimuthal angle changes, for example, from 0 to 2 7
through . This was realized experimentally via X-ray photoemission electron microscopy in
NiFe on top of the topological insulator and using the laser pulses on alloy film of
TbaoFegoCoo*”: 48, However, in a skyrmion hosting B20 compound FeGe, resembling
skyrmionium texture was realized in confined nano-disks. Also, torus like three-dimensional
soliton called magnetic hopfions were proposed theoretically, however not yet observed
experimentally*®- °°, Besides these above mentioned spin textures, a distinctly different spin
texture consisting of both Bloch and Néel spirals called ‘antiskyrmion’ was observed
experimentally in D¢ Heusler compounds Mn; 4PtooPdo.1Sn and Mn; 4PtSn!. Here, in this
thesis, more focus is given towards the details of the exciting new properties of
Mnj 4Pto.9Pdo.1Sn and search for new compounds that can exhibit topological non-trivial spin

textures in D»g inverse tetragonal Heusler compounds.

2.3 Magnetic antiskyrmions

A different kind of topological spin texture named ‘antiskyrmion’ was found
experimentally in 2017°!. Theoretically, it was estimated that antiskyrmion would be found in
D4 and S4* 4, while up to now, antiskyrmion has been found only in the D¢ symmetry crystal
structure Mnj.4Pto9oPdo.1Sn, an inverse tetragonal Heusler compound. The DMI that stabilizes
antiskyrmion in Mn 4Pto.9Pdo.1Sn is anisotropic since it has no component along the long axis
of the tetragonal system. The DMI vectors lie only in the basal plane orthogonally, which have
same magnitude but opposite sign. This is why helices and antiskyrmions are found within the
basal plane of the tetragonal compound Mn.4Pto9Pdo1Sn (Fig. 3a-b). The anisotropic DMI
results in the anisotropic spin texture that composes of a chiral boundary of helicoid and cycloid
propagation along {10} (i.e. [100]/ [100] and [010]/ [010]) and {11} (i.e. [110]/ [110] and
[110]/ [110]) directions, respectively (Fig. 3c). The ground state of the system shows helical
states that propagate along [100] and [010]: favorable along the Bloch wall propagation
directions. They form a triangular lattice state, as shown in Fig. 3b of Lorentz microscopy
image, by applying a magnetic field perpendicular to the basal plane before providing a
temporary in-plane field. The individual contrast consists of two bright lobes along [100] and
two gray lobes along [010] crystallographic direction and there is no contrast along the {11}

direction since cycloid propagation of Néel walls do not show any LTEM contrast.




(a) (b)

[010]
CCW Helicity

CW Helicity

[100]

Figure 3 | Magnetic antiskyrmion and its intrinsic stability. (a) Shows the schematics of
clockwise and counter clockwise helicities. (b) The triangular lattice of antiskyrmion. (¢) The
schematic of an antiskyrmion. (d), (e) Top view of scanning electron microscope (SEM) images
show the thickness of the lamellae are ~150 nm and ~270 nm, respectively. (f), (g) Lorentz TEM
images for the lamella shown in (d). Similarly, (h) (i) are the Lorentz TEM images for the thicker
lamella of thickness ~270 nm.
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In the case of B20 skyrmion, helix can propagate in different directions, while D24
symmetry restricts their propagation along [100] and [010] directions. An important
observation is found for the antiskyrmion in the D24 system that they are stable up to maximum
possible thickness observed in LTEM. Two lamellae of thickness ~150 nm (Fig. 3d), 270 nm
(Fig. 3e), respectively are shown here. The thickness is obtained from the SEM overview image.
The ground state of helical phase is observed where helices propagate along [100] and [010]
directions (Fig. 3f and 3h). The helical periods are ~152 nm and 223 nm, respectively. Unlike
the B20 cases, here it is shown that helical period increases with increasing thickness of the
lamella®? 33, After a temporary application of in-plane field components, antiskyrmions lattice
are formed at higher magnetic fields. Fig. 3g and 3i show the LTEM contrast of antiskyrmions
at 296 mT and 340 mT, respectively. This finding is in sharp contrast to the B20 compound
formed skyrmions. For example, FeGe, the maximum stability of Bloch skyrmion is possible
for the lamellae of thickness below 100 nm??. For lamellae thicker than this, the modulated
skyrmion tube breaks into the chiral bobbers>*. This distinct behavior can be understood from
the associated discrete DMISs that form different spin textures in B20 and D4 crystal symmetry?.
The DMI vector along the thickness direction in the B20 compound tends to chiral modulation
of magnetization after a certain critical thickness that hinders its stability against the magnetic
field. On the other hand, the absence of a DMI vector along the thickness direction (in the [001]
zone-axis) of the D2q compound prevents the chiral magnetic modulation so that antiskyrmion
stability is preserved irrespective of such higher thickness. A detailed observation about the
intrinsic thickness stability of antiskyrmion on a wedge-shaped lamella was described in Saha

et al 3.

2.4 Topological definition of skyrmions

The classification of different spin textures are characterized by the skyrmion number?>

a a
Nsi == ffm(r) - (52 x %) d3r (1)

Here, m is the normalized magnetization density. The above expressed mathematical quantity
describes as the number of times spins warp around a unit sphere. Expressing the magnetization

in spherical coordinates,

m(r) = [cos ®(¢) sin O(r), sin ®(¢) cos O(r), cos O(r)]

11



(a) Bloch Skyrmion (b) Antiskyrmion (c) Néel skyrmion
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Figure 4 | Different types of skyrmion. Schematic spin textures of (a) Bloch (b) antiskyrmion

and (c¢) Néel skyrmion.

Here, polar angle ®(¢) of the magnetization depends on the polar angle ¢ of the
position vector r and O(r) depends on the length r of the position vector . We can

rewrite the equation of topological charge from equation (1) as>®

1 oo 2T 0P () 00(r) . _ 1 © 1 2
NSk—Efo dr fo d(pW —,~ sin 0(r) = —cosO() |,L, 5= CD(‘P)|4,=0
=p.m (2)

The first term is called polarity (p) and the second term as vorticity (m). Hence, topological
charge number is the product of polarity and vorticity. Polarity (p) defines the direction of the
magnetization at the core of the spin texture; whether it points up (p = +1, for +z-direction) or
down (p = -1, for -z direction). The sense of rotation of the in-plane magnetic texture is

characterized by the quantity called vorticity. Hence

p=11, m=0,+1,+2,.....

So that Nsk=0, +1,%2,...... 3)
Further, helicity is defined by the phase as

d=mp+y 4)

12



y is 0 or  for Néel skyrmions and +§ or -% for Bloch skyrmion. Since antiskyrmions are not

rotationally symmetric objects like skyrmions, the helicity is no longer defined as a global offset
between the polar angle of position vector and the polar angle of magnetization. Rather, it gets
distinguished along different directions. For example, antiskyrmion has the profile of Néel

skyrmions with helicity 0 and r along the black dashed line or has the Bloch skyrmion texture

with helicity + g along the purple dashed lines.

For all three types of skyrmions (Fig. 4a-c), the topological number can have +1 or -1°¢.
However, antiskyrmion has opposite m i.e., the in-plane magnetization rotates opposite to the
position vector. Hence, antiskyrmions have opposite topological charge than that of Bloch and
Neéel skyrmions for a given direction of fixed core (polarity). The value of Nsk is zero for the
helical or ferromagnetic (field polarized) state. Since different topological numbers are assigned
for the helices and skyrmions, these structures cannot be transformed into one another by
continuous deformation. That is why skyrmions are regarded as topologically non-trivial
objects. An energy barrier separates the skyrmions from the surrounding ferromagnetic state
and this eventually leads to their longer metastability. In magnetic bubbles of centrosymmetric
materials, whether Nsk is zero or non-zero integer number, it depends on the internal
magnetization of the spin texture. Higher order skyrmions are predicted theoretically and in this
case, in-plane magnetization rotates more than once around the unit sphere such that magnitude
of vorticity |m| > 1°7. The different types of skyrmions are found by the types of interactions
and depend on the details of the crystal structures. The detail will be discussed in the following

sections.

2.5 Energy terms for stabilizing skyrmions

In this section several important interaction energies responsible for stabilizing

skyrmions in distinct symmetric group material system are discussed.

2.5.1 Exchange interaction
The Heisenberg interaction or exchange interaction is the basic interaction in magnetic
materials that promotes the ordering of magnetic moment through the coupling of electron spins

of neighboring atoms. The exchange interaction energy is given by

1
Hexchange = _Ezjij (Si ' Sj) (5)
iJj
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Where s; and sj are electron spin at i and j" state, and J; is the exchange constant between
them. Factor /% in equation (5) accounts for the double counting of each interaction. The positive
value of J; aligns spins of the electron parallel to each other and hence the ground state will be
ferromagnetic. For the negative value of Jj, spins will be aligned antiparallel to each other that
accounts for antiferromagnetic materials. Exchange is not the solo interaction present in a
material that otherwise promotes single domain magnetic materials. Non-collinearity comes to
play in magnetic material due to the presence of other energy terms that compete with exchange

interaction.

2.5.2 Zeeman interaction and anisotropies
The Zeeman energy term is introduced to describe the interaction of magnetic

moment (¢) with the externally applied magnetic field.

Hzeeman = _z us; -B (6)
i

It is one of the important energy terms as its application makes the generation of the non-trivial
topologically protected skyrmion phase over the trivial ground state helical phase. This external

magnetic field is applied along certain crystallographic directions of the material systems.

The easy-axis anisotropy along the direction n = e; is given by

1 2
H pnisotropy = — Ez K( S;. - n) (7)
i

Here K is the anisotropic constant. In thin-film systems, anisotropy prefers out-of-plane
direction, and skyrmions can be formed on competing with dipole-dipole interactions after the
externally applied magnetic field even without DMI*®. The propagation directions are
determined by the magnetic anisotropy®®%’. For example, in the B20 system, different
helimagnet propagation directions exist that correspond to the symmetry of the cubic crystal.
For Dyq¢ skyrmionics systems of the tetragonal Heusler compound, anisotropy plays an
important role as well. It is found that the helical state is stabilized in the plane perpendicular
to the easy axis [001] and the application of magnetic field (Zeeman energy) along this direction
stabilizes the spin textures®!. Also, one can say that the transitions between the various states

largely depend on the applied magnetic field. In the D2g system such as Mni4PtooPdo.1Sn, a
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unique feature has shown that the application of a temporary magnetic field helps to overcome

the energy barrier between the trivial (e.g., helical phase) and non-trivial phase.

2.5.3 Dzyaloshinskii-Moriya interaction

Though there are several possible interactions responsible for the formation of non-
collinear texture in magnetic material, it is skyrmion spin texture which has the fixed chirality.
This fixed chirality in the skyrmionics system is induced by the antisymmetric exchange

interaction called DMI! 2
1
Hpmy = Ez D;j - (si X sj) (8)
ij

that occur due to spin-orbit coupling and lacking inversion symmetry. The magnetic skyrmion
spin texture has one of the fixed chirality; C= s; X s;, either (C > 0) right-handed or (C < 0)

left-handed, depends on the crystal chiral symmetry. The DM interaction also induces weak
magnetism on an otherwise antiferromagnetic materials, for example, Fe2Os. The strength of
the DMI depends on the strength of SOC and is at least one order smaller than conventional
exchange interaction. The competition of DMI with parallel spin alignment due to exchange
interaction results in the canting of magnetic moment at an angle < 90 degree, determined by
the ratio D/J. The directional dependence of the DM vector is derived from the Moriya rules?
of symmetry arguments. Considering two magnetic atoms a and b and the point ¢ is bisecting
the straight-line ab, the rules are?

1 D =0, when a center of inversion is located at c.

2 D || mirror plane or D Lab, when a mirror plane perpendicular to ab passes through c.

3 D 1 mirror plane, when there is a mirror plane including a and b.

4 D 1 two-fold axis, when a two-fold rotation axis is perpendicular to ab passes through c.

5 D/l ab, when there are two or more-fold rotation axis along ab.

DMI for Magnetic skyrmions
Here different DMI forms responsible for stabilizing different kind of skyrmionics textures are

discussed.

Bulk DMI: This kind of DMI is observed in non-centrosymmetric bulk B20 cubic materials,

e.g., MnSi, FeGe. In the continuous limit, the DMI is expressed as
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Here the DMI constant D has a dimension of energy/ (length)?. The first four terms in equation
(9) account for the DM vector along in-plane direction and last two terms for the bond along
out-of-plane direction. The DMI of this form stabilizes Bloch skyrmion in which spins are
rotated in the tangential plane.

Interfacial DMI: Unlike the previous case, here, lack of inversion symmetry is induced by the
explicit formation of interfaces by two different grown layers. The DMI is formed according to
the ‘Levy-Fert’ rule, where two magnetic atoms lie in a plane and a third heavy non-magnetic
atom that has the same distance from each magnetic atom which obey Moriya rules 2 and 3.
This form of interaction stabilizes Néel skyrmions such that the rotation of spin is in the radial
plane and attributed to the cycloid propagation. The DMI vectors have equal magnitude and

signs for all bonds. This DMI read as®!

om,, om, L m omy om,

— ¥ _ 3
ox X "ox Z 5y v oy ) 4T (10)

Hinterface = f D (mz

Anisotropic DMI: A distinctly different kind of spin texture subjected to the Dxq and Sy
symmetries compounds was proposed by Bogdanov et al.* and was found experimentally in the
D»q Heusler system, Mn1.4PtooPdo.1Sn. The spin texture in this symmetry is anisotropic owing
to the anisotropic DMI. The DMI vectors have no out-of-plane direction. There are orthogonal
in-plane DMI vectors which are opposite in direction and have the same magnitude. In the
continuous limit, it read as

om,, om, omy om,

Hanisotropic:fﬁ(mz ox —m, o ng + m,, ay)d31" (11)

The opposite sign of the DMI vectors originate due to the placement of nonmagnetic atoms
above and below the magnetic atoms layers that stabilize different types of spin spirals
propagating in an alternating manner. The anisotropy kind of interaction is also formed when
the ultra-thin magnetic film is grown on the semiconductor or heavy metal substrate with Cay

symmetry®.
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Figure 5 | Spin textures resulting from DMI interactions. Schematic representation of (a) Bulk
DMI forms from acentric B20 compounds and the (b) corresponding spin texture (upper panel) and
the type of spin spiral (lower panel) from which they form. Interfacial DMI (¢) forms in the interface
like Co/Pt and the resulting (d) spin texture and spin spiral. (e) and (f) are for the anisotropic DMI,
the corresponding spin texture and the type of spin spirals along different crystallographic

directions.

17



Other forms of DM interactions, which depend on how the inversion symmetry break, can be
formed as predicted theoretically. For example, elliptical skyrmion when DM components have
the same sign but have different magnitude®? or a different DM interaction that can produce

bimeron, as reported by Gobel er al.**.

2.5.4 Dipole-dipole interactions

Dipole-dipole interactions arise between all dipoles in the volume of the magnetic
material. It is a long-range interaction, unlike the above discussed interactions that are limited
to neighbouring moments. This interaction between the magnetic moments s; and s; at a distance

rij is read as

_ _ Mo (3Giry)siry)  (sitsp)
Hdd 41T ( ri5j ri?}' ) (12)

Dipole-dipole interactions mostly stabilize the bubbles of different sizes in centrosymmetric
material (without DMI). In magnetic thin films, the preferential out-of-plane magnetization due

to the anisotropy and the favored in-plane magnetization by dipolar interaction produces

disordered helimagnetic structures. It is also observed that upon application of the external

magnetic field, Bloch skyrmions with opposite helicities of i% are favorable over Néel

skyrmions. The degenerate opposite helicities correspond to the achiral nature of the dipole-

dipole interactions®® ¢,

2.6 Towards application of skyrmions

After the discovery of magnetic skyrmion in cubic B20 compound MnSi, another
exciting observation was found in the same system is the movement of them with electric
current. It is shown that skyrmion can move with a current density of ~10% A/m?, nearly five
orders of magnitude smaller than domain wall motion!¢. This important finding, together with
the nano-metric small size, particle-like behavior and topological properties, skyrmions are
considered important for their application in high-density nonvolatile memory devices like the
racetrack memory> and neuromorphic computing®. Other than this, as predicted, skyrmion can

66. 67 To utilize

be utilized in transistors®, logic gates®®, magnonic or microwave devices
skyrmions in devices as an information bit, they have to manipulate individually. For example,
in racetrack’, these quasiparticles are encoded as ‘1’ bits, and places where not present are
identified as ‘0 bits’. A successful demonstration of the skyrmion annihilation and nucleation

is established by spin polarized scanning tunneling microscopy (SP-STM) tips®®. Besides this,
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skyrmion can be generated by locally applied magnetics field®® 7, electric field’!> 72, spin

torques®® 73, by heating through electron pulses’ or laser pulses*® or by defects!” 7576,
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Figure 6 | Electrical detection of magnetic Skyrmion. (a) Scheme of experimental set up in a
multilayer racetrack integrated with local probe magnetic force microscopy. The out-of-plane
magnetization is represented by blue and red contrast. (b) Nucleation of skyrmion by current pulses
at different magnetic field. This induces the variation of Hall resistivity and Hall resistance (left and
right-hand scale respectively). (¢) MFM phase maps, after the pulses are sent, show the variation of
skyrmion density on different field strength. Adapted by the permission from Springer Nature Terms and

Conditions for RightsLink Permissions Springer Nature Customer Service Centre GmbH: Macmillan Publishers
Limited, part of Springer Nature Nanotechnology, Electrical detection of single magnetic skyrmions in metallic

multilayers at room temperature, D. Maccariello ef al. 2018; Ref. [77].

Also, the electrical detection and manipulation of skyrmions using magnetic force microscopy
(MFM) (Fig. 6a-c) were reported’” 8. The electrical detection was also examined via
topological Hall effect when the spin texture in skyrmion is coupled to the conduction
electron”. However, in real space via an electric current induced motion, skyrmion shows an
unwanted physical property that is highly undesirable for devices used in practical application®.
This is called the skyrmion Hall effect and it arises due to the presence of Magnus force that is
originating from the finite value of the topological charge. Because of the Magnus force,
skyrmion always deviates away from the current injection direction and annihilates at the
boundary of the specimen. As a result, the information bit is lost in the device. This unsuitable
condition can be avoided either by antiferromagnetic materials or antiferromagnetically
coupled synthetic bilayer systems®'. The Magnus force of skyrmions in antiferromagnets is

completely canceled due to the opposite sign of the topological charge on each sublattice.
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However, the detection of these antiferromagnetic skyrmions is a real problem due to the
absence of a stray field. Nevertheless, in a recent study, skyrmions were observed in
antiferromagnetically coupled multilayer®® #3. In the synthetically coupled system, a very low
current-driven motion was reported with negligible skyrmion Hall angle®?.

A theoretical observation on antiskyrmions reported that the angle between its
propagation and current direction could be tuned. Since antiskyrmion possesses anisotropic spin
arrangements, the antiskyrmion Hall angle can be varied widely as a positive and negative
value. Interestingly, even it can be suppressed to zero by making the straight-line motion of
antiskyrmion along a certain specific current direction®*. Moreover, the formation of skyrmion-
antiskyrmion pair in a single material system can also cancel the Magnus force due to the
opposite topological charge so that a perfect straight-line motion can be achieved. Additionally,
producing distinct spin textures of skyrmion and antiskyrmion in a device helps to operate them

as distinct bits such that one does not have to worry about the distances between the particles.

2.7 Stabilization of different spin textures in single material system

The manifestation of different kinds of topological spin textures in magnetic materials
depends on the crystal structures’ symmetry group. Mostly studied non-centrosymmetric B20
compounds like MnSi, FeGe, Fe.5Co00.5S1, Cu20SeOs, B-type Co-Zn-Mn alloys induce Bloch
skyrmion. However, the observations of deformed skyrmions caused by either anisotropic
strain®, confined geometry, or the vicinity of grain boundary were reported in these compound
system®. Nevertheless, they bear the same topological charge irrespective of the LTEM
contrast deformation as reported. Also, In CosZnoMns3 alloy, along with Bloch skyrmion, the
presence of in-plane magnetic anisotropy induces the square lattice of meron and antimeron
(with the topological number -1/2 and +1/2 respectively) formation in elevated magnetic
fields®’. Recently, in the same family of elemental composition, domain wall skyrmions were
also observed®®. A hybrid particle-like state composed of a smooth magnetization vector and a
magnetic singularity called chiral bobber was predicted theoretically in several B20 compounds
and was recently confirmed experimentally in FeGe>* %, Opposite helicities of degenerate
Bloch skyrmions were found in hexaferrite BaFe2019 for the achiral nature of the
centrosymmetric compound?®.

A recently proposed theory suggested the possible formation of single, double and triple
q (skyrmion) state in the frustrated triangular lattice system without the presence of spin-orbit
or dipolar interactions. This model anticipated an energetically degenerate skyrmion and

antiskyrmion near the transition temperature region®. Further, including the dipole-dipole
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interactions in a model based on the frustrated magnet, Zhang et al.®! reported the formation of
the skyrmion, antiskyrmion and their pair annihilation. This model also demonstrated bi-
skyrmion and bi-antiskyrmion formation via merging two skyrmions and two antiskyrmions as
a bound state, respectively. However, recently, in the geometrically frustrated system of
Gd»PdSis, only Bloch type skyrmions were observed experimentally, and the formation of

t’2. Hoffmann et al.®

different spin textures in one material system has not been found ye
reported a theoretical study on the interfacial stabilization of antiskyrmion in multilayer stacks
with Cay symmetry and their existence with skyrmion. To the best of our knowledge, no material
has been found that exhibits such a DMI tensor with det (D) = 0. Furthermore, using Brillouin
light scattering, anisotropic DMI vectors of unequal strength was found on the Cay symmetry
of thin-film Au/Co/W(110) that favors the skyrmions in elliptical shape instead of
antiskyrmion®®. Here, I report the experimental discovery of two different spin textures of

opposite topological charges in a single material system of Mni4Pto9oPdo.1Sn and

MnRho.osIro.0sSn, separately.

2.8 Summary

A short introductory discussion about the scope of this thesis is mentioned. A basic
discussion about the various non-collinear spin textures with special attention to Bloch, Néel
and antiskyrmions are discussed. The intrinsic stability of antiskyrmion resulting from the
anisotropic DMI in the D»q symmetry is examined using two different uniform lamellae of
thickness ~150 nm and 275 nm. The definition of topological charge number for typical spin

textures and the necessary energy terms require for their stability are mentioned.
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Experimental methods

In this chapter, different equipment and their principles for analyzing bulk samples and thin
lamellae are described. The measurements in superconducting quantum interference device
(SQUID) are performed to examine the magnetic properties of bulk samples. Topography and
single crystalline grains information are obtained from the scanning electron microscope (SEM)
and electron backscatter diffraction (EBSD) techniques. A transmission electron microscope
(TEM) is used in different operational modes to investigate structural and magnetic textures of
thin specimens. Results obtained from various experiments are specified with particular

attention to the D»q inverse tetragonal Heusler compound Mnj 4Pt 9Pdo.1Sn.

3.1 Magnetization measurement

The magnetic properties, for example, magnetization (M) as a function of magnetic field
(H) and temperature (7) of the sample, are examined in DC SQUID [MPMS3, Quantum
design]. A SQUID is an ultrasensitive magnetometer normally used to measure extremely small
magnetic moment (10® emu). The working principle of the device is based on superconducting
loops containing Josephson junctions.

A magnetization measurement for continuously varying temperature of the
Mnj 4Pto.9Pdo.1Sn bulk sample is shown in Fig. 1a for zero-field cooled (ZFC) and field cooled
(FC) modes. In the ZFC mode, the sample is cooled down in zero field from 400 K to 2 K and,
then magnetization is measured in a constant magnetic field during heating from 2 K and 400

K. In the FC process, in the presence of same magnetic field, the sample is cooled down to 2 K
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and, then M (7) curves are measured from 2 K to 400 K. A magnetization vs. temperature curve

in ZFC and FC modes is shown (Fig. 1a) for a constant magnetic field of 0.1 T. From the M (7)
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Figure 1 | Magnetization of Mn.4Pty.oPdy.1Sn. (a) Shows the M (T) curves in zero field (black

curve) and field cooled (red curve) modes. (b) M (H) curves for different temperatures.

curve, it is evident that the system undergoes first magnetic transition from a high temperature
paramagnetic state to a low temperature ferromagnetic state at around 390 K (Tc). A second
transition occurs at a lower temperature of approximately 133 K due to the canting of the Mn
moment away from the tetragonal axis. This transition temperature is commonly known as the
spin reorientation transition (Tsrt). The plot of magnetization vs. magnetic field for different
temperatures is shown in Fig.1b. The compound is a ferromagnetic soft magnet and has a

saturation magnetization of ~4.5 ug/f.u at 2 K3!.

3.2 Scanning electron microscopy and electron backscatter diffraction

In a scanning electron microscope (SEM)*, the focused electron beam scans over a
surface to produce an image. The electron beam interacts with the sample, resulting in various
signals that can be used to obtain surface topography and composition of the sample®>°¢. The
penetration depth of the incident beam into the sample depends on the accelerating voltage and
the density of the sample. They produce secondary electrons, backscattered electrons and X-

rays after interacting with the sample. The secondary electrons eject from within a few
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nanometers of the sample surface give rise to the surface topography. The X-rays and
backscattered electrons originate due to the multiple scattering events inside the sample. The
X-rays obtain in this interaction can be used to map the elemental distribution of the sample in
an equipped energy-dispersive X-ray spectroscopy. The backscattered electrons can be used to
determine the crystal structure of the sample®>.

Electron backscatter diffraction (EBSD) is a crystallographic characterization technique
mostly used for polycrystalline material to provide information about the local crystal structure,
its orientation, phase, strain, and the angular relationship between the crystal planes®’-!%, The
identification of crystal orientation, grain, and phase helps to lift thin lamellae of particularly
oriented zone-axis. Moreover, EBSD is a surface sensitive technique as the diffraction signal
comes from ~5-20 nm of the sample surface. So, the surface has to be smooth and free from
the thick coating, undulation due to protruding particles, contamination, oxidation layers, and
damage. Therefore, no single technique is applicable for all material, and different experimental
techniques have been approached to get the best surface.

The EBSD (Quantax, Bruker) is performed in a TESCAN GIA system that occupies
SEM and, an EBSD detector situate approximately 90° to SEM column that has phosphorus
screen, lens and CCD cameras of required resolutions. The schematic of the experimental set
up is shown in Fig. 2a. The bulk sample is placed at an angle ~70° to the normal of the electron
beam. The accelerating voltage of the electron from the SEM column is 20 kV. A diverging
source of elastically and inelastically scattered electrons will be produced on the penetration of
probe electron beam up to a few nm through the sample. Then the elastic and inelastic scattered
electrons are reflected by set of crystal planes, satisfying Bragg condition 2d sinfs = niA, where
d is the spacing between the planes, Oz is the Bragg angle, n is the order of diffraction, and A is
the wavelength of incoming electrons'?!. The diffracted electrons are then channeled and
produced Kikuchi bands in the phosphorus screen!% 193,

Since helices and non-trivial spin structures in the D>q Heusler compound are stabilized
within the tetragonal basal plane, the EBSD technique is employed to detect the single
crystalline orientation of [001] grains out of several possible different grains within the bulk
polycrystalline sample. A SEM image of a portion of the Mnj 4PtooPdo.1Sn bulk sample is
shown in Fig. 2b. The near-field backscattered image of the region is presented in Fig. 2¢c. The
colored EBSD map of the same region is shown in Fig. 2d. The crystal orientations are
identified by the inverse pole figure coloring key in which different colors represent the

97, 104, 105

different crystallographic directions as indicated in Fig. 2e. For example, in the
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tetragonal system of Mnj4PtooPdo.1Sn, red and green colors indicate the [001] and [100]

orientations, respectively.

(a)

Working distance

=13 mm \
AL

Sample 70°tilt

IPF
[110]

Figure 2 | Orientation map for the Mn.4Pty9Pdy.1Sn. (a) Schematic of EBSD set up. The
distance between sample surface and the EBSD detector is ~17 nm. (b) Topography (SEM) image
of the Mn 4Pto.9Pdo.1Sn sample. (¢) Back scattered ARGUS image of the same region. (d) The
EBSD map of the inverse pole figure (IPFZ, Z-axis normal to the sample surface) shows the
different grains that are represented in different colors. (e) The IPF coloring key helps to evaluate

the crystal orientation. As shown here, red color represents [001] crystal orientation from the IPFZ

mapping (d).
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3.3 Focused ion beam

The thin lamellae for the TEM investigation are prepared by Ga* ion-based focused ion
beam [FEI Nanolab 600 SEM/FIB] and a scanning electron microscope (SEM). SEM system
stands vertically to the stage, and Ga* beam-column is situated 52° to the SEM column as shown
schematically in Fig. 3a. The stage can be rotated, tilted to desire angle and height with respect
to SEM column (see Fig. 3b). The FIB is operated at an accelerating voltage range of 2-30 kV.
The gas injection system (GIS) is used to deposit PtCyx, C, SiO> for the purpose of either
electrical contact, or as the protection layer during lamellae preparation. Various forms of
masks such as rectangular pattern, rough cross-section pattern, and cleaning cross-section
pattern are used for the deposition, milling, or smooth surface cleaning during the thin lamella
preparation in FIB. The Omni probe (AutoProbe™ 200) helps to transfer the thicker sample
from the bulk sample to the four arms grids.

In the previous section, Fig. 2d, the red color region has a surface orientation of [001]
grain perpendicular to the surface. The green color stipulates to the [100] or [010] directions.
Therefore, to examine the magnetic structure on the tetragonal basal plane ([001] zone-axis) of
the inverse tetragonal Heusler compounds, surface parallel lamellae are lifted out from the red
color region and cross-sectional lamellae are made from the [100] grain. Here below, we will

describe the preparation method for lamellae.

Surface parallel Lamellae

Step 1: We deposit approximately 200-300 nm layer of PtCx via gas injection system (GIS) by
electron beam at zero tilt of the sample stage. Further, about 1 um thick layer of PtCx is
deposited by Ga* ion (at 52° tilt to the electron column) as a protection layer on it as shown in
Fig. 3c. This deposition reduces significant damage during the milling procedure. Step 2: In
this step, a rough cut is performed in a higher current in the surrounding region of the protected
PtCx layers by the rough-cross section pattern as shown in Fig. 3d. Thereafter, we polish both
sides of the left-over micrometer width region to remove the damaged portion of the surface
using the ion beam at a lower current (30 kV, 28 pA). Step 3: A flat surface is created by
smooth polishing the outer sides of the micrometer width sample with a 5 kV and then a 2 kV
electron energy. The polishing of the sample at both these energies is carried out on tilting
angles of 56° (to clean the front side of the sample) and 48° (to clean the backside of the

sample), respectively. Step 4: Next, in a tilted condition (52° to the electron column), we
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deposit approximately 300-500 nm thick PtCx on both sides the micrometer wide sample using
electron beam. Fig. 3f shows the deposition of PtCx on both sides of the lamella. Polishing and
PtCx deposition steps are required for damage free lifting of the sample. Step 5: To lift out the
micrometer size sample, we cut it in an ‘L’ shape so that one side of it is attached to the rest
bulk sample and the ion beam will cut the other two sides. We then attach a nano- manipulator,
to the sample by depositing PtCy and then cut out the remaining part attached to the bulk sample
(Fig. 3g). Step 6: We attach our thicker sample to a four-arm grid seated perpendicularly to the
electron column (Fig. 3h). The sample is attached to one of the four arms, and PtCx is glued on
the junction between the grid and the sample (Fig. 3i). Step 7: We cut the end portion of the
nano-manipulator with the ion beam energy to separate it from the sample. (Fig. 3j). Step 8:
After retracting the nano-manipulator, the whole FIB system is vented out and then placed the
grid such that its arms face parallel to the electron column, and the sample will look like Fig.
3k. Step 9: After this, we tilt the sample by 52°. More PtCy is deposited on the upper surface
of the sample to protect it from the ion beam damage. Step 10: Then, we thin down both sides
of the sample by cleaning cross-section pattern with lower currents to a few nanometers (usually
93 pA up to 800 nm thick, 48 pA up to 500nm and 28 pA up to desired thickness). Step 11:
The final polishing is done at an energy of 5 kV and current 8 pA followed by the low energy
of 2 kV and 4 pA to remove surface amorphization. These two low energy polishing are done
by tilting the stage to 56° and 48°, respectively. The thickness of the lamella is measured in the
zero-tilt stage condition as shown in Fig. 31. The lamella, shown here, has two different
thickness regions; the left portion is nearly 400 nm and is not transparent to the electron beam,
and the right portion has a thickness of around 170 nm. The magnetic structure in the later
portion of the lamella is examined in chapter (Ch.) 4. The surface width and length of the
lamella can be measures at 52° tilt as shown in Fig. 3m.

Most of the lamellae studied in this thesis are lifted using the surface parallel procedures.
For lifting out cross-section lamellae, we follow the same steps mentioned above except steps
3, 4, 8, and 9. The lift-out specimens from the bulk sample are directly attached to the grid
situated parallel to the electron beam column. Then, steps 10 and 11 are carried out to make the

required thin lamellae.
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Figure 3 | Lamella preparation in a focused ion beam. (a,b) Schematic of FIB at zero and 52°
tilt of stage. (¢-m) show the thin lamella preparation steps of Mni 4Pto.9Pdo.1Sn from the initial [001]
oriented grain. The 500 nm mark in (e) indicates the approximate thickness of PtCx deposited on

one side of the surface. Scale bar in each figure from (c) to (e) corresponds to 3 pm.
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3.4 Transmission electron microscopy

Transmission electron microscope (TEM) is a powerful imaging technique that makes
use of particles and wave nature of electrons!®> 19 Tt provides detailed insight into the
electronic, compositional, structural, and magnetic properties in Material science. Specimen up
to 1 um thick can be used, depending on the atomic number of a specimen and the electron

energy. However, for the atomic resolution and electron spectrometry study, specimen below

100 nm are essential.

Figure 4 | Transmission electron microscope. (a) TITAN (80-300 kV, FEI) electron microscope
used for the in-situ TEM studies. (b) The liquid nitrogen holder. The end portion of the holder is
marked in a red rectangle and (¢) the enlarged view is shown in the lower panel. The four-arms
cupper grid is placed in the mounting stage as shown in the upper panel. The lamella is attached to

the one of the arms of the cupper grid (not visible).
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Two different kinds of electron sources used in TEM, namely thermionic source, which
produces electrons by means of thermal excitation and while an intense electric field is applied
to produce electrons in field-emission source!?’-1%, The electrons tunnel out of the source are
accelerated by the supply high tension. The condenser lens collects those electrons after passing
through the highly accelerated electrode and focuses the beam on the specimen'!®, After
electron passes through the thin lamella, those transmitted beams are focused by the objective
lens into the charge-coupled (CCD) camera. In between the objective lenses and camera, there
are additional objective apertures, intermediate lens, and projector lenses are used to enhance
the contrast. The optical microscope is used to view and handle the position of the specimen or
diffraction pattern through a phosphorus screen. The optical microscope window is attached to
the TEM instrument’s outer surface. The different mode of TEM investigation studies concern
in this thesis use a field emission gun (FEG) source that has an accelerated voltage of 300 kV
(FEIL 80-300 TITAN) (Fig. 4a). The magnetic field of 2.2 T is produced by an objective lens
that is oriented parallel to the electron beam and perpendicular to the specimen surface placed
at zero tilt. To hold the specimen inside the TEM and to provide an in-plane component of the
magnetic field, a double tilt liquid nitrogen holder (tilting angle £40°) is used. It can operate
from a higher temperature 365 K to the lowest possible temperature 98 K via heater controller
(Gatan, model 900). Fig. 4b and 4c show the liquid nitrogen holder and the mounting stage of
it.

3.5 Electron diffraction

There are two basic operations of the imaging system; projected image mode and diffraction

pattern mode!!!: 112

. In the image mode, the intermediate lens is focused on the image plane of
the objective while in diffraction mode, on the back focal plane of the objective lens'®> ! ag
shown in Fig. 5. Schematics of image and diffraction mode are shown in Fig. 5a and 5b. In
electron diffraction, the incident electrons are treated as waves and the atoms in the nanometer-
thick lamellae as a diffraction grating. After passing through the lamella, a fraction of electron
scatter at particular angles, depends on the crystal structure of the sample, and rest is transmitted
without deflection. This interaction results in a series of diffracted spots of different intensities
along with the central zero spots resulting from the directly transmitted electrons. In selected

area electron diffraction (SAED), from the whole region of the micrometer size lamella, few

hundred nanometers area is selected by an aperture in the image plane, while blocking the rest
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Figure 5 | Imaging and diffraction patterns. (a) and (b) show the schmatic of imaging and
diffraction patterns. (¢) A TEM overview of the lamella (show in Fig. 3m). The length and width
of the electron transparent region of the lamella are approximately 5 pm and 3 um, respectively.
(d) The selected are diffraction (SAED) pattern of it. The red and orange arrows in the overview

image are the width and length of the lamella prepared using FIB.
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part!®% 1 This technique is often used for the single crystal analysis of the polycrystalline
lamellae. Because most lamellae are distorted to some extent, diffraction spot condition changes
on the slight movement of the foils. However, a fix oriented specimen area can be chosen by
selected area apertures. The apertures have different sizes of holes and insert beneath the
specimen below the objective lens. This SAED technique is advantageous when the
investigated single-phase specimen has a different nm size orientation. We will simulate the
diffraction patterns of different zone-axis in the CrystalMaker software!'!® using the crystal
information file (CIF), which will be created based on the result of XRD measurement (see Ch.
7).

In the thesis, mostly [001] oriented zone-axis lamellae is the main focus for the apparent
reason of topological spin structures stabilization within the basal plane of the tetragonal inverse
Heusler compounds, Mn-Pt-Pd-Sn and Mn-Rh-Ir-Sn. A TEM image overview of single-
crystalline lamella Mni 4Pto9Pdo.1Sn is shown in Fig. Sc. The selected area electron diffraction

pattern of it ensures the [001] oriented zone-axis as shown in Fig. 5d.

3.6 Lorentz transmission electron microscopy
In LTEM, the magnetic induction in the specimen gives rise to the deflection of the
upcoming parallel beam upon interacting with the specimen. On considering the particle nature
of the electron, Lorentz force due to the presence of a magnetic field within and around the
specimen is given by!!*
F=e(vXxB)
Here, e is the charge of the electron. v is the velocity of the electron and B is the magnetic
induction averaged along the electron propagation. The component of magnetic induction
parallel to the electron beam has no effect, while the deflection occurs when it is perpendicular
to the beam. The deflection angle is given by
Br=eit (B X n)/h
Here, n is the unit vector parallel to the beam. The specimen thickness is denoted by t. A is
the wavelength of the electron and h is the Planck constant. The above equation shows that for
the electron of constant energy, the deflection angle is proportional to the product of sample
thickness and average magnetic induction. As LTEM is a transmission technique, the average
magnetic induction depends on the component of magnetization perpendicular to the electron

beam and the stray field above and below the specimen. The deflection due to the Lorentz force
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Figure 6 | Principle of Lorent; TEM. (a), (b) and (c) are schematics of Fresnel imaging Lorentz
TEM mode in in-focus, over-focused and under-focused conditions for an oppositely magnetized
180° domains. In the lower panel, (d), (e) and (f) are the experimental LTEM images for 180°
domains in in-focus, over-focused and under-focused conditions, respectively. The defocus value
is 0.5 mm. The yellow arrows in LTEM contrasts point to the same place. The in-focus has no
magnetic contrast and over and under-focused have bright and dark contrasts, respectively. The

scale bars correspond to 500 nm.
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(< 100 prad) is very much less than the Bragg scattering (typically 1-10 mrad).

Several in-situ techniques such as Foucault image mode, low angle electron diffraction
(LAED), Fresnel imaging, differential phase contrast (DPC) imaging are used in the TEM for
revealing magnetic structure!? !> 116 In this thesis, all the magnetic contrast images are
performed under the Fresnel imaging method. It is a powerful method with nanometric spatial
resolution, and the applied field is vertical to the specimen surface. The typical saturation state
of the specimen is usually of much lower value than the high magnetic field contained in the
objective lens (2.2 T). For this reason, the objective lens is switched off to make field free
imaging of the specimen. An objective mini-lens is placed a few millimeters underneath the
specimen to acquire field-free imaging. The external magnetic field is applied to the specimen
through the objective lens by providing continuous current. The magnetic field can be applied
up to the field polarized state of the specimen where the magnetic contrast vanishes. The LTEM
contrasts are averaged over the thickness of the lamella. On the other hand, the LTEM images
have no depth sensitivity, and presented magnetic contrasts are in the 2D form of a 3D lamella.

Fig. 6a-c shows the schematic of the Fresnel imaging mode of a specimen comprising
of 180° domains. The electron beam experience Lorentz force on passing through the domain
specimen region, and the diffraction spot splits into two as shown in Fig. 6a. The specimen
formed magnetic contrast under the defocusing condition of the objective lenses. There won’t
be any magnetic contrast visible when the specimen is in-focus since the deflecting electrons
are focused on the final image plane. The Lorentz force induced by the interaction of the beam
with the magnetization forms magnetic domain walls. These domain walls are imaged as bright
lines (dark lines) when magnetization on either side of the domain walls deflect the electrons
towards (away from) the wall (Fig. 6b and 6¢). Fig. 6d-f are the experimental Lorentz TEM for
the 180° domains in Mn; 4Pto9Pdo.1Sn for the zone-axis other than [001]°!. The orientation
requires stabilizing topological spin textures in D>q¢ Heusler compounds is the basal plane of the

tetragonal system.

3.7 High-resolution and scanning transmission electron microscopy

In a high-resolution transmission electron microscope (HRTEM) imaging technique,
a parallel beam falls into a highly magnified nano-meter area of the specimen to see the lattice
plane of the crystal. The elastically scattered electrons generated from the interaction of the
parallel electron beam with the specimen are highly coherent. Therefore, interference will take

place accordingly. Taking account of the phase and the amplitude information of electrons, a
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lattice plane is formed. One can investigate the lattice parameter, surface structure, grain
boundary, dislocation, defect, and stacking faults using the HRTEM technique!?? 196,

In scanning transmission electron microscope (STEM) technique, the electron beam is
focused on a specimen, using condenser lenses, an objective lens, and additional scanning coils.
A condenser aperture above the specimen limits the angle of illumination such that the electron
beam is focused to a fine spot size of typically ~0.1 nm. In STEM, each atom is an independent
scatterer because of the narrow probe, and hence there is no constructive or destructive
interference between them. The raster illumination scanning is performed point by point to
visualize the atomic position and elemental distribution of a compound or material. A high
angle annular dark-field (HAADF) detector collects the scattered beam electron transmitted
through the specimen. In STEM, the contrast forms as a sum of the intensities from the
individual atoms of a constituting material. This is the reason HAADF is also often referred to
as a Z-contrast image. Higher Z value atoms have higher contrast and vice versa'®® 1%, The
probe corrected (aberration-corrected) microscope has a longitudinal resolution of a maximum

of 80 pm.

Figure 7 | STEM of Mn.4Pty.oPdy.1Sn. STEM image of the [100] oriented thin plate. The left
inset shows the enlarged view. The right inset is the crystal structure of the Mn-Pt(Pd)-Sn system.
The red, orange, green color correspond to Mn, Pt, and Sn atoms respectively. Adapted by the
permission from Springer Nature Terms and Conditions for RightsLink Permissions Springer Nature Customer

Service Centre GmbH: Macmillan Publishers Limited, Nature, Magnetic antiskyrmions above room temperature

in tetragonal Heusler materials, A. Nayak et al. 2017; Ref. [51].
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In order to compare the experimental STEM result, we simulate the STEM pattern using the
STEM-WinHRTEM™ program!!’, based on the structure derived from the XRD measurement.
In Ch. 7, we will perform such a simulation for the tetragonal inverse Heusler compound
Mn,RhSn. A STEM image of the Mnj 4Pto9Pdo.1Sn [100] zone-axis oriented thin lamella is
shown in Fig. 7. The alternating bright and gray atoms indicates the atomic arrangement of Mn-
Pt(Pd) and Mn-Sn columns, respectively (left inset). The right inset shows the crystal structure
of Mni 4Pto.oPdo.1Sn. It is a D2q symmetry compound. To mention here that the D>q symmetry
has the following symmetry operations: E (No change), C, (180° rotation along the principal
C; axis), 2C2’ (180° rotation along the axis perpendicular to C; axis and there are two such
axes) and 204, (there are two dihedral planes. dihedral planes- a plane which bisects the angle
between two adjacent Cz’ rotation axis) and 2S4, (90° rotation, followed by a reflection through
a plane perpendicular to the rotation axis. There are two S4 improper axes as rotation is either

clockwise or anticlockwise).

3.8 Summary

Various experimental techniques used in this thesis are discussed. For measuring the
magnetic properties of the bulk sample, SQUID is used. The Electron backscatter diffraction
(EBSD) technique is used to determine the desired orientations from the polycrystalline sample.
The step-wise thin lamella preparation methods by making use of a focused ion beam system
are discussed. We have discussed the principle of Lorentz TEM mode and its application for
magnetic imaging. Selected area diffraction patterns, high-resolution TEM, and STEM methods

are used for the crystal structure study.
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Elliptical Bloch skyrmions and antiskyrmions

in a D»q4 inverse Heusler compound

4.1 Introduction

Non-collinear spin textures of triangular spin lattices, spin glasses, domain walls,
magnetic bubbles ranging from nanometer size to microns, and topological skyrmionic spin
textures have been studied extensively for their fascinating physical properties. The topological
spin textures, skyrmions and antiskyrmions, are in particular garnering lots of attention due to
their distinct chiral magnetic boundaries and potential applications. Which kind of topological
object a material will can stabilize depends predominantly on the DMI tensor which is
determined from the underlying crystal symmetry. The most studied cubic chiral B20 structure
of isotropic DMI hosts skyrmion of topological charge -1 and materials with D¢ symmetry host
the anisotropic spin texture of antiskyrmion with topological charge +1 that arises from
anisotropic DMI vectors. Due to the requirement of distinct DMI vectors for stabilizing
skyrmions and antiskyrmions, the co-existence of both these topological objects had not yet
been observed experimentally.

Using Lorentz transmission electron microscope (LTEM), we will observe the existence
of both topological objects with opposite topological charge numbers +1 in the D>4 compound,
Mnj 4PtooPdo.1Sn, whose DMI otherwise supports the formation of only antiskyrmions.
Individual and arrays of antiskyrmions (topological charge +1) with round and square-shapes
and Bloch skyrmions of elliptical shape (topological charge -1) termed as ‘elliptical Bloch

skyrmions’ can be stabilized over a wide range of temperature and field. Interestingly, these
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objects can also be found at zero field without the need for performing the complicated field
cooling protocols. It is shown through micromagnetic simulations that it is the presence of long-
range dipole-dipole interactions in addition to the anisotropic DMI that allows for the formation
of elliptical Bloch skyrmions, which only have Bloch walls. The major and minor axes of these
elliptical skyrmions is tied to the crystallographic [100] and [010] directions, coinciding with
the propagation direction of the spin helix. The ellipticity of the skyrmions can therefore be
touted as an intrinsic property of materials with D>q symmetry as the major and minor axes of
the skyrmions are tied to the specific crystallographic directions in contrast to the observed
distorted skyrmions in confined B20 materials. The discovery of two distinct chiral spin
textures with opposite topological charges of =1 and their simultaneous existence in a single

material makes the D»q and related systems especially exceptional.

4.2 Methods
4.2.1 Experimental details

The studies here concerned the Heusler compound Mnj 4Pto9Pdo.1Sn that was prepared
using the arc melting method in the form of single-phase poly-crystals. The Rietveld refinement
of powder X-ray diffraction (PXRD) shows that the sample crystallizes with an inverse
tetragonal structure in the D»g symmetry group (space group /42m,No.121). The lattice
parameters a and ¢ are 6.3538 + 0.0002 A and 12.2142 + 0.007 A, respectively, so that c/a =
1.9223. The preparation steps, structural characterization, homogeneity, single-phase properties
of Mn 4PtooPdo.1Sn were mentioned elsewhere®!. The crystal orientation was mapped by in-
situ electron backscattering diffraction (EBSD), which shows grains of typical size ~60-80
microns. Single crystalline grains oriented along [001] are chosen for the apparent reason of
anisotropic DMI present in the basal plane of this tetragonal structure. In Mni 4Pto.9Pdo.1Sn, both
chiral boundaries of this associated anisotropic DMI are stabilized in the basal plane due to the
presence of a heavy Pt atom breaking the inversion symmetry of a magnetic Mn layer
differently along the [100] and [010] directions. From the [001] oriented grain (the red color
region on EBSD mapping, see Fig. 2, Ch. 3), (3 x 5) micrometers sized lamella (Fig. 5, Ch. 3)
of ~170 nm thickness is prepared using Ga" focused ion beam ([FEI Nova Nano lab 600
SEM/FIB]) technique. The SEM image at 52° tilt shows the lamella surface (Fig. 3m, Ch. 3),
and for the thickness of the prepared lamella, the SEM image was taken at zero tilt condition
(Fig. 31, Ch. 3) (the stage is in zero tilt condition). The lamella attached to the copper grid is
loaded inside the microscope (TITAN 80-300 kV) on a double tilt sample stage that has
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controlled variable temperature range from 350 K to 100 K using a LN cold stage controller
(Gatan, Model 900). To image the magnetic texture, in-situ Lorentz TEM was used throughout
the thesis. The under-focus value for the LTEM image contrast is ~1 mm. A magnetic field
oriented along the TEM column and perpendicular to the surface of the lamella is applied by
changing the current through the objective lens. The magnetic field values are calibrated using
a Hall bar sensor. The magnetic fields mentioned for the Lorentz TEM contrasts are along the
microscope column. By tilting the double tilt holder's sample stage, the specimen normal can
be placed at an angle with respect to the field, so that there is a finite non-zero component of

the magnetic field in the plane of the lamella.

4.2.2 Micromagnetic simulations

Micromagnetic simulations were carried out using the graphics processing unit
(GPU) accelerated Mumax3 program to determine the possible different metastable states. The
program was modified to include the anisotropic DMI for D»¢ symmetry in the inverse
tetragonal system. A sample dimension of 1200nm X 1200nm X 175nm was simulated with a
cell size of Snm X 5nm X 5nm. Micromagnetic simulations based on Landau-Lifshitz-Gilbert
equation were performed for every discretized magnetization cell (normalized moment m)
according to:

m=—y,mXBy +amXx m (13)
Here

Y 18 the gyromagnetic ratio of an electron, ¢ = 0.3 is the Gilbert damping constant, B.g =

6F

som

is the effective magnetic field derived from the free energy density F, which considers

the Heisenberg exchange, dipole-dipole interactions, magnetic anisotropy, external magnetic
field, and the anisotropic DMI. The material parameters used are as follows: saturation
magnetization Ms = 445 x 10> Am™ and exchange interaction Aex = 1.2 X 1071° Jm™!. Here the

form of the anisotropic DMI in tetragonal inverse Heusler compound is given by:

om,, om, omy
Hom=D M, 5= = Me 5y — Mz 5

aom,
+ m,, 3y ) (14

and used D value is 3 X 102 Jm™. The D value considered in the letter by Nayak et al.>! is
assumed to be overestimated since the dipole-dipole interactions were neglected. A magnetic
field B, was applied along the positive Z axis and an easy-axis anisotropy along Z was
considered with K, =2 x 10! MJm?. For calculation of the simulated LTEM images, a first-

order approximation considering only a single layer (average magnetization of all layers) and a
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deflection of the incoming electron beams by the Lorentz force was assumed. The incoming
electrons at the position (x', ") were modeled by a Gaussian smearing function with a smearing
factor a = 60 nm. The transmitted electron flux at (x, y) is proportional to:

Jexp{=[(x —d - my(x",y) = x4+ +d-my(x',y") —¥)?]/a®} dx'dy’  (15)

Here, d =2 nm characterizes the maximum deflection of electrons by the Lorentz force.

4.3 Results and discussion

4.3.1 Round and square antiskyrmions

The in-plane magnetic field within the basal plane of the inverse tetragonal Heusler
compound of Mni 4Pto.9Pdo.1Sn helps to overcome the energy barrier between the topologically
trivial and non-trivial states and so that the antiskyrmion texture is stabilized. This is illustrated
in Fig. 1 below. A schematic of the sample plane perpendicular to the electron beam is shown
in Fig. 1a. Sufficiently strong out-of-plane magnetic field is applied to bring the specimen into
the field polarized state at a given temperature. From there, the magnetic field is decreased
gradually (Fig. 1b). We show that helical states emerge without the formation of antiskyrmions
in the absence of an in-plane field component since the energy barrier between the helical phase
and the antiskyrmion phase is too large. The texture exhibits helices with gradually decreasing
period length as the field decreases (Fig. 1c-h). In other words, at higher fields, the
ferromagnetic region between helices is larger than the lower magnetic field.

Next, a temporary in-plane component of the magnetic field is included via sample-
tilting using the following protocol. The out-of-plane field is reduced to a particular value from
the field polarized state. The lamella is then tilted ~35°-40° away from the [001] zone-axis
approximately along the [110] direction. It gives a temporary in-plane field on the sample
surface. After that, the sample is tilted back to the initial zero tilt position (Fig. 2a, 2b). The
field value is decreased in steps and each LTEM contrast is collected after temporary
application of the in-plane field component followed by returning to the initial position. This
procedure is continued until a periodic lattice has been formed. The field is then decreased
without tilting once the closed packed lattice is formed. We did so, to not cross the barrier to
the helical phase and to investigate those topologically non-trivial phases and its stability up to
the lowest field value. The LTEM contrasts resulting from using this protocol at 300 K is shown
in Fig. 2¢ to 2h. Similar contrasts were found in other regions of the lamella. At 368 mT, a few

circular features emerge (Fig. 2¢). The densely packaging of these objects are found (Fig. 2d)
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in the field region between 336 mT and 288 mT. Those circular objects appear with two lobes

of increased intensity and perpendicular to it are two spots of reduced intensity resulting from

- [110]

[1 00]\.& [010] !

Figure 1 | Helical Phase in the absence of in-plane field components. (a) Shows the schematic
of the lamella placed in the microscope. The surface of the lamella is perpendicular to the electron
beam propagation. (b) Schematic of the applied magnetic field perpendicular to the lamella surface.
(c-h) The LTEM contrasts show the observation of helices under the decreasing field mode from
field polarized state following the protocol shown in schematics. The scale bar in (a) corresponds

to 500 nm.
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Figure 2 | Field induced stabilization of antiskyrmions in Dzs material. (a) Shows the
schematic of the temporary tilting of the lamella. (b) Illustrates the procedure that is used for the
nucleation of spin textures in the Dyq system. (c-h) In the bottom rows, we apply the modified
protocol (see schematic a and b) where we tilt the lamella by 35°-40° in the [110] direction and
come back to [001] orientation (as indicated by red and blue arrows) at high fields until a dense
array of antiskyrmions has formed in (d). (e) We observe two different types of features: round ones
indicating conventional antiskyrmions and square ones which are topologically identical to
antiskyrmions. (f) A highly periodic lattice of the square objects is stable even at vanishing field (g)
and transforms into the helical phase only at a negative field of -128 mT (h). The scale bar in (c)

corresponds to 500 nm.
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the oppositely oriented Bloch parts along [100] and [010] that are consistent with the
antiskyrmion texture reported earlier’!. From here on, the field is applied without tilting and
LTEM contrast shows a transformation of the round antiskyrmions to square-shaped objects.
Intermediate transition states are observable in between the round antiskyrmions to square-
shaped ones (Fig. 2¢). These square shapes form a lattice starting from 224 mT (Fig. 2f), which
is stable even in the absence of a field (Fig. 2g). At a negative field of -128 mT (Fig. 2h), a
transition to helical phase is favored with the helix propagating along the [100] and [010]

directions.

Figure 3 | Formation of square antiskyrmions. Shows the evolution of the LTEM contrast with
decreasing field on applying the modified experimental protocol (applying temporal tilting along
[110] at high fields until a lattice of objects has formed) at the highest investigated temperature of
350 K. (a) The transition from the field polarized state, to a few isolated objects. In (b), the lattice
of square antiskyrmionic features. (c-f) The transition to helical phase. The scale bar in (a)

corresponds to 500 nm.
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At 350 K (shown above in Fig. 3), the field dependent LTEM contrast is distinct from
300 K. Isolated features are not circular (Fig. 3a). They are square in shape. The periodic lattice
of square objects appears at a reduced field of 184 mT (Fig. 3b). The number of individual
objects gradually reduces, instead replaced by the helical state starting from 96 mT (Fig. 3c),
and at 0 mT (Fig. 3e), only two individual square antiskyrmions remain, which transform to the
helical phase at -32 mT (Fig. 3f). In Fig. 3c-f, few rectangular shape short helices are observed.

More about these types of structures are discussed in Ch. 6.

4.3.2 Elliptical Bloch skyrmions

Here, the result at a lower temperature of 200 K is presented. Following the
aforementioned protocol for lattice stabilization, completely distinct LTEM features are
observed. Starting again from the ferromagnetic state, as the field is reduced, the sparse nano-
objects observed are neither circular nor square but elliptical in shape (Fig. 4a). With decreasing
magnetic field, the density of nano-objects increases (Fig. 4b). They appear as bright contrast
in the center surrounded by black contrast around the periphery and appear as Bloch-like
skyrmions. Skyrmions observed previously (in B20 compounds and C,y symmetry) have been
usually circular and not elliptical in shape, as we have observed here.

At lower fields (Fig. 4c), the hexagonal lattice appears and upon decreasing the
magnetic field, individual objects increase in size so that space between them decreases (Fig.
4d-g). The nano-objects at the lower fields appear as an elliptical ring of bright contrasts with
grey contrasts lying both within and outside the bright contrast (Fig. 4e-h). The objects exist in
a lattice state at zero field (Fig. 4f) and remain so, even up to -32 mT (Fig. 4g). Interestingly,
the nano-objects of square shape (Fig. 2) and elliptical shape found in the D>y compound are
stabilized in the absence of the magnetic field. The partially metastable objects and helices co-
exist even for fields as large as -48 mT (Fig. 4h) in negative direction before turning to the
complete helical phase at -64 mT (Fig. 41). The black horizontal line in each LTEM image
corresponds to bending contours. Periodic vertical lines in the LTEM images are non-magnetic

contrasts caused by the FIB specimen preparation.
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Figure 4 | Formation of elliptical skyrmions. Shows the evolution of the LTEM contrast at the

temperature of 200 K with decreasing field applying the same experimental protocol i.e. applying
reversible tilting along [110] at high fields until a lattice of objects has formed. One observes a few
isolated nano-objects at high fields (a) and then a transition to a densely packed array of skyrmions
(b-g) which sustained up to -32 mT. (h, i) The helical phase found only at negative fields. The scale

bar in (a) corresponds to 500 nm.
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4.3.3 Enhanced stability of elliptical Bloch skyrmions

A similar result of elliptical nano-objects is found at 150 K and 200 K for this ~170 nm
lamella (see Appendix A.1). However, at 100 K, only a few isolated elliptical objects are formed
(Fig. 5a) and then the helical state has shown without forming the lattice states following the
same protocol (Fig. 5b-d). On the other hand, for a thicker sample (~280 nm), a dense lattice
state is found in a large magnetic field region even at 100 K (Fig. 6a-h), pointing towards the
significance of dipole-dipole interactions in this material. It shows the enhanced stability of
elliptical skyrmions both for a broader range of temperatures and thicker lamellae. We name
the unanticipated elliptical shape contrast as “elliptical Bloch skyrmion” though anisotropic
DMI vector in D2g symmetry of the tetragonal system strictly favors the antiskyrmions over that

of Bloch skyrmions.

496 mT 384 mT
(@ 100K " (o) BN~

Figure 5 | Formation of Spin textures at 100 K for sample thickness of ~170 nm. Shows the
LTEM measurements in the ~170 nm thick sample. The field is reduced coming from the polarized
phase (on same lattice stabilization protocol) with only a few elliptical shape objects shown in (a).

In (b-d) helices are formed. The scale bar in (a) corresponds to 500 nm.
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Figure 6 | Elliptical-skyrmions at 100 K for sample thicknesses of ~280 nm. In (a), the top
view of SEM image confirms ~280 nm thickness whose surface overview is shown in (b). In (c-
h), the Lorentz contrast of ~280 nm sample thickness is shown. (c) Starting again at high fields, a
sparse state is found at 496 mT. (d) A dense array of elliptical skyrmions form that persists upon

decreasing the field (e-f), even down to zero field (g) and below (h). The scale bars correspond to

500 nm.

The micromagnetic simulations also confirm these elliptical shapes as skyrmions constituted of
Bloch walls. These skyrmions have a topological charge number opposite to that of
antiskyrmions present in the same system and arise after considering dipole-dipole interactions
along with DMI interactions consistent with D>q symmetry. This is discussed in the section

below.
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4.3.4 Elliptical Bloch skyrmion chiral twin
The simulated metastable configuration depends on the initial magnetic state. After
relaxing the initial configuration of topologically different circular textures, relaxed metastable
configurations labeled as ‘simulation’ in Fig. 7a-d are obtained. This means that every initial
circular configuration will not result in the stabilization of a metastable configuration. On
choosing the initial state as circular antiskyrmion, whose Bloch part chirality differs locally as
clockwise parts are favored along [010] and [010] and anti-clockwise parts along [100] and
[100], the relaxed state is a metastable configuration as shown in Fig. 7c. The green and pink
arrows correspond to the clockwise chiral Bloch part and the blue and yellow correspond to the
anti-clockwise Bloch part. Attributing to the same anisotropic DMI, when the initial state is set
to be a particular circular Bloch skyrmion with a given chirality (here clockwise), we observe
that it converges to an object with an elliptical shape (Fig. 7a), as we find experimentally (Fig.
7e). Similar to the protocol dependence of the experiments, the meta-stability of the textures in
the simulations also depend on the configuration of the initial magnetic texture. In the
simulation, interestingly, we find that the orientation of the major axis of the ellipse is
determined by the chirality (whether clockwise or anti-clockwise) of the initial magnetic
texture. The major axis is always oriented along one of the in-plane crystallographic directions:
[100] or [010]. When the initial object has clockwise chirality, the relaxed state is an elliptical
object whose major axis is along [100] and the minor axis along [010]. The highlighted Bloch
parts marked in green and pink colors are favored by the anisotropic DMI and are consequently
enlarged (Fig. 7a). Similarly, an anti-clockwise chiral object induces a metastable elliptical
shape with the major axis is along [010] and the minor axis along [100] direction. In this case,
blue and yellow colors mark the enlarged Bloch parts (Fig. 7i-k). The elliptical shape remains
upon decreasing the field, but their overall size increases such that the ellipticity, which is the
ratio between the major and minor axis length, is enhanced (Fig. 7f). This effect is also observed
in LTEM simulations when using different magnetic field strengths (Fig. 7a and 5b).
Long-range dipole-dipole interactions produce those Bloch like elliptical objects since

18 We have indeed observed

costly volume charges div(m) are absent in Bloch walls
experimentally that the elliptical-skyrmions are oriented along two crystal directions only and
indeed favored micromagnetic simulations shown in Fig. 7i-k. Moreover, the LTEM contrast
shows that the elliptical-Bloch skyrmions in Mn;j4Pto9oPdo.1Sn have specific and opposite
chiralities for these two crystal directions. Thus, these elliptical-skyrmions can be said to be

appear as ‘“chiral twins”.
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Figure 7 | Micromagnetic simulations of elliptical Bloch skyrmions and antiskyrmions. In
(a)-(d) different magnetic textures are stabilized starting from a skyrmion or an antiskyrmion. The
resulting textures are elongated skyrmions in (a) and (b), a round antiskyrmion in (c), and a square
shaped antiskyrmion in (d). For (a) and (b) we started from a Bloch skyrmion configuration and in
(c) and (d) from an antiskyrmion. The out-of-plane magnetic fields in the simulations are: 180 mT
(a), 170 mT (b), 210 mT (c), and 180 mT (d). The calculated LTEM images (right panels) are in
good agreement with the experimentally observed patterns (e-h). The magnified images in e-h are
taken from Figs. 4(c), 4(f), 2(d), and 2(f), respectively. The scale bars for the LTEM images in (e-
h) correspond to 100 nm. In (i-K) the co-existence of elliptical-skyrmions with opposite chiralities
is shown at 150K and 128 mT. Micromagnetic simulations of the two objects (j), (k) confirm this
interpretation. Furthermore, a topologically trivial object is highlighted by the orange arrow. The

scale bar in (i) corresponds to 300 nm.
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This makes elliptical skyrmions fundamentally different from DMI stabilized skyrmions
in B20 materials. In B20 chiral crystals, only one chirality is favored, which is determined by

the chirality of the material®- % 2! 23

and there is no experimental or theoretical evidence for
elliptical skyrmions in such materials. The micromagnetic simulations in which an isotropic
DMI show circularly shaped skyrmions, even after taking into account dipole-dipole
interactions’* ''?. Though there have been reports of deformed or distorted skyrmions in several
B20 materials®> 86 120-122 the deformations in these cases are irregular. They form either as a
result of anisotropic g-vectors'?® or confinement in nanostructured materials, from nano-sized
grains or laterally patterned confined nanostructures. More importantly, these deformations are
not tied to the underlying crystal structure and hence, are not an intrinsic property as we observe
here.

The dipole-dipole interactions are relevant since the saturation magnetization and the
sample thickness are of considerable importance in this system. We can relate the temperature
dependence to the decreased net magnetization at higher temperatures, which reduces the
strength of dipole-dipole interactions and stabilizes antiskyrmions. Further, the role of the
magnetization on the stability of elliptical-skyrmions is investigated on a thicker sample (fig.
6¢-h). While in the previously investigated lamella (thickness ~170 nm), only a very few
individual elliptical Bloch skyrmions could be observed at 100 K (Fig. 5a-d), in the thicker
lamella of ~280 nm thickness, we could stabilize a well-ordered and dense elliptical skyrmion
lattice (Fig. 6¢-h).

The dipole-dipole interactions strength increases on increasing Ms. This results in the
formation of elliptical skyrmions at low temperatures and antiskyrmions at room temperature
and above. The observed antiskyrmion comes in two different forms: round and square-shaped.
Considering the M value for the same thickness of lamella, the long-range dipole-dipole
interactions become apparent in the micromagnetic simulations. As shown in Fig. 7c and 7d,
the initial antiskyrmion shape remains at higher fields and at lower magnetic fields, a square
deformation takes place. The dipole-dipole interactions induce the enlargement of the favorable
Bloch parts along the family of in-plane {10} directions marked in pink, blue, green and yellow
arrows. On the contrary, the Néel parts are unfavorable so that spatial shrinking results in the
overall size of the individual antiskyrmion appear as a square. The calculated LTEM signal
agrees well with the experimental observation. The square deformation is not noticeable
anymore at higher fields since both Bloch and Néel parts become almost energetically

equivalent and the domain wall width is now comparable to the size of the magnetic object'%.
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4.3.5 Switching between round and square antiskyrmions

Both round and square-shaped objects have the same topological charge of different
forms, a clear noticeable transformation between them, as is observed in Fig. 8. Round
antiskyrmions transform to square shape when the magnetic field is decreasing as shown in Fig.
8a and 8b. However, when the field is increased again from 112 mT, the state remains square-
shaped at a higher field (Fig. 8c). The transformation to round antiskyrmions from square
antiskyrmions is only possible when a temporary in-plane component field is provided by tilting
the specimen and returning it back to the initial position (Fig. 8d). This indicates a small energy
barrier between round and square-shaped antiskyrmion lattice in our experiments. In the
micromagnetic simulation of an isolated object which is an ideal case, this barrier is absent.
Thus, it can be anticipated that the interaction between neighboring objects has an influence on
the metastability of magnetic objects in lamellae of D4 Heusler materials.

In the case of elliptical Bloch skyrmions, there is no such contrast deformation from the
higher to lower value of the magnetic field except the ellipticity due to elongation of the Bloch
part attributed to the anisotropic DMI. Moreover, theoretical prediction on the dipole-dipole
interactions promote degenerate conditions due to the achiral nature. In our experiment, Bloch
skyrmions elongated along [100] (see Fig. 4) at temperatures between 150 K and 250 K are
observed. On repeating the tilted magnetic field experiment along different in-plane directions
and tilting back, the same result is reproduced as shown in Fig.9. Here the out-of-plane field is
kept constant at 272 mT and the in-plane field components are realized by tilting the lamella.
It is found that the elliptical shape is stable up to £3° away from the zone-axis. After that,
further tilting away, trivial bubble states of different LTEM contrasts at different tilting angles
are captured in tilted condition (Fig. 9a-d). In all those cases, each individual texture deforms
to a triangular shape, but after returning to the initial perpendicular direction, the configuration
turns back to the initial elliptical skyrmion phase, as in Fig. 9e. Therefore, in the first case, the
chirality of the skyrmions is fixed by the underlying lattice itself. This indicates that the
elongation direction is not influenced by the direction of the temporary in-plane field or the
temperature in our case. Furthermore, in a different part of the lamella, we even observe what
appears to be a topologically trivial bubble-like object that is the combination of a skyrmion
and an antiskyrmion as highlighted using the yellow arrow mark (Fig. 7i) at the perpendicular

direction.
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decrease field

S1tilt and back

Figure 8 | Round and square shaped antiskyrmions switching. In (a), a lattice of round
antiskyrmions is stabilized along the [001] zone-axis after temporarily applying an in-plane
component of the field by tilting the specimen. Afterwards, the magnetic field is decreased without
in-plane component of field and the texture transforms to a square-shaped antiskyrmion lattice
shown in (b). From there the field is increased again but the texture remains a lattice of square-
shaped antiskyrmions as shown in (c). At the same out-of-plane magnetic, a transformation from
square to round skyrmion shown after temporarily providing an in-plane field (indicated by blue

and red arrow), shown in (d). The scale bar in (a) corresponds to 400 nm.
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Figure 9 | Effect of tilting (in-plane component of field) on elliptical skyrmions. The LTEM

images are acquired at 150 K and fixed out-of-plane magnetic field 272 mT. In, (a), (b), (¢) and
(d) we start from the skyrmion lattice state and tilt the lamella along @ and f that correspond to the
four different {11} directions. Each time we start from the elliptical skyrmion lattice state, tilt the
lamella, recorded LTEM contrast at different tilting angles and return back to initial position. On
returning back to initial position, each time we get back the same elliptical skyrmion lattice state

like (e). The scale bars correspond to 100 nm.

4.3.6 Simultaneous existence of elliptical skyrmions and antiskyrmions

The intermediate temperature region between the observed antiskyrmion and
elliptical skyrmion is also examined to find out their critical behavior using this protocol. As
discussed above, antiskyrmions are observed near room temperature and elliptical skyrmions
at 250 K and below. The experiment is carried out at 268 K to see the possible co-existence of
both nano-objects. The simultaneous existence of skyrmions in an elliptical form and
antiskyrmion in a round and square shapes (depending on higher or lower field) is observed.

The observation indicates that both nano-objects have comparable energy at this temperature
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with a presumably decreased energy barrier. The round antiskyrmions at elevated magnetic
field strengths (336 mT, Fig. 10a) and square antiskyrmions at low fields (48 mT, Fig. 10b) are
observed as in agreement with the room temperature measurement and for both those field
strengths, elliptical-skyrmions are also present, whose size increases when the field is

decreased.

« [foo] [010]

Figure 10 | Co-existence of antiskyrmions and elliptical-skyrmions. Near a transition
temperature of 268 K, both topologically protected distinct nano-objects are found simultaneously.
We observed round antiskyrmions at elevated magnetic field strengths (336 mT, (a)) and square
antiskyrmions at low fields (48 mT, (b)). At both field strengths elliptical-skyrmions are present,

whose size increases when the field is decreased. The scale bar corresponds to 300 nm.

Recently, different individual spin textures of circular Bloch skyrmions and trivial chiral
bobbers (topological charge zero) near the boundary edge in the B20 compound of FeGe have

also been observed®*. However, their simultaneous stability is possible only after overcoming
a certain thickness larger than the equilibrium spin spiral period (Lp = 4%'4, A is exchange

stiffness and D is DMI constant for B20 compounds) and realized only at low temperatures.
Interestingly in the D»q case, the spin spiral period not only depends on the exchange stiffness
and DMI constant, but dipole-dipole interactions also play an important role. As a result, the
spin spiral period increases with the increasing thickness (see Ch.2, Fig. 3). In this Daqg

symmetry compound, Mnj4Pto9oPdo.1Sn, the observation of both non-trivial objects is not
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restricted to the thickness of the lamellae (as given here for ~170 nm and 280 nm) and found
throughout the whole extended thickness regime. Interestingly, at room temperature, depending
on the in-plane field history (see Ch. 5), we have also shown the simultaneous observation of
antiskyrmions and elliptical skyrmions. Our result may help in overcoming the problem of
drifting due to thermally fluctuation, the high-cost fabrication of artificial pinning centers (to
move skyrmion along the track) for single type of skyrmion hosting compounds and may also
lead to the straight-line movement of the nano-objects spin texture in D2q compound due to the
opposite Magnus force arising from opposite topological charges. The necessity of maintaining
the defined distance can resolve on encoding the skyrmions and antiskyrmions as data bit
carriers. Hence, this experimental realization of both topological nano-objects may lead to

further development in racetrack memory or magnetic solid-state devices.

4.3.7 Magnetic phase diagram

The trivial helix phase is a dominating state in the absence of an in-plane magnetic field
component. Upon application of a temporary in-plane field components, the nontrivial phases
emerge in sparse or lattice form depending on the field-temperature history. This makes Daq
systems fundamentally unique. It is to be noted that, though theoretical studies report various

possible topological spin textures’® °!

in frustrated systems without DMI, no experimental
evidence has been observed yet.

The metastability of antiskyrmions in both round and square shape, elliptically
deformed Bloch skyrmions and two different chiralities for them arise from the anisotropic
DMI reported here. The anisotropic DMI favors the antiskyrmions stabilization, while the
dipole-dipole interactions prefer Bloch-type elliptical skyrmions. A temperature vs. magnetic
field contour plot of the phase diagram is constructed from the observed magnetic textures that
are formed here is five categories: helical phase, round and square antiskyrmions, elliptical
Bloch skyrmion, and field polarized state as indicated by the symbols shown in the Fig. 11. A
mixed phase is shown by the corresponding symbol with an appropriately colored edge. The
density of skyrmionic and antiskyrmionic nano-objects is shown as a contour plot in the
background. The phase diagram in Fig. 11 corresponds to a ~170 nm thick lamella with a
temporary tilted-field protocol for the lattice stabilization as follows: at a given temperature,
the magnetic field is decreased, starting from the field-polarized state in steps of a few mT. The
specimen is then tilted ~40° away from the perpendicular zone-axis direction followed by tilting
back to the initial position, and the LTEM image is taken. Once a dense array of nano-objects

is observed, the magnetic field is subsequently decreased without any need for in-plane field

57



components via tilting. In the present protocol, elliptical skyrmion stabilized at low
temperatures (250 K and below) and round and square-shaped antiskyrmions near and above
room temperatures. The co-existence of antiskyrmion and elliptical skyrmion is observed at a
critical temperature of ~268 K. It is to be noted that the existence of elliptical Bloch skyrmion

and antiskyrmion is an unanticipated experimental finding in the skyrmion field.
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Figure 11 | Magnetic phase diagram. The magnetic phase diagram for ~170 nm thick specimen.
The phase diagram comprises of elliptical Bloch skyrmions (250 K and below), antiskyrmions (near
and above 300 K) and their simultaneous existence (268 K) of a D»q inverse tetragonal Heusler

compound Mn; 4Pty oPdo 1Sn.

4.4 Summary

In conclusion, for the first time, the co-existence of elliptical Bloch skyrmions and
antiskyrmions in a single material system is found. The antiskyrmions are found in two
varieties, square and round form, which can be switched reversibly. The three types of spin
textures can be found as individual objects in the form of an isolated state. The lattices of

elliptical-skyrmions and square-shaped antiskyrmions are observed over a wide range of
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temperatures, even in zero magnetic field. It is shown that the elliptical-skyrmions are stabilized
by long-range dipole-dipole interactions, which via an interplay with the anisotropic DMI in
this Dq system, leads to their elongation along the [100] or [010] directions, namely the
propagation direction of the ground state helical phase. Besides this, elliptical Bloch skyrmions
with opposite chiralities are observed whose long axis is oriented along two specific in-plane
crystal directions: [010] and [100]. This makes elliptical skyrmions distinctly different from the
cylindrically symmetric DMI-stabilized Bloch skyrmions in B20 materials. For the latter case,
dipole-dipole interactions reinforce the DMI to favor circular skyrmions, without leading to the
possibility of creation of distinct topologies, as observed here in a D>y material. The novel
finding of magnetic non-collinear chiral spin textures with opposite topological charges of +1
and their simultaneous existence in Mni 4Pto.9Pdo.1Sn shows that D24 materials can have more
excellent functionalities as compared to, for example, B20 materials. One can anticipate that
their magnetization dynamics may also show greater complexity with the eventual possibility
of switching between different topological textures. Additionally, the simultaneous formation
of both skyrmion and antiskyrmion at a particular temperature can be used as different data bits

in memory and logic devices.
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Evolution and competition between

chiral spin textures in nano-stripes

5.1 Introduction

The observation of non-collinear magnetic nano-objects has brought a revolution in the
material science towards fundamental and technological applications such as magnetic
racetrack data storage. These magnetic nano-objects can be written, read, moved, and deleted
on an array of quasi one-dimensional nano-stripes® 7. As the carriers of information, the use of
topologically protected nano-objects like skyrmions?® or antiskyrmions®" '>* is highly
anticipated’> 73 125127 in racetrack and neuromorphic devices. However, due to their topological
charge, skyrmion may become pinned or annihilate on experiencing a deflection along a
transverse direction®® 128129 towards the edge of the racetrack. This is called skyrmion Hall
effect. It happens because of the rotational symmetry of the skyrmion and is present irrespective
of the current orientation!3% 13! due to the intrinsic Dzyaloshinskii-Moriya interaction (DMI)!:
2 132 which arises from a broken inversion symmetry. Contrary, it is not the case in materials
that have a D»q symmetry and magnetic point group 42m. For example, in the Mn; 4Pto 9Pdo.1Sn
compound, Pt atoms located above and below the Mn layers differently along the [100], and
[010] direction gives rise to anisotropic DMI. Thus, the ground state helices spin textures in
these materials always orient exactly along two high symmetry directions; [100] and [010]. On

providing magnetic fields, antiskyrmions are formed that are only rotational invariant after a

180° rotation* 132, Tt implies that the anisotropic spin texture of antiskyrmions should behave
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differently under applied currents along different crystallographic directions. This observation
is also reported using a micromagnetic simulation study carried out by Huang et al®.
Interestingly, the Hall effect (antiskyrmion Hall effect) can even be eliminated for this special
nano-object along a specific direction of current application (depending on the magnetization
profile). The complete abolition of transverse deflection of antiskyrmion motion to the applied
current makes it interesting for potential applications in memory devices. Consequently, it is
necessary to fabricate nano-tracks along different crystallographic directions and to investigate
the properties of differently oriented antiskyrmions formation.

In Ch. 4, it was shown that dipole-dipole interactions play an important role in this Daq
inverse Heusler compound and stabilizes elongated Bloch skyrmion, a distinct topological spin
texture than antiskyrmion. This extra energy term adds another advantage to this system with
an anisotropic DMI because it allows for a simultaneous presence of elliptically elongated

skyrmions and antiskyrmions!3? 134

. Since both nano-objects are metastable, instead of
considering the presence and absence of single kind nano-object in conventional skyrmion
cases, here ‘0’ and ‘1’ bits could be encoded by referring a sequence of skyrmions and
antiskyrmions® which are anticipated to be read out distinctly in a racetrack and logic gate. This
new possible concept of magnetic memory device should be less susceptible to diffusion and
interactions between the topological objects that would be significant in conventional
racetracks® > 133,

Single-crystalline [001] zone-axis oriented nano-stripes of different width were
prepared from Mni 4Pto9oPdo.1Sn along different crystallographic directions from a bulk single
crystalline grain of polycrystalline sample. These nano-stripes were lifted out from the
tetragonal basal plane along different crystallographic directions: [010] and different degrees
of angles to [010]. The room-temperature stability and formation of single- and double-chains
of magnetic nano-objects are studied in multiple geometries having widths ranging from ~0.35
to 0.5 um.

Investigation of antiskyrmion nucleation in different reliable ways and differently
oriented helices along the edge of the nano-stripes are discussed. An increased ease of the
formation of nano-objects is found due to the confinement. It also allows for the creation of
antiskyrmions without the need of ‘temporal’ in-plane magnetic fields via tilting that were
needed in the case of extended lamellae as discussed in the previous chapter’!s 124 133,
Interestingly, a single chain of these objects is located in the middle of the nano-stripes even

when the stripe width is much more than the size of antiskyrmions. Furthermore, the co-

existence of antiskyrmions and elliptically elongated skyrmions of opposite chiralities under
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certain conditions are observed, which will be very promising for improving the reliability of
magnetic racetrack devices. This work provides the details of the nucleation of isolated, single
chain, and double chain formation of topological spin textures and taking a step further in the

realization of advanced version magnetic logic gates and racetrack memory devices.

5.2 Methods
5.2.1 Experimental details

The nana-stripes lamellae were prepared from a single-crystalline grain of the
polycrystalline bulk sample Mnj.4Pto9Pdo.1Sn using a dual beam system containing a focused
ion beam (FIB, Ga* ion source) and a scanning electron microscope (SEM). Fig. 1a shows the
nanowire thinned down sample (mark in green rectangle) whose outer sides are covered totally
by PtCxusing GIS. It is to be noted that embedded PtCx on both sides of a nano-stripe also helps
to reduce Fresnel fringing effects near the boundaries of the lamella significantly which
eventually allows for a better LTEM contrast’> 122: 136 Tn this chapter, lamellae named as NS 1,
NS 2, NS 3, NS 4, NS 5 are used. The [001] zone-axis of the nano-stripes are confirmed by
selected area electron diffraction (SAED). The defocus value used in the LTEM measurement

1s~1.1-—1.2 mm.

5.2.2 Micromagnetic simulations

The interpretations of the experimental results are supported by the simulations using
Mumax3. In micromagnetic simulations, the value of Ms has been taken from the experiments
while all other parameters have been chosen such that the output of simulations is similar to
that of experiments. The determination of these parameters is not as straight-forward as in
skyrmion hosts system, like in B20 materials, because dipole-dipole interactions play a much
more important role in the present material class. The following parameters are taken: the
saturation magnetization Ms = 445 X Am’!, the exchange interaction Aex = 0.5 X 1079 Jm™!, the
DMI constant D = 0.003 Jm?2, and the anisotropy constant K, = 135 KJm. The value of
exchange interaction and anisotropy constants are reduced as compared to the parameters in
Ch.4 to fit better with the experimental results. Compared to the initial publication®!, exchange
and DMI are now both decreased which essentially means that the significance of the dipole-
dipole interactions is increased. Moreover, the simulations also show nano-objects of similar
dimensions as in experiments. The periodic boundary conditions are applied along the track in

all simulations. The simulated thickness is 150 nm, the length is 4200 nm, and the width is
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either 400 nm or 600 nm. In most cases, only half of the simulated length is shown in the figures
expect for Fig. 6, where a finer grid of 2.5 nm X 2.5 nm X 10 nm was used to reproduce the
experimental result, the magnetization density for the micromagnetic result was discretized in
10 nm X 10 nm X 10 nm cells. The direction of the moment within each cell is represented by
color code. The following color code has been used throughout the micromagnetic simulation:

—Z (+Z) direction is shown in white (black) and hue colors represent in-plane moments.

5.3 Result and discussion

5.3.1 Nano-stripes along different crystallographic directions

Our motivation is to investigate skyrmionics spin textures, whose long axes ([100]/
[010]) are oriented along different angles with respect to the boundary of nano-stripes. Fig. 1b
shows an example of surface parallel lifting method, where two nano-stripes have been lifted
out of the [001] grain (red color area of the EBSD map) bulk sample. Fig. 1c and 1g are SEM
overviews of two nano-stripes that are differently oriented. TEM images of the same stripes are
shown in Fig. 1d and 1h. Due to the affirmative anisotropic DMI, the ground-state helices are
always oriented along the family of {10} (i.e. [100] and [010]) directions. Since the helices
propagation always tie with the crystallographic directions, the orientation of the helix axes to
the nano-stripe depends on the stripe orientation. For this reason, in a [100] or [010] oriented
nano-stripe (NS 1), the orientation of the helix axis with respect to the stripe direction, ¢, can
be 0° or 90° or both simultaneously (Fig.1e) whereas, in a [110] or [110] oriented nano-stripes
(NS 2), ¢ = £45° as shown in Fig. 1i.

As discussed before, the magnetic texture profile of antiskyrmion along the [100] or
[010] directions correspond to a right-handed and left-handed Bloch walls (indicated by the
orange lines in Fig. 1k). The Bloch parts give rise to bright and dark spots (corresponds to
opposite helicity) in LTEM contrast of an antiskyrmion along the [100] and [010] directions.
The white lobes in Fig. 1f is ~45° with respect to the antiskyrmions’ centers in Fig. 1j, which
indicates that these are rotated while comparing both nano-stripes. In the following sections,
antiskyrmions in confined nano-stripes will be analyzed in more detail. Similar to the
experiment, the qualitative result of micromagnetic simulations in Fig. 11 and 1m shows chain
of antiskyrmions in two different nano-stripes whose Bloch parts are indeed always along the

family of {10} directions.
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Figure 1 | Fabrication and Spin textures in oriented nano-stripes. (a) SEM image of the
thinned down region of Mn4PtooPdo.1Sn (marked by green rectangle) and the PtC, deposited
around the surrounding region. (b) SEM image of the host compound after lifted out (by FIB) the
[010] and [110] oriented stripes (NS 1 and NS 2). (¢-f) and (g-j) are SEM, bright field TEM, LTEM
images for the portions of [010] and [110] oriented cut nano-stripes, respectively that were
fabricated from (b). The width and crystallographic axes of the nano-stripes are indicated in the
bright field TEM images. (e), (i) Lorentz TEM images of the magnetic texture at zero field in the
two nano-stripes that show the formation of helices whose Q-vectors are oriented along the [100]
and [010] directions, in both cases. (k) The schematic representation of a magnetic antiskyrmion,
where the color encodes the orientation of the magnetic moments. (f), (j) LTEM images of
antiskyrmion chains measured in magnetic fields of 187 and 273 mT, respectively. The field is
oriented perpendicular to the plane of the nano-stripes. (I), (m) Micromagnetic simulations of the
spin textures in nano-stripes with orientations corresponding to those in (f) and (j), respectively.

The color code represents the direction of the moment within each cell used in the simulation.
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5.3.2 Helices and antiskyrmions in [010] oriented nano-stripes
The detailed analysis of the magnetic texture with a nano-stripe (NS 1) that was cut
along the [010] direction is presented below. This stripe has a thickness of 120 nm and a 360

nm width.

. .? w'r'v" v.v.? ?!‘
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Figure 2 | Helix formation upon decreasing the magnetic field. (a) In the left side column, the
magnetic field is decreased starting from polarized phase at 316 mT. (b-¢) Generation of single, (d-
e) second and (f-g) third helix segments. In the right column, the magnetic field is decreased under
constant tilting of the specimen by ~21°and the LTEM contrasts are recorded in that tilting
condition. (h) The starting configuration is again the field polarized phase at 316 mT. (i) 272 mT:
non-collinear spin textures as sparse form is already found here. (j) More of those nano-objects
have formed at 245 mT and the chain is rather periodic. (k) 233 mT: they start to elongate along
the [100] direction (perpendicular to the nano-track direction). (I) A mixed state has formed at 224
mT. (m) At zero field, the magnetic texture is not perfectly ordered. (n) At small negative fields, a
periodic helical state is formed. Using this tilted field procedure, the helical segments are oriented

along the [100] direction rather than [010].
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We start from the polarized state (no magnetic contrast) configuration as shown in Fig.
2a. Decreasing the perpendicularly applied magnetic field leads to the nucleation of a helices
with a propagation wave vector (Q-vector) perpendicular to the nano-stripe direction without
forming any non-trivial state. In the absence of external magnetic field, the helix in a Daq
material Mnj 4PtooPdo1Sn changes harmonically along the Q-vector. On applying magnetic
field, the helical period changes and even higher fields it gets distorted. As a result of which,
there are collinear ferromagnetic regions between individual segments of the helix that are
reported in Ch. 4 '3, In the current nano-stripes, the helix segments cannot be displaced from
each other due to the confined geometry. It requires a different annihilation and creation
mechanism which can be described as follows. Starting from the polarized phase (316 mT) at
227 mT, Fig. 2b, a first helix segment emerges that permeates the whole visible region upon
further decreasing the field to 208 mT (Fig. 2c). Across this segment, the magnetization changes
by 360°, such as parallel to the field direction at the edges and opposite at the center. The helix
formation process is repeated with a second helix segment shown at 183 mT in Fig. 2d and at
134 mT (Fig. 2e), the whole region is filled with two helices. Later, a third helix segment is
generated as shown in Fig. 2f, and three helices are formed in the absence of magnetic field
(Fig. 2g). Similar to the extended lamellae, the ratio of the area filled with helix segments over
the ferromagnetic area is correlated to the applied magnetics field'**. However, due to the
confinement in the given small width region of nano-stripe, individual helix segments are
created or annihilated upon changing the field.

In an extended thin lamella, the propagation vector of the helices along the [010] and
[100] directions are energetically equivalent. In a confined geometry like this, the former state
is less preferable as a ground state. Since the edge of the non-collinear helix segments cost
energy, a larger number of short helix segments has a higher energy than a small number of
long helix segments. However, this behavior changes when the perpendicular field is decreased
upon tilting the specimen as shown in Fig. 2h-2n. Similar to the earlier studies, providing in-
plane magnetic field components favor the generation of nano-objects over helices as the energy
barrier between these phases is decreased. At a perpendicular field of 245 mT along the
microscope column (when the specimen is tilted by 21° as shown in Fig. 2j) a periodic chain of
trivial bubble kind nano-objects have formed>!. At the same tilt angle, the number of these nano
structures increases further with decreasing field. A partially zig-zag pattern of the nano-objects
due to limited space in the nano-stripe is found (Fig. 2k). However, in this measurement a

dense zig-zag chain did not arise. Rather, these distorted shape nano-objects start to elongate

67



towards the edge on further decreased field (Fig. 2k and 21). Due to the limited space along the
nano-stripe and the application of in-plane component of field, the elongation prefers to be
along the perpendicular direction [100] (see Fig. 21). Slightly below zero field (-80 mT), all the
leftover distorted and elongated nano-structures have turned into a short helix segments of Q-
vector along [010] and a harmonic periodic state has formed as shown Fig. 2n. This shows that
in nano-stripes the helix segments can orient using in-plane field component and magnetic
textures in the D2q compound is strongly dependent on the field history.

Fig. 3 shows the three different starting configurations (Fig. 3a, 3h and 30) of magnetic
textures and their behavior upon increasing the magnetic field. In Fig. 3a, the helical Q-vector
is along the [100] direction of the nano-stripe similar to Fig. 2g. While increasing the field from
the starting configuration, the longer helix segments shrink and disappear one after another
(Fig. 3b-f), roughly the reversal behavior of the decreasing field of Fig. 2a-g. The starting
configuration in Fig. 3h consists of helical Q-vector along the [010] direction. The shorter helix
segments are perpendicular to the nano-stripe boundary and upon increasing field they shrink
(Fig. 3h-i) until a periodic chain of nano-objects is formed at 187 mT (Fig. 3j). Since, those
LTEM contrast are imaged along the perpendicular zone-axis without tilting, those are
antiskyrmion chain, unlike the distorted antiskyrmion. These antiskyrmion exist up to the 200
mT. The nano-objects vanish one after another on further increasing the magnetic field (Fig.
31). The ferromagnetic state is achieved at 225 mT (Fig. 3m). Note that in particular image of
Fig. 31, it is difficult to tell the exact texture of these individual objects due to their small size.
Importantly, it is notable that this time antiskyrmions form anyway in the absence an in-plane
field component.

The nucleation of antiskyrmions in the absence of in-plane fields was not found in
extended lamellae so far, thus, pointing towards an increased ease of antiskyrmions in the
confined geometries of Dyq¢ system. The antiskyrmions formation on shrinking the helix
segments with increasing magnetic field is directly related to the confinement and there is a
one-to-one correspondence for the case of vertically oriented shorter helix segments (Fig. 3h-
3k). It is plausible that horizontally oriented longer helix segments also shrink to single
antiskyrmions. However, on increasing the field, the near boundary helices regions are trying
to push the interior of the stripe and transforming sector of the track to two and then one helix
before forming any antiskyrmions. Nevertheless, in a perfect stripe, only three longer helix
segments fill the whole region, the resulting antiskyrmion number is vanishingly small in this

arrangement and no antiskyrmions are found in this visible region as shown in Fig. 3a-f.
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Figure 3 | Antiskyrmion formation upon increasing the magnetic field. (a) The starting

configuration is a helical phase with helix segments along [010]. (b-f) upon increasing the magnetic
field, the three individual segments shrink and disappear one after another as indicated. In (h), the
helix segments are initially oriented along the narrow width of the nano-stripe ([100] direction). (i)
They shrink and formed truncated helices. (j-k) The truncated helices transform to antiskyrmion at
187 mT and sustain up to 200 mT. (1) Further higher field at 215 mT, the antiskyrmions annihilate.
(m) 225 mT: the ferromagnetic phase is restored. (g), (n) The micromagnetic simulations result is
showing the exemplarily metastability of horizontal helix segments and a chain of antiskyrmions

respectively.

Now, we repeat our experiment from the mixed helical configuration of both shorter
and longer helix segments at 0 mT. It will be particularly interesting since it might reveal more
about the interaction among helix segments and antiskyrmions. The starting configuration
consists of Q-vector along both directions: [100] and [010] as shown in Fig. 4a. The nano-track

is filled with vertical (shorter) segments on the right side, one horizontal (longer) helix segment
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that extended throughout the nano-stripe and two horizontal segments on the left side. Upon
increasing the magnetic field to 158 mT as shown in Fig. 4b, the vertical helix segments begin
to shrink and the bottom horizontal helix moves away from the boundary edge while one of the

upper horizontal segments disappears. When the field is further increased to 236 mT (Fig. 4c¢),

Mixed state

- s

»:;;f;yygﬁ

Figure 4 | Antiskyrmion formation from a mixed helical state. (a) The initial configuration is
a mixed helical state with Q-vectors propagate along [100] and [010]. (b) 158 mT: the helix
segments in both directions shrink. (¢) The interaction of them leads to segments of different sizes
along [100] at 236 mT. (d) 247 mT: the smaller vertical segments expand upon the disappearance
of the helix segment at the bottom right edge. (e) 264 mT: the vertical truncated helices transform
to antiskyrmion and the longer horizontal segment at 283 mT (f). (g) A single antiskyrmion is left
at 320 mT. (h) The micromagnetic simulations is showing a mixture of horizontal and vertical helix

segments respectively.
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the long horizontal helix segment shrinks and is visible only on the right side of the stripe region
and the other horizontal helix on the left moves toward the middle of the track. Consequently,
the vertically oriented segments in the middle can elongate again, and the remaining vertical
helix segments in the right side shrink. In Fig. 4d at 247 mT, the right horizontal helix
disappears so that remaining vertical helix segments on that side get elongated. Also, the
vertical helices are displaced towards the left on shrinking horizontal helices. At 264 mT, the
vertical segments form antiskyrmions and the left side horizontal segment is still present (Fig.
4e). In Fig. 4f, one horizontal segment shrinks and forms antiskyrmions at 283 mT. The
antiskyrmion formed from the horizontal segment appear up to 320 mT (Fig. 4g) before
reaching near the transition to the ferromagnetic phase. The LTEM contrast of antiskyrmion in
Fig. 4f is different than in Fig. 3j since they are imaged in under and over-focused, respectively.
It is noticeable in Fig. 3h to 3k and from 4a to 4g that the magnetic field value required for
antiskyrmion formation is different. It may be due to different initial helix segments
configuration (see Fig. 3h and 4a) in the same confined geometry. Reminiscent of the initial
helix orientation, a small deformation is still present for the antiskyrmions in this LTEM image
(see image at 283 mT, Fig. 4f). The left side antiskyrmion has a notably different contrast,
indicating elongation along the racetrack, while the others formed from the vertical segments
are slightly elongated along the perpendicular direction. Moreover, this kind of special
shrinking and expansion mechanism (of vertical helices) is not noticed in the nano-stripes of
skyrmion host compounds, before.

Similar to the experimental observations, the micromagnetic simulation in Fig. 3g
shows the stability of two longer helices: one helix extended in the whole region and another
bottom helix starts in the middle of the shown frame. The right part of longer helix segment is
located in the middle of the track but is shifted to the top in the left half where the second helix
segment is present as shown in Fig. 3c. In Fig. 3n, a chain of antiskyrmions is presented from
a micromagnetic configuration similar to Fig. 3h that reproduced the experimental findings as
Fig. 3j. The metastability of a mixed helical phase is shown in Fig. 4h. These simulations were
each initialized with a different analytically constructed magnetization density that was relaxed
for at least 1 ns. What is important to observe here is that the upper and lower edges of the helix
segments in Fig. 4h look exactly the same as the upper and lower half of the antiskyrmions in
Fig. 3n having same in-plane configuration of red-orange-yellow-green color code, meaning

that both objects are topologically equivalent (the middle part of the helix segment in Fig. 4h is
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topologically trivial). It implies that the short helices at zero-field are still topologically non-
trivial and in higher magnetic field they transformed to antiskyrmion via the truncated helices.
Therefore, the helix edges always exhibit the profile of half an antiskyrmion, owing to the
anisotropic DMI. So, both edge parts of a helix segment have a topological charge of 2 each.
Hence, short helix segments or a low field truncated individual helix segment can be considered

an “elongated antiskyrmion”.

5.3.3 Difference between Helices and other domains in D24 system

In the previous section, we have shown the formation of antiskyrmions from helical
arrangements in a [001] zone-axis. Furthermore, if the field is decreased in an uncontrolled
manner, e.g. by turning off/on instantly or ramping the field from ferromagnetic state, the
resulting zero-field configuration consists of several form of helix arrangement oriented along
the [100] or [010] directions. Those kinds of configuration are also shown on a different stripe
(NS 3) whose left portion has [001] zone-axis oriented and right part is [ 100] zone-axis oriented.
The zone axes are confirmed from selected area diffraction pattern measurement as shown in
Fig. 5a and 5b. Upon turning off/on instantly, several configurations of helical vector
propagation are formed on [001] zone-axis region, whereas the large size domains on [100]
zone-axis are always oriented along the vertical direction with respect to edge (Fig. Sc-g). It is
noted here that; right side domains are not helices as DMI in D»q system enforces helices only
within the tetragonal basal plane ([001] zone-axis). However, the domain on [100] zone-axis
results are consistence with the domain structures found in a confined geometry of Ni wires '3’
and other magnetic systems!'38140. The initial configurations in Fig. 4a and Fig. 5a are few
among the several configurations, where a special kind of shrinking and expansion of vertical
helices is observed upon increase out-of-plane magnetic fields. That means from Fig. 5a, similar
behavior, as in Fig. 4a to 4g, will be observed. However, in [100] zone-axis, the width of the
domains shrinks and disappears in higher fields. Those types of magnetic domain contrasts are
visible in the D»g system other than [001] oriented zone-axis (see Appendix B.1), and the
domain are always oriented along a fixed direction (unlike helices propagation directions of
{10}) even in extended lamellae. It provides experimental proof that helices and hence
topological spin textures are stabilized only in the basal plane of the Mn1.4Pto9Pdo.1Sn system.

It is one of the distinct features in the D»q system compared to B20-type compounds?°.
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Figure 5 | Helices and magnetic domains at zero field. (a), (b) SAED patterns conform the two
different orientations of [001] (left side) and [100] (right side) zone axes in a single nano-stripe. (c-
g) From left to the mark line (blue color), several possible configurations of helices in a nano-stripe.
The domains structure is found in the other side of this stripe. The helices in [001] zone-axis have

Q-vector either parallel or perpendicular to the boundary of the stripe like shown in Fig. 3.
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5.3.4 Antiskyrmion chains in differently oriented nano-stripes

In this section, the increasing (Fig. 6 and 7) and decreasing (Fig. 8) field behavior of
magnetic texture with and without the application of temporary in-plane component of field are
discussed on a nano-stripe (NS 4) that is oriented by ¢ =~ —28° with respect to [100]
crystallographic axis.

Here, the ground state is again a helical phase, whose helix Q-vectors are rotated by
¢ =~ —28° compared to the helices in the stripe (NS 1) discussed above. This observation can
be contrasted with B20 compounds or high anisotropy domain, where the confinement of a
nano-stripe causes a strong anisotropy to the helix orientation so that they are always formed
parallel or perpendicular to the boundary’: 136, Here, for the nano-stripe shown in Fig. 6, 7 and
8, the helices propagation directions are not aligned parallel or perpendicular to the boundary
in the Dyq system, instead they are tied to the crystallographic long symmetry direction. Out of
two helix type, one exhibits shorter segments than the other when these pervade the whole width
of the nano-stripe. Similar to the case explained for NS 1, the helical phase with the shorter
(longer) segments has the higher (lower) energy as the density of the ends of the helices are
decreased (increased). Therefore, the starting configuration (in Fig. 6a) consists of [100]
direction helix segments that are rotated by ¢ to the nano-stripe direction. At 136 mT, the
lengths of the helix segments shrink (see Fig. 6b) and antiskyrmion started to form at 187 mT
(Fig. 6¢). Only one segment is present at 201 mT (Fig. 6d) and at 216 mT (Fig. 6e), all the
segments formed as nano-object of antiskyrmions. The bright and dark spots in the LTEM
images of antiskyrmions in NS 4 are rotated by ¢ — 90° compared to the antiskyrmions in NS
1 (Fig. 3) in agreement with the anisotropic properties of antiskyrmion. The antiskyrmions get
annihilated at higher fields and only a single nano-object is left at 253 mT (Fig. 6f). The whole
lamella becomes field polarized at slightly higher field value on disappearing this object.

The formation of two helical orientations domain becomes inevitable in the
aforementioned confined geometry when ¢ is closer to 45°. Therefore, the behavior of the
magnetic texture is examined when the starting configuration composed of a mixed helical
phase with Q-vectors approximately along the [100] and [010] axes (Fig. 5u). The helix
segments here do not form at an exact angle of 90° (but £4°), slightly different from helices in
extended samples, probably affected by the edge interaction. Furthermore, the helix segments
have relatively longer length along the [100] direction than along the [010] direction (Fig. 6g).
Both types of helices shrink when the field is increased. The shortest helix in between the

junction region of the helices along [100] and [010] forms a round antiskyrmion first at 176 mT
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Figure 6 | Single chain of antiskyrmions. In the left column, the starting configuration (a) are
helix segments that are elongated along the [100] direction, which is oriented at an angle ¢ ~ —28°
with respect to the racetrack direction. (b-e) The helix segments shrink, until antiskyrmions are
formed at 216 mT. (f) 253 mT: the antiskyrmions annihilate, until the field polarized state is
restored. (g-j) The generation of single antiskyrmion chain starting from a mixed helical phase is
shown. The nano-stripe is not tilted temporarily for the in-plane component in this this case. On

the right side, micromagnetic simulations result are shown.
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No tilting
30° temporary tilting
38° temporary tilting

176 192 208 224 240
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Figure 7 | Effect of temporary tilting in increasing field mode. In the column from (a) to (f), the
procedure is changed. This time, the lamella is reversibly tilted by ~30° to provide a temporal in-
plane field component before LTEM image is taken at zero tilt. When the region will be filled with
antiskyrmions, we do not provide in-plane field component after that. (a-d) Formation of double
rows of antiskyrmions via temporary in-plane field component. (e-f) The number of antiskyrmions
reduces so that a single chain and sparse state nano-objects are found at 237 mT and 254 mT,
respectively. In (g-1), the same temporary tilting procedure is applied, but this time it is ~38°. (m)
The numbers of antiskyrmions for the three scenarios are compared for different field strengths.
Red curve is without in-plane field (from Fig. 6a-f). Black (Fig. 7a-f) and blue (Fig. 7g-1) curves
are with the application of temporary in-plane field. The aSk corresponds to antiskyrmion.
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(Fig. 6h). At 197 mT (Fig. 61), only one truncated helix is left in the right side and a chain of
antiskyrmions is formed in Fig. 6j at 216 mT. A qualitative behavior is reproduced in the
micromagnetic simulations with starting configuration similar to the experimental mixed
helical phase.

The formation of single antiskyrmions chain in the absence of in-plane magnetic field
component is very interesting and favorable for a spintronic application in the racetrack device.
Moreover, we investigate the effect of temporal in-plane fields on tilting the specimen by ~30°
(away from the zone-axis) after a step-wise increase in the field. Then back to initial zero tilt
position to record the LTEM contrast images. This temporal tilting procedure is continued up
to the formation of dense antiskyrmion sate like Fig. 7d. The tilting and come back to the initial
zero tilt position is indicated by red and blue arrows on the right side of LTEM contrasts. Fig.
6a-6f and Fig. 7a-7f compare a sequence of LTEM contrasts for the same nano-stripe with and
without temporary tilting procedures as the magnetic field is increased from zero magnetic
field. A similar behavior is seen at first (see Fig. 6b and 7b), but in the field range where
antiskyrmions form, a zig-zag double chain of antiskyrmions is observed at 200 mT (see Fig.
7d) for the case of temporal tilting, instead of a single row. The importance of in-plane magnetic
fields for the antiskyrmion formation becomes apparent as shown in the recent studies in
extended thin lamellae>! 133, Tt is evident here that the application of in-plane field component
via tilting breaks the energy barrier so that nucleation of dense state of antiskyrmion forms.
Here, this lattice appears in its minimal shape i.e. a zig-zag chain of antiskyrmions. In this case
single chain antiskyrmion formed at a higher field of 237 mT. Hence, for one mechanism, when
the field is increased without tilting (Fig. 6a-f or Fig. 6g-j), the helix segments easily transform
to antiskyrmions and no “new” antiskyrmions are observed, while for the temporary tilting
mechanism (Fig. 7a-f), the truncated helices produce a greater density of antiskyrmions by
overcoming the topologically induced energy barrier.

We also investigate the dependence of the antiskyrmion nucleation on the different
tilting angles. It is found that for the tilting angle smaller than ~25°, double rows of
antiskyrmions are not observed. So that the truncated helices transform to a single-chain
antiskyrmions. In-plane field component increases with increasing the tilt angle. For the
temporary tilting angle of ~30°, the energy barrier overcome so that two chain of antiskyrmions
are found. Moreover, for the tilting angle ~38° (Fig. 7g-1), the double row of antiskyrmion
nucleates at lower total magnetic field (176 mT, Fig. 7j). A likely explanation is as follows:

The lower critical field is determined by the energy barrier that needs to be overcome so that
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the tilting leads to a formation of two antiskyrmions from one elongated antiskyrmion (or
truncated helix segment). If the tilting angle is larger, it is observed that a very low absolute
field is required to overcome the energy barrier. On the other hand, for smaller tilting angles
(smaller than ~25°), we have found that no double row of antiskyrmions forms at all. The
energy barrier between the truncated helices and the double chain of antiskyrmions can not
overcome in these cases. Notably, the density of the antiskyrmion is higher for ~38° than ~30°
for the same region of space. The upper limit is not determined by the in-plane field component.
It is caused by the fact that at high magnetic fields, antiskyrmions annihilate one after another
so that the texture transforms to the ferromagnet state. This process cannot be hindered by larger
in-plane fields. The results of zero tilt, and the two different temporal tilt angles (~38°, and
~30°) are summarized in Fig. 7m. Fig. 7m shows quantitatively, how the number of
antiskyrmions increases on a temporary application of in-plane field component (black
curve_~30°, blue curve_~38°) and no in-plane field component (red curve). The antiskyrmion
formation of two separate mechanism underlines our interpretation. One caused by the
topological equivalence of truncated helix segments and single row of antiskyrmion. The other
one is important in both nano-stripes and in the extended lamellae and is caused by the in-plane
field. One of the important features in the D>q compound is that the spacing between the
antiskyrmions (and hence the density) can be controlled, depending on the amount of the in-
plane field strengths and the lattice spacing is independent of the helical period. This striking
phenomenon is mostly absent in B20 compounds, and the lattice spacing depends on the helical
period?!-23.

So, the problematic helices (like Fig. 3ain NS 1) that propagate parallel to the racetrack
are not present when the nano-stripe helices are oriented along a different direction with respect
to the edge, which is a further advantage of these geometries for future spintronic devices.
Furthermore, it is important to mention that, even though the antiskyrmions formation is
strongly affected by the confined geometry, they form always in the middle of the nano-stripe,
unlike edge-mediated skyrmions observed in the B20 compound like FeGe’>: 136, Secondly, for
the nano-stripe in the B20 case, a single chain is formed only when the width of the transverse
constriction stripe is nearly equivalent to skyrmion size and for the larger width, zig-zag or
lattice state is found. On the other hand, a single chain spin texture in D24 can induce even when
the width of the stripe is much wider than individual nano-object size. On repeating these
experiments for a wider nano-stripe of 490 nm width (Fig. 1j), it is found again that the single

chain antiskyrmions always present in the middle of the nano-stripe.
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Upon decreasing the field from the field polarized phase (Fig. 8a), a distinct behavior
is found. Here also, without temporal in-plane field component, antiskyrmions form near 216
mT (Fig. 8b). Notably, it was not the case for the investigated nano-stripe NS 1, which was
oriented along the high-symmetric [010] direction. Instead of forming one single longer helix
segment in the middle that elongates along the track like Fig. 2a, in the nano-stripe NS 4, many
antiskyrmions are formed. This is because the individual helix segment in NS 4 cannot elongate
much owing to the considerable angle ¢ between the high-symmetry directions and the nano-
track orientation. However, the number of antiskyrmion at 216 mT is less here than the
increasing mode of magnetic field experiment (see Fig. 6e); presumably, the transitional
boundary of the ferromagnetic to antiskyrmion phase or vice versa is not fixed. Further
decreasing the magnetic field, the antiskyrmions elongate along the [100] direction, out of two
possible helix propagation directions (Fig. 8c-g). The elongation to short helices from
antiskyrmion happens easily in Fig. 8c due to the much available free space among the
individual antiskyrmion. A more detailed experimental study on the elongation of nano-objects
in the extended lamella will be shown in Ch. 6.

With a temporal in-plane magnetic field is provided from ferromagnetic state, a
completely different behavior is found especially in the lower field value. First, only a few
antiskyrmions (Fig. 8h) at a field of 215 mT and at a decreased field of 211 mT, a greater
number of antiskyrmions in a single chain are present in Fig. 8i. At a field of 192 mT (Fig. §j),
two rows of antiskyrmions in zig-zag forms are present and further decreasing the field to 168
mT, a dense state of a zig-zag double chains form in Fig. 8k. From here downward, the in-plane
is not provided and the out-of-plane field is decreased. Then, it is seen that antiskyrmions in
this double chain are elongated (Fig. 81-m). Again, these elongations along the [100] direction
are due to the limited space and minimum energy cost. At 0 mT, the helical state is restored as
usual (Fig. 8n). In Fig. 8o and 8q, the metastability of single and double antiskyrmion chains
and their respective elongation (Fig. 8p and 8r) in lower field values are verified in the
micromagnetic simulations. Again, similar to the experiment, the elongated antiskyrmions are
along the [100] direction in both cases (Fig. 8p, 8r). Another nano-stripe of width 490 nm and
200 nm thickness (NS 2) with ¢p = 45° is investigated. The similar behavior of a single chain,
double chains and elongated antiskyrmions are found depending on the field history (see
Appendix B.2). So, overall, we have investigated the formation of an isolated, a single chain,
double chains, truncated and elongated antiskyrmions for three different lamellae whose ¢

values are 0° or 90°, 28°, and 45°.
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Figure 8 | Evolution of single and double antiskyrmion chains upon decreasing field mode.
In the left column, (a) the starting configuration is a polarized phase. (b) The out-of-plane field is
simply decreased leading to the generation of single chain antiskyrmions. (¢-g) The antiskyrmions
elongate until a ground state helical phase is restored at 0 mT. In the right column, the starting
configuration is again a polarized phase. (h) This time the field is reduced under reversible tilting
of the nanO-stripe by 30° to provide a temporal in-plane component of magnetic field. This allows
again for the stabilization of antiskyrmions. (i-j) On repeating the procedure of providing temporal
in -plane field, a single and double chain of antiskyrmions form. (k-m) When the out-of-plane field
is decreased from here, these double chains of antiskyrmions elongate. (n) The helical phase is
restored at zero field. (o, p) The elongation process of an antiskyrmion chain is also shown in
micromagnetic simulations at different external fields of 220 mT and 100 mT. (q, r) When more
antiskyrmions are placed in the sample, a double chain of antiskyrmions is stabilized that elongates

similar to the experimental result of (k-m).
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5.3.5 Co-existence of elliptical skyrmions and antiskyrmions at room temperature
In Ch. 4, the simultaneous observation of Bloch skyrmions and antiskyrmions was
shown in the extended thin film at ~268 K. The elliptically Bloch skyrmions are stabilized by
dipole-dipole interactions that allow for both clockwise and counter clockwise chiralities and
the DMI associated with the compound leads to their elongation along the Bloch walls
propagation directions.
Fig. 9 shows room temperature LTEM images of the magnetic texture (at zone-axis of [001])
in a ¢ = 45° nano-stripe (NS 5) for various temporal tilting angles. The elliptical Bloch
skyrmions elongated along the [100] direction appear with a bright center and a dark ring
outside and with a bright ring outside and a dark center when elongated along the [010]
crystallographic direction. The starting configuration shown in Fig. 9a is a chain of anti-
skyrmions that has been formed using temporary tilting (along [100]) as discussed above. Here
a few (four) elliptical skyrmions are already found (Fig. 9a). In Fig. 9b, the temporal tilting
angle used was very small (only 1.3°). After that, all the antiskyrmions have transformed into
elliptical Bloch skyrmions. The reason is the small temporal in-plane fields that stabilize the
formation of elliptical skyrmions. A larger temporal tilting angle for the in-plane field
component was then applied. Moreover, here again both antiskyrmions and skyrmions (i.e. 12
antiskyrmions vs. 11 skyrmions) as shown Fig. 9c are found. The experiment was carried out
with multiple temporal tilting angles. The temporary tilting experiment is continued up to tilting
angle of ~27°, where the texture mainly consists of antiskyrmions (Fig. 9¢). The LTEM
contrasts is shown here at zero tilt after different degrees of tilting angles. Repeating these
LTEM experiments at [001] zone-axis that generate on coming from tilting angles of ~27° and
1.3° several times, gave the identical results: mostly a single chain of mostly antiskyrmions vs.
a single chain of skyrmions. The antiskyrmions have two bright and two dark spots and the
white part is not elliptical but ‘dented’ in the middle. Whereas, for the skyrmions the ‘denting’
and the gray line are both missing. Still, for some objects the LTEM resolution is not sufficient
to tell if it is an antiskyrmion or a skyrmion (not marked solid triangle), but a comparison with
the initial configuration (Fig. 9a) shows clearly that the magnetic contrast has changed. Similar
to the experiment, elliptical skyrmions and antiskyrmions are stabilized in the micromagnetic
simulation. Fig. 9g shows such simulation for the simultaneous observation of antiskyrmions
and oppositely elongated elliptical skyrmions at 220 mT. In Fig. 9h, the simulated LTEM

contrast (derived from the same method used in Ch.4) of the spin texture in Fig. 9g is shown.
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Figure 9 | Antiskyrmions versus elliptical skyrmions in a nano-stripe along the [110]
direction. In (a) the initial configuration at zero tilt is shown at 280 mT after tilting the stage for
the in-plane component of filed along [100]. It consists mainly of antiskyrmions (indicated by red
triangles) and only showing 4 elliptical skyrmions which are elongated along the [010] direction
and one elliptical skyrmion that is elongated along the [100] direction (both indicated by blue
triangles). In (b), the stripe was reversibly tilted to get a small in-plane field along the [100]
direction. The result is mainly elliptical skyrmions. From (c-f), the same procedure is repeated but
with larger tilting angles: the number of antiskyrmions increases with tilt angles. For a few nano-
objects it is difficult to determine whether it is a skyrmion or an antiskyrmions. We did not add a
marker in those cases. (g) The simultaneous formation of elliptical Bloch skyrmions and
antiskyrmions in a single chain is shown in micromagnetic simulation. (h) The simulated Lorentz

TEM contrast of the spin textures shown in Fig. (g).
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As we can see, the dented part is only shown for the antiskyrmion and is missing for the
elliptical skyrmions. Since both antiskyrmions and one type of elliptical skyrmion (of bright
contrast) look similar, which explaining why it is sometimes difficult to distinguish the
experimental LTEM images of antiskyrmions and bright contrast of elliptical skyrmion.

Our first ever findings of opposite topological charges in a single nano-stripe, co-
existence of them and their competing density variation depending on the in-plane field may

lead to concept of realizing the magnetic logic gates® >*

in which elliptical skyrmion and
antiskyrmion read out distinctly as different bits of ‘0’ and ‘1’ insist of general logic gates
notion for reading the absence and presence of skyrmion as 0 and 1 bits in skyrmion host
material. Hence, spin textures in D4 host compound can be an ideal platform for advanced

version concept in logic gates and racetrack memory devices in future.

5.4 Summary

In conclusion, two major findings are demonstrated here. Firstly, a single chain of
antiskyrmions is formed along the middle of nano-stripes formed from a D»¢ material even
when the stripe is much wider than the individual antiskyrmions. The single chain
antiskyrmions formation without the presence of in-plane field components is highly relevant
for memory device application. Isolated antiskyrmion, a single chain antiskyrmions, a dense
zig-zag chain antiskyrmions, elongated and truncated shape LTEM contrasts whose topological
charge same to that of antiskyrmion are found in those constraint geometries depending on the
field and protocol history. Secondly, antiskyrmions can co-exist with elliptical Bloch skyrmions
at room temperature. Moreover, these findings take place at room temperature and do not
require multilayers buildups structure. The finding of simultaneous occurrence of two distinct
nano-objects makes them a highly attractive feature of D¢ systems that conceptually suggests
the possibility of robust magnetic memory or computing devices which could encode elliptical

skyrmions as ‘1’ bits and antiskyrmions as ‘0’ bits.
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Stability, collapse dynamics and fractional
form of antiskyrmions and elliptical Bloch

skyrmions

6.1 Introduction

Experimentally, antiskyrmions have been found in a non-centrosymmetric inverse

tetragonal Heusler compound Mnj 4Pto9Pdo.1Sn. It has an opposite topological charge number

Ny = ﬁff m(r) - (arg—ir) X arg—;r)) d3r= +1 compare to the Bloch skyrmion (A, = —1) due

to the opposite winding of the in-plane component of the spin!32 In Chs. 4 and 5, we have
presented that for the same Heusler compound, a different spin-texture is formed solely out of
Bloch walls, and having an opposite topological charge (A, = —1). We named it as elliptical
Bloch skyrmion. In this chapter, we will present novel observations in Mnj.4PtooPdo.1Sn, a
fragment of elliptical skyrmion and antiskyrmion formed near the edge of the specimen. We
have named them as ‘fractional skyrmion or fractional antiskyrmion’; owing to the fractional
value of Nsk. They are mostly formed in low field regions or even in the negatively biased fields
after the lattice state stabilization. Moreover, a collapse dynamic in the lamellae’s interior
region is observed where individual antiskyrmion or elliptical skyrmion join with each other to
form elongated short helical objects. Further, a detail experimental set up is optimized and will
be discussed in this chapter in order to understand the role of in-plane field components to

stabilize spin textures on using various protocols.
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6.2 Experimental details

The orientation selection and the preparation procedure of lamellae were explained in
the experimental method. Before depositing PtCx by GIS to produce an interface with the
Mn; 4PtooPdo.1Sn, the vital step 3 (of Ch. 3) was followed, where smooth polishing at low
energy of 5 kV (and 8 pA current) and then 2 kV (and 4 pA current) were performed. The
polishing ensures a smooth interface between the magnetic material Mn; 4Pto.9Pdo.1Sn and PtCy
(non-magnetic amorphous). The same low energies polishing was performed in the last step
(step 10 of Ch. 3) of the lamella preparation method to get the smooth surface. By applying the
current in the objective lens of the TEM, the magnetic field value can be adjusted from zero to
+2.2 T in a positive direction (+Z-direction) and -0.28 T in opposite to that (-Z-direction). Note
that the magnetic field is oriented along the microscope column and hence is parallel to the
electron beam propagation direction along the Z-axis. Therefore, at zero tilt position, the applied
field is always perpendicular to the specimen, unless we tilt the specimen to get the in-plane

field components. The calibration of the magnetic field values is done with a Hall bar sensor.

6.3 Results and discussion

6.3.1 Metastability of square antiskyrmions

The antiskyrmions (of round and square shape) have been found at room temperature
and beyond, as described in the Ch. 4. Here, we attempt to stabilize the square antiskyrmion
throughout the temperature range using a field cooled protocol, i.e., cooling the specimen of a
square antiskyrmion lattice state from 350 K down to various low temperatures.

A square antiskyrmion lattice is formed at 350 K and 200 mT using the lattice
stabilization tilting procedure (Fig. 1a). The specimen is cooled down to 200 K under a constant
magnetic field. In the same region, the LTEM contrast presented in Fig. 1c shows a short helix
(rectangular shape) in the antiskyrmion lattice. Further decreasing the magnetic field to -16 mT
(Fig. 1d), metastable square antiskyrmions are still existed. Thereafter, we record the LTEM
images on an interval of 16 mT out-of-the plane field. The lattice remains square, and the short
helix is transformed to square shape around 256 mT (Fig. le). Isolated state of square skyrmion
formed in higher magnetic fields (Fig. 1f). However, in this extended lamella, short helices of
different lengths are found, having one of the edges terminate by the boundary. Interestingly,
these helices transform to square antiskyrmions in higher magnetic field values (Appendix C.1).

A schematic diagram of the field-cooled stabilization of antiskyrmion at 200 K is shown in Fig.
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1b. The procedure mentioned above was repeated for 100 K and 250 K. Notably, by following
the field cooled procedure, we observed the presence of lattice states, though we do not find
any lattice state at 100 K in zero field cooled procedure in the lamella (for the ~170 nm
thickness lamella). Interestingly, an in-plane field component is not required in this field
cooling process. Moreover, in the ~280 nm thick lamella, we found lattices state (elliptical
skyrmion) without field cooling experiment, as mentioned in Ch. 4, which points toward the
importance of thickness dependent dipole-dipole interactions. Additionally, in that thicker
lamella, we also observed the antiskyrmion in the lower temperatures using the same field
cooled procedure. These metastable antiskyrmions are robust and stable at any given field and

temperature as long as these conditions are maintained, which is up to a maximum of 2 hours.

200 mT

350 K

(@) (b)

c
£

=200 mT
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Figure 1 | Metastability of square antiskyrmions for low temperatures. (a) Magnetic
antiskyrmions lattice at 350 K. (b) Schematic diagram for the field cooling procedure. (¢) LTEM
contrast at 200 K, after thermal stability. (d) Reduced the magnetic field to -16 mT. (e, f) LTEM
contrasts at 256 mT and 440 mT on increasing the magnetic field from -16 mT. The scale bar in (a)

corresponds to 500 nm.
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It is observed that the square antiskyrmions can be stabilized at zero field and for an elevated
magnetic field. Reversible switching between square to round antiskyrmion occurs at room
temperature via a temporary in-plane field component'*3. As we want to study the formation of
square antiskyrmion throughout the field range, for that matter, we increase the out-of-plane

field from the zero-field state of square antiskyrmions on keeping the lamella at zero tilt

position.
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Figure 2 | Stabilization of square antiskyrmions at different temperatures. A similar field
cooling protocol as shown in Fig. 1 is used for 100 K, 250 K, and square antiskyrmions are also
found. (a), (b) Schematic diagrams of square antiskyrmions at 300 K and 350 K. At room
temperature, after lattice stabilization, the out-of-plane magnetic field is reduced to 0 mT. The
square antiskyrmion lattices are found here at 0 mT. From there, out-of-plane field increases up to
saturated state through the lattice state, sparse state and then to polarized state. At 350 K, the lattice
stabilization protocol of the temporal application of the in-plane field is used in increasing mode of
the magnetic field. (¢) Magnetic phase diagram which shows square antiskyrmions throughout the

temperatures and field in increasing mode of the magnetic field.
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The experiment schematically shown in Fig. 2a is performed in order to obtain the data of
square antiskyrmions in the increasing field mode. At 350 K, using the temporary tilting lattice
stabilization process in increasing field mode, we found only square antiskyrmions (Fig. 1b).
The LTEM contrasts are presented in Fig. 9a-d (see below). The formation of square
antiskyrmions using different fields, temperatures and protocol histories are summarized in Fig.

lc as a contour plot diagram.

6.3.2 Collapse dynamics of antiskyrmions and elliptical skyrmions

The square antiskyrmion at room temperature was found to be stabilized up to zero field
as described in the previous chapter. It is observed that short helices of various lengths could
be formed by decreasing the field in a negative direction. In the decreasing mode of field, the

short helices are formed after joining two or three antiskyrmions from the lattice state. Fig. 3a

Figure 3 | Collapse dynamics of antiskyrmions. (a-f) Decrease the field from the
antiskyrmions lattice and the collapsing of them produces few short helices. (b-e) By joining
short rectangular helices with the other square antiskyrmions (in negative field directions), more
short helices are formed. In (f), no square antiskyrmions are found. The short helices are either

elongated along [100] and [010] directions. The scale bar in (a) corresponds to 1 um.
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shows such a state where square antiskyrmions and few short helices are found. For further
negative magnetic fields, more number of square antiskyrmions join with each other to form
short helices. The rest square antiskyrmions join with previously occurred short helices so that
more extended helices are found (Fig. 3b-d). At -116 mT (Fig. 3e), only very few square
antiskyrmions are there in the junctions between the short helices of different lengths. In Fig.
3f, no antiskyrmions of square-shaped nano-objects are found.

-64 mT -80 mT
(a) VY VY

(d)

Figure 4 | Collapse dynamics of the elliptical Bloch skyrmions. In (a) lattices of elliptical
skyrmions are found at -64 mT. (b) Elliptical skyrmions (in the middle) added with each other
to make them elongated elliptical shape. (c-e) More short helices in elliptical shape are found
on joining the elliptical skyrmions. (f) At-114 mT, only few elliptical skyrmions are left in the
corner of the LTEM contrast and short helices are elongated more. The scale bar in (a)

corresponds to 1 pm.

A similar kind of mechanism is found for elliptical Bloch skyrmions. However, due to
the favored one kind of chirality here, the short elliptical helices are formed in one direction

and later long helices by joining more elliptical skyrmions. In case of elliptical skyrmions, we
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can observe lattice states even below zero field and negative biased fields at 100 K (Fig. 4a).
Seven short helices are formed at -80 mT after joining two or three elliptical skyrmions, and
further increase of the field to 8 mT, more short helices are formed (Fig. 4b-c). Increasing the
field to -96 mT, the short helices are further elongated through the merging of neighboring
elliptical skyrmions (Fig. 4d). At—114 mT, middle region short helices in Fig. 4d became much
longer by joining with more elliptical skyrmions, and very few elliptical skyrmions are leftover
in the LTEM contrast as shown in Fig. 4e. The short helices formed here have the elliptical
shape precisely like the elliptical skyrmions. Therefore, it can be anticipated that they could
bear the same topological charge of individual nano-objects of elliptical Bloch skyrmions. A
similar analogy is applied for the rectangular shape of short helices that were formed from
square antiskyrmions. In the case of elliptical skyrmions, due to the region is filled with one
type of chiral object, the elongation of helices is more significant relative to the elongation
process of antiskyrmions case. A full helical phase is observed at -123 mT (Fig. 4f), where
helices touch the boundary region, so that the topological protection of elongated structure is
destroyed. Such a case is not happening in the interior region of the collapsing process in the
square antiskyrmion process even though near the boundary rectangular shape contrast destroys
its topological protection.

This mechanism is in contrast to the dynamics of B20 compounds, where reduction of
the applied field leads to a non-equilibrium phase separation composed of skyrmions and
conical domains'*!. These conical domains of Q- vector parallel to the applied magnetic field
evolve into a ground state helical phase (of Q- vector perpendicular to the applied magnetic
field) near zero field. A strong uniaxial anisotropy and tubular non-twisted spin structure owing
to the anisotropic DMI do not allow the conical spin arrangement in the Dag system of
Mnj 4Pto9oPdo.1Sn. Though, similar to Dsq4, the individual spin texture shape increases with
decreasing magnetic fields keeping the distance between the cores of the structures nearly
constant, such a prolonged length deformation of spin textures and their collapse dynamics
(from a dense lattice state) are not observed so far for the cubic compound of B20 skyrmions.
Moreover, as observed in Ch. 5, uniformly elongated spin textures on nano-stripes of this
compound have been found due to the constriction geometry, unlike here, the irregular

elongation due to the large free space region of this extended lamella.
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6.3.3 Fractional elliptical Bloch skyrmions and antiskyrmions

So far, we have covered the dynamics of phase transformation occurring in the interior
of the lamella. In this section, we will discuss the remarkable dynamics of spin structures
located near the lamella boundary. The boundaries are formed by the interface region of
Mn; 4PtooPdo.1Sn and non-magnetic PtCx (deposited by a focused ion beam). By this way,

interface regions are formed in the lamella as shown in Fig. 5a. Here, we only focus on the

. S,

|
N \&‘ - ', 4*'

Figure S | Fractional elliptical Bloch skyrmions. (a) The LTEM contrast of the extended lamella
at -32 mT and 100 K. The interior region is the lattice state. The nano-objects near to boundary are
marked by the arrows. (b) At 32 mT and near the boundary, nano-objects are elliptical Bloch
skyrmions. (¢) Shows the fractional Bloch skyrmions at -16 mT. (d) Region marked by a green
rectangle in (a) is shown separately here. (e, f) Fractional Bloch skyrmions exist up to -96 mT. (g)
at -144 mT, they did not observe. The scale bar in (a) corresponds to 1um. The experiment is

performed on a ~280 nm thick specimen.
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interface regions formed by Mni4Pto9oPdo.1Sn and PtCx. The following discussion will be
focused on the area marked with green rectangle in Fig. 5a. The field is decreased from the
lattice stabilization of the elliptical skyrmion state. At 32 mT elliptical skyrmions are shown
near the boundary (Fig. 5b). By reducing the field; fractional Bloch skyrmions are formed (Fig.
5c-d). The LTEM contrast in Fig. 5d is the same area marked in the green rectangle in Fig. 5a
of the extended lamella at -32 mT and 100 K. The interior area is filled with the lattice state of
elliptical Bloch skyrmions, whereas, in the boundary regions the nano-objects are not
completely formed. Instead, they are incomplete form of the elliptical skyrmion, marked by
arrows in Fig. 5a. Due to the incomplete form, their topological charge is non-integer. Since
lamella has an edge, the moments in the texture are tilted according to the DMI76 127, 142, 143,
Thus, they are termed as “fractional Bloch skyrmion” and are found to be only observed near
the boundary of such materials. Further reducing the field to -64 mT (Fig. Se), elliptical
skyrmions start to elongate and fractional nano-objects shrink. At -96 mT (Fig. 5f) elliptical
skyrmions and fractional skyrmions start to merge and elongated helix state starts to form. No
fractional nano-objects are found at -144 mT (Fig. 5g). Note that, it is necessary to induce a full
lattice stabilization before following this procedure to obtain fractional nano-objects.

From our experiments, we find that it is not possible to stabilize the fractional form of
antiskyrmion on the boundaries at room temperature and above in the ~170 nm thick lamella.
Similar to the low-temperature case, at high fields, integer topological charge number objects
are formed. Moreover, upon lowering the applied field, these topological objects transform into
elongated helices before reaching the boundary. Nevertheless, after stabilizing the square
antiskyrmion lattice at high temperature, in a fixed value of field (200 mT), we cooled the
specimen temperature down to 100 K as we did for stabilizing square antiskyrmions in section
6.2.2. Next, lowering the magnetic fields, antiskyrmions are moved towards the boundary (Fig.
6¢, 6d). Fig. 6¢-h shows the evolution of spin textures with the magnetic fields on the same area
marked with the green rectangle of Fig. 6a. The two boundary regions show the formation of
fractional antiskyrmions. Similar to the experiment, a micromagnetic simulation in Fig. 6b
shows the appearance of fraction antiskyrmions at the boundaries. In Fig. 6e, the antiskyrmions
get elongated and touch the edge so that they have formed the fractional antiskyrmions. Upon
increasing the magnetic field in the negative directions, their size increases (Fig. 6f-h). At -160
mT (Fig. 6a and 6h), few of the fractional antiskyrmions appear as triangles on both edges of
the lamella. Since the crystallographic [100] direction is nearly 45° to the edge, they appear as
‘cut in half” from the square-shaped antiskyrmions at the edges. A detailed experiment will be

carried out latter to understand the dynamics of the fractional nano-objects. Even though the
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fractional Bloch skyrmions and antiskyrmions are exactly tied to the crystallographic directions
of [100] and [010], their small portion near the edge region is not precisely along the high
symmetry crystal directions. This may be related to the small contribution of the underlying
DMI, which result in the edge twist and the fractional charges formation. There are several
studies reported the edge twisting in skyrmions crystals both in theories’® 27 142 143 and
experiments’> 13, However, such type of fractional charges formation has not been reported
experimentally yet. Recently, a theoretical study on antiskyrmion crystal shows the emergence

of topological magnonic corner state due to the fractional antiskyrmion'#*

Figure 6 | Fractional antiskyrmions. (a) The formation of fractional antiskyrmions near the
boundaries of the extended lamella are marked by arrows. After field cooled the specimen from the
lattices state of square antiskyrmion at 350 K to 100 K on keeping the constant field value of 200
mT, the field is then reduced up to -160 mT and (c-h) LTEM contrasts are shown in a stepwise field
value. Fractional antiskyrmions are observed (as shown in e-h). (b) The micromagnetic simulation
shows the fractional antiskyrmions near the boundary at 0 mT. The simulation parameters used here

are same as in Ch. 5. The scale bar in (a) corresponds to 1um.
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6.3.4 In-plane field dependent metastability of spin textures

In section 6.2.2, there is a transition field upon which the condensed lattice structure of the
skyrmions (or antiskyrmions) is transformed into the short helical structure. Here we show that
this transition field depends significantly upon the density of the initial skyrmions (or
antiskyrmions) phase.

It is possible to obtain weakly populated skyrmion states (or sparse states) by carefully
engineering the initial field conditions. We first apply a combination of out-of-plane and in-
plane field by tilting the specimen with respect to the normal. For this experiment, the
temporary tilt angle is ~40°. Subsequently, we apply three different fields of magnitudes 488
mT, 464 mT, 432 mT, and then reorient the specimen so that there is no longer an in-plane
field. As shown in Fig. 7 (a, e, 1) we obtain three sparse states with different elliptical skyrmion
densities. After the sparse states are formed by temporary application of the in-plane field, we
simply decrease the out-of-plane field (no color boundary). As discussed earlier, there is an
intermediate field region, where short helices are formed. However, for sparse states cases, this
intermediate region exists in the positive fields instead of the negative field as observed for the
densely populated lattice state (Fig. 7b-d, 7f-h and 7j-1). The number of short helices forms in
the positive state also depends on the initial density and more helices are formed for Fig. 7j-1
(reducing field from Fig. 71) when compared to Fig. 7f-h (from Fig. 7e), and more for Fig. 7f-
h (from Fig. 7e) when compared to Fig. 4b-d (from Fig. 7a). It is due to the available space
among the individual elliptical skyrmions that depend on the initial state formation via tilting.
At zero magnetic field, the ratio of elliptical skyrmions to the helical objects increases as the
density of the initial sparse state increases.

Similar experimental observations for antiskyrmion shows that on decreasing the out-
of-plane filed (without in-plane field component) from the sparse state, we do not get any
antiskyrmion in the lower magnetic field (see Appendix C.2). Finally, we have also performed
the same experiment starting with a field of 400 mT as shown in Fig. 8a. For this field, a lattice
state of a much higher density is obtained and the transition field for the formation of helical
objects is pushed beyond zero field. Since dipole-dipole interactions are always present in this
tetragonal inverse Heusler alloy system, the size of theses Bloch skyrmions (or antiskyrmions)
increases as we decrease the field or vice versa'**. However, elliptical skyrmions in low fields
have no regular size variation with the magnetic field. For example, as we show in LTEM
images at 352 mT (Fig. 8b), 224 mT (Fig. 8c), 160 mT (Fig. 8d), 80 mT (Fig. 8¢) and 0 mT
(Fig. 8f), the sizes of individual elliptical skyrmions vary largely.
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Figure 7 | significance of In-plane field and its stability to nano-objects formation. (a) LTEM
image after the temporary application of in-plane field for an out-of-plane field of 488 mT (marked
by an orange square). (b-d) In that row, the LTEM contrasts are imaged without the in-plane
magnetic fields components. (e) and (i) are similar experiments for the 464 mT and 432 mT out-of-
plane field after providing the temporary in-plane field components via tilting. (f-h) and (j-1) are
LTEM contrasts without in-plane components from the state shown in (e) and (i). The density of
elliptical Bloch Skyrmions at 432 mT is relatively higher than at 488 mT and 464 mT after the
temporary application of magnetic field. The experiments for LTEM contrasts at each row are

performed separately. The scale bar in (a) corresponds to 1 pm.
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Figure 8 | significance of In-plane field and its stability to lattice formation. (a) Utilizing the
temporary tilting angle (~40°) at an out-of-plane magnetic field of 400 mT, a dense lattice state is
found. (b-f) These lattices states are existed as metastable state up to the lower magnetic field. The

scale bar in (a) corresponds to 1 pm.

Overall, one can notice that various densities of those nano-objects can be formed in
elevated field regions depending on the field stability protocols. When we decrease the out-of-
plane field from sparse states (like in Fig. 7a, 7e, 7i), short helices easily appear in the relatively
higher field. Whereas, for the dense lattice states, short helices form mostly after zero field in
the negatively biased field direction as shown in Fig. 4. Also, the collapse dynamics among the
individual nano-objects are mostly pronounced in lower fields, and produce short helices after
dense lattice stabilization. On the other hand, short helices in sparse states are formed

presumably due to the available space among the nano-objects.
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6.3.5 Evaluation of spin textures from the helical state

So far, we have discussed the effect of reducing the applied field on the sparse states as
well as lattice states, and observed a transition into the helical phase. We will next discuss the
transitions with increased fields, starting from a helical ground state and use the same tilting
procedure as before for the lattice stabilization. In this case, a narrower stability region is found
for the topological spin textures. We have noticed that the field transition region from the helix
plus non- trivial states to the fully condensed lattice state is smaller in comparison to the
previously applied same protocol from the field polarized state to lattice state. It means that on
decreasing mode of the field and using the lattice state stabilization of tilting protocol, a
metastable state exists for a very large range of magnetic fields (see Ch. 4 also). For example,
at 350 K, the ground state helical phase forms a helix plus antiskyrmion phase at 224 mT. An
antiskyrmion lattice state forms at 240 mT i.e., only after the field of 16 mT more. As seen in
Fig. 9a-d, around 80 mT of field region, antiskyrmions are found in increasing field mode.
However, using the same tilting lattice stabilization protocol starting from the polarized phase,
the metastable state persists for a much larger field region. It is probable to happen due to the
field history, and there is no fixed sharp boundary between various states of transformation. It
also indicates that the transformation to non-trivial topological phase from the trivial helical
state requires higher energy than the trivial field polarized phase. Starting from the helical phase
and in increasing field mode (using lattice stabilization via tilting), we experimented with
several other temperatures in the ~170 nm thick specimen. The different magnetic phase
evolution as a function of temperature and magnetic field, using the tilting protocol of lattice
stabilization, is summarized in Fig. 10. Qualitatively, for the increasing field mode of helical
state, the field stability is nearly four times less than the decreasing mode of the field. At 350
K, only square antiskyrmions in the lattice and sparse states are found (Fig. 9a-d). The same
square-shaped antiskyrmion also finds for decreasing field mode using the same lattice
stabilization method of tilting (see Fig. 3, Ch. 4). However, at room temperature, round
antiskyrmions are only found in the increasing mode of field stability protocol (Fig. 9e-h),
whereas in decreasing field mode, stability region has both round and square skyrmions (see
Fig. 2 Ch. 4). At 268 K, we have also found the same co-existing result of skyrmion and
antiskyrmions in the field increasing mode (Fig. 9i-1). At 250 K, 200 K, and 150 K, both lattices
and sparse state of elliptical Bloch skyrmions are formed. Below the spin reorientation
transition, only sparse states of elliptical skyrmions are observed similar to the decreasing mode
of the field for the ~170 nm thicker film. Moreover, for ~280 nm thick lamella, we find the
lattice state at 100 K (Appendix C.3).
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Figure 9 | Magnetic Phase diagram from the Helical state. The similar type lattice stabilization
protocol used, as in Ch. 4, but this time, we started from the helical ground state in the increasing
field mode. In (a-d), LTEM contrasts for the 350 K. The ground state is the helical state. A helical
plus square antiskyrmion state is found at 224 mT. After that, we only decrease the out-of-plane
field, and an isolated state is shown at 304 mT. (e-h) Similar experiment is performed at 300 K.
Here, in increasing field mode, only round antiskyrmions are found. (i-1) LTEM measurement at
268 K. Four elliptical skyrmions with opposite chiralities (2 each) are found at 298 mT. At 312 mT
and 368 mT; simultaneous observation of the elliptical Bloch skyrmions and antiskyrmions as the

lattice and isolated state are formed. The scale bar in (a) corresponds to 500 nm.
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Figure 10 | Magnetic Phase diagram from the Helical state. Temperature vs. magnetic field
phase diagram in the increasing mode of field. The magnetic phase diagram is constructed using
the same lattice stabilization method as shown in Fig. 11 of Ch. 4, but this time, the LTEM
measurement was performed from the helical phase and in the increasing mode of the magnetic

field.

6.3.6 Stability of elliptical skyrmions against heating

In this section, we will present the experimental study of the elliptical Bloch skyrmions
stability against heating at a constant magnetic field. We want to examine whether those Bloch
elliptical skyrmions will survive up to the higher available temperature beyond the usual
elliptical skyrmions stability region (below room temperature) or a transition to antiskyrmions
will happen automatically without the application of in-plane field component.

First, the triangular lattice of elliptical skyrmions are stabilized at 100 K (in ~280 nm
thick lamella) with the help of an in-plane field component. After that, we reduced the out-of-
plane field to 180 mT (Fig. 11a). From there, we increase the temperature of the lamella using
a heater controller up to 355 K. The schematic diagram of the heating experiment is shown in
Fig. 11b. It is shown that the elliptical skyrmions are also found up to 260 K (Fig. 11c). At 297
K (Fig. 11d), distorted shape of elliptical skyrmions are found. The distorted shape nano-objects

100



Figure 11 | Heating experiment from elliptical skyrmion lattice state. (a) Elliptical skyrmions
triangular lattice state is formed at 100 K after the temporary in-plane field application in high
magnetic field. The out-of-plane field is then reduced to 180 mT. (b) Schematic diagram of the
heating experiment from the lattice state shown in (a). (c-h) Keeping the magnetic field constant,
the temperature is increased up to 355 K. Different states are evolved as follows: (d, e) trivial
bubble+ antiskyrmions, (f, g) antiskyrmions and (h) sparse state. Orange arrows in (d) points to

antiskyrmions. The scale bar in (a) corresponds to 1 pm.

are similar to the structure of the trivial bubbles which are elongated along the [100] direction.
Here, we have also observed the transformation to antiskyrmions of square-shaped as marked
by the orange arrows. Further increase in temperature by 18 K (Fig. 11e), large number of

antiskyrmions are observed and few trivial bubbles are found. Moreover, trivial bubbles are
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transformed to antiskyrmions at 325 K (Fig. 11f). Few short helices are observed at 315 K
which are existed up to 325 K. At 340 K, the lamella is filled with antiskyrmions only (Fig.
11g). On increasing the temperature, antiskyrmion starts to annihilate. Few antiskyrmions are
left at 355 K and the region is mostly filled with polarized state as shown in Fig. 11h. This
shows that elliptical skyrmions stability is more pronounced in low temperatures. The formation
of square antiskyrmion by the heating experiment and the nucleation of them by in-plane field
component (shown in Fig. 9b-d) lattice stabilization protocol at higher temperatures indicates
that dipole-dipole interactions are less relevant due to the less saturation magnetization value,
and DMI is the dominant interaction at higher temperature above 300 K on this tetragonal

inverse Heusler compound.

6.4 Summary

In conclusion, we have inspected the different metastable state and their stability against
the temperature and detail field history. The metastable square antiskyrmions have been formed
in low temperatures using the field cooled protocol without the need of in-plane field
components. The formation of short helices derives from elliptical Bloch skyrmions,
antiskyrmions and their collapse dynamics are observed. Two new spin textures, namely
fractional antiskyrmion and fractional elliptical Bloch skyrmion have been found for the first
time and they are stabilized near the edge of the specimen. The stability of sparse and lattice
states and their metastability against the in-field are demonstrated successfully in the
experiment. Also, it is found that for similar protocol stability, the stability region of topological
spin textures is nearly four times less for driving the magnetic field from the ground state helical
phase than the polarized state. Finally, we have shown that in our experiment, at temperatures
higher than that room temperature, the square antiskyrmions are almost the dominate spin
textures and there is no elliptical skyrmions formation by various protocols; such as
stabilization of lattice by in-plane field both in the increasing and decreasing field mode, and
also by the heating experiment from an elliptical skyrmions lattice at the constant magnetic

field from the 100 K to 350 K.
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Observation of antiskyrmions and Bloch skyrmions

in a low moment ferrimagnetic Heusler compound

7.1 Introduction

Ferrimagnet has more significant advantages over the ferromagnet due to the
elimination of dipole fields derived from the moments of magnetic nano-objects, which holds
the key for successful applications in spintronics devices!*-1%%, Besides its significance
importance in technological applications, very few attempts have been made to investigate
skyrmionic spin textures in ferrimagnetic systems?% 1°!, In this regard, low or even zero moment
skyrmions or antiskyrmions hosting materials are very important. In the inverse tetragonal
Heusler compounds such as Mn;RhSn, the magnetic structure consists of two ferromagnetically

152 This results in

aligned Mn sub-lattices that are antiferromagnetically coupled to each other
a low magnetic moment structure, and hence Mn,RhSn is a ferrimagnetic Heusler compound.
Herein, we will explore the possibility of both antiskyrmions and Bloch skyrmions in a
second ferrimagnetic inverse tetragonal Heusler compound Mn;RhooslroosSn. It has a
significantly reduced magnetization compared to the only previous Heusler material
(Mn; 4Pto.9Pdo.1Sn) in which topological spin textures were observed. Nevertheless, the small
magnetization in this compound without significant Mn vacancies is enough to observe the spin
textures using Lorentz transmission electron microscopy. Both individual and lattices of spin
textures can be stabilized over a wide range of temperatures from near room temperature to 98

K. Helical spin textures are found in the low field region, which evolves into antiskyrmions or

Bloch skyrmions structures in the presence of small magnetic fields. A weaker Dzyaloshinskii-
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Moriya interaction is expected for the 4d element such as Rh compared to the 5d element like
Pt, so that the observation of spin textures in Mn2Rho 9sIro.05Sn establishes the stability of them
in these Heusler compounds. The finding of opposite topological charges in MnzRho.9s51r0.05Sn
opens up the path to the full exploitation of the considerable tunability of the D¢ Heusler
compounds, via chemical tuning, for zero-moment antiferromagnetic skyrmion and

antiskyrmions.

7.2 Experimental methods

7.2.1 Bulk polycrystalline synthesis

Polycrystalline ingots of MnyRhooslroosSn were prepared by the inductive melting
method. The stoichiometric amounts of the elements Mn, Ir, Rh, and Sn of purity > 99.99%
were taken in a dried alumina crucible. Because of the high melting points of Iridium and
Rhodium, a pre-alloying step was carried out. The Rh and Ir powders were first pre-alloyed
together with Sn. The alloy was then kept in the melted state for a minute (approximately)
before cooling down. The above step was repeated three times in order to ensure good
homogenization of the pre-alloy. In a second step, the Mn chips were added to the Rh/Ir-Sn
ingot in order to prepare the desired Mn-Rh-Ir-Sn alloy followed by re-melting and turning the
ingots several times for better homogeneity. After the last melting step, the ingot was finally
cooled down by lowering the temperature slowly below the solidus temperature. Subsequently,
the induction coil was switched off so that the ingot could cooled down naturally to room
temperature. All alloying steps have been performed under inert gas conditions in a glove box.
The procedure ensures a low loss of Mn due to evaporation, and indeed, the total mass loss was
below 0.5 wt% for the final ingot. In this way, the composition of the ingot is close to the
required stoichiometry. The as-prepared ingots were then packed in a closed tantalum crucible
that was further encapsulated in an evacuated fused quartz glass ampoule. Subsequent heat
treatment for one week at 900 °C was performed followed by quenching in an ice-water mixture

resulting in the final polycrystalline bulk samples.

7.2.2 Powder XRD, EDXS, and EBSD
The crystal structure and phase purity were characterized by powder X-ray diffraction

(PXRD) using an image-plate Guinier camera (Huber G670, Cu Ko, A = 1.54059 A). The peak

searching, indexing, and calculation of the diffraction patterns were performed with the aid of
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WinXPow package.!>* All the Bragg reflections can be indexed to a body-centered tetragonal
unit cell with @ = 4.293 (3) A and ¢ = 6.592 (4) A. So, the c/a ratio is 1.53. The Rietveld

refinement was carried out using Jana2006 software!>*. The crystal structure was resolved in

analogy with Mn,RhSn that crystallizes in /4m2 (D2s symmetry) space group'’2. Under the
symmetry, Mn atoms occupy two different Wyckoff positions, namely Mnl at 25(0,0,1/2) and
Mnll at 2¢(0,1/2,1/4); while Rh occupies 2d(0,1/2,3/4) and Sn in the 2a(0,0,0) position,
respectively. In our refinement, Ir was assumed to occupy the Rh position and statistically
distributed on the 2d site. Considering the cases in which Ir additionally occupies the Sn or Mn
sites do not lead to an improvement of the refinement. Therefore, we discarded the latter
possibility. The Rietveld refinement of the powdered XRD pattern is shown in Fig. 1. A
schematic unit cell arrangement of different atoms in Mn;Rho.951r0.05Sn is shown in the inset of

Fig. 1.
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Figure 1 | XRD analysis. Rietveld refinement of powder X-ray diffraction (PXRD) pattern of
Mn;Rhg 951r0.05Sn.
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Figure 2 | Composition and grain analysis. (a) Scanning electron microscope (SEM) image of
Mn2Rhooslro.0sSn sample. Black dots contrast is porous and the left side shows a small crack in the
bulk sample. EDX is performed on the three different regions marked in green color. The analysis
results in atomic % are given below the figure. (b) and (¢) are bright and optical images overview.
(d) EBSD measurement shows the IPFZ map and IPF the color key (right side) for the tetragonal

compound MnzRhy 95Irg 05Sn.

The surface topography of the sample is analyzed using a scanning electron microscope
(SEM). Fig. 2a shows the SEM image of a MnzRho.o5Ir0.0sSn bulk sample. The stoichiometry
of the titled compound is found to be Mnj 9gsRho .949110.0490Sn1 015 (Within an estimated standard
deviation of 0.1-0.2 at%) from coupled plasma optical emission spectrometry (ICP-OES)

analysis. Besides, the composition of the sample was also determined by Energy-dispersive X-
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ray spectroscopy (EDXS). EDXS was carried out on the smooth surface of the sample that
marked (in green color) as RS-0229 1, RS-0229 2, RS-0229 3 using a PhilipsXL30 system with
an XFlash SDD detector. The EDXS analysis shown in Fig. 2a confirms that it is stoichiometric.
In addition, a bright-field view confirms the single-phase nature of the bulk sample as shown
in Fig. 2b. Polarized light image (Fig. 2c) and electron backscattering diffraction (EBSD) in
Fig. 2d shows that grains are not big enough. The inverse pole figure (IPFZ) map of Fig. 2d
indicates two different grains (red color [001] and blue color [110]) of varying sizes which are
ranging from 10-15 microns. The IPF color key on the right side of Fig. 2d indicates the crystal

axis orientations of this tetragonal system which perpendicular to the surface.

7.2.3 Magnetization measurements

The temperature (7) and field (H) dependent DC magnetization (M) measurements of
the polycrystalline sample MnzRho.o5Ir0.0sSn were carried out in a SQUID [Quantum design,
MPMS3]. The temperature dependent magnetization was performed in a field of 0.1 T for the
temperature range from 2 to 390 K after both zero-field-cooling (ZFC) and field-cooling (FC)
(Fig. 3a). In the ZFC mode, the temperature is lowered from the room temperature
(paramagnetic state) to the lowest available temperature 2 K and magnetic moment with the
increasing temperature being measured under the presence of 0.1T. In the FC protocol, the same
DC field of 0.1 T is subjected to decreasing temperature and after that magnetic moment is
measured against increasing temperature. The sample undergoes a magnetic ordering transition
from a paramagnetic to a ferrimagnetic state at Tc ~270 K and a second magnetic transition at
Tsrr ~ 80 K as shown in Fig. 3a. Above 80 K up to the critical temperature, the sample is
ferrimagnetically ordered. The latter transition (below ~80 K) has been attributed to a spin-
reorientation transition that results from a competition between exchange interactions between
Mn moments on neighboring and next-nearest planes'>?2. The spin-canting transition is
suppressed in a higher field at 1 T, as evident from the temperature-dependent magnetization
data. Fig. 3b shows the M (H) loops measured at different temperatures. The saturation
magnetization of this material is found to be ~2 ug/f. u at 2 K from the measurement. The value
reduces with the increase in temperature and it becomes ~1 up/fu at 250 K. The
antiferromagnetically coupled Mn sub- lattices in Mn2Rho 95Iro.0sSn is forming the ferrimagnet.
By contrast, in the case of Heusler compound such as Mni.4Pto9Pdo.1Sn, the Mn vacancies
strongly affect the overall magnetization of the compound and it is much higher ~4.5 ug/f.u at

2 KS], 155
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Figure 3 | Magnetization measurements. (a) and (b) are M (7) and M (H) measurements of the

Heusler compound Mn2Rhg 95I10.05Sn. (¢) M (H) for the Heusler compound Mnj 4Pty oPdo 1Sn.

The Mn vacancies reduce considerably the compensation of the moments between the two
expected antiferromagnetically coupled Mn sub-lattices leading to a very high value of overall
magnetization and the compound is almost a “ferromagnet”. Hence, it has been reported that
both Mni 4PtooPdo.1Sn and Mn 4PtSn are effective ferromagnets!>>-157. The magnetization
measurement for the Mni 4Pto.oPdo.1Sn Heusler compound is shown in Fig. 3c. Importantly, the
saturation magnetization of ferrimagnetic Mn2Rhooslro.0sSn is nearly two times smaller than
that of the later material where the antiskyrmions were first observed (Mnj.4PtooPdo.1Sn). It is

apparent from the isothermal magnetization data that these compounds are magnetically soft.
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7.2.4 Microscopy characterizations
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Figure 4 | Microscopic measurements. (a), (b) Experimental and simulated electron diffraction
pattern for the [100] zone-axis lamella. (¢) As a guide to the eye, the schematic atomic arrangements
(upper panel) and the simulated STEM pattern (lower panel) for the [100] zone-axis is shown. The

unit cell is drawn in the right corner of the upper panel. (d) The experimental STEM image. The

inset shows the enlarged view.

In-situ transmission electron microscope (TEM) was used to investigate the diffraction
pattern, HRTEM, STEM, and LTEM using thin lamellae. The single crystalline lamellae,
oriented along different crystal directions, were lifted from the individual grains within the
polycrystalline MnaRho os51r0.05Sn bulk sample. In principle, a thin cross-section lamella from
the red region in EBSD pattern of Fig. 2d will give rise to a [100] zone-axis oriented lamella
and surface parallel prepared lamella as a [001] zone-axis, while the surface of both lamellae

are placed perpendicular to the electron beam in TEM. However, the small grain size (~10—
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15um) in a bulk sample meant that the as-prepared lamellae of particular orientation were non-
trivial. A [100] oriented lamella of approximately 60 nm thick was prepared using the focused
ion beam (FIB). The zone-axis orientation is confirmed by the exemplary selected area electron
diffraction pattern (SAED) shown in Fig. 4a. The diffraction pattern matches exactly with the
simulated diffraction pattern (using CrystalMaker software) shown in Fig. 4b. Fig. 4c represents
a schematic atomic arrangement of the Sn, Rh, and Mn atomic columns along this zone-axis.
The unit cell for this tetragonal structure is depicted in the upper panel of Fig. 4c, while in the
lower panel, simulated scanning transmission electron microscopy (STEM) image using the

aforementioned space group was shown!!’.

These observations agree well with the
experimental STEM image shown in Fig. 4d. The inset of Fig. 4d represents an enlarged portion

of the image taken from the experimental STEM.

Figure 5 | Magnetic antiskyrmion in Mn;Rhg.slre.0sSn. (a) High-resolution transmission
electron microscope (HRTEM) image for a [001] oriented lamella. (b) The corresponding fast
Fourier transform is observed from the HRTEM. (¢) Selected area electron diffraction (SAED)
pattern of the [001] oriented lamella. (d) The simulated diffraction pattern of the [001] zone-axis
that matches with (b) and (c).
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A thin surface parallel lamella (thickness ~110 nm) is prepared from the red stripe region as
shown in EBSD. High-resolution TEM (HRTEM) image of such a lamella showing (020) and
(200) lattice planes are presented in Fig. 5a. A fast Fourier transform (FFT) is mapped out from
HRTEM as shown in Fig. 5b. The selected area diffraction pattern (Fig. 5c) matches the
simulation pattern (Fig. 5d) and it confirms that the lift out lamella is a [001] orientated zone-

axis.

7.3 Results and discussion
7.3.1 Magnetic antiskyrmions in MnzRho.osIro.0sSn

Lorentz TEM (LTEM) imaging technique was carried out to explore magnetic textures
within the lamella. A thickness of ~150 nm [001] zone-axis oriented lamella is used to image
magnetic contrasts. Clear evidence of the presence of non-collinear spin texture in the lamella
is found. In Fig. 6b shows a typical LTEM image of a single antiskyrmion at 150K, and 83 mT.
The schematic of antiskyrmion spin structure is shown in Fig. 6a in which Bloch domain walls
of opposite chirality are formed along [100] and [010] crystallographic directions, while Néel
domain walls of opposite chirality are formed along [110] and [110] directions. Néel domain
does not have any LTEM contrast, whereas contrast profiles along the Bloch directions of

[010] and [100], respectively are shown on the right side of Fig. 6b.
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Figure 6 | Magnetic antiskyrmion in Mn2Rho.95Iro.0sSn. (a) Schematic of an antiskyrmion spin
texture. (b) LTEM image of single antiskyrmion at 150 K and a magnetic field of 83 mT. The right
side shows the intensity profiles of the LTEM contrast along [010] (blue color) and [100] (orange

color) directions.
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7.3.2 Field driven formation of antiskyrmions

Here, we observe the magnetic field-driven evolution of spin textures at a constant
temperature. The spin structure of the tetragonal basal plane lamella (plane perpendicular to
[001] direction) is examined after cooling to 150 K in a zero magnetic field from the room
temperature. After thermal stability at 150 K, the LTEM image is recorded in a zero field. The
image pattern in the absence of a magnetic field is appeared in the form of alternating dark and
light stripes as shown in Fig. 7a. These are the characteristic of a helical spin structure. The
propagation direction of the helices is oriented nearly either along [010] or [100], in which the
Bloch domain walls are formed. The magnetic dislocations are observed as the branching of

21,158,159 " wwhose movement and annihilation of these

helix marked by white arrows in Fig. 7a
dislocations are observed upon the application of magnetic fields (Fig. 7b and 7c). The lamella
is first tilted away from the zone-axis [001] by ~25°-30°. The tilting direction is approximately
along the [110] direction. A magnetic field is then applied along the microscope column (out-
of-plane) by adjusting the current in the objective lens. The lamella is tilted back to the zone-
axis of near zero-degree tilt to record the LTEM images. This process of tilting, which induces
a small in-plane magnetic field on the lamella, is successively repeated to record at various
other perpendicular (out-of-plane) magnetic fields. This tilting procedure is needed to overcome
the energy barrier of the trivial helix state so that the antiskyrmion lattice can stabilize.
Following the aforementioned protocol, antiskyrmions are found to emerge upon increasing the
magnetic field from the helical spin texture at a field of ~75 mT. A co-existing state of
antiskyrmion with the helical spin texture is found for fields up to ~83 mT (Fig. 7d, 7e). Further
increment of the magnetic field (90 mT) leads to the formation of an antiskyrmion lattice, as
shown in Fig. 7f, with a slightly distorted hexagonal array. We notice that a well-defined strong
hexagonal lattice is not found. One of the possible reasons might be the low moment in
Mn2Rho.os5Ir0.0sSn, leading to weak magnetostatics interactions between themselves. With
increasing the out-of-plane magnetic field up to a range of ~94 -104 mT, the density of
antiskyrmions decreases (Fig. 7g-h) before the transformation of the region to a fully field-

polarized state at ~112 mT (Fig. 71).
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Figure 7 | Field dependent stability. Lorentz transmission electron microscopy (LTEM) images
of magnetic spin-textures at (a) zero magnetic field and (b)—(i) various magnetic fields at 150 K.
Red and blue arrows assigned to represent the temporary tilting of few degrees away from the [001]
zone-axis followed by return back to the initial position of zero tilt. Then LTEM images are
recorded. The application of temporary in-plane is continued up to a lattice state formed (marked
by the yellow box) as shown in (f). After that, only the out-of-plane field is given without tilting

the lamella. The scale bar in (a) corresponds to 300 nm.
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Figure 8 | Phase diagram for antiskyrmions. (a) Magnetic phase diagram of Mn;Rhg 95Iro.05Sn.
The phase diagram is constructed on providing the temporary in-plane component of field along
[110] direction (temporary tilting of the specimen) followed by returning to the initial zero tilt
position. The temporary in-plane field component was provided until the antiskyrmion lattice state
is formed (as in Fig. 7f) and then, only the out-of-plane field is increased up to the uniform
magnetized state. (b) Antiskyrmion size as a function of the magnetic field (out-of-plane) at
different temperatures. The error bars in (b) correspond to the standard deviation in the antiskyrmion

size. Here aSk, H, FP correspond to antiskyrmion, helical and field polarized states, respectively.

The evolution of spin textures as a function of magnetic field is studied at several
temperatures. First, the specimen is cooled down from 300 to 100 K in the absence of a
magnetic field. After thermal stabilization, the nucleation of the antiskyrmion lattice from the
helical phase is studied at 100 K using the protocol described in the previous paragraph.
Subsequently, the temperature is increased successively in 25 K steps and LTEM studies are
carried out at each temperature. These results are presented as a contour map of the
antiskyrmion density (red color) in the temperature (7) - magnetic field (B) plane (Fig. 8a). It
is clear from Fig. 8a that the nucleation of the antiskyrmion lattice from the helical phase
requires relatively higher magnetic fields at a lower temperature or vice versa. In this Heusler
compound, the antiskyrmion lattice is stabilized over a wide window of temperature, and in a
relatively narrow magnetic field range. The effect on the antiskyrmion size as a function of
magnetic fields at different temperatures is shown in Fig. 8b. From this figure, it is evident that

there is a minute change in the size of antiskyrmion with the field at each temperature.
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7.3.3 Helical periods of Mn2Rhy.95Ir9.0sSn and Mny.4Pto.9Pdo.1Sn
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Figure 9 | Helical periods in the absence of magnetic field. (a) Comparison of the helix period
(A) for Mn2Rho osIro.0sSn (blue) and Mn; 4PtooPdo.1Sn (orange) as determined from LTEM, in zero
magnetic field and various temperatures in lamellae of a comparable thickness of ~150 nm. The
error bars correspond to one standard deviation. (b), (¢) Typical LTEM images at 100 K and zero
magnetic field and the corresponding line profiles for the two compounds: upper MnaRhg 95119.05Sn

(blue) and lower Mn 4Pto9Pdo.1Sn (orange), respectively.

The ground state is the combinational helical phase in the absence of a magnetic field.
The helical period (A) is in the range of ~200- 235 nm depending on the temperature as shown
in Fig. 9a. The period is larger by ~50% than that of the reported Heusler compound
Mn; 4Pto.oPdo.1Sn for the same thickness (~150 nm) of the LTEM lamella at zero magnetic field
and different temperatures. A typical example of the helical periods obtained from the LTEM
contrasts for both MnoRhg 951r0.0sSn and Mn; 4Pto.9Pdo.1Sn lamellae at zero field and 100 K are
shown in Figs. 9b and 9c, respectively. As A is inversely proportional to DMI, !¢ 161 the larger
helical period in MnaRho osIro.0sSn is consistent with a weaker value of the DMI*? expected for
the 4d element Rh as compared to the 5d element Pt!62-1% In addition, the smaller the DMI

value and saturation magnetization, the larger will be the helical period™2.
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7.3.4 Bloch skyrmions in MnzRhy.95Iro.0sSn

In the Heusler compound Mn.4Pto9Pdo.1Sn, other than antiskyrmions, Bloch skyrmions
in elliptical shape were also found, and they are easily stabilized at low temperatures 133 134,
The long-range dipole-dipole interactions and the anisotropic DMI induce the stability of
elliptical Bloch skyrmions in this compound. It was also found from the numerical calculation
that dipolar energy scales nearly linear with the helical period (A1)°2. We have already shown
that for the same thickness ranges, A is higher for the Mn2RhoosIro.0sSn, and a higher dipole
energy contribution may lead to the formation of Bloch skyrmions. Indeed, it is observed that
Bloch skyrmions are observed from 98 K up to the near transition temperature. A typical
example of LTEM contrast of a Bloch skyrmion of the circular shape is shown in Fig. 10a at
190 mT and 150 K. The central part is a bright contrast surrounded by the dark contrast. As
dipole-dipole interactions induce opposite chirality, we similarly observe Bloch skyrmion with
opposite chirality in this specimen, as shown in the LTEM image of dark contrast surrounded
by the white contrast (Fig. 10b). Fig. 10c and 10d show the schematics of counter clock-wise
and clock-wise chirality of Bloch skyrmions. Moreover, we also observe elliptically shaped

Bloch skyrmions depending on the field strengths. This will discuss in the following sections.
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Figure 10 | Bloch Skyrmions in MnzRh.o5Ire.05Sn. (a), (b) Under-focused LTEM contrasts of
Bloch skyrmions with opposite chiralities at 190 mT and 150 K. (c¢), (d) Schematics of the

oppositely chiral Bloch skyrmions.
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7.3.5 Field driven formation of Bloch skyrmions

The field-driven study of the spin textures nucleation is studied at 150 K (Fig.11). The
ground state consists of the combinational helical state (Fig. 11a). Here, we provide temporary
in-plane field components by tilting the specimen along the [100] direction. At 115 mT,

following the same temporary tilting procedure as before, the spacing between the individual

g136 mT

%115 mT

Figure 11 | Field dependent stability of Bloch Skyrmions. Lorentz transmission electron
microscopy images of magnetic spin-textures at (a) zero magnetic field and (b)-(i) various magnetic

fields at 150 K. The scale bar in (a) corresponds to 500 nm.
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helix increases so that seven helices are found in the same area, which is two less in number
than helices at zero-field (Fig. 11b). At 136 mT, LTEM contrast different from the antiskyrmion
is found together with helices (Fig. 11c). These nano-objects are Bloch skyrmions with an
elongated shape. Both the opposite chiralities of Bloch skyrmions owing to the favor of dipole-
dipole interactions are observed clearly at 140 mT (Fig. 11d). Further increasing the field to
153 mT leads to the formation of a lattice state. However, the lattice state is not a strong
hexagonal lattice, like the state found subsequently in antiskyrmions formation in this
compound (see Fig. 7). Notably, the elongation of two type chiralities is nearly along the
preferable [010] direction as shown in Fig. 11e. After 153 mT (Fig. 11f), we increase the out-
of-plane field without temporary in-plane field components. The Bloch skyrmions are reduced
in size and appeared as nearly circular in shape. Few sparse skyrmions are observed at 184 mT
and 190 mT (Fig. 11g and 11h). At 200 mT (Fig. 111), all the skyrmions are vanished making
the region fully field polarized.
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Figure 12 | Phase diagram for Bloch skyrmions. Magnetic phase diagram of Mn2Rho.osIr0.0sSn.
The phase diagram is constructed on providing the temporary in-plane field component nearly along
[100] direction (temporary tilting of the specimen) followed by returning to the initial zero tilt
position. The phase diagram has formed with those types of Bloch skyrmions: circular Bloch
skyrmions of opposite chiralities and elliptical skyrmions of opposite chiralities whose long axis

are elongated along the same direction i.e., [010].
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The protocol is repeated in an interval of 50 K starting from 100 K to 250 K. In each
temperature, the skyrmions of opposite chiralities are found, although one kind of chirality
dominates over the other. A contour plot magnetic phase diagram is constructed as temperatures
vs. magnetic fields as shown in Fig. 12. Similar to the magnetic phase diagram above for
antiskyrmions, the helical state is dominated over others and Bloch skyrmions are found in a
narrow field region. The Bloch skyrmion stability region becomes narrower with increasing
temperature. The Bloch skyrmion stability region is shifted to a slightly higher field since the
phase diagram is constructed in a different region of the lamella than the phase diagram created
for antiskyrmions (Fig. 8a).

We will also perform the experiment starting from the field polarized state in the
decreasing field mode (Fig. 13) as we did for Mnj 4PtooPdo.1Sn in Ch. 4. Two circular Bloch
skyrmions of bright contrast are found at 192 mT (Fig. 13a). At 176 mT (Fig. 13b), both bright
and dark contrasts of opposite chiralities of Bloch skyrmions are found. The number of circular
objects increases at 160 mT (Fig. 13¢) and the position of nano-objects is not fixed after the in-
plane field application. The elongation of both kinds of Bloch skyrmions along one of the two
crystallographic directions is observed similar to the increased field mode (Fig. 13d-¢). Further
decreasing field to 104 mT (Fig. 13f), the elongation process is extended further. At zero biased
field, few Bloch skyrmions are left in the presence of helices (Fig. 131). In the lower field values,
short helices are found together with Bloch skyrmions as shown in Figs. 13f—i. Contrary to this,
in the Mnj 4Pto9Pdo.1Sn Heusler compound, the Bloch skyrmions are always in an elongated
shape. Moreover, two different kinds of contrasts for elliptical skyrmions similar to
MnzRho 95110.05Sn is also found here. However, the major axis of the oppositely chiral objects
in Mnj 4PtooPdo.1Sn is always perpendicular to each other and are tied to the [100] and [010]
crystallographic directions. In a higher magnetic field of 272 mT (Fig. 14a), even though their
size is small but the shape is elliptical. On decreasing the field value to 96 mT (Fig. 14b), their
shape remains elliptical but the size is increased. Interestingly, those elliptical Bloch skyrmions
with both kinds of chiralities exist in the absence of field (Fig. 14¢) and even sustained along
crystallographic directions in a negatively biased field of -32 mT (Fig. 14d) in this compound.
At -64 mT (Fig. 14e), only a few Bloch skyrmions are left and the helix state is formed at -112
mT (Fig. 14f). It could be suspected that even a small strain in MnaRho 95110.05Sn will be enough
to align the opposite contrast skyrmions along a particular direction out of two equally probable
directions. Notably, in both increasing and decreasing field modes, the formation of circular

shape nano-objects with opposite chiralities at higher magnetic fields points towards the
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relatively large dipolar contribution in this compound compared to observe elliptical Bloch

skyrmions in the D>q compound, Mn; 4PtooPdo.1Sn.

$192 mT 5176 mT

Figure 13 | Decreasing mode Field dependent stability of Bloch Skyrmions. LTEM images of
magnetic spin-textures from field polarized state. Providing the temporal application of the in-plane
component of field starting from the polarized state, isolated, and lattice states are formed. After
the lattice stabilizing no further in-plane components of field is given. (a-i) are LTEM contrasts for
Mn;Rho 95Ir9.05Sn. Circular Bloch skyrmions of opposite chiralities objects are found at higher field
values (b) and (c). At lower fields, both types of chiral elliptical skyrmions are elongated along
[010] direction. The scale bar in (a) is 500 nm.
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Figure 14 | Decreasing mode Field dependent stability of elliptical Bloch Skyrmions in
Mni.4Pty.oPdy.1Sn. (a-f) LTEM contrasts for Mni 4PtooPdo1Sn. Opposite chirality of elliptical
skyrmions are tied to the crystallographic [010] and [100] directions. The scale bar in (a)

corresponds to 300 nm.

A similar kind of LTEM contrast with opposite chirality of Bloch skyrmions was found
without the presence of DMI in the hexaferrite centrosymmetric compound Ba-Fe-Sc-Mg-O*
165 where dipole-dipole interactions and anisotropy play an essential role in their formation.
The shape of skyrmions in the centrosymmetric material is always circular, although their size
variation (small or large) depends on the strength of the magnetic field. In the multilayer
structure of Fe/Gd'%, the circular Bloch skyrmions with opposite chiralities were formed due

to the dominant dipole-dipole mechanism. Hence, in our D»q4 system, the elongation of Bloch
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skyrmions along the specific fixed crystallographic direction of Bloch wall propagations
establishes the role of DM energy. Moreover, in both the non-centrosymmetric Heusler
compounds studied in this thesis, DMI is always intrinsic subjected to the D2>q symmetry which
eventually produces antiskyrmions and elliptical skyrmions. Nevertheless, non-

centrosymmetric D»q ferromagnet in Cri1Geio'¢’

, dipole-dipole interactions play a significant
role such that neither antiskyrmions nor Bloch skyrmions were formed. Instead, closed-loop of
oppositely pair spin vortices called bi-skyrmions were observed on applying magnetic field
along [001] zone-axis. Here, in these D>q compounds, on providing magnetic field along the
[001] zone-axis, spin textures of opposite topological charges F 1 are formed within the basal
plane of the tetragonal systems. However, in the Mni4PtooPdo.1Sn, the simultaneous
observation of elliptical skyrmions and antiskyrmions have been found, and at high
temperatures of 300 K-350 K mostly antiskyrmions are established. In the Mn2Rho.o51Iro.05Sn

compound, there is no such simultaneous observation of Bloch skyrmions and antiskyrmions,

and their nucleation depends on the separately provided temporal tilting angles.

7.3.6 Stability of Bloch skyrmions against heating

A field heating experiment is performed to see the metastability of Bloch skyrmions
against the rise in temperatures. Here a state of Bloch skyrmions and elongated short helices
are formed at 80 mT and 98 K on repeating the same protocol as described above (Fig. 15a).
The magnetic field of 80 mT is kept constant and the temperature of the specimen is increased
as shown in the schematic Fig. 15b. At 125 K, 150 K, and 175 K, few short helices are
transformed to Bloch skyrmions (Fig. 15¢c-¢). At 175 K, only three short helices are left which
are then transferred to Bloch skyrmions at 200 K (Fig. 15f). On the left side of Fig. 15f, a small
portion of the region has no Bloch skyrmions and at 250 K (Fig. 15g), nearly half of the region
has no spin textures, making the region field polarized with few Bloch skyrmions. Two Bloch
skyrmions are left on the right-side corner of Fig. 15h at 261 K and upon further high
temperature, these are vanished so that full lamella is in a polarized state. In Mni 4Pto.9oPdo.1Sn,
following the same heating experiment method, especially in the low moment and high
temperature, antiskyrmions have been observed. However, in Mn2Rho.os1r0.0sSn, once stabilize
the Bloch skyrmions and perform the heating experiment, only Bloch skyrmions are found up

to the transition temperature region.
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Figure 15 | Stability of Bloch Skyrmions against the heating. (a) After stabilizing the lattice
state at a higher field and decreasing the out-of-plane field from there, Bloch skyrmions and short
helices are found at 98 K and 80 mT. (¢c—h) Keeping the magnetic field constant (80 mT), the lamella
is heated to higher temperatures and LTEM images are taken at 125 K, 150 K, 175 K, 200 K, 250
K, and 261 K respectively. A schematic of the heating experiment is shown in (b). The scale bar

in (a) corresponds to 500 nm.
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7.4 Summary

In conclusion, we have successfully identified the existence of magnetic antiskyrmions
and Bloch skyrmions in a fully stoichiometric inverse ferrimagnetic Heusler compound,
MnzRho 95110.05Sn, without the Mn vacancies. Those spin textures are observed in a wide region
of field and temperature for this compound. These results provide the intrinsic stability of a
state composed of antiskyrmions and Bloch skyrmions in compounds with D2q symmetry and,
moreover, show that distinct spin textures can be found in materials with low saturation
magnetization as well as smaller DMI. This work opens the path to the observation of chiral
spin textures of Bloch skyrmions and antiskyrmions in a large number of D»¢ symmetry
materials. It also shows that by chemical substitution one can optimize the properties of the host
compound, especially tuning the magnetization to low value, which would enable them to be

highly useful for various technological applications.
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Conclusion and outlook

8.1 Conclusion

Since the discovery of skyrmions in 2009, the investigation of topological spin textures has
become an active research field in condensed matter physics, particularly in spintronics. In this
dissertation, the focus has been on the examination of the static structures of various spin

textures in D»g inverse Heusler compounds and includes the following major findings:

e The structure of the antiskyrmion in a D24 system is composed of Bloch walls, and Néel
walls separated by intermediate walls. The antiskyrmion comes in two different forms,
namely round and square-shaped antiskyrmions. These forms are extensively studied
in the Heusler compound Mn; 4Pto9Pdo.1Sn. A possible switching mechanism between
these two forms is shown via the temporary application of an in-plane field component.
Moreover, in the same compound, apart from antiskyrmions, for the first time, we reveal
the unanticipated finding of a different topological nano-object, which is elliptical and
forms with only Bloch walls. We name this spin texture an elliptical Bloch skyrmion.
Dipole-dipole interactions play a significant role in the formation of such nano-objects.
The elliptical Bloch skyrmions are found at low temperatures whereas antiskyrmions
are observed at room temperature and higher. At the magnetic transition temperature of
~268 K, the co-existence of antiskyrmions and elliptical Bloch skyrmions is observed.
Additionally, these nano-objects are found in zero field over a broad temperature

window without any field cooling procedure.
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e Within the tetragonal basal plane of the compound Mn; 4Pto9Pdo.1Sn, nano-stripes are
fabricated along different crystallographic directions that help to orient the
antiskyrmions along different angles from the edges of the nano-stripes. Elongated
antiskyrmions with terminated edges as 2 topological charges are realized in several
reliable ways in elevated fields. These elongated antiskyrmions transform into round
shaped antiskyrmions under high magnetic fields. A single chain of antiskyrmions is
formed in the middle of a nano-stripe which has a width slightly larger than the nano-
object size. What is interesting in this finding that the antiskyrmions form in the absence
of any in-plane field component and are not nucleated from the edge. A single chain of
nano-objects formed from elliptical skyrmions and antiskyrmions, with a variable
density in a nano-stripe, are obtained by varying the temporary tilting angle of the in-
plane magnetic field. A crucial observation that can bring significant improvements in
data storage technologies is the simultaneous observation of skyrmions and
antiskyrmions in nano-stripes formed a uniform material of fixed thickness at room
temperature. The room temperature observation of chiral nano-objects in racetracks that
can be constructed from a D»¢ material, without the need for a complicated multilayer

structure, is highly relevant for turning a D>¢ material into a spintronic device.

Nn
&Liﬁv‘,%

Figure 1 | Skyrmion-antiskyrmion racetrack. The figure is adopted from a press
release based on our publication, Jena ef al., Nat. Commun., 11, 1115 (2020) [Press
release, Magnetic whirls in future data storage devices, Martin-Luther-Universitét
Halle-Wittenberg, 4th of March 2020]. The elliptical skyrmions and antiskyrmions

encode ‘1’ and ‘0’ bits, respectively.

126



e Furthermore, we discovered two additional nano-spin textures in the same tetragonal
inverse Heusler compound Mnj 4Pto9Pdo.1Sn, namely a 'fractional Bloch skyrmion' and
a 'fractional antiskyrmion'. It is observed that they are formed at the specimen edge in
low or negatively biased magnetic fields only after the stabilization of a dense lattice.
In addition, in the interior of the lamella, short helices of different lengths of
antiskyrmions and elliptical Bloch skyrmions are found. This is the case, when the out-
of-plane field is decreased after the sparse state of topological objects is formed.
Moreover, when the dense lattice state is stabilized, the nano-objects join together to
build short helices whose central part is trivial (non-topological) but each end has a half
topological number. For the constricted stripes the length of these short helices is same
due to the confined geometry. However, for an extended lamella, the individual nano-
objects of antiskyrmions join with each other to form rectangularly shaped short helices
of different lengths, and similarly, elliptical Bloch skyrmions join together to form
elliptically shaped short helices. Additionally, we observed that not only at room
temperature and above but also at low temperatures (250 K-100 K), antiskyrmions are
stabilized using a field cooling protocol. We also report a phase transition from elliptical

Bloch skyrmions to antiskyrmions in field heating experiments.

e Finally, we investigated a second D.q inverse tetragonal Heusler compound
MnzRho 95110.05Sn with a very low magnetic moment compared to Mnj 4Pto9Pdo.1Sn. The
antiferromagnetically coupled moments of the Mn sub-lattices makes these compound
ferrimagnetic. Both antiskyrmions and Bloch skyrmions are found separately after the
temporal tilting of lamella along the [110] and [100] directions, in the TEM,
respectively. Bloch skyrmions of opposite chiralities appear in two shapes; circular
Bloch skyrmions (in higher magnetic field) and elliptical Bloch skyrmions (in relatively
lower magnetic field). The larger helical period and the stability of Bloch skyrmions in
Mn2Rho.os5Ir0.0sSn up to the transition temperature in subsequent heating studies is
consistent with a lower value of the DMI in this compound. A lower DMI value may
be expected from the 4d element Rh compared to the 5d element Pt in Mn; 4Pto.9oPdo.1Sn.
The finding of opposite topological charges in a low moment ferrimagnet,
Mn2Rho.051r0.05Sn, opens a path towards the realization of antiferromagnetic skyrmions

and antiskyrmions in D>q Heusler compounds.
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8.2 Future perspectives

The findings in this thesis will stimulate a broad range of extensive future studies in both
theory and experiment. These range from short-term objectives to long-term investigations as

well as potential applications in future spintronic technologies.

o Different experimental techniques for spin textures in the Dz; system: The
antiskyrmions, elliptical Bloch skyrmions, fractional antiskyrmions and fractional
skyrmions have been observed experimentally using Lorentz TEM technique. MFM
technique was used to study the out-of-plane component of the antiskyrmion spin
texture®?. A more detailed static and dynamical study of various spin textures in Dag
compounds can be examined using MFM, STM, XMCD, STXM, BLS, DPC, NV
center, and neutron scattering. Again, a deep exploration into the 3D nature of various

spin textures will be very interesting, beyond the description provided in the thesis.

e Two special dynamics: Due to the two-dimensional anisotropic DMI vector in Dyq, the
twisting in the spin textures does not occur and mostly forms as tubular structure, unlike
the B20 compounds™. In Ch. 5 (Fig. 4), a special kind of shrinking and then expansion
mechanism is found for the mixed type of helices arrangement. It indicates that under
particular circumstances, there is a possible mechanism of shrinking and expansion
occurring in the tubular structure of the D2q compound. Also, the formation of short
helices (Fig.3 and 4, Ch. 6) on collapsing the individual nano-objects of antiskyrmions
or elliptical skyrmions is unusual. A better theoretical understanding of both the
shrinking and expansion, and collapse dynamics of nano-objects will provide an

interesting insight into the field of topological soliton.

e Transport properties: The various protocols described in this thesis will help to examine
the transport properties of different nano-objects in a single compound. We can propose
that the nano-objects of different topological charge number can be distinguished by
their distinct topological Hall signatures or the anomalous Hall effect, which are

expected to be different for the two objects.
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Transition temperature region from the elliptical skyrmion to antiskyrmion: The heating
experiment (Fig. 11, Ch. 6) of elliptical skyrmions shows that antiskyrmions are found
at higher temperatures for the Mnj 4Pto9oPdo1Sn compound. A detailed experimental
observation near the transition temperature region and the theoretical support (using the
Monte-Carlo simulation) will provide a better understanding. The interplay of DMI,
dipole-dipole interactions, and the dominance of one over others will provide deep

insight into microscopy behavior.

Towards antiferromagnetic spin textures: One of the interesting properties in the
Heusler compound is the tuning of material properties by incorporating the chemical
elements. In this way, the strength of spin-orbit coupling, magnetization, or electron
occupation can be controlled. It is also possible to set the total magnetic moment to zero
(compensated ferrimagnet) due to antiferromagnetically coupled magnetic sub-lattices.
This will give rise to the antiferromagnetic antiskyrmions or skyrmions that are

expected to move in a straight path irrespective of the applied current direction.

Topological superconductivity: The hybrid system comprises of superconductor
sandwich between antiskyrmion and D4 Bloch skyrmions may realize Majorana zero
modes and edge modes. The unique properties of different topological superconducting
phases can be tune by changing the size of the different spin textures via applied external

magnetic fields as reported in different theoretical studies!68-170,

Magnonic quadrupole topological insulator: Recent study proposed that the fractional
antiskyrmions can produce robust magnetic corner state!#*. The experimental discovery
of the fractional antiskyrmions and fractional Bloch skyrmions in the present thesis may
lead to the path for the experimental realization of the magnonic quadrupole topological

insulator.

Technological applications: The simultaneous observation of elliptical Bloch
skyrmions and antiskyrmions in nano-stripes having widths much larger than the size
of the nano-objects themselves rules out the requirement of highly constrained
geometries for use in memory and logic devices. Moreover, the electrical detection,

movement, creation, annihilation and distinct readout mechanism of elliptical
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skyrmions and antiskyrmions simultaneously present in a single device, which is less
susceptible to diffusion and thermal drift, gives new directions towards technological

applications.
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Appendix A

Supplementary figure for elliptical Bloch skyrmions and
antiskyrmions in a D»q4 inverse Heusler compound

A.1 Elliptical Bloch skyrmions at 150 K and 250 K

The same temporary in-plane field components tilting procedure (of Ch.3) is applied to
obtain the lattice state. At 150 K, after achieving the lattice state (400 mT), the field is decreased
from there without tilting. The same protocol is also applied for the 250 K. The essential
difference here is that at 250 K, the elliptical skyrmions transform to elongated short helices
and/or helical state near around zero field. While the lattice state is found periodic at 150 K and
200 K. Since the net magnetization of the present Heusler compound decreases with increasing
temperatures, the strength of the dipole-dipole interactions and hence the stabilization of
skyrmionics spin textures is decreasing. At higher temperatures (300 K and 350 K), no elliptical
skyrmions have been observed using the above protocol. It indicates that the DMI has a
significantly important contribution than the dipole-dipole interactions at these higher
temperatures. We also further confirm via a heating experiment (Ch. 6) that indeed
antiskyrmions observe at a higher temperature. Hence, anisotropic DMI has a significant role

due to low magnetization and dipole-dipole interactions.
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(@) 150K |

Figure A.1| Elliptical skyrmions at 150 K and 250 K. (a-f) Field dependence of Lorentz TEM
contrasts at 150 K. (g-1) Field dependence of Lorentz TEM contrasts at 250 K. The scale bar in

(a) corresponds to 500 nm.
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Appendix B

Supplementary figures for evolution and competition
between chiral spin textures in nano-stripes

B.1 Effect of field on helix and magnetic domain

The [001] zone-axis consists of the helical phase, and the [100] zone-axis has large
domains that are oriented perpendicular to the boundary of the stripe as shown in Fig. B.1a. We
will examine the effect of the magnetic field on helices and magnetic domains (Fig. B.1b-h).
The initial configuration in the [001] zone-axis oriented has a mixed helical phase. Since some
region in [001] zone-axis has both horizontal (one) and vertical helix segments, a similar
shrinking and expansion of them (Fig. B.1c-e) as shown in Fig. 4 of the Ch. 5, are happened
upon increasing the magnetic field. On the other hand, for the [100] zone-axis, domains are
present up to a much higher magnetic field. So, from here, we conclude two important
observations. Firstly, the magnetic structures and the selected area diffraction from the left side
region indicate that topological spin textures in the D»q inverse Heusler compound form only
within the basal plane of [001] zone-axis oriented specimen. Secondly, the shrinking and
expansion mechanism of truncated helices happens in a nano-stripe only when both the
horizontal and vertical helix segments present simultaneously in a region. We have
experimented with the other different possible arrangements of helices shown in Fig. 5 (Ch. 5)
and observed that such phenomena only found for the type of arrangement shown in Fig. 5a
(Fig. B.1a) or in Fig. 4a (Ch. 5). For other types of helical arrangements, the helices or truncated

helices simply transform to antiskyrmions as shown in Fig. 3a-f or in Fig. 3h-m (Ch. 5). Even
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though in Fig. 5b-d (Ch. 5) have mixed segments of the helical phase, there is no simultaneous
presence of mixed segments of helices like shown in Fig. B.1a, and hence no shrinking and

expansion of the truncated helix segment will favour there.

Figure B.1 | Effect of magnetic field on the helices and magnetic domains. (a) The Lorentz
TEM image shown here is from the same nano-stripe NS 3 and the magnetic contrast
arrangement of Fig. 5a of Ch. 5. The stripe has [001] zone-axis on the left side and [100] zone-
axis orientations (conformed from SAED). (b-h) LTEM images at increasing strength of the
perpendicular magnetic field. (b, ¢) The horizontal helix segment above the vertical segments
moves towards the interior of the stripe region. (d) The horizontal longer helix segment vanishes
at 264 mT; the vertical truncated helices segment expands. (e, f) Further increase in fields the
nano-objects shrink. (g) There [001] zone-axis region become ferromagnetic/field polarized at
408 mT and magnetic domains in the [100] zone-oriented axis is existed up to 576 mT. (h)
Further increase in fields, the domains are vanished and make the whole region of the nano-

stripe to field polarized state.
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B.2 Single, double and elongated antiskyrmions at 490 nm width stripe

In this Fig. B.2 below, we show the result for a nano-stripe of width ~490 nm. The
stripe is also presented as NS 2 in Ch. 5, in which the orientation (¢) is ~45° instead of 0° or
28°. On increasing the out-of-plane field from the helical state, a single chain antiskyrmion form
from the truncated helices. It does not form any further increase in the number of antiskyrmions.
This is shown in Fig. 1i-j. Now, we start to experiment with a configuration of a polarized state
having no magnetic contrast (Fig. B.2a). Moreover, providing in-plane field components,
single-chain and double chains antiskyrmion form (Fig. B.2b-e). After that, we only decrease
the out-of-plane field up to 0 mT (Fig. B2.f-1). The antiskyrmion starts to elongate (Fig. B.2f).
That fits well our explanation that the antiskyrmions enlarge at decreasing fields (Fig. B.2f-j).
In a wider stripe, however, there is enough space so that the antiskyrmions are not squeezed

and the double row is preferred over a wider field range.
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Figure B. 2 | Antiskyrmions in a 490 nm width nano-stripe. (a) At 318 mT, a field polarized
state. (b) and (c) Single-chain of antiskyrmion. (d) Zig-zag form of antiskyrmion started to
form at 261 mT. (e) At 240 mT, double chain antiskyrmion is formed. After (e¢) we do not
provide any temporary in-plane field and slowly decrease the perpendicular field (out-of-plane
field) to zero. (f-j) Antiskyrmion elongated on reducing the field strength. (k) Helices started
to form at 96 mT and (1) at 0 mT; the helical state is restored.
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Appendix C

Supplementary figures for stability, collapse dynamics
and fractional form of antiskyrmions and elliptical Bloch

skyrmions

C.1 Transition between the antiskyrmion and helices

Hereby the same field cooling measurement (of section6.2.2), we observed the LTEM
contrast in a different region. Fig. C.1a shows a square antiskyrmions lattice state at 350 K and
200 mT stabilized after using the temporary tilting lattice stabilizing protocol. Few trivial
bubble objects are found near the boundary. The extended lamella at 200 K and 200 mT is
shown in Fig. C.1b. At 200K, in the same region, few short helices are formed, and trivial
bubbles are also observed near the boundary (Fig. C.1c). The interior region is mostly filled
with antiskyrmion, whereas we mainly focus on the dashed marked region of 1800 nm X 1800
nm. On reducing the magnetic field, short and long helices are found at -16 mT (Fig. C.1e). On
the edge, few long helices terminated at the boundary and destroyed their topological
protection. Here a few of the [100] elongated corner helices transform along the [010] direction.
From fig. C.le, we recorded LTEM images in an increasing step of 16 mT out-of-plane field.
At 160 mT (Fig. C.1f) the region is mostly filled with the topologically protected rectangular
shape short helices and trivial long helices. On increasing the magnetic field, these are

transforming to square shape antiskyrmions. The process of transformation to square-shaped
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nano-objects is shown in Fig. C.1f-h. At 160 mT, the helices in the lower-left corner propagate
along [010] direction. In Fig. C.1h, the short rectangular helices transform to nano-objects of
antiskyrmions. This process shows the reversible transformation to square antiskyrmion from
field cooled antiskyrmion to helices then to antiskyrmion. However, two helices in the left

corner of Fig. C.1g transform to trivial nano-objects at 320 mT, insist on antiskyrmions.

200 K, 200 mT

Figure C.1 | Transition between square antiskyrmions and short helices at 200 K. (a) Square
antiskyrmion lattice at 350 K and 200 mT. Few trivial bubbles are found here also. (b) The lamella
is cooled down to 200 K keeping the magnetic field constant. (a) and (c-h) are the LTEM contrasts
from the region marked by the blue rectangle in (b). (c-e) LTEM contrasts on decreasing the
magnetic field from 200 mT to -16 mT. From -16 mT, we increasing the magnetic field. (f-h) are
LTEM contrasts from 0 mT up to the polarized state at 464 mT in an increasing mode of magnetic
field.
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C.2 Effect of in-plane field component on antiskyrmion

In the D4 inverse tetragonal Heusler compound, in order to overcome the energy barrier
between trivial and non-trivial states, the application of the in-plane field component is
required. Their stability as a lattice state depends on the amount of the in-plane components, as
discussed in section 6.2.4. Here, we gave an example of the same phenomena for the
antiskyrmions. In Fig. C.2a, we stabilized a sparse sate of antiskyrmion at 357 mT after the
application of the in-plane field component via tilting the specimen (to ~38°) followed by
returning to the zero-tilt position (near [001] zone-axis). The resulting LTEM contrast is marked
by the orange colour boundary mark. There, we decrease the out-of-plane field without giving
in-plane field components. Here also, we show that the nano-objects are elongated (304 mT,
Fig. C.2b) without forming the lattice state. Further reducing the field, the helical phase is
formed (Fig. C.2b-f). Moreover, similar to the elliptical skyrmion cases, on stabilizing lattice

state of antiskyrmions, the sate remain exists up to below zero field (Ch. 4).

o
/ 357 mT

O 24mT
AN N

Figure C.2 | Effect of in-plane field component on antiskyrmion. (a) A sparse state of round
antiskyrmion is formed at an out-of-plane field of 357 mT and room temperature after tilting the
lamella nearly 38° degree away from the zone-axis followed by returning to the initial position. (b-
f) Then, we do not provide any in-plane field component by tilting and the out-of-plane field is

reduced to 0 mT. The scale bar in (a) corresponds to 300 nm.
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C. 3 Elliptical Bloch skyrmion in the field increasing mode

Figure C. 3 | Stability of elliptical skyrmions from helical phase. The evolution of topological
spin textures at 100 K for a ~280 nm thick lamella starting from the helical phase. (a) The helical
phases at 0 mT. (b) Elliptical Bloch skyrmions are nucleated at 360 mT. (¢) 368 mT; most of the
region filled with elliptical Bloch skyrmions only after increasing further 8 mT of the total magnetic
field. (d) 376 mT; a dense lattice state is found. The scale bar in (a) corresponds to 500 nm. (e-h)
The evolution of topological spin textures at 200 K for a ~170 nm thick lamella starting from the
helical phase. Helical phase at 0 mT and 288 mT, respectively. Lattice state is found at 336 mT. At

416 mT; the density of the nano-objects decreases. The scale bar in (e) corresponds to 300 nm.

We have already discussed in Ch. 4 the dependence of spin textures formation with
thickness. It is found that for the thin film of ~100 nm’' and ~170 nm, the lattice state of

(elliptical skyrmions) spin textures is not possible to stabilize below the spin reorientation
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transition (< 135 K) of the Mnj 4Pto.9Pdo.1Sn compound. On the other hand, for a much thicker
specimen of ~280 nm, the lattice state of elliptical skyrmions is found at 100 K, indicating the
significance of thickness on dipole-dipole interactions. In Fig.6 of Ch.4, we found such a lattice
state at 100 K upon using the usual lattice stabilization protocols staring from the field polarized
state and lattices of elliptical Bloch skyrmion found up to wide-field range. Here, we conduct
our experiment in a reverse order starting from the helical state (Fig. C.3a) in the field increasing
mode using the same lattice stabilization protocol where, the helical phase is the dominant
magnetic contrast. At 360 mT and 368 mT (Fig. C.3b-c), few elliptical skyrmions emerge. After
applying more 8 mT, a lattice state is observed, as given in Fig. C. 3d. Similarly, for ~170 nm
thick lamella, the helical phase is dominant in the increasing field mode and elliptical skyrmions
are found for the 150, 200 and 250 K, using the lattice stabilization protocol. As an example,
Fig. C.3e-h show the LTEM contrasts at 200 K.
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