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Abstract

The concept of chirality has been influencing many branches of physics for centuries. On
the other hand, study of topology and related concepts have recently been introduced to the
physics community. Exotic quasiparticles, such as magnetic skyrmions emerge when these
two elegant topics merge with each other. Among the many skyrmion hosts, Cu,0SeOs is
one of the very few insulators to host a skyrmion lattice to date. Being finite size objects,
the ease of formation, stabilization as well as manipulation of skyrmions strongly depend
on the boundary conditions imposed by the crystal geometry. Thus leading to the so-called
Geometrical Confinement Effects. In the first part of the thesis, this effect is explored in fine
details, starting with synthesis of Cuy,0SeOj3 particles in their relevant length scales. As a
function of their size, the emergent behaviour in this system of particles, is explored with help
of a number of sophisticated tools. Moreover, our experimental results are well-verified using
micromagnetic simulations. We find distinct yet correlated signatures combining three of the
most used frequency domains in physics. Our results will serve as the guiding principle for
exploration of geometrical confinement effects in insulator-based application paradigms.

The latter chapter deals with a higher dimensional multi-spin object, the so-called Hedgehog
lattice. Discovery of a Hedgehog lattice in a novel inorganic crystal is reported in this chapter.
We have combined solid-state synthesis with various bulk property measurement probes
to properly characterize this system. True magnetic configuration has been determined
through many experiments performed at large scale facilities. Our results will not only spark
research interest among experimentalists, but also theorists working on emergent properties
of topological materials.

Keywords: Noncentrosymmetry, Chirality, Topology, Magnetic Skyrmions, Hedgehogs, Ge-
ometrical Confinement Effects, Chemical Vapor Transport, Hydrothermal Growth, Reflux
Growth, Resonant Elastic X-ray Scattering, Small Angle Neutron Scattering, Magnetometry,
Williamson-Hall, Chemical Kinetics, Neutron Diffraction, Heat Capacity, Muon Spin Relax-
ation, Micromagnetic Simulations, Quantum Chemistry Calculations
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Résumé

Depuis des siécles, le concept de chiralité a influencé de nombreuses branches de la physique.
Plus récemment, I’étude de la topologie et des concepts relatifs a celle-ci ont été introduits
en physique. Sur la base de ces deux concepts, I'existence de quasi-particules exotiques,
telles que les skyrmions magnétiques, a été prédite. A ce jour, Cu,0SeO3 est I'un des tres
rares matériaux isolants au sein duquel se forme un réseau ordonné de skyrmions dans des
conditions de température et de pression particulieres. Les skyrmions sont des objets de
taille finie pour lesquels la formation, la stabilisation ainsi que la manipulation dépendent
fortement des conditions limites imposées par la géométrie du cristal. Ils sont donc sensibles
aun effet de confinement géométrique. Cet effet est étudié en détail dans la premiere partie de
la these. Pour cette étude, une méthode innovante de synthése de nano- et micro-cristaux de
Cu08e03 a été développée. Les mécanismes chimiques ont été étudiés en détail afin d’obtenir
des échantillons ayant des tailles de cristaux précises et controlées. Le comportement et la
signature des skyrmions et d’autres particules topologiques apparaissant dans CupOSeOs
sont explorées a I’aide d'un certain nombre d’outils sophistiqués dans les trois domaines de
fréquence les plus utilisés en physique. De plus, ce travail expérimental est consolidé par des
résultats théoriques obtenus par simulation micromagnétique. En conclusion, nos résultats
sur les effets de confinement géométrique pourront servir de référence a des applications
futures de particules topologiques dans des matériaux isolants.

Le dernier chapitre traite d'un objet multi-spins de plus grande dimension, appelé Hedgehog.
La découverte d'un réseau de Hedgehog dans un cristal inorganique, CosTeOg, est présentée
dans ce chapitre. Les cristaux de Co5TeOg ont été obtenus par synthése a I’état solide. Les
propriétés macroscopiques de ces cristaux ont été caractérisées par différentes techniques
expérimentales. La configuration magnétique réelle a été déterminée suite a de nombreuses
expériences réalisées dans des grandes installations. Cette découverte va non seulement
susciter l'intérét des expérimentateurs mais aussi des théoriciens travaillant sur les propriétés
émergentes des matériaux topologiques.

Mots-clés : Noncentrosymétrie, Chiralité, Topologie, Skyrmions Magnétiques, Hedgehog Ma-
gnétiques, Effets de Confinement Géométrique, Transport Chimique en Phase Vapeur, Crois-
sance Hydrothermale, Croissance par Reflux, Résonance élastique des Rayons X, Diffusion des
Neutrons Aux Petits Angles, Magnétométrie, Williamson-Hall, Cinétique Chimique, Diffraction
des Neutrons, Chaleur Spécifique, Relaxation du Spin des muons, Simulations Micromagné-
tiques, Calculs de Chimie Quantique.
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1§ Chirality Of Matter And Exotic Phe-
nomena

The concept of “chirality” has deep significance at different length scales in the entirety of
physics, starting from quantum mechanical structures derived at microscopic length scales till
astronomical scale of cosmology. In general terms, chirality assigns a sense of handedness to
the objects. That is evident from the Greek root of the word, “¢etp”, which literally means hand.
Examples of chiral structures include formation of whirlpool in water, massive hurricanes,
last but not the least, spiral galaxies. Setting aside the early adventures from philosophers,
Lord Kelvin was the first one to formally introduce the term “chirality” in 1884. According
to him, the definition of chirality goes as follows: “I call any geometrical figure, or group of
points, chiral, and say it has chirality, if its image in a plane mirror, ideally realized, cannot be
brought to coincide with itself” [99]. Almost a century later, the modern definition of chirality
came from Laurence Barron, which states: True chirality is exhibited by systems that exist in
two distinct enantiomeric states that are interconverted by space inversion (parity 2), but not
by time reversal (9" ) combined with any proper spatial rotation (%) [13]. In simpler words,
an object is said to exhibit true chirality in case when it remains 2.9 -invariant, even if 22 is
broken. But if 22 and 9 are individually broken, while it still remain invariant under 229,
then it’s assigned a false chirality [14]. Let us first describe the static space inversion symmetry
in terms of something fundamental in condensed matter physics, the structure of crystals.

Solids are classified in terms of the symmetry of its fundamental building block, called unit
cells, and these are categorized into space groups. According to group theory, infinitely many
space groups exist. But if one considers a crystallographic space group, the choices are then
restricted to 230 only [62]. For its point group symmetry, a chiral object is said to contain
operations of the first kind. If it contains operations of the second kind, then it can be mirror
imposed on each other, leading to an achiral structure. Here, the operations of the first kind are
defined as the ones which preserve the orientation of the object, such as translation, rotation,
and screw-rotation. Whereas operations of the second kind reverses the orientation of the
object under transformation. Examples of this include inversions, roto-inversions, reflections,
and glide reflections, etc. At this point a subtle but important difference has to be made clear.
The chirality of a symmetry group is not the same as the chirality of an object. That would



Chapter 1. Chirality Of Matter And Exotic Phenomena

Figure 1.1: Sohncke type classification of space groups. Classification scheme for all 230
crystallographic space groups resulting in the final 65 Sohncke space groups.

mean inorganic structures crystallizing in one of the 22 chiral space groups are always chiral,
whereas the reverse may not be true. As shown in Fig. 1.1, all chiral molecules will belong
to one of the so called Sohncke groups. The 22 chiral space groups, coming in 11 pairs, are
pairwise enantiomers. For example, P4;32 (Number 213) and P4332 (Number 212) form an
enantiomorphic pair, whereas P2;3 (Number 198) does not have such a space group pair. Still
all three of them belong to the list of Sohncke groups. In this thesis, most of our discussions
will be based on inorganic compounds belonging to the Sohncke groups. The list of these
space groups have been listed in Fig. 1.2.

Some of these chiral structures together with non-trivial topological properties are one of the
most researched topics of recent condensed matter physics [64]. Topology is the branch of
mathematics dealing with smooth transformation of geometric objects, without breaking or
tearing it. New classes of topological materials have been discovered in the last few decades.
The excitement in these materials is due to the condensed matter realization of phenomena
previously only known in high energy physics, mainly fermionic excitations (such as Dirac,
Weyl or Majorana) [84, 119, 204, 212, 213], topological surface states [118], and the last but
not the least localized topological objects, the so called Magnetic Skyrmions [134, 169, 220].
Note that entirely new fermionic excitations have been proposed in condensed matter physics,
without any analogy with high energy physics [28]. In chiral systems, new type of quasiparticles
have been observed as well [163, 165]. But we will focus mainly on theory and experiments on
magnetic skyrmions.

If we include magnetic moment of atoms in chiral crystals, we add another aspect of chiral-
ity within. Chiral magnetism is not only intriguing from a theoretical point of view, but is
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Figure 1.2: List of Sohncke space groups. Out of the 230 crystallographic space groups, only
65 are termed as Sohncke groups. These are the space groups which contain only operations
of first kind. See text for more details.

also crucial from an application perspective [135, 215]. A chiral magnetic symmetry break-
ing may also lead to formation of long periodic structures. In these so-called helimagnets,
the long modulations have decoupled structural and magnetic periodicity. The origin of
these helical modulation is ascribed to the antisymmetric Dzyaloshinskii-Moriya interaction
(DMI) arising due to relativistic spin-orbit effects [48, 132]. Depending on the number of
distinct modulation vectors, we may have different chiral systems hosting single-q helical [4]
or single-q conical or chiral soliton [185], and or the topological phases such as triple (or

5



Chapter 1. Chirality Of Matter And Exotic Phenomena

Figure 1.3: Two of the many skyrmion types. The stereographic projection of 3D hedgehogs
resulting in two main types of magnetic skyrmions, (A) Bloch-type, (B) Néel-type. The key
difference between these two is the helicity (the angle between the in-plane magnetization
component and position vector). This turns out to be +7/2 for Bloch-type and 0 for a Néel-type
skyrmions.

quadrupole)g-hedgehogs [54], or finally a skyrmion lattice phase (SkL) [95, 134, 169, 220].
Magnetic skyrmions are topologically protected vortex-like objects which also have an analogy
with High energy physics. In the last decade or so, there has been an explosive interest emerged
in the field of skyrmions. The DMI-driven magnetic skyrmions are usually Bloch-type, whereas
the interface-stabilized [strong spin-orbit coupling (SOC)] skyrmions are Néel-type (as shown
in Fig. 1.3) 1 2.

IThese are not the only types of skyrmions which exist. For an extensive classifications of skyrmions-like
quasiparticles, see Ref. [58].

2Néel—type skyrmion lattice have also been discovered in bulk polar crystals, such as GaV4Sg [100], and
VOSe» 05 [112].



4 Structure Of The Thesis

The structure of this thesis is as follows: In chapter- 3, we give a short introduction to skyrmions
from the perspective of The Non-linear Sigma Model, followed by few words for all the
skyrmion hosting magnets belonging to P2,3 space group. We will further go into the details
of magnetic skyrmions in the framework of chiral magnets. We will end this chapter with a
brief introduction to geometrical phases and their relevance in skyrmion-hosting chiral mag-
nets. In chapter 4, we will give details about Chemical Vapor Transport growth of Cu,OSeO3
single crystals. Also, we will give explicit derivation for the form factor resulting from various
incommensurate magnetic phases from two scattering processes, (I) Resonant Elastic X-ray
Scattering and (II) Small Angle Neutron Scattering. Next, in chapter 5, we will go into the details
of novel Geometrical Confinement effects arising in CupOSeOs particles. Followed by, results
from high resolution #-REXS experiments for estimation of Anisotropic Exchange Interaction
in Cup0SeO3. An open question concerning a newly discovered twice-modulated surface
state will be addressed in chapter 7. In the following chapter, we will introduce a novel cubic
chiral insulator, CosTeOg, hosting a higher dimensional 4 magnetic structure, characterized
by various sophisticated experimental probes, including small angle neutron scattering. In the
final chapter, we will provide the conclusions drawn from the studies included in this thesis
and outline some of the unanswered questions as well as future directions.






8] The Physics Of Magnetic Skyrmions:
Theoretical Background

The experimental manifestation of magnetic skyrmions as well as the exact theory behind
them are equally fascinating. In this chapter, we briefly introduce the concept of magnetic
skyrmions from a field theory point of view, followed by providing a short discussion about
energy landscape in P23 helimagnets. Finally, we also provide an introduction to geometrical
phases and their relevance in topic of chiral magnetism.

3.1 The Non-linear Sigma Model (NLoM) and Skyrme Field

The original skyrmion solution was provided by Tony Skyrme in 1962, but for nucleons, in a
completely different subject than condensed matter physics [172]. With SU(2) symmetry on
the non-linear sigma model, Skyrme field can be written as ¢(%’), where & is a four-vector. In
equation form (%) can then be written as

(3.1

o+im im+m
¢(%):( 3 1 2)

iny—my O—1ing

where, 71, 12 and 3 are three almost massless pion fields satisfying SO(3) symmetry [136].
Whereas, (%) is introduced in order for SO(3) symmetry to hold [29]. Ignoring time depen-
dence, the Lagrangian density of the system can be written as:

L= —%TrRHR“ + 1—16Tr([R“,RV] [R,RY]) + m*Tr(¢p - 1). 3.2)

The first two terms, that is the kinetic term and the Skyrme term preserve the chiral symmetry,
whereas the third term involving dimensionless pion mass parameter breaks it. And so, we
can write the energy density of the system in the following manner:

1 1 )
W= —ETrRiRi - ETr([R,-,Rj] [Ri,R;]) — mTr(p—1). (3.3)
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The consequence of it is that the Baryon number .4 exists in a way to impose a solitonic
solution. This A" takes the following form:

1
N = —mfeijkTr(RiRij)dg’r (3.4)

Few points about Eqn. 3.4 has to be pointed out. First, the field solution given above for
Baryon number guarantees that nucleons behave like particles. Second, the number A
signifies the number of times parameter space (¢) is wrapped around by real-space. And thus
is a topological invariant, called the fopological charge of the system. Now in order to derive
different classes of topological objects, let us use the polar coordinates to express ¢ as

1-|RP? 2IR
cos f(p)+isin f(p) ( | lz) isin f(p) (|_|2)
_ 1+|R| 1+|R|
¢p,2) = 2IR| 12 R (3.5)
_zsmf(p)(rmlz) cosf(p)—zsmf(p)(rm'z)

Where, f(p) is the polar function which determines the radial behaviour of ¢. For a specific A4,
Eqgn. 3.5 can be minimized in order to produce the corresponding profile function. A number
of solutions, along with the corresponding isosurfaces have been shown in Ref. [136]. From
their Figure.1, it is clear that there is an obvious huge energy cost to go from A'=3 to A'=4
Skyrmion configuration. With actual analogy to experiments, these processes will manifest
as dissipative first-order type transitions. All possible Skyrmionic configurations shown in
Figure.1 of Ref [136] form a homotopy group, where each class of object is distinguished from
each other by the winding number. Each Skyrmion configuration has their energy landscape
determined from the radial as well as angular functions, whereas the their stability is caused
by the winding number.

3.2 Skyrmion Hosting P2,3 Helimagnets

After introducing the concept of skyrmions from the field theoretical point of view, in this
section we will discuss the actual experimental manifestation of these in magnetic systems.
The first ever experimental realization of magnetic skyrmions came to picture in 2009 on
archetypal itinerant helimagnet MnSi [134]. Small angle neutron scattering (SANS) technique
was utilized in order to observe the symmetric six-fold scattering pattern due to the skyrmion
lattice in reciprocal space. Afterwards, SkL was also observed in Co-doped FeSi via the Lorentz
transmission electron microscopy (LTEM) method [220]. CupOSeOs was the first insulator
found to host skyrmions [169]. Whereas, in MnGe and Ge-doped MnSi, higher order topologi-
cal spin textures were observed, such as a 3q and a 4g-Hedgehog lattice, respectively [54, 182].
Over the years, there have been reports of many bulk materials hosting different kind of
topological spin structures. They are listed in Table. 3.1.

10
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Table 3.1: List of Bulk materials hosting topological spin textures. HL: Hedgehog Lattice, SkL:
Skyrmion Lattice. RED: Centrosymmetric, BLUE: Non-centrosymmetric, GREEN: Enantiomor-

phic, and CYAN: Polar.

. Space Point Electrical Topological
Material . .
Group Group Behaviour Spin
Texture
SrFeO3 Pm3m (221) On Conductor 4q-HL [76, 77]
CoyZnyMn, P4332/P4,32 0] Conductor Bloch SkL
(x+y+2=20,2<6) (212/213) [93, 94, 95, 186, 219]
Cog_Fe,ZngMny P4,32 (213) 0] Conductor Bloch SkL [93]
FeCogs5Rhg5Mo3sN P4,32 (213) 0] Semiconductor Bloch SkL [116]
MnSi P2,3(198) T Conductor Bloch SkL [134]
Fe;_Co,Si P2,3(198) T Conductor Bloch SkL
(0.05=x=<0.7) [21, 220]
FeGe P2,3(198) T Conductor Bloch SkL [218]
Cu,0Se03 P2:3(198) T Insulator Bloch SkL [3, 169]
EuPtSi P2,3(198) T Conductor Bloch SkL [86, 91, 178]
MnGe P2,3(198) T Semiconductor 3q-HL [89, 182]
MnSi; _ ,Ge,
0<x=<0.25 P2,3(198) T Conductor Bloch SkL
03=<x<0.6 P2:3(198) T Conductor 4g-HL
0.7<x<1 P2,3(198) T Conductor 3q-HL [54]
Mn,_,Fe,Ge P2,3(198) T Conductor HL
0=x<0.3) [60, 170]
GdsRuyAly, P63/mmm (194) Degp Conductor Bloch-SkL [71]
Gd,PdSis P6/mmm (191) Degn Conductor Bloch-SkL [111]
GaV,Sg R3m (160) Csy Insulator Néel-SKL [100]
GaV,Seg R3m (160) Csy Insulator Néel-SkL [26, 52]
GdRu, Si, I4/mmm (139) Dy Conductor Bloch-SkL [101]
EuAly I4/mmm (139) Dy, Conductor Bloch-SKkL [179]
Mn; 4Pty 9Pdp.1Sn I42m (121) Doy Conductor Anti-SkL [137, 149]
VOSe, 05 P4cc (103) Cuv Insulator Néel-SkL [112]

Along with these bulk materials, there have been numerous reports of skyrmions in thin film

heterostructures (mainly stabilized by large spin-orbit coupling due to heavy 5d metals) [66,
124, 129, 159, 202, 216]. But from the point of this thesis, we will restrict ourselves to only bulk
materials, especially those belonging to P2,3 space group.

3.3 Theoretical Treatment Of Magnetic Skyrmions Based On NLoM

The presence of weak spin-orbit coupling (SOC) in P2;3 helimagnets (except for MnGe and

its related compounds), makes it attractive from the theoretical point of view, since the
magnetic moment density can be described rather well with an effective model. This SOC

11
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also directly influences the strength of Dzyaloshinskii-Moriya interaction constant (D) [48,
132]. Competition between leading order Heisenberg exchange (J) and next order D forces
the ground state of these magnets to adapt a long-periodically modulated magnetization
configuration with g, o< D/J. In the frame work of NLoM, the Lagrangian density of the
system can be written in the following form:

&= %(Vm)erle(me)—mB (3.6)

Minimising this equation gives the free energy of the system. Together with the Ginzburg-
Landau theory, we find the more general free energy of the system as [134]:

J a b
& = E(Vm)z +Dm(V xm)-m-B+ §m2 + Im4 + & cubic- (3.7)

Here, a, and b are constants. Then the total energy is given as, Eipgal = [ &rd°r + Egipolar- Away
from phase transitions, 4/ and 5" term in Eqn. 3.7 can in principle be neglected, which
reduces the free energy expression to the more simplified version shown in Eqn. 3.6. Without
loss of generality, for a two-dimensional system, we can write the following topological number
density:

n= (Gjmxaim)-m (3.8)

In connection with the Baryon number density introduced in the previous section, Eqn. 3.8
describes the number of times the 2D real space completely wraps a unit sphere in parameter
space. In real space, »r would represent the solid angle between neighbouring spins, which
will have a corresponding value of 47 in the order parameter space. Thus for a 2D system, we
can write the following.

1 1
N = —[%dzr: —f(ajmxaim)-mdzr (3.9
4n 4

In this case, the set of all .#s form the 7,(S)> homotopy group. We are now ready to im-
plement the functional form of m(r) in order to find the exact magnetization configuration
for different 4’s. In 2D polar coordinates, it is sufficient to assume the following form of
m(my (p,y), m2(p,y), ms(p,¥)] as [135]:

m (p,¥) = Mssin[6(p)] cos[A (¥ + xn)],
ma(p,¥) = Mssin[0(p)]sin[A (w + yn)], (3.10)
ms(p,¥) = MsAsin[0(p)].
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In these expressions, Ms is the saturation magnetization, 6(p) is responsible for the radial
profile of the field, whereas cos[A (v + x)] and sin[4 (¥ + x)] terms determine the angular
behaviour of magnetization. yy is known as the helicity angle. Finally, A determines the sign
of m3 component of the central spin. It is easy to check that 8(p) satisfies the Euler-Lagrange
equation [23, 160]. Also, plugging in the 2D polar functional form of m in equation. 3.9, we
recover exactly 4. This guarantees the topological protection of field configurations rising
from therein. Thus for a spontaneous symmetry breaking process in SO(2) (for 2D systems) or
SO(3) (for 3D systems), the NLoM encodes the main features and produces a stable soliton-
like solution. Since we discuss actual 3D bulk materials in this thesis, the magnetization
configuration can be expressed as the following [134, 160]:

my (r) = Mscosg,
my(r) = Mgsingcos(gy - 1), (3.11)

mg(r) = Mgsingsin(g, - r).

Here ¢, the cone angle depends on sample parameters as cos¢ «x B/MsqgyD. Thus, as the
strength of external magnetic field increases, the cone angle gradually goes to zero, resulting
in a field-polarized state. Whereas, without any magnetic field, ¢ aquires a value of 90°. This is
exactly the helical ground state observed in the P2,3 helimagnets. Away from T, this perfectly
reproduces the hierarchy of different phases in P2;3 helimagnets (except for MnGe), especially
in the intermediate temperature range of Cu,0SeQOs. Just below T, the thermal Gaussian
fluctuations add one more extra term to Eqn. 3.7 and the free energy becomes [134]:

2
det( 0"k )] (3.12)

1
SGr =+ =1
GE F+2 8 omom

Due to this new term, now the SkL phase has lower energy compared to the conical phase and
becomes stable. Thus the NLoM appropriately reproduces all the magnetic phases observed
in the P2;3 helimagnets.

13






Experimental Techniques

After introducing the theory of magnetic skyrmions and related incommensurate phases, we
give a short introduction about their experimental aspects in this chapter. The long list of
bulk materials hosting these topological spin textures have been grown via different synthetic
routes. We will provide a short introduction to the most common crystal growth method for
Cuz08e03, that is the chemical vapor transport technique. In view of the topics included in
this thesis, we will provide a short introduction to the single crystal growth under non-ambient
conditions, such as the hydrothermal route. Finally, we will briefly cover the growth method
for nanoparticles in a reflux technique. We will then give experimental insight into detecting
skyrmion lattice phase in reciprocal space using two widely-used techniques, small angle
neutron scattering and resonant elastic x-ray scattering, along with some theoretical argument
behind them.

4.1 Material Growth

4.1.1 Chemical Vapor Transport (CVT)

Historical background: Chemical vapor transport reactions have been taking place under
naturally occurring environments for millennia. Bunsen was the first to identify one of these
reactions at a volcanic site [30]. What Bunsen observed was the prototypical reaction to purify
Fe, O3 from an impure ore, using gaseous species such as HCI.

Fe,03(g) + 6HCI (g) == 2FeCls(g) + 3H,0(g) 4.1)

The whole process of growth can be divided into few key steps. During the first step, known
as dissolution, gaseous phase of impure Fe, O3 forms, as the forward reaction in the equation
shown above. Usually this part of the process takes place in the hotter side, known as source.
This is followed by a backward reaction, when pure Fe, O3 phase is recrystallized. These pure
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crystals form away from the hot zone, known as the sink. The underlying chemical equation
describing the crystal growth process is known as the transport equation. In the early 1920s,
Van Arkel and de Boer successfully employed this technique under laboratory conditions to
grow metal iodides [196]. The method was mainly used to produce pure metals. In the 1960s,
Schifer established the first systematic approach towards the understanding of such chemical
reactions and slowly this technique expanded to enable the growth of many different families
of crystals [164].

Figure 4.1: Principle of Chemical Vapor Transport technique. (A) Optical image of a table-
top CVT furnace. The actual growth furnace is almost twice as large. (B) Schematics of the
transport mechanism resulting in single crystal growth. (C) Two examples of metal halides
grown using this method.

Different dissolution processes: Dissolution can take place in many different ways. During

sublimation, a solid substance directly converts to a gaseous phase. One of the simplest
example of this is AlCls. After sublimation, AlCl3 is found to exist in a dimerized form, Al,Clg.

2AICI3(s) == Al,Clg(g) 4.2)
As the name suggests, compounds undergoing decomposition sublimation go through sub-

limation via decomposing into two or more gaseous species. The parent phase is recovered
while cooling.

NH,4Cl(s) == NH3(g) + HCl(g) 4.3)

But this process could get more complicated in case there are more than two reactive gaseous
species involved. Finally, under self transport, there is no need to add any extra transport
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agent. The starting material undergoes either sublimation or decomposition sublimation to
form the transport agent, which finally transfers the material to the sink.

Growth setup: In an open system, a long glass or ceramic tube is used. The dissolution takes
place for the source material and with help of a constant flow of transport agent, the vapor
is recrystallized in a colder part of the tube. But most of the laboratory reactions proceed
in a closed system. Typical example includes glass/quartz tubes. Length of these tubes are
kept between 10 and 20 cm, whereas diameter is about 10-20 mm. In order to compensate
for the rising vapor pressure from the transport agent (as well as source material), usually the
transport tube is sealed under vacuum.

Transport agent: If the material intended for single crystal growth does not self-transport
across the quartz tube, one needs to use a separate transport agent. In this context halogens or
halogen containing compounds are most widely used. One of the most basic prerequisites for
the choice of the transport agent is that it should be reactive enough to form gaseous species
with the source material, which can then be transported to the sink. The second aspect while
choosing a transport agent is the difference observed in the partial pressure of the transport
agent between source and sink temperature. If the difference in partial pressure is low, then
effective transport becomes unfeasible.

Thermodynamic considerations: The CVT method produces pure single crystals of the source
material, if the right transport agent is chosen. But even so, transport of the target phase
to the sink side is not guaranteed. There are certain thermodynamic conditions which are
supposed to be satisfied before the reaction can take place. First, all target phase species
have to be in a gaseous phase under the reaction conditions. Thus depending upon if the
transport reaction is exothermic or endothermic, the crystallization takes place on either
source or sink side, respectively. Second is the reaction kinetics affecting the transport of
gaseous species. In between the forward reaction from dissolution and backward reaction
from recrystallization, there is the actual gas motion, where the transient reactive species
transport across the reaction tube. In most of the cases, this is the slowest, and thus the rate
determining step. The equilibrium reaction constant (K) has to be close to unity in order for
the transport reaction to take place.

Cu»08e03: The bulk single crystals used in this thesis (for example, in Chapter 7) are grown
via the CVT technique. For our growth, CuO and SeO; (or Cu,0SeO3; powder) are used as
precursors while mostly HCI [47], Cl,, TeCly, NH4Cl [146] are used as transport agents. And
the growth proceeds chemically by the following reactions:

3 ClleSGOs (s)+3 Clg (g) -2 Cll3C13 (g) +3 8602 (g) +3 02 (g) (4.4)

3Cu,08e03(s) + 6HCI (g) = 2 CuzCls(g) +3Se02(g) +3H,0 (g) (4.5)
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3Cuy0Se03(s) + 6 TeCly (g) == 2 CusClsz(g) + 6 TeOCl,(g) + 3Se0,(g) + 3Cl2(g) (4.6)

The presence of several gaseous species makes the energy landscape of this reaction incredibly
complex. Also, the temperature of the sink end of the ampoule never exceeds 823 K to prevent
the thermal decomposition of Cu,0SeOs crystals into CuO + SeO,, but is preferably higher
than 803 K to prevent the undesired co-crystallization of copper selenates with Cu:Se ratio
different from 2:1. This results in only a 20 K temperature range to produce single crystals.
Apart from the small temperature window, the high vapor pressure of the gaseous species
makes the reaction even more complicated.

Figure 4.2 shows the representative examples of grown Cu,OSeO3 using HCl as the transport
agent. After the completion of the growth, lasting for about 3-4 weeks, we obtain several large
single crystals (~500 mg). Clean Laue pattens from three of the principal axes ({100}, (110},
and (111)) show the good quality of the crystals. Magnetic characterization was also performed
on some of these single crystals. Figure 4.2F shows the real part of the ac susceptibility as a
function of temperature. The extracted T agrees quite well with the reported literature [230].
In Fig. 4.2G near to T, we observe quite sharp peaks in the y” signalling the transitions in
and out of the SkL phase. Thus, the grown Cu;0SeOs crystals have excellent quality and the
magnetic properties are in well accordance with previous reports.

4.2 Characterizations Of Long-period Incommensurate Structures

The zoology of compounds shown in Table. 3.1 host incommensurate magnetic structures
whose modulation in real space range between 3 nm and 200 nm. In real space, there also exist
Lorentz Transmission Electron Microscopy (LTEM) [75, 218, 220], Magnetic Force Microscopy
(MFM) [126, 173], as well as Spin(-polarized) Scanning Tunnelling Microscopy (SP-STM) [66,
74, 159] to name a few, which can provide details about the magnetic structure. There exists
only few experimental techniques which can probe this correlation length scale in reciprocal
space. From the point of view of this thesis, we will focus on two main techniques: Resonant
elastic X-ray scattering and Small angle neutron scattering. We will give a detailed account
of the process followed by analytical expression for structure factors arising due to different
magnetic phases.

4.2.1 Resonant Elastic X-ray Scattering (REXS)

Background information: Since the discovery of x-rays by Wilhelm Rontgen, the x-ray diffrac-
tion (XRD) technique has become an integral part of research in condensed matter physics.
The laboratory XRD techniques work on the principle of interaction between electromagnetic
waves and the charge density of the electrons, known as Thomson scattering(Fig. 4.3) [7]. Since
the scattering takes place between the electronic charge cloud and the photon, in principle,
x-rays also become sensitive to the spin and orbital degrees of freedom. Thus leading to mag-
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Figure 4.2: Chemical Vapor Transport growth of Cu,0Se03. (A) Shows post-growth optical
image of a quartz ampoule with crystallized Cu,OSeO3 on the sink side. The chemical equation
describes the underlying forward and backward reaction for the growth of these crystals while
using HCl as the transport agent. (B) Optical image of some of the well-faceted single crystals.
Mass of these crystals are 928 mg, 380 mg and 81 mg, respectively. (C), (D), (E) Show Laue
patterns for (100), (110), and (111) axes in Cu,OSeOs. AC susceptibility temperature scans
were performed as function of both temperature and magnetic field. Results are shown in
panel-F and G. We thus confirm the value 7. as well as the phase boundaries for various
magnetic-field induced phases.

netic scattering, known as non-resonant magnetic scattering (37, 152]. This scattering process
involves photon energy away from the resonant edge of the target atom. Since the scattering
mainly takes place between the incident photon and the outermost electronic orbitals close to
the Fermi level, it has a much lesser strength compared to that of the Thomson scattering. But
when the incident photon energy is tuned to the resonance edge of the target atom, resonant
magnetic scattering, with a much higher scattering strength, takes place. The summary of this
process is as follows. A core electron of the target atom absorbs the incident photon energy
and makes a transition into one of the empty valence shells close to the Fermi level. The strong
dependence of this transition on the inherent nature of the valence shell, ensures enhanced
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Figure 4.3: Two main scattering processes involving x-rays. For illustration purposes Cu?*
ions (3d? valence shell configuration) are shown. (A) The most widely used x-ray scattering
technique, that is the (non-resonant) Thomson scattering. As shown in the figure, The scat-
tering takes place between the photon and the electronic charge cloud of the atom, without
distinguishing between the filled core orbitals and empty valence orbitals. (B) Shows the
two-step process underlying the resonant elastic x-ray scattering. There is also the third kind
of scattering process involving x-rays called non-resonant magnetic scattering, where only
the valence 3d° orbital acts as the scattering centre. But the scattering cross-section for this
process is quite small. See text for more details.

sensitivity of x-rays to electronic ordering. This process is followed by the decay of this excited
state back into the initial configuration, while emitting a photon with the same energy. This
two-step process combining spectroscopy and diffraction is what constitutes the heart of
Resonant Elastic X-ray Scattering (REXS). Thus at the resonance edge, x-rays become a highly
sensitive tool towards probing magnetic moment density, since the cross-section becomes
comparable to that of the Thomson scattering [184, 197]. Although lab-based diffractometers
are limited in their energy ranges, modern synchrotron sources are capable of producing
x-rays over an extended energy regime. At present, many synchrotrons in the world are able to
routinely provide x-rays both in the soft (0.4-2 keV) and hard (>2 keV) regime for user-base
operations. All the REXS experiments outlined in this thesis utilize the L, 3 (from here on, it
will be denoted as L3) dipole transition of Cu.

About the scattering centre, CupOSeOs: The wavelength carried by the x-rays in the soft x-ray
regime is usually in the range of 6-30 A. Due to this, accessible Bragg peaks are quite limited.
The unit cell length of Cuy0SeOs is 8.925 A [47, 49], which is higher compared to the B20
materials listed in Table 3.1 [135]. At the Cu L3 edge, the x-ray wavelength is about 13.3 A. Thus
making the [001] of CupOSeO3 the only Bragg peak which can be probed by reflection-REXS
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(or r-REXS for short) experiments (0 — 20 = 48-96°). As discussed later in the thesis, this issue
can be overcome by switching to transmission-REXS (£-REXS) geometry. Interestingly enough,
due to selection rules, {001} are forbidden Bragg peaks for P2;3 space group. But because
of the anisotropic third rank tensor arising from dipole-quadrupole terms, these forbidden
peaks in non-centrosymmetric crystals appear in the actual experiment. This is known as
anomalous Templeton scattering (ATS) [183]. One more aspect of the REXS process becomes
crucial in the course of this thesis, that is the surface sensitivity. Below L3 and above L, edges,
x-rays probe a greater depth of the material. As shown by G. van der Laan et al., at resonance
edges, the sample penetration depth is limited to about 100 nm from the surface [198]. This
makes r-REXS an invaluable tool as discussed in Chapter 7.

Resonant scattering from charge and spin: In order to derive the scattering form factor associ-
ated with the REXS process, and finally the intensity observed on the detectors, we will derive
the same for a single atom, followed by extending that for an periodic array of atoms. In the
case of a single free electron, the propagating x-rays can be represented as plane waves using
Maxwell’s electromagnetic equations in the following way:

)

E(r, 1) =—iwhg [aei(k~r—wt)€ _ aTe—i(kT—wt)e*

B(r, 1) = iAg [aei(k'r_‘””k xe—ale kTl *

) 4.7)

A(r, 1) = A [aei(k'r_“’t)e +a' e‘i(k'r_“”)e*] .

Where, the symbols carry the following meaning. k, E, B, A, and € represent wavevector,
electric field, magnetic field, vector potential, and polarization vector for the incident x-ray
beam, whereas r is the real space coordinate of the electron. For a single photon interacting
with one electron, the non-relativistic Hamiltonian reads as the following.

e e e,
Hii= —p-A+ —S-B+ —A 4.8)
m m 2m

Where, p is the momentum operator. We also define the coupled initial and the final state of the
system as |¥1s) (= |Pys, (€5, k;))) and [Wgs) (= |DPps, (€£,Kkf))), respectively. |Drs) and |Pgs) are
the initial and final state of the electron. Only the first two terms in Eqn 4.8 involve interaction
between x-ray and electron, thus have relevance for REXS process, whereas the third term
becomes dominant in non-resonant processes, such as Thomson scattering. We write the
transition process between |Ws) and |Wgs) using a matrix Ty (= Hint + HintGo(€;) Hint), such
that the transition probability becomes [(Wgs| Ty | ¥1s) 2.
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Tv=T+ T8+ TP
2

e e 5 e\2 . (4.9)
=—(p-A+S-B)+ A +(E) (p-A+S-B)Gole))(p-A+S-B)

Where, Gy is the Green function for the non-interacting Hamiltonian. Analysing equation 4.9,
we find that Tj is linear in A or B, corresponding to one-photon processes such as an ab-
sorption or an emission. While T;' and sz are responsible for two-photon processes, for
example non-resonant Thomson scattering and anomalous scattering, respectively [59]. The
intensity of the scattered x-rays is expressed as the double differential, d*c/dQdw. For elastic
processes, do/dQ is found to be proportional to | f|?, with f being the scattering form factor,
and takes the following form [59].

()
f= —rs<‘Ist|(T2a+ TD)|Wis) (4.10)
0

The factor Cs/ry is the normalization constant and can be calculated readily. Eqn. 4.10 is the
master equation for any scattering processes involving photons. Now adding more electrons
into the scattering system, the form factor picks up an overall phase, e!9T Now, each of the
three contributions of Ty; will be examined separately.

1. Non-interaction term, T;': Plugging in T} into Eqn. 4.10, and summing over all occupied
states, we obtain:

fe= e}-eiz<q>ls|e"q'f|q>ls> = e;-eifp(r)e"‘l'fd% 4.11)
IS

As one can expect, in forward scattering (q = 0), fT“ becomes exactly equal to e;‘v -€; 7,
with Z being the atomic number. Thus Thomson scattering purely depends on the
electronic charge distribution of the scattering centre (shown in Fig. 4.3).

2. First interaction term, T,: Following the same procedure as before, one notices that
the structure of |®;s) now becomes important. In Cu,0SeO3, all Cu atoms are in Cu?*
state, with the same electronic configuration of 1522522p®35?3p®34°. After summing
over all the electronic states within a magnetic ion, the atomic form factor is found to
be proportional to the spin (polarized) density of states in the valence shell. Thus, this
is responsible for magnetic scattering off the atom both at and away from resonance.
But since the typical amplitude for this kind of scattering is in the range 0of 0.01ry, the
corresponding intensity is orders of magnitude smaller than charge scattering.

3. Second interaction term, sz : This results in the two step model shown in Fig. 4.3. By
absorbing a photon, the electronic ground state, |¥1s) (= |®s, (€5, k;)), first gets excited
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4.2. Characterizations Of Long-period Incommensurate Structures

into an intermediate state, |¥,) (= |®y,0)), followed by an immediate decay into the
final state, |Wgs) (= |Dgs, (€,kf))). And finally we obtain the form factor as:

(@15 OF1Pn)(Pn| O;|D1s)

R PHY

4.12

Here, I'y, represents the lifetime of the intermediate state. As one can expect, the sum
over n goes on all valence holes, whereas the sum over IS spans all 2p electronic states.
The operator O takes the following form:

O=[p-e+iS-(kxe)|ed" (4.13)

With the electric and magnetic dipole approximations on A and B, respectively, we

obtain
R m R R
(®p|O|Pys) = l%(en —€18){®Pn|Op1 + Op1 + -+ | Pis) (4.14)

where,

OEI =€-p

A h (4.15)

Opyp=———(kxe)-(L+2S)

2m(en —€18)

Here, compared to E1, the M1 term can be neglected. Thus finally for an atom at site i,
Eqn. 4.12 can be rewritten as:

res _

T = folep-€) —ifiler-€)-mi+ folel-m;)(e;-m;) (4.16)

The quadratic term in the above equation is usually a higher order effect and thus very
small. The final form of the form factor equation is reached.

—Ees=f0(€jc'€i)_ifl(e}kv'ei)'mi- (4.17)

After calculating the form factor of a single atom with many electrons, in the next step, the

same procedure can be repeated for many atoms arranged periodically in a crystal, at positions

R;s. The total form factor, .# becomes a combination of three terms shown in Egn. 4.9, but
now summed over all atoms in the unit cell. We can also ignore non-resonant scattering.
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tot _ ) res(j)) ,iqR]
=4 _Z(T(i)+]c(i) )e
i,j (4.18)

= Fr+ T+ FL.

The fy term essentially overlaps with the Thomson scattering term f; , and scales with
incident photon energy. This would result in order of magnitude increase of diffraction
intensities with photon energy corresponding to the resonant energy of the atom, even making
forbidden peaks appear [183]. Beautiful examples of this are the {001} [in general (0,0,2n+1)
peaks, where n = 0,1,2,...(shown in Fig .4.4)] peaks of Cu,0SeOs, extensively studied using
REXS [221, 222, 223, 224].

In addition to structural (nuclear) peaks, if q also corresponds to magnetic atoms, .#** terms
have to be considered. For commensurate magnetic structures such as a ferromagnetic
compounds at resonance, each Bragg peak contains information from all the three phases.
Whereas, for an antiferromagnetic material, en extra purely magnetic Bragg peak appears at
half of the structural peak position. While for incommensurate magnets, where magnetic
periodicity is completely decoupled from lattice periodicity, additional Bragg peaks emerge.
As an obvious consequence of Fourier transformation of Eqn 4.18, a set of magnetic satellites
flank each structural peak.

yées(q) — fOZ(e; .ei)ei‘I‘R?u = Fo(e; €1)p(q),

1

Fo@=-ifi) (€] xe;)-m; el R = _iF (e x e;)-M(q) (4.19)
1 W= 1 - fot l = 1€ X € q).

Looking at Eqn 4.19 closely, it is immediately realised that in a certain crystal, if there exist two
spectroscopically distinct magnetic sites, for example Cu!* and Cu?*, then F and F; replace
fo and fi, respectively. But since in Cu,0SeOs, there are 16 Cu?* ions (Fig. 4.4B), fy and f
turn out to be the same for all of them. And the transition we probe using resonant x-rays
is the 2p —3d electric dipole transitions. By summing over all Cu atoms inside the unit cell,
we obtain p(q) and M(q), the Fourier transform of charge density and real space magnetic
moment, respectively. Finally we arrive at the expression for scattering intensity stemming
from REXS process.

I(q) = Ic(q) + Im(q) + Iint(q) (4.20)

where, the charge [Ic(q)], magnetic [Iy(q)] and interference [y (q)] terms are defined as:
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4.2. Characterizations Of Long-period Incommensurate Structures

Figure 4.4: Crystal structure and reciprocal space map of Cup0SeOj3. (A) Chiral cubic crys-
tal structure of Cup0OSeOs. Cu-O atoms in Cu,0SeOs3 form either a square pyramid or trigonal
bipyramid structure (blue polyhedra), whereas Se-O form only trigonal bipyramid units (green
polyhedra). (B) Cu,0SeOs unit cell showing only the magnetic atoms. The two crystallograph-
ically inequivalent Cu-sites are labelled accordingly. Each of these inequivalent Cu?* ions
carries a S = 1/2, while being oriented anti-parallel to each other. Therefore, each tetrahedron
has an effective spin of 1 (Segr = 1) [27]. (C) The reciprocal space map of CupOSeOs for three
constant ¢s. Since all three £ planes have the same intensity scale, the size of each reciprocal
space point corresponds to its structure factor.

Ic(@ =17 @),
In(@ == @)%, 4.21)
Int(@) =FTS(@QLFE (@ — . Z3S (@ LF S (@)
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Chapter 4. Experimental Techniques

We now define the following convention. 7 and o polarizations are set to be as parallel and
perpendicular to the scattering plane, respectively. And the following identities are realized.
We follow the convention used by Hill and McMorrow [70]:

of-o0;i=1 , 0rx0;=0,
7'[f-7'[,'=i€f-i€i , nfxni:fcfxfci, (4.22)

opxmi=k; and nfxai:—fcf.

Plugging these identities in Eqn 4.21, Bragg peak intensity for any polarization can easily be
calculated. It has also to be noted that only magnetic scattering changes the polarization of
scattered photon, not charge scattering. Thus, if the incident x-ray has o polarization, one
should expect oy for .7, while 7 for .#7. And the scattered intensity becomes, IZ(q) =
1/2|Fop(@)1?, IZ(q) = 1/2|Fy [k -M(q)|?, and Iinc(q) = 0. It can be readily proved that Ijn(q) = 0
term does not vanish for both 7 or circular polarization. Two aspects of incommensurate
magnetic modulations hold elegant simplifications to the total form factor at resonance. Since
for these purely magnetic modulations (that is q = q,,), Ic(q,,,) = 0. As a consequence, the
interference term, Iy:(q,,,), also goes to zero. From Eqn 4.19, we can already see that only M(q)
and polarization of the incident (and scattered x-ray) determine the amplitude of magnetic
scattering.

Form factor for various incommensurate magnetic phases: Now we can write down the explicit
formula for total form factor from different magnetic phases. First for the helical phase,
we go back to Eqn. 3.11 and put ¢ = 90° to generate the zero-field helical structure. So the
magnetization takes the following form:

m(r) = Mg [nz cos(gh - 1) + nasin(gn -1)|, (4.23)

where, m(r) = m; (r)n; + m (r)ny + m3(r)ng, as defined in Eqn. 3.11. With the length of a single
helix denoted as Ay, where Ay, = 27/ gy, the structural form factor thus becomes:

Fo=fi (1 + e"‘?h'lhf‘) . (4.24)
While, f}, is obtained by plugging the magnetization into Eqn. 4.19, and is represented as:

Ah .
fo= _iMSflf (e;l x €;) - [n3 cos(gp - 1) + nsin(gy -1)] e’ 4" dr. (4.25)
0

Next the magnetic field-induced conical phase is formed when ¢ is set between 0° and 90°.
The propagation direction is set by the direction of magnetic field. Proceeding in a similar
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4.2. Characterizations Of Long-period Incommensurate Structures

Figure 4.5: Reciprocal space map of Cuz0SeOj for different magnetic phases. Reciprocal
space map of Cup,0SeO3 for three constant ¢s, similar to Fig. 4.4, but also with magnetic Bragg
peaks. Blue, green and red spheres represent forbidden charge reflections, allowed charge
reflections, and incommensurate magnetic reflections, respectively. Note that magnetic field
was applied along the k-direction for conical phase, whereas in out-of-plane ¢-direction
for the skyrmion lattice phase. Small angle neutron scattering technique always probes the
incommensurate magnetic satellites around (000) nuclear peak. While REXS is slightly more
complicated than that. In the #-REXS experiment, again the Friedel pairs around the Brillouin
zone centre are detected in the experiment. But for the r-REXS geometry, the (001) forbidden
reflection (for CupOSeQO3) appears under resonant conditions, and the incommensurate Bragg
peaks around it are detected.

manner, as done just before, we obtain the following expressions for the conical state:

e 1 e
i . (4.26)
fe= —iMsf1f (e; x €;) - [cos¢ny +ny singcos(gy - 1) + nzsingsin(gy -1)] e’ 4 dr.
0
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Finally, for the skyrmion structure, we go back to Eqn. 3.10 and compute the form factor as:

Fsky = fsky (1 + elq'”l + elq'az + elq'u3)

; (4.27)
fsky =—iMs fi f f(e;} X €;) (mikynl + m;kyng " mgkyns) el gy

where, a;, az, and asz (a; = ax = az =2/ V/3) are the three real space basis vectors rotated by
120° with respect to each other.

We can combine the results from Eqn. 4.25, 4.26, and 4.27 pictorially in Figure 4.5 for Cu,0SeO3.
As shown there, four helical peaks decorate each lattice peak in zero field. Due to cubic
anisotropy in Cup0SeO3, the third helical domain is oriented along [001], thus out of the
constant ¢-planes. Next, applying a moderate magnetic field between B, and B, along
k-direction, the system stays in conical phase with modulation along the same direction. Just
below T, with the magnetic field along ¢-direction, hexagonal skyrmion lattice manifests
in Cup0Se03, with six magnetic Bragg peaks around each nuclear peak. This is the basic
principle of both scattering probes discussed in this thesis. Next, we will discuss small angle
neutron scattering briefly.

4.2.2 Small Angle Neutron Scattering (SANS)

Neutron scattering is one of the most powerful techniques in condensed matter physics. There
are a few inherent properties of neutrons which makes it a versatile tool for studying structural
as well as magnetic properties of matter. First, the de-Broglie wavelength of thermal neutrons
is of the order of few angstroms, suitable for studying most atomic and molecular structures.
This wavelength is also in the same range for studying most of the elementary excitations
using inelastic scattering processes, such as phonons, magnons etc. The advantage of neutron
scattering in this context is that it probes the entirety of the Brillouin-zone, unlike other
techniques involving photons. Second, the interaction between the charge-neutral neutrons
and matter. This interaction is short ranged, and thus point-like scattering approximation
will be valid. Unlike for x-rays, the neutron scattering cross-section is a non-monotonous
function of atomic number, even for isotopes. Thus resulting in quite distinct scattering
from different elements. This is extremely useful in case of light elements. Third, unlike
x-ray based techniques, due to absence of the Coulomb interaction, neutron scattering can
also be used to probe the bulk of the materials. Fourth, due to the weak dipolar interaction
between the neutron moment and the internal moment of the magnetic atoms in the sample,
neutron scattering becomes an elegant tool to study magnetism in condensed matter physics.
We will give a short derivation for the cross-section in case of both nuclear and magnetic
scattering involving neutrons. For more detailed derivations, readers are advised to follow
classic textbooks such as Squires [174].
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4.2. Characterizations Of Long-period Incommensurate Structures

Nuclear scattering: The de-Broglie wavelength of a neutron travelling at speed v is given as
A =2mh!/myv, whereas wave vector and energy of the neutron can be written as kp = myv/h
and E,, = h? Iclzl/ 2my, respectively. For a neutron undergoing scattering from K;(E;) to K¢(Ey),
the momentum and energy conservation lead to the following identities:

q=K;— K, and

2 (4.28)
(IK:|* - 1K¢l?)

I}
hw:Ei—Ef: >

n

hw is the energy transfer in the inelastic process, whose sign stands for whether the scattering
is energy absorbing or emitting. We will derive our expressions for an inelastic process. But the
transformation of these identities from an inelastic to elastic process is quite trivial. We start
by defining scattering cross section as the ratio between the number of neutrons scattered per
second to the total flux, and written as:

1
o= v [Number of neutrons scattered per second] (4.29)
We now introduce angular dependency into the scattering in the following form:

do 1 Number of neutrons scattered per second into the solid angle dQ

- - , 4.30
aa v aQ (430

where, the infinitesimal solid angle dQ while integrated over the whole space gives 4. Equa-
tion 4.30 is known as the differential scattering cross section. The energy dependence is then
introduced into Eqn. 4.30, and called the partial differential scattering cross section. Mathe-
matically, it can be expressed as:

Number of neutrons scattered per second- -
d’0c 1 \---into the solid angle dQwithin the interval d Ey
dQdE; ¥ dQdE; :

(4.31)

Since this term includes contributions from both coherent (sum of elastic scattering such as
Bragg peaks, phonons, magnons etc) and incoherent (diffusion, fluctuations, etc) processes,
we can further simplify it into:

(4.32)

() )
deEf_ deEf coh deEf incoh‘

Of course, during the topics discussed in this present thesis, we will be focused on the coherent
part. We are now ready to include the neutron-matter interaction into the process. Let’s
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assume that the system (neutron + matter) makes the following transition from |®;) (= | A4, Kj))
to |®g) (= |Ag, Kp)). A and K are the sample and neutron quantum states, respectively. The weak
interaction can change the quantum state of the sample, and we can use Fermi’s Golden Rule
to express the partial differential scattering cross section.

d’o
dQdEs

K mp 2
= (55 ) KKV KA 26 (heo + E; ~ EBp (4.33)
2nh?

r—r K

Here, we have included the interaction potential, 7. Since the interaction is weak, using the
Born approximation for both incoming and outgoing neutrons as plane waves we get,

(KeAdlV KA =V (@) (Al Y e 07| 4s). (4.34)
j
Here, rj is the position of the scatterer inside a unit cell with the nuclear pseudo-potential:

V(q) = f ¥ (r)e'd dr (4.35)

Since we are dealing with the short-range nature of the strong nuclear force, this potential can
effectively be described by the delta function (Fermi pseudo-potential) in position space as:

V() = 2nh

2
>_bd(r—Ry), (4.36)
J

n

where, bj is the element-specific scattering length. Plugging this into the left side of Eqn. 4.34,
we arrive at the following conclusion.

2mh?

(D] V| Dy) = bje'™ (4.37)
m

n

Finally, for coherent elastic scattering from a sample, we can have the following expression for
the differential scattering cross section.

d*o 2m)3 2
= dEs=N [Sh(@)]°6(q—G) (4.38)
coh,el deEf f VO Z]: nd d

do
dQ

W is the volume of unit cell. Equation. 4.38 guarantees that scattering only takes place when
the momentum transfer (q) matches the reciprocal lattice vectors (G). The nuclear structure
factor, Sp(q), encodes information about atomic coordinates and their fluctuations, and

30
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Sn(q) = bje'® e (4.39)

Here, the term e~ is called the Debye-Waller factor.

The small angle approximation: Under these conditions, we make the assumption that the
q of the particles are so small that the phase factor of the summation in Eqn. 4.38 does not
greatly vary between successive atoms. Assuming the interatomic distance to be a, we have
qa < 2n. Therefore, we can replace the summation in Eqn. 4.38 to an integral. And finally, we
have

do 2

i (4.40)
dQ |sans

= N|Sn(q)[? 'f pp@edTdV

Here,

1
W g

is known as the effective scattering length density of the material. Assuming mono-dispersed
spherical particles (radius R), there exists two important approximations. For (I) small gs,
(qR <« 1) and (II) large gs, (@R > 1). These two cases are called the Guinier approximation and
the Porod’s approximation, respectively. The particle form factor arising in these two cases
have quite distinct signatures in the resultant scattering. But since main focus of this thesis is
the magnetic neutron scattering, this part will not be explained in details here.

Magnetic neutron scattering: Since neutrons possess a magnetic moment, they become
sensitive to the local magnetism arising due to the ions in a crystal. The Zeeman interaction of
aneutron in a magnetic field is given as:

E,=—pu-B=-yun6-B (4.42)

Here, 6 represents the three Pauli spin matrices for the neutron. Within the dipole approxima-
tion, the magnetic field from each atom can be approximated by:

B= Z—; (Vx [ %)) (4.43)

Thus, the Zeeman energy becomes,

Sx(l‘—l‘j)) (4.44)

Ho .
E,=— -V
z 4n,g,uBY/~tn0' X( |1‘—1‘j|3
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The Zeeman interaction term will act as our potential 7. So in order to obtain the partial
differential scattering cross section, we introduce Eqn. 4.44 into Eqn. 4.33, and thus find

d*o Ke (poy2( mp 2 2
dQdFE; K (E) (2nh2) (gHBYHn)
Sj x (r—rj) z
Z Pa,Po; X Kidsog ZU-V X (—3) Ki/1101> 6(hw+E,1i -Ey)
A A4, 04,0 j |t —xj|

(4.45)

Here, p denotes the probability of the neutron to be in the initial state, which means py=p,=1/2.
The matrix element in Eqn. 4.45, contains a g x (sj x q) term, which we will denote as s . Also,
we immediately realise that the s|; term vanishes, implying that neutrons are invisible to the
spin component parallel to q. So the spin part of the matrix after summing over all final states
becomes

Y poloiAilo -siloid)|? = (AilsL -sLIAs). (4.46)

0,01, A¢

Including the orbital magnetic contribution, the total partial differential scattering cross section
becomes [171, 174],

d’o 2Ke 18 2
= — |2F Oqp—Guad

AQdE; (yro) X [2 (q)] azﬁ( ap ~ qadp)

. . (4.47)
X AX/‘{ Pa; Z(Ai|e—lq~rjsj“|/1f></1f|elq-rjrsj, |/11> x O (hw + Ej, —Ej)
pAf )

The magnetic form factor, Fy1(q) can be written as:

Ful(g) = f e'97s(r) d>r. (4.48)

Here, s(r) is the normalized spin density. For q — 0, Fp1(q) — 1, whereas it vanishes for large
gs. Now, if we consider only the elastic scattering, the delta function vanishes, and we end up
with the following expression:

do
dQ

= (yr0)? [gF(q)]z e‘”" Y emiaT(s; L)'Z (4.49)
Mag,el j
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In the above expression, (sj, 1 ) denotes the thermal averaged perpendicular spin component
(with respect to q) of the magnetic atom. If we sum over all magnetic atoms, we end up with
the final expression as:

90| e Xy [gF(q)]Z e |Fu@|* ) 6(q-Gw. (4.50)
dQ Mag,el VO 2 Gu

For a magnetically ordered lattice, for example a SKkL phase, we need to write down the
magnetization vectors. But we have already done this in Eqn. 3.10. It means except for
a different form factor between resonant x-rays and neutrons, the final scattering pattern
remains the same for both. We can use Fig. 4.5 to describe the magnetic plus nuclear reciprocal
space in case of neutron scattering too. The only difference concerning the scattering geometry
is that SANS is always performed around (000) reciprocal lattice vector, which is the same
as transmission-REXS. Whereas in case of reflection-REXS, magnetic satellites around (001)
structural peak are probed. Now we are ready to go deeper into the details of the various
results described in this thesis.
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5] Geometrical Confinement Effects In
Cu,0Se0O; (Nano)Particles

In condensed matter physics, elucidation of the physical properties of novel materials in low
dimensions is crucial from the viewpoint of fundamental physics as well as novel applications
such as imaging, catalysis, and information devices, among others [20, 56, 107, 123, 147, 211].
In these materials, the reduction of at least one of the physical dimensions below a certain crit-
ical length results in geometrical confinement effects. The effect of surface symmetry breaking,
due to an absence of neighbouring atoms or the presence of defects, together with geometri-
cally confined magnetic spin textures may give rise to other exotic phenomena and different
physics as compared to bulk single crystals [15, 50, 105]. A fertile ground to discover such
unusual modifications is low dimensional samples of compounds hosting skyrmions [81].
The geometrical confinement effects in regular-shaped samples with dimensions approach-
ing the nanoscale appear to modify the magnetic phase diagrams of chiral magnets drasti-
cally [36, 139]. Skyrmions have been imaged while confined in FIB-shaped nanowires and
nanodisks of the itinerant B20 chiral magnets MnSi or FeGe [45, 46, 85, 181, 217, 227]. It is
found that the phase diagram of MnSi nanowires differs from those of both thin plate and bulk
samples, thus illustrating an effect of particle morphology. More recently, isolated skyrmionic
vortex have been discovered in tetrahedral (nano)particles of FeGe [139]. As a consequence of
the 0D chiral geometric frustration, the skyrmionic vortex appears with an increased robust-
ness against temperature variation. In this thesis, we provide a systematic study of the particle
size-dependent thermodynamic properties of skyrmion hosting chiral magnet, Cuy0SeOs.
These studies are essential not only for understanding the emergent physics from the novel
geometrical confinement effects, but also controlling these behaviour in other chiral systems
for future technological applications. We will first provide a short introduction to CuyOSeOs,
followed by the synthesis and structural characterizations of regular shaped octahedral par-
ticles in varying sizes. Next we will focus on the magnetic and thermodynamic properties
of these systems based on various probes such as AC susceptibility, heat capacity and uSR,
followed by size-dependent magnetic structure as obtained from neutron scattering exper-
iments. In the final section, we will connect the experimental findings with those obtained
from micromagnetic simulations based on Landau-Lifshitz-Gilbert equations'.

Lpart of the results presented in this chapter is published in Ref. [11]
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5.1 Cu,0Se03: The Magneto-Electric Insulating Skyrmion Host

Magnetic skyrmions are topologically protected multi-spin objects that can have a size be-
tween a few to hundreds of nanometers and that are stable in both metals and insulators
alike [203]. Among the few known insulator skyrmions hosts, Cu,0SeOs is the archetype
with a chiral cubic crystal structure. In the bulk, the skyrmions form a triangular SkL phase
that is stable over a region that extends over a few Kelvin directly below the magnetic order-
ing temperature T, = 58 K. With an applied magnetic field along [111], the HT-SkL phase
appears among all skyrmion-hosting B20 magnets as well as CupOSeO3. Whereas, in thin
plates (typically below 150 nm thick) prepared from FIB milling (shown in panel-B of Fig. 5.1),
due to increased dipolar interaction, skyrmion lattice was found to be stable till the lowest
temperatures. This was the first evidence of particle size dependent magnetic phase diagram
in this chiral cubic insulator.

A Cu,0Se0; H| [111]
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Figure 5.1: Skyrmion lattice in two different particle size limits for Cu,0SeO3s. Magnetic
phase diagram of CuyO0SeOj3 as obtained for H||[111]. (A) bulk single crystals, (B) thin plates
prepared by FIB milling. (C) Shows the zoomed-in view of boundaries of the HT-SkL phase in
Cuy0Se0s. (D)-(G) Show the real space magnetization distribution as obtained at 5 K, as a
function of applied magnetic field. At zero magnetic field, the stripy patterns due to helical
phase slowly changes to six-spot pattern, characteristic of a SkL phase. (H)-(K) Show the
Lorentz TEM images as a function of temperature, at a constant magnetic field. This figure
has been adapted from Ref. [169].

Below T, the system further display magneto-electric (ME) coupling due to simultaneously
broken £ and 9 [144, 167]. Owing to this ME coupling, skyrmion manipulation by an
electric field (EF) has been shown experimentally, including EF-driven skyrmion creation and

38



5.1. Cu20Se03: The Magneto-Electric Insulating Skyrmion Host

annihilation [110, 142, 205, 207]. Apart from this ME-coupling, Cu,OSeQs is also different from
other P2;3 skyrmion hosts in another aspect as well. Around the HT-SkL phase, Cu,0SeO3
behaves isotropically in all crystallographic directions. But as the temperature is lowered,
increased cubic magneto-crystalline anisotropy energy gives rise to a stable LT-SkL phase as
well as a metastable tilted conical phase, only along (100) [33, 63]. Thus, the phase diagram
for a bulk crystal changes drastically when magnetic field is applied along either of the three
high symmetry directions ((100), (110}, or (111}). This is shown in figure 5.2. One key aspect
of the LT-SkL phase is that it does not require the usual thermal fluctuations energy to be
stabilized, unlike all the chiral cubic skyrmion hosts. The well-known single domain conical
phase follows the direction of applied magnetic field. Whereas, in the tilted conical phase, the
modulation deviates from the magnetic field direction at a finite angle (also known as the tilt
angle), which gradually increases with higher magnetic fields. While the outcome from 0D
confinement will be discussed in the current chapter, results relevant to the LT-SkL phase will
be outlined in the later part of this thesis (mainly chapter 6 and 7).

Figure 5.2: Phase diagram of Cu,0SeO3 with magnetic field applied along either of the
three high symmetry directions. Magnetic phase diagram of Cu,OSeOs single crystals mea-
sured with AC susceptibility field scans. Magnetic field was applied along (100) (panel-A and
B), (110)(panel-C and D), or (111)(panel-E and F) crystallographic directions. AC excitation
field and frequency were fixed at 1 Oe and 911 Hz, respectively. As discussed in the text,
the HT-SkL is present along all the three crystallographic directions shown in all six panels.
Whereas, at lowest temperatures, a huge dissipative region can be seen existing only along
(100) axes. This is a clear signature of tilted conical phase. Just above the tilted conical phase,
presence of LT-SkL phase is confirmed via a hysteretic region (not shown in the contour plot).
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5.2 Controlled Chemical Synthesis Of Nanostructures

Chemical process resulting in “Macro” to “Nano” crystals: In order to observe the geometrical
confinement effects, we need to have precise control over the particle size in the relevant length
scale. In Cu,0SeOs3, this is about the pitch length of a single helix (~62 nm) and slightly
more [3, 206]. From the synthesis point of view, there is a lack of proper literature describing
particle size control, in any length scale, let alone around a single helix. Currently the existing
reports describe synthesis of CupOSeOs particles with size either below a magnetic helix
pitch length (about 35 nm in Ref. [41]) or a broad size distribution resulting due to thermal
decomposition of starting material [122]. Thus one needs a systematic chemical approach in
order to fine tune the particle size and morphology, resulting in tunable magnetic properties.

Figure 5.3: Overview of Cup0SeO3 synthesis. (A) Optical images of the starting solution
containing CuSeOs-2H,0 on the left, and the final product, Cu,0OSeOj3 on the right. In a
250 ml round bottom flask, about 1.5 g of CupOSeOs particles are produced in about 5 hours
at 100 C. The chemical equation describes the solid-to-solid transformation between the
initial and final products in presence of a basic medium. (B) X-ray diffractograms of the
final products as obtained from the reaction when stoichiometric and off-stoichiometric
mixture of CuSeOs-2H,0 and base were used. Using an excess of base results in the presence
of CuO formed by the decomposition of Cuy;0SeO3 (Cup0SeO3 + 20H™ — 2CuO + SeO%‘ +
H>0). When the base is deficient, part of CuSeOs-2H,0 remains unreacted. (C) Schematic
illustration linking synthesis protocol and the final average particle size as obtained from X-ray
analysis.
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Figure 5.4: X-ray diffraction analysis of all Cu,0SeOQ3 particles. (A) High resolution syn-
chrotron XRD patterns of in situ transformation between the precursor CuSeOs-2H,0 and
final product Cuz0SeOs, performed at SNBL, ESRE This solid-solid transformation excludes
the possibility of having any impurity phases throughout the whole process including the final
Cuy0SeOs3 phase. (B) High-resolution room temperature lab XRD patterns of all the particles,
compared with that of the bulk sample. All specimens appear to be phase pure. (C) From the
complete 260 range, one peak at 26 ~ 33.4 degrees has been singled out for all the particles

The synthesis of Cu,0SeOs particles proceeded during a low-temperature reflux treatment
performed in a round bottom flask at temperature ranging from 70 to 100 °C (Fig. 5.3A).
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The solution was kept under constant stirring for homogeneous distribution of particles
and temperature throughout. CuSeOs-2H,0, used as a selenite precursor, was obtained by
instantaneous precipitation when highly concentrated CuSOy4 - 5H,0 and SeO; solutions were
mixed. Bases used during reflux are NH;OH or Cu(OH);,. As shown in Figures 5.3 and 5.5,
nanoparticles with a size smaller than 100 nm were obtained with NH4OH while the use of
Cu(OH), yielded particles larger than 100 nm. Cu(OH), was prepared by reaction between
Cu(NOs3)2-3H,0, NH4OH, and NaOH [138]. Using high temporal resolution synchrotron X-
ray diffraction (XRD), the transformation of CuSeOs-2H,0 into Cuy0SeOs was followed in
situ, as shown in Fig. 5.4A. The low temperatures ensure restrictive growth of the nucleation
centres, resulting in a direct correlation with the size of the crystallites in Fig. 5.4C. The room
temperature XRD patterns of Fig. 5.4B confirm not only the phase purity of these samples but
also the excellent crystallinity. In order to compare the emerging magnetic order in the as-
grown particles, throughout this chapter, we will make comparison with the more established
studies performed on single crystals Cu,0SeOj3. The “Bulk” sample mentioned throughout
this chapter was obtained by crushing few single crystals of Cuy0SeOs, similar to the one
seen in figure. 5.5A, which is grown by chemical vapor transport, as described in section 4.1.
Crystals larger than 20 microns were obtained when the reaction between CuSeOs-2H,0 and
NH,OH proceeds in an autoclave at 150 °C (figure. 5.5B).

5.3 Structural Characterizations

Figure 5.5: Representative particles used for studying the geometrical confinement effects.
(A) Optical image of Cu,0SeO3 bulk crystal grown via CVT technique. Similar crystals were
crushed to make the sample labelled as “Bulk” in this chapter. (B)-(D) SEM images of different
particles discussed in the text.

All the in-house XRD measurements were carried out on a PANalytical Empyrean diffrac-
tometer with the Cu-Ka radiation. The in situ XRD measurements were carried out at the
Swiss-Norwegian Beamline (SNBL) at the European Synchrotron Radiation Facility (ESRF),
Grenoble, France. The x-ray wavelength used for these experiments was A = 0.69 A. In the
presence of a basic medium as NH,OH, CuSeOs -2H,0 transforms completely to CupOSeOs,
with no trace of any other impurity phases, as shown in Fig. 5.4A. It provides us with great
insight into the microscopic mechanism of formation of the final product. This part will be
discussed in more details in later section 5.4 of this chapter. Powder XRD data reveals the
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synthesized Cu, OSeO3 samples to display excellent purity and crystallinity. The crystallization
of the particles is inferred from the peak broadening in the XRD patterns data (see Fig. 5.4)
and from scanning electron microscopy images, see Fig. 5.5C,D, which reveal all particles
to display an octahedral morphology. The first insight into the size control of the particles
is evident from the room-temperature XRD patterns (Fig. 5.4B & C). The evidence of peak
broadening is obvious from here. In theory, this peak broadening can be a result of various
factors, such as dislocations, twinning, coherency strain, chemical heterogeneity and, finally,
small crystallite sizes. If these factors, other than the final reason, were responsible for the
observations, it would also be evident from other local characterization tools (Fig. 5.9). And
finally, since the instrumental contribution was fixed for all the patterns, the broadening of
diffraction peaks is thus attributed to average coherent size of the particles. Refinement of
the powder XRD patterns, as shown in Figure 5.6C, confirms that the unit cell length for all
particle sizes remains essentially unchanged from the bulk value [49].

Particle size determination: In our work, the particle size was determined by using a combina-
tion of dynamic light scattering (DLS), SEM imaging and Williamson-Hall analysis. Figure. 5.6
shows a Williamson-Hall (W-H) analysis of the XRD data, from which the average coherent
particle size is determined and the nanoparticle strain is estimated. The various samples
of Cup08e03 particles have octahedral heights (k) ranging from 73 to 338 nm and negligi-
ble strain (<0.2%). As shown in the SEM image in Fig. 5.7, the as-grown sample is typically
synthesized as agglomerates of well faceted and highly crystalline particles. Thus, the size
determination procedure was divided into two steps. In the first step, the secondary particle
size was determined by DLS technique. The powder sample was suspended in a water +
surfactant solution (SDS-Sodium Dodecyl Sulfate), followed by thorough sonication. The
measurement was performed in a Zetasizer and for consistency check, 10-15 repetitions were
performed for each sample size.

As can be seen from Fig. 5.7, the DLS technique correctly measures the secondary particle
sizes, for all samples. The example shown below corresponds to the one with mean size of 1324
+ 5 nm. The measurements confirm the very narrow distribution of the secondary particle
size as opposed to the distribution reported so far in Ref. [72].

But from the perspective of skyrmion physics, the size of the primary particles is much more
relevant. Although the distribution appears to be narrow in panel B of fig. 5.7, an accurate
particle size measurement cannot be obtained from the SEM images because particles are
tilted, overlapping and/or partially embedded in the agglomerates. So, the 3D particle size
distribution cannot not be obtained from SEM. We chose to determine the primary particle
size by performing Williamson-Hall (W-H) analysis. A large 26 range is used such that the 3D
particle size can be accurately obtained. As shown in the Fig. 5.6, the primary particle size
corresponding to the sample in panel B of fig. 5.7 is determined to be 136 + 2 nm. Together with
all the measurement protocols described above, we achieved a tight distribution of the particle
sizes, which correlates directly with the systematic behaviour observed in the experimental
magnetic properties described in section. 5.5. In order to confirm the narrow size distribution,

43



Chapter 5. Geometrical Confinement Effects In Cu,0SeOs (Nano)Particles

Figure 5.6: Williamson-Hall analysis of all particles based on x-ray diffraction data. (A)
Particle size obtained from the Williamson-Hall analysis of all XRD data. The instrumental
contribution of the peak broadening was determined in the XRD pattern recorded with the
bulk Cu,0SeO3 powder. The slope and intercept of the fits are representative of the average
particle size and strain, respectively. The different particle sizes obtained are given with the
corresponding reflux temperatures and bases used during the synthesis. (B) W-H measure-
ments performed on a mixture of two particle sizes. Data for 338 nm and 73 nm have been
shown for reference. (C) Refined lattice parameter for all particles shown in panel-A.

Figure 5.7: Secondary particle size determination from dynamic light scattering measure-
ments. (A) Particle size determination from DLS measurements. The maximum of the shaded
region corresponds to the average secondary size as determined from the experiments. The
dashed lines are the average primary particle sizes, as obtained from W-H analysis (shown
in Fig. 5.6A). (B) An example SEM image representing both the primary as well as secondary
particle sizes for the batch coloured in magenta in Panel-A.

we performed some additional W-H measurements on a mixture made of 73 nm particles with
338 nm particles such that the size distribution becomes broad. Fig. 5.6B shows that while
the W-H plot for pure 73 nm and 338 nm samples are perfectly linear, a strong scattering is
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obtained at high 26 angles for the mixture of 73 nm and 338 nm. Same broadening in the
W-H plot is seen when the 73 nm particles are mixed with a powder obtained by crushing a
Cu,08e0s single crystal. These additional measurements confirm the primary particle size
distribution is narrow.

Figure 5.8: High resolution TEM image of grown Cu,08SeOj3 particles. (A) High resolution
TEM image of grown Cu,OSeOs3 viewed along (111) zone axis. The hexagonal pattern is formed
due to the arrangement of Cu and Se atoms in the structure. Since a non-aberration corrected
microscope was used, oxygen atomic positions were difficult to be resolved. (B) Fast Fourier
transform (FFT) pattern of the HRTEM image shown in (A). The green circle indicates the
information limit of the microscope (0.1 nm). Inset shows a TEM image of a particle. (C) Small
angle electron diffraction (SAED) pattern of the same crystallite obtained under diffraction
mode. (D) Simulated diffraction pattern for a 300 nm thick particle along the (111) zone axis
showing good agreement with the experimental pattern.

Additional characterizations: To probe the structural matrix at an atomic scale, high resolu-
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tion transmission electron microscopy (HRTEM) investigations were performed on several
crystallites 2. The HRTEM picture of CupOSeOs atomic structure viewed from the (111) zone
axis, is shown in figure 5.8A. With the non-aberration corrected microscope, even though
oxygen atomic positions are quite difficult to resolve, the emergence of a clear hexagonal
pattern is the consequence of Cu and Se atoms in the structure. Together with the clean fast
Fourier transform (FFT) image of this pattern (figure 5.8B), it is sufficient to conclude the
excellent quality and structural homogeneity of the grown Cu,OSeO3. These results are also
corroborated by the small angle electron diffraction (SAED) pattern shown in figure 5.8C. In
order to check the validity of the SAED analysis, the diffraction pattern was simulated for a
300 nm thick sample using the JEMS software. As shown in figure 5.8D, the result obtained
from the simulation is equivalent to the experimental SAED pattern. For further information
about HRTEM analysis from a different zone axis, refer to Baral et al. [11].

Raman scattering measurements were performed on a Renishaw inVia Raman spectroscope
equipped with a 532 nm wavelength laser. The incident power on the sample was kept fixed
at 0.05 mW (spectral resolution of 0.8 cm™Y). Pellets were made from each sample, and 10
repetitions were performed (at different positions), each with 100s exposure time. This data
shown in Figure 5.9A provides us with additional information about the structural equivalence
between the grown materials and bulk Cu,0SeO3.

Figure 5.9: Structural homogeneity in Cup0SeOQ3 particles probed by Raman spectroscopy
and XRE (A) Raman spectrum of selected particles showing distinct modes consistent with
the ones obtained from the bulk sample. These results are representative of those from the
remaining sizes of particles. (B) XRF analysis of the same selected Cu,OSeOs particles showing
the atomic ratio of Cu and Se being very close to an expected stoichiometric value of 2.

X-ray fluorescence (XRF) measurements were performed on an ORBIS PC with an applied

2This work was performed in collaboration with Dr. Thomas LaGrange from the Laboratory for Ultrafast
Microscopy and Electron Scattering (LUMES), EPFL.
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voltage of 26 kV and with a current of 1000 pA. The quantification was done using the Ka
line of both Cu and Se. For a good statistical distribution, measurements were performed
at 128 different points for each sample. the Cu and Se stoichiometries of the particles were
also investigated. Figure 5.9B shows that the average Cu/Se atomic ratios are determined to
be 1.99(2) and 2.01(1) for the 73 and 338 nm particles, respectively. The negligible deviation
will have little to no consequences on the physical properties. In summary, volume aside, the
synthesized particles are essentially chemically and structurally equivalent to bulk Cu,OSeOs.
We now have all the ingredients ready to explore the geometrical confinement effects in these
size-varying particles.

5.4 Reaction Kinetics And Mechanism Of Chemical Transformation
Between CuSeO3-2H,0 and Cu,0SeO;

But before we explore that, we take a small deviation to discuss a different aspect arising
from this whole process, that is the chemical principles behind the transformation between
the starting and the final products. Precise control over rate kinetics, mostly in a wide range
of external parameters such as temperature and pressure, is essential for an in-depth un-
derstanding of inherent chemical processes, and thus helps with more efficient observation
and manipulation of the physical chemistry of materials. We already have a glimpse of the
incredibly complex mechanism of Cu,OSeO3 synthesis via the CVT route (see Eqn. 4.4- 4.6).
The temperature of the sink end of the ampoule never exceeds 823 K to prevent the thermal
decomposition of Cup0SeOQj crystals into CuO + SeO-, but is preferably higher than 803 K to
prevent the undesired co-crystallization of copper selenates with Cu:Se ratio higher from 2:1.
Thus, resulting in only a 20 K temperature range to produce single crystals. Apart from the
small temperature window, high vapor pressure and presence of other gaseous species makes
the reaction even more complicated. CupOSeO3 particles can in principle be grown via other
techniques such as supercritical hydrothermal method [40] and thermal decomposition of
CuSeO3-2H,0 [122]. But a detailed knowledge about the reaction mechanism is essential
for controlling various functional properties of the grown material, such as the particle size,
composition, homogeneity etc.

Structure of CuSeOs-2H»0 and binding energy of protons: Since the crystal structure at the
atomic scale plays the pivotal role in the underlying chemical transformation, we begin
by giving a detailed account of CuSeO3-2H-0, the starting material used for synthesis of
Cu,08e03. As shown in Figure5.10A, the unit cell of CuSeOs-2H,0 contains four inequivalent
proton sites. Hydrogen bonding among these protons and the corresponding oxygen atoms
form pseudo two-dimensional ring like structures in the ab-plane. These rings are stacked
forming proton containing channels propagating along c-direction, as shown in figure 5.10A.
Anisotropic expansion of the CuSeOs -2 H, O unit cell is evident from Fig. 5.10C. Concomitantly,
the dihedral angle of the two water molecules (at 109° for H1-O-H2, and 106° for H3-O-H4)
gets significantly modified compared to naturally occurring water (104.5 °). This is one of
the most crucial points about the complete transformation, since growth of Cu,0SeO3 from
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Figure 5.10: The complex crystal structure of CuSeO3-2H»0. (A) Crystal structure of
CuSeO3-2H;,0, as visualized with a slight tilt from the crystallographic c-axis. The dark
gray colored polygons have been drawn in order to emphasize on the channels formed in
the ab-plane of the structure. Note that many unit cells have been included, along all three
crystallographic axes, to make the structure visually more appealing. The number shown
against each proton site is the binding energy obtained from the DFT calculations. (B) Opti-
cal images of specimen collected at various stages throughtout the transformation between
CuSeOs3-2H,0 and Cuy0Se03. (C) Intensity evolution of few of the CuSeOs-2H,0 Bragg
peaks obtained during thermal treatment between room temperature and 383 K.

CuSeOj3-2H,0 is based on the principle of extraction of these protons. While one (or more)
of these acidic protons are being neutralized, the leaching of SeO, from the structural matrix
of CuSeOs-2H;0 takes place simultaneously. Thus in order to know the exact strength of
basic medium required to remove each of these protons successively, one needs to know the
corresponding pK; values. Thus we calculated an equivalent physical property of the system,
the binding energy of the protons.

Density functional theory (DFT) calculations were performed on periodic models with the
Vienna Ab Initio Simulation Package (VASP) [108, 109]3. Electron-core interactions were
described with the projector-augmented wave method, while the Kohn-Sham wave-functions
for the valence electrons were expanded in a plane wave basis with a cutoff of 500 eV on
the kinetic energy. We used a mesh of 11 x 11 x 11 k-points for the PBE variant of the GGA
functional and allowed atomic coordinates to be optimized along with the unit cell shape and
volume in the structure relaxation process [151]. Atomic coordinates used for calculations

3This work was performed in collaboration with Dr. Ravi Yadav from the group of
Chair of Computational Condensed Matter Physics (C3MP) at EPFL.
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were obtained by performing a single crystal XRD experiment at 100 °C.

As amodel system, we first performed DFT calculations on a similar Se-containing biprotic
acid, HoSeOs, which has rather well-known acidity of pK;; = 2.62 and pKy2 = 8.32 [98]. In
order to calculate the binding energies of the protons, first, the crystal structure was relaxed
and total energy of the H»SeO3 unit cell was obtained using periodic boundary conditions.
In the second step, one H atom was removed while adding an extra electron to the system
(in order to maintain charge neutrality). By choosing which H atom to remove, two different
configurations were obtained, corresponding to the two inequivalent H atoms present in the
unit cell. The total energy was obtained by relaxing the crystal structure for each of these
two configurations. The binding energy for each inequivalent H ion is then calculated as the
difference between the total energy of the configuration obtained after removing the H atom
and adding an electron with respect to the total energy of the parent system. Thus the H
ion with minimum binding energy is found. For H1, the binding energy is 6.71 eV, whereas
for H2 it is 7.82 eV. Removal of H1 in a basic medium corresponds to pKy; of H»SeOs. The
next configuration is set via removing this specific H-ion. Binding energy associated with the
remaining proton is estimated by following the previous step. After removal of H1, the binding
energy of H2 reduces to 4.8 eV. And thus roughly corresponds to pKy». Thus we know that
if pK}, of the basic medium is between 11.38 (Eg = 6.71 eV, H1), and 5.68 (H2), then a single
proton will be removed and thus making HSeO3 ™ anion. Whereas, for pKj, lesser than 5.68,
both protons will be removed producing SeO%‘ ions in the solution.

Now for CuSeOs-2H,0, by performing the same process three times iteratively, the energet-
ically favourable sequence in which all the H ions can be removed is found (see table 5.1
for details). At T = 373 K, the relative differences in the energy between the four protons
are smaller compared to the ones at T = 298 K. Due to the anisotropic expansion in the unit
cell between these two temperatures, H4 is found to possess the least binding energy at the
latter temperature, instead of H2. Thus becoming the most energetically favourable site to
be de-protonated first. But after removal of H4, the binding energy of H3 is enhanced and
it becomes energetically favourable for H2 to be removed. With successful removal of one
proton from each site, the parent structure becomes increasingly unstable and finally starts
transforming into Cu,OSeO3 matrix.

Thus we know that the H,O molecule containing H1 and H2 will be removed first. CuSeO3-2H,0
will also follow similar behaviour as compared with H,SO3. But since the precise pK, for
CuSeOs - 2H,O0 is not known, different bases with accurate strength were selected. Our experi-
ments include NaOH (pKj, = 0.2), Methylamine (pKj, = 3.34), Ammoniac (pKy, = 4.77), Pyridine
(pKp = 8.77, not shown but discussed), Urea (pKy, = 13.9, not shown but discussed) as well as
one Cu-containing base Cu(OH); (pKy, = 2.43).

Analysis of the phase fraction: During the reflux growth of Cu,0SeOs3, a few milliliters of the
solution containing Cu,0SeO3 and CuSeO3 -H;O0 is collected and quenched in a vial at room
temperature. As can be seen in the figure. 5.10, the solution stays transparent during the
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T=298 K T=373K
Proton Original After After Original After After

site configuration removal removal configuration removal removal

of I H | of2"H of I H | of2"H
H1 6.7037 eV 7.1522 eV | 6.9519 eV 5.5162 eV 5.3356 eV | 6.1527 eV
H2 6.6839 eV - - 5.5169 eV 5.3018 eV -
H3 7.3012 eV 6.5294 eV | 7.4078 eV 5.7783 eV 6.3394 eV | 6.4078 eV
H4 7.1681 eV 6.3818 eV - 5.5158 eV - -

Table 5.1: Binding energies for four-inequivalent protons obtained from DFT calculations at
room temperature and T =373 K.

process illustrating the absence of dissolved Cu. On the other hand, blue CuSeOs-2H,0 solid
progressively converts into light green Cu,0SeOs. The filtered sample was dried (not washed
in order not to lose the soluble species potentially formed during the reaction), followed by
measuring their XRD pattern. A zero background holder was used for collecting all patterns, to
detect amorphous phase(s) present, if any. The whole solid-to-solid transformation between
the two phases can be effectively tracked using high resolution XRD measurements. One Bragg
peak is chosen from each of the participating phases in such a way that there is no overlap of
intensity between them and with other peaks. The phase fraction of each of the participating
phases can then be calculated as the ratio of the intensity of the particular Bragg peak with
respect to the total intensity of all considered peaks. Our Bragg peaks of choice here are [101]
(20 =17.92 °) and [222] (20 =34.79 °) for CuSeOs-2H,0 and Cu,0SeOs3, respectively [shown
in Fig 5.11A-C]. This isothermal CuyOSeO3 phase growth is then treated with the modified
Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation:

—lkt—ty/ 1" (5.1)

a=1-e
where, a, k, and ty represent phase fraction of Cuy0SeOs, rate constant and reaction initi-
ation time, respectively. The Avrami exponent, n, controversial in its own terms, stands for
dimensionality of the final product. In theory, n can have a maximum value of 4 in case of a
three-dimensional crystallization. Compared to this simple scenario, there are many more
complicated mechanisms giving rise to a value of n more than 4. From the mathematical form
of the JMAK equation itself, it can be seen that critical information is lost while trying to fit
phase fraction evolution. As shown in Fig 5.11D, a linearized JMAK equation expressed as:

In(-In(1-a)) =ndnt) + n(nk), (5.2)

uncovers finer details of fundamental importance, such as the crossover time (tco). We
define fco as the time when the overall reaction kinetics switches between two unique Avrami
regions. As discussed later, this is the consequence of a two-step chemical reaction with

50



5.4. Reaction Kinetics And Mechanism Of Chemical Transformation Between
CuSeO3-2H,0 and Cu;0SeO3

Figure 5.11: Linearized JMAK equation for kinetics analysis.(A) XRD patterns of the samples
collected during the transformation between CuSeOs-2H,0 and Cu,OSeOs. For the phase
fraction analysis, we considered the absolute height of two separate Bragg peaks, one from each
of the participating phases. These two peaks are highlighted in black. The only requirement
while choosing the peaks was not to have an overlap between them. This process was cross-
checked with other sets of Bragg peaks. (B) and (C) focus on the same regions shown in
panel-(A), along with Pseudo-Voigt fits to the diffraction peaks. Parameter « is defined as the
ratio between the intensity of [222] peak of CupOSeOs to the [101] peak of CuSeOs-2H>O0. (d)
The a values thus obtained were fitted using the JMAK equation (see text for more details) in
both linear and logarithmic time scales. Analysis of the phase fraction using the linearized
JMAK equation reveals finer details about the growth kinetics. The crossover time, fcg is
defined as when the rate of the reaction switches between two distinct values, resulting in two
different Avrami coefficients, n.
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distinct kinetics. The second variable from the JMAK equation is the reaction rate constant, k,
which when plugged into the well-known Arrhenius equation (see below, Eqn. 5.3), produces
the activation energy of the reaction.

k= Aexp(—E,/RT), (5.3)

where, R is the universal gas constant. As discussed in the next section, we find a trend in the
activation energy dependency on the strength of basic medium. We provide a step-by-step
mechanism for the same as well. In order to illustrate this in more details, we start with a
thorough explanation of the analysis of the XRD data.

Kinetics and mechanism: The Avrami plots reveal the growth mechanism to depend on the
strength of the base. While trying to neutralize CuSeOj; - 2 H, O with pyridine, the reaction never
produces pure phase CupOSeOs. The reaction medium stays in a state of dynamic equilibrium
between CuSeOs3-2H,0 and Cup0SeO3. giving rise to an oscillatory phase fraction between
the two. Thus the pK}, of pyridine (8.77) is not strong enough to deprotonate even a single
H-ion of CuSeOs-2H,0. This provides us with an estimate of the lower bound of pKj,; for
the starting material, which is approximately around 5.23. For the other bases, we find four
distinct growth mechanisms.

I. NH4OH at high temperatures: Using NH,OH at high temperatures (for example, 371 K)
only takes up half the stoichiometric amount necessary to complete the transforma-
tion (that is NH4OH:CuSeOj3 -2 H,0=1:2) between CuSeOs3-2H,0 and Cu,0SeOs3. Thus
making the final reaction medium to contain HSeO3~, instead of SeO32~. A similar com-
parison can be drawn with respect to dissociation of selenous acid, H,SeO3. Therefore it
hints towards the acidity of the first proton leaving the CuSeO3 -2 H,O matrix, that is H4
(See table. 5.1). Our estimation puts the upper bound of pKy; to be around 9.23. Finally,
together with the results from neutralization using pyridine, we conclude that pKj; of
CuSeO3-2H,0 lies in-between 5.23 and 9.23. From the chemical reactions leading to
neutralization of CuSeOs-2H,0 using NH,OH, we can write the following equation:

2CuSeO3-2H>,0+ OH™ — Cu,0SeO3 + HSeog +4H,0. (5.4)

II. NH4OH at low temperatures: While if the same base is used at lower temperatures, the
reaction proceeds via a different route. The evidence for this is three-fold. 1. The reaction
medium turns slightly bluish, instead of completely transparent, as shown in Fig. 5.10B.
2. The appearance of an unknown peak low 26, which can not be indexed to any one of
the two participating solid phases. We hypothesize this unknown intermediate to be an
ammoniacal salt of Se and Cu. That would also be corroborated from the distinct bluish
colour of the reaction medium. 3. The Avrami coefficient obtained from the reaction
kinetics. Unlike all other examples shown in this section, n; for NH,OH at lower growth
temperatures, has a value of 3.4 (+£0.5). This signifies a rather well-documented form of
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Figure 5.12: Chemical mechanism of transformation between CuSeOs3 - 2H»0 & Cuz0Se0s.
Linearized Avrami equation [as shown in Figure.5.11(d)] was fitted to the phase fraction of
Cup0Se0s3 during the growth period in NH,OH basic medium at (a) T =371 Kand (b) at T =
362 K. Similar fitting procedure was followed when CuSeOs -2 H,0 was neutralized with NaOH
and HoN-CHjs (insets), as shown in (c) and (d). The vertical dashed lines represent #co for
each reaction. Panel-(e) shows the mechanism of transformation between CuSeOs-2H,0 and
Cuz08e03, in the non Cu-containing basic mediums. The SEM picture stands for the complex
topology of the grown Cuy0SeOs3, and is representative of final products obtained in each
pathway. CuSeOs-2H,0 was also tried to be neutralized with a Cu-containing base, Cu(OH)5.
Panels-(f) and (g) show the results of similar fitting procedure using the JMAK equation. The
clear absence of a o necessitates for a different reaction mechanism, which is outlined in
(h).

low dimensional growth kinetics. Though the overall chemical equation describing the
transformation remains the same as Eqn. 5.4.

III. NaOH and Methylamine: Strong bases such as NaOH (pKp naon = 0.2), and methy-
lamine (pKyp 1,cNH, = 3.34), are capable of completely removing both protons from the
CuSeOs - 2H,0 structural matrix. And therefore, with the actual stoichiometry [NaOH (or
H3CNH;):CuSeOs3 - 2H,0=1:2], the following chemical reaction is realised:

2CuSe03-2H0 +2(0OH)™ — Cup0SeO3 + Seog_ +5H,0. (5.5)
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Figure 5.13: Reaction activation energy for various bases. Activation energy of the kinetics of
transformation between CuSeOs - 2H, O and Cu,0SeOs in presence of NH,OH [panels (a) and
(b)], NaOH and HyN-CHj3 [panels (c) and (d)] as obtained using the Arrhenius equation. Ey;
and Eyf correspond to the observed kinetics before and after fcg, as shown in Figure. 5.11(d).
Absence of fco in case of Cu(OH);, results in a single activation energy as shown in (e). A
schematic activation energy diagram has been shown in panel (f). E; (or E,;) was found to be
inversely proportional to pKy,. For more details, refer to the main text.

Consequently, we now have an estimation of the acidity of the second proton (labelled
as H2 in Fig. 5.10 and Table. 5.1) exiting the CuSeOs-2H;0 structural matrix. Since
methylamine can deprotonate CuSeO3 -2H,O twice, the experimental value of pKj. lies
in-between 9.23 and 10.66. The summary of these findings can be found in Fig. 5.14.

IV. Cu(OH),: Unlike the bases discussed above, here CuSeO3-2H50 is not used as the
starting material directly. But rather it is formed as an instantaneous precipitate while
mixing SeO, into an aqueous solution containing Cu(OH),. Two moles of Cu(OH); is
required for the complete transformation into phase pure Cu,OSeOs. In the first step,
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half of the Cu(OH), produces mole equivalent amount of CuSeO3 -2H,0. The reaction
proceeds as follows:

SeO, + HyO = H»SeOg (5.6)
H,SeO3 + Cu(OH), = CuSeO3-2H,0. (5.7)

The CuSeOs-2H,0 produced reacts with the remaining mole of Cu(OH), to produce
0.5mol of Cuy0SeO3, along with 0.5mol of H,SeO3 and 1.5mol of H,O, which can be
written as:

1 1 3
CuSeO3-2H,0 — ECU2OSGO3 + §H28e03 + EHzo. (5.8)

But the selenous acid produced in this step immediately reacts with the mole equiv-
alent quantity of Cu(OH), (as shown in equation 5.7) to produce half the quantity of
CuSeOs3 -2 H,0, which ultimately produces half the quantity of Cu,0SeO3 compared to
the previous step (equation 5.8), that is 0.25mol. Chemically this step can be written as
the following:

1 1 1
EHzSGOy, + ECU(OH)Z = zCuSeOg, -2H,0 (5.9)

1 1 1 3
ECuSe03 -2H,0 — ZCLQOSeOg + ZHZSGOS + ZHzO. (5.10)

This process continues iteratively, and at the m-th step 1/ 2™=1 mole of Cu(OH); is
consumed, while producing 1/2" mole of Cu,0SeOs. Summing these m-steps, the
expression looks as the following:

1 1 1 1 1 1
CuSeO3 ‘ZHZO +|=-—+—-—+---+ —) CU(OH)Z — (— + -4+ —) CUZOSBO?,
2 4 2m-1 2 4 m

(5.11)

Atlong enough time scale (for example, about 6 hours at 371 K), that is when m — oo,
the overall equation finally has the following form:

CuSeO3-2H,0 + Cu(OH), — Cu,0SeO3 +3H,0 (5.12)

This mechanism is also shown in figure. 5.12H. Unlike the non Cu-containing bases, here
the CuSeOj3-2H>O0 is synthesised in the solution medium. Due to its higher reactivity,
originating from the temperature-induced instability in the transient structure in the
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reaction medium, is more susceptible to being de-protonated compared to the more
stable structure mentioned earlier. Since the reaction kinetics would be dominated by
formation of CupOSeOs as the rate determining step, it would result in a single activation
energy as clearly found in our experiments (shown in Fig. 5.12F&G, and Fig 5.13E).

The large values of n are characteristic of the transient nucleation processes during which
the nucleation rate as well as the velocity of the crystal growth do not remain constant. For
all the non-Cu containing bases used in this work, except for NH,OH at lower temperatures,
we observe similar behaviour from the isothermal phase fraction evolution and subsequently
the trend in n. In addition to strong bases such as NaOH and H,C-NH,, NH,OH at 371 K also
have n;s which are higher than the ones while approaching completion, n;. We ascribe this
initial phase of the growth kinetics to the leaching of Se atoms through the structural matrix
of CuSeO3-2H;0, right after removal of the proton(s) from the surface of the precursor. Fast
diffusion of Se atoms (in the form of SeO32~) during this step makes the whole process to have a
relatively higher growth rate. At the same time removal of SeO32~ is also limited by the strength
of the base being used. Transfer of either one (for bases with 8.77=pK}, = 4.77) or two H* (for
bases with pK} < 3.34) ions from CuSeOs - 2H,0 structure introduces a net negatively charged
species, that is CuSeO3-2H,0-OH™ in the case of NH;OH and CuSeOs-2 (OH)~ in the case
of NaOH. This negative charge cloud hinders the movement of another negatively charged
ion Se032~ from the core. Thus slowing down the rate of Se-leaching in the presence of a
stronger base, and ultimately giving rise to a higher activation energy, as shown in figure. 5.13C
and E. Our results point towards careful manipulation of functional properties of not only
CuSeOs-2H,0, but other selenates and selenites.

Figure 5.14: Schematic representation of proton acidity in CuSeO3-2H0. Summary of
CuSeOs - 2H,0 neutralization in various basic medium and the pKj,s of relevant protons. The
hydrolysis of urea produces ammonia and carbon dioxide making pK}, the reaction medium
close to that containing NH,OH.
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5.5 Magnetic Phase Diagram Of All Particles Derived From Magne-
tization & Susceptibility Measurements

In this section, we will elucidate the consequences of particle size control on the corresponding
magnetic phase diagrams. But first, we would like to discuss the magnetic properties of one
particle size alone (338 nm), followed by extending our results to all particle sizes. We will
compare them with the results from bulk particles. For this purpose, DC as well as AC magnetic
measurements were performed using the VSM and ACMS-II option of a commercial Quantum
Design (QD) 14T Physical Property Measurement System (PPMS).

Figure 5.15: Temperature scans at constant magnetic fields for grown Cu,0SeQj3 particles.
(A) DC magnetization measurements for the grown Cu,OSeQOj3 particles in presence of 1000 Oe
of external magnetic field. Result of a Curie-Weiss type fitting is also shown. (B) AC suscepti-
bility temperature scan for the same particles close to T.. Hac and wac were fixed at 1 Oe and
1011 Hz, respectively.

Being a Mott insulator, the macroscopic magnetism of Cu,0SeOs is equally as fascinating as
the chemical processes behind its synthesis. Away from its helimagnetic ordering temperature
(Tm), in the paramagnetic regime, the magnetism is governed by S = 1/2 Cu®* ions that
are oxygen anion coordinated in square pyramids or trigonal bipyramids. A Curie-Weiss
fit to the high temperature magnetization data for the 338 nm particles yields an effective
moment of 1.5(1) ug/Cu, which is higher than the reported value, but still lower than what
is expected for the spin-only value of Cu?* ions [27]. The obtained Curie-Weiss temperature
(Bcw) slightly underestimates Tiy. The Curie constant (C) also matches the one reported
earlier for polycrystalline Cuy,OSeOj3 [27]. These results are closely reminiscent of mean field
behaviour on isolated Cu®* ions on the 3D lattice of Cu,0SeO3. But as Tim approaches
(between 150 K and 200 K), the superexchange interaction among four neighboring Cu ions
on a tetrahedron start to become increasingly stronger, resulting in a peculiar “3-up,1-down”
spin configuration [189]. This ferrimagnetic arrangement (Se¢r = 1) is the basic building block
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for all incommensurate magnetic phases appearing in Cu,0SeOs3 [83]. From }’, we extract
Trm to be slightly lower than that of the bulk single crystals [230]. The explanation for this will
be given when we compare different particle sizes later in this section. As the temperature is
lowered further, in the vicinity of Ty, chiral fluctuations start to manifest before the system
settles down to the multi-domain helimagnetic ground state. These chiral fluctuations play a
significant role in suppressing the ordering temperature compared to what is expected for a
conventional ferromagnet, not only in Cu,OSeOg3, but also in other chiral helimagnets [82, 230].
Various parameters obtained from our temperature scans outlines a great match with the
reported literature.

Figure 5.16: DC magnetization and AC susceptibility magnetic field scans of 338 nm parti-
cles at both 5 K and 53 K. (A) Shows the magnetic field dependence of DC magnetization
along with the real part of AC susceptibility measured at 5 K. Reyac has been compared with
derivative of dc magnetization (odM/dH). (B) Imyac measured at the same temperature.
Even though there is a clear change of slope at H, any peak signifying a helical — conical
phase transition is absent. (C) and (D) showcase similar measurements performed close to
Tum, at T =53 K. A “double-peak” feature observed in the imaginary part is the characteristic
signature seen in numerous skyrmion-hosting bulk chiral magnets, with the “valley” region
signalling the presence of a skyrmion lattice.
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Due to the chiral cubic lattice symmetry, the antisymmetric Dzyaloshinskii-Moriya interaction
(DMI) is also active, and in combination with the symmetric exchanges, plays the key role
leading to the formation of both the helical ground state and skyrmion phases. Each is
characterized by a modulation period of 60 nm in the bulk, which is much larger than the
cubic crystal lattice constant of 0.89 nm [3, 169, 206]. At the lowest temperatures, far away
from Ty, the hierarchy of energy scales in bulk cubic SkL hosts is as follows: at zero external
magnetic field, the system settles down to a multidomain helical structure, where the helical
domains equally populate the three cubic (100) axes. This has been demonstrated with help of
various experimental probes in the last decade [3, 169, 221]. With application of magnetic field,
between H.; and H,y, the helices reorient to form a cone like structure oriented along the
direction of applied magnetic field. As shown in figure 5.16A and B, the magnetic field induced
change from helical — conical phase is evidenced by the presence of a weak metamagnetic
transition obtained at T = 5 K. Though the phase boundaries probed by both Rey,. and
dM/dH remain the same, the qualitative differences appearing in both curves at the low field
region have been observed in chiral magnets before [63, 19]. These differences are attributed
to the dynamics of the participating incommensurate magnetic phases. For the reciprocal
space determination of the said phases in these particles, please refer to Section 5.9. The
saturation magnetization value obtained at 7' =5 K (0.52 ug/Cu) also agrees well with previous
reports, thus proving the presence of “3-up,1-down” spin configuration. Ultimately, with
stronger magnetic fields, above H.,, the system enters into a forced field-polarized state.

Now moving to the region just below Ty, in the presence of a finite magnetic field, thermal
fluctuations stabilize the SkL phase [134]. In this region, the SkL lattice phase is surrounded
by other non-topological phases. One of the best methods for probing the boundaries of SkL
phase is via AC susceptibility magnetic field scans [19, 63, 115, 157]. Due to their topological
nature, the dissipative transition to and from the SkL phase (from and to topologically trivial
phases) appear as well-formed peaks in the imaginary part of the susceptibility Imyac), as
shown in figure 5.16D. Also, the width of the “valley” region (between Hs; and Hsp) was found
be higher than that observed in the bulk samples. This phase also extends down to lower
temperatures compared to that of bulk-Cu,0SeOs. Increasing anisotropy in our samples
could be one of the main reasons for this enhanced stability of skyrmions in phase space.

The samples discussed in this chapter display length-scales between slightly greater than one
bulk helical pitch (73 nm ) up to larger than five (338 nm), see Fig. 5.6. Shown in Figure 5.17,
are the magnetic isotherms around and below Ty for two particle sizes, compared with the
standard bulk sample (prepared by crushing few single crystals as shown in Fig. 4.2). Here
we observe the first evidence for the difference in the overall magnetic properties. First, the
field-induced Helical—Conical phase transition is smeared as we reduce the particle size.
Second, the overall H; also reduces with average particle size.

Figure 5.18 summarizes isothermal AC susceptibility data obtained on a bulk sample, along
with particles with octahedral heights of 338 nm, and 73 nm. Data for other particle sizes are
presented in Fig. 5.19. At 57 K in the bulk sample, shown in Fig. 5.18B, the standard sequence
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Figure 5.17: Magnetic isotherms across the phase diagram for three different sized
Cu0Se03 particle sizes. Static DC magnetization as a function of external magnetic field
for all three particle sizes. In the bulk particles, the familiar Helical (H)—Conical (C) phase
transition is detected via a metamagnetic-type transition around 350 Oe (panel-A), which
clearly shows up in the derivative of magnetization with respect to magnetic field (panel-B).
Also the “double-peak” feature is clearly seen at T =57 K, indicating a transition in and out of
the skyrmion lattice phase. Panel-(C) and (D) In contrast, for the 338 nm particlesat T =5K, a
clear yet broad transition is seen to be taking place around the similar field value, indicating
the existence of more strongly pinned helices. (E) and (F) Finally for 73 nm particles, this tran-
sition moves towards lower field values. At higher temperatures, the dM/dB monotonically
falls to zero without any signature of intermediate phase transitions.

of field-driven phase transitions from helical — conical — skyrmion lattice — Conical —
field-polarized are observed in the data. A characteristic two-peak structure in the imaginary
(x"") part of the AC susceptibility is seen clearly between 180 and 300 Oe, signalling the range of
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Figure 5.18: Determination of magnetic phase diagram of Cu,0SeOQO3 particles from AC
susceptibility. Panel (A), (D) and (G) show AC susceptibility field scans for three different
particle sizes between 40 K and 60 K, with 1 K step. Clear differences can be observed between
these particles from y”, especially the extended “valley” region in the 338 nm particles at 53 K.
The same feature is entirely absent in the smallest particles, 73 nm. (B), (E), and (H) show the
procedure of extracting the boundaries between different phases from both y’ and y"” of the
total susceptibility. Note that in panel (B), (E), and (H), y” data has been scaled up in order to
show all in the same graph. (C), (F), (I) represent the magnetic phase diagrams thus extracted
from the y"” data for the respective particle sizes.

SkL phase stability in analogy with other chiral magnets [17, 19, 157, 208]. The established bulk
phase diagram, see Fig. 5.18C, shows that the SkL phase extends over a narrow temperature
window of ~3K directly below T.

By tracking the two-peak feature in y” for in 338 nm particles (Fig. 5.18E), the thermal window
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Figure 5.19: Magnetic phase diagram of all particles as inferred from AC susceptibility mea-
surements. (A)-(I) display the magnetic phase diagrams of all synthesized particles discussed
in this thesis. While the phase boundaries have been extracted from the combination of both
real as well as imaginary part of the susceptibility, colorplot has been made only using the
latter. All colorplots have been normalized with respect to the corresponding y ... Enhance-
ment of the dissipative region close to T is well evident from the increasing y”, as a function
of reducing particle size.

of SkL phase stability is found to extend to 10 K below T, , as shown in Fig. 5.18E In the
established absence of particle strain, the enhanced thermal stability is likely due to the onset
of geometrical confinement effects analogous to those observed in thin layers of cubic chiral
magnets [114, 218]. As additional evidence for confinement effects, further magnetometry
data presented in Fig. 5.19 reveals the systematic suppression of T; as & is reduced. In bulk
Cu,0SeO0s, it is established that pronounced paramagnetic spin fluctuations already suppress
the onset of helical order at T, to a slightly lower temperature than anticipated for a con-
ventional ferromagnet [230]. The further reduction of T, with & thus indicates geometrical
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Figure 5.20: Effects of finite particle size on magnetic susceptibility. (A) AC susceptibility
temperature scans for all the particles in presence of zero applied DC-field. All scans have been
normalized with respect to their corresponding maximum value (y/,,,,), in order to highlight
the reduction in T, as a function of lowering particle size. (B) Shows the differentiation with
respect to temperature for all the scans shown in panel-(A), thus extracting the exact Tt . (C)
The estimated T, from the previous procedure compared with all particle sizes considered.
AC susceptibility temperature scan in presence of (D) 200 Oe (going through the SkL phase in
Bulk sample) and (E) 1000 Oe of DC magnetic field, also for all the particles. In panel-(D), a
constant offset (0.1x y'/ )(;nax) has been applied to shift the curves with respect to each other,
in order to better visualize the fine features.

confinement to aid the fluctuations even further. A similar behavior is also seen in FeGe
nanoparticles, which suggests the phenomenon to be a generic feature of chiral magnets as
their size approaches the nanoscale [139].

In the h = 73 nm particles, no signatures in AC susceptibility delineating a skyrmion phase are
observed. Instead, a differently structured phase diagram is found with a lower T and a single
low field phase boundary giving a clear signal in " [Fig. 5.18(H) and (I)]. The dissipative nature
of the phase boundary may indicate a transformation between imperfect, large-scale spin
configurations, which the simulations presented later (see section 5.10) suggest are unlikely to
be due to skyrmions. According to the established phase diagrams for / ranging from 338 nm
to 73 nm (Fig. 5.19), the threshold octahedral height (S;) for which standard signatures of the
skyrmion are observed is 190 nm. For smaller sizes below S, the phase diagrams resemble
that shown in Fig. 5.18I, hosting helical-like, but unestablished spin configurations labelled
Phase-I and Phase-II.

The divergence in the susceptibility close to T for smaller particles signifies a direct conse-
quence of finite-size effects. Similar results were obtained with 1000 Oe of applied magnetic
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field (Fig. 5.20), suggesting the applicability of these finite-size effects not only in zero-field
transitions, but also finite-field crossovers. In bulk-Cu,0SeOs, temperature-cooling scan in
presence of 200 Oe magnetic field drives the system through PM — SkI. — Conical phase,
represented by the cusp in the susceptibility data (Fig. 5.20D). In the absence of a well-defined
lattice of skyrmions, this cusp vanishes in the particles. In the biggest particles (for example,
338 nm), a small change in the susceptibility can be seen. Since in these small particles, it’s
impossible to have a lattice of skyrmions, these changes are thus attributed to the presence
of few isolated skyrmion tubes and/or other spin textures. Whereas, in the smallest particles,
absence of this feature not only disfavours the possibility of having skyrmion tubes but also
completely agrees with the SANS observations.

5.6 Dynamics Of Different Parts Of The Magnetic Phase Diagram
Probed By Muon Spin Relaxation (uSR) Technique

After the AC susceptibility characterizations, we now study the CupOSeOs (nano)particles
using another measurement technique which extracts information about magnetic order in a
separate frequency regime. The muon spin relaxation (#SR) technique gathers information
about magnetic order from a MHz frequency regime, compared to the kHz regime probed
by AC susceptibility [188]. Due to its unique property to probe local magnetic order, uSR has
been widely used to detect long-range order in such systems which try to avoid magnetic or-
dering down to low temperatures, such as material(s) hosting a spin-liquid ground state [117].
In context of magnetic skyrmions, longitudinal-field muon-spin relaxation (LF-uSR) stud-
ies have been performed on few of the skyrmion hosting systems, such as Cu,0SeOs [69],
Cuz_,Zn,08e03 [175], GaV4Sg_ySey [51, 68], and CoxZnyMnyg_x_y [69, 191]. Even though in
Cu,08Se03, the skyrmion dynamics is reported in GHz frequency regime [166], uSR clearly
identifies characteristic MHz dynamics from the skyrmion lattice and related phases [69].
Thus uSR becomes a useful tool to probe MHz dynamics in the Cu,OSeO3 (nano)particles.
The magnetic phase diagram probed by AC susceptibility (as shown in Fig. 5.19) measurements
form the basis of further investigation in terms of uSR experiments. But due to scarcity of
beamtimes, we will investigate only two particle sizes, h = 338 nm and h = 73 nm, as shown in
Fig. 5.21.

LF-uSR experiments were performed on these two particle sizes at the GPS beamline of the
HIPA complex of the Paul Scherrer Institute. For this purpose, one pellet was prepared from
each particle size, as shown in the inset of Fig. 5.21E. The magnetic phase diagram shown
in panel-B and C of fig. 5.21 was probed with help of both temperature as well as magnetic
field scans. First, a temperature scan was performed without any external magnetic field in
order to check for the PM—Helical (PM—Phase-I) phase transition in the 338 nm (73 nm)
particles. Followed by one more temperature scan with 200 Oe constant DC magnetic field, in
order to cut through the “skyrmions”phase in 338 nm particles. Finally, magnetic field scan
at a constant temperature was performed at T = 54 K, in order to probe the field-induced
dynamics from different phases. With a Maxwellian distribution, the time dependence of the
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Figure 5.21: Experimental conditions for our ySR experiment at GPS beamline, SuS. (A)
schematics of the GPS instrument located at the Paul Scherrer Institute. The yellow and green
parts are the cryostats, whereas the orange part is the Helmholtz coils capable of producing
0.5 T magnetic field. (B) and (C) represent the magnetic phase diagrams as obtained from the
AC susceptibility measurements for two particles sizes, 338 nm and 73 nm, respectively. (D)
and (E) show the fit results obtained using two different functions. The inset shows one of the
pellets used for the actual experiment. Panel-A has been adapted from Ref. [8].

muon spin polarization becomes:
1 2 1
PSKT (1) = §+§(1—02t2)exp(—502t2) (5.13)

Here o is known as the local field broadening due to static magnetic moments as measured
by the muons. Here, o is related to the muon gyromagnetic ratio and the internal magnetic
field as, 02 = yi (BCZK) (and a = x,y,2). This is the well-known Gaussian Kubo-Toyabe function.
Even though the obtained pSR spectrum at T = 54 K is reasonably well-fitted with help of the
Gaussian Kubo-Toyabe function (as shown in Fig. 5.21D), at larger time scale, it fails to do
so (Fig. 5.21E). In order to account for the dynamics of the muon spin depolarization more
accurately, we used the so called longitudinal field dynamic Gaussian Kubo-Toyabe (LF-DGKT)
function, which can be expressed as the following:

202
PLF-DGKT (4 =1 _ o .
(YpBext)
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Here, we define v = Beyt % 7y, as we extract this quantity from our fitting. v is known as the
local field fluctuation rate, as measured by the muon spin.

Figure 5.22: Local field broadening and fluctuation rate obtained as a function fo temper-
ature. uSR spectra were fitted using longitudinal field dynamic Gaussian Kubo-Toyabe (LF-
DGKT). (A) shows the results of the local field broadening, while (B) shows the results of the
local field fluctuation rate with zero applied external magnetic field. (C) and (D) show the
same for 200 Oe external magnetic field.

Without applying any external magnetic field, uSR spectra was collected as a function of tem-
perature. As shown in Fig. 5.22A, due to the long range nature of the magnetic order just below
T, there is a finite broadening of the local field for both particles. A small change in T, for
both particle sizes is clearly seen from Fig. 5.22A, well-corroborated with our AC susceptibility
data (see Fig. 5.20). Thus, providing more evidence towards suppression of magnetic order in
smaller nanoparticles due to increased surface-induced density of fluctuations. The measured
particles also possess an order of magnitude higher response in v close to T, which slowly
decays with moving away from it (see Fig. 5.22B). As o ¢ > v, the muon depolarization lies in
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the so-called “slow fluctuation regime”. Here, the muon depolarization rate is proportional to
the strength of the dynamics of the magnetic moment. Even though there is a clear change
observed at T, the dynamics of muon spin depolarization can hardly be distinguished at zero
magnetic field. The apparent difference observed in the exact form of the local field fluctuation
rate may be related to the critical slowing down expected from a Heisenberg ferromagnet, with
contributions from several other factors, such as DM], finite-size effects, etc. But with 200 Oe
external magnetic field, at the onset of long range ordered magnetic state, dramatic changes
in the local field fluctuation rate is observed (see Fig. 5.22D). For the smallest nanoparticles,
v is found to be reduced by nearly 44%, compared to the biggest nanoparticles. This points
towards presence of more isotropic magnetic texture in the smallest nanoparticles, compared
to the 338 nm particles. With the proposed formation of skyrmions in the 338 nm particles
will generate a large internal magnetic field. This may result in a higher local field fluctua-
tion rate compared to that generated from the non-trivial magnetic texture proposed in the
smallest particles. As indicated in Fig. 5.22C, the 338 nm particles do show a larger (but not
yet significant) local magnetic field, as probed by our experiments.

Figure 5.23: Magnetic field scan close to T, for both particles. Local field parameters ob-
tained for both particles as a function of magnetic field. Panel-A and B carry their usual
meaning. The dashed lines in panel B shown the phase boundaries as obtain from AC suscep-
tibility and ySR measurements.

Finally, with a magnetic field scan, at the lower field regime, the smallest nanoparticles show
an elevated |v| value. With our previous reasoning, there could be formation of non-trivial spin
texture at small enough magnetic fields in these nanoparticles. Upon application of magnetic
field, these spin textures gradually rotate towards the forced ferromagnetic phase. Thus in the
slow fluctuation regime, effectively quenching the electronic spin fluctuation. In the respective
relevant length scales, skyrmion tubes have been found to be formed at zero magnetic field in
FeGe tetrahedral particles [139]. Since the fluctuation scale observed in the nanoparticles is
one order of magnitude smaller than the reported skyrmion lattice excitation in Cu;OSeOs,
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the observed data may point towards occurrence of low lying excitations of the established
magnetic structure or emergence of of novel spin texture without analogy to bulk-Cu,0SeOs.
Our data points towards emergent dynamics from the magnetic structure in the Cup0SeOs
nanoparticles, which should be resolved using real space imaging techniques, such as LTEM
or electron holography.

5.7 Heat Capacity Studies Of Cu,0SeQ; System At Different Particle
Sizes

The heat capacity of three different Cu,OSeOj3 particle sizes (I. Single crystal, II. 338 nm, and
II1. 73 nm) were studied by using the specific heat option of the PPMS. For the latter two cases,
one pellet was made for each particle size, as shown in Fig. 5.24A. Single crystal CupOSeO3
as well as the other two pellets were mounted onto a typical 3x3 mm? sapphire plate. Since
all our measurements were carried out below room temperature, Apiezon N grease was used
to make good thermal contact between the sample and the platform. As can be seen in
Fig. 5.24A, the platform also contains platinum wires connecting it to a resistive heater as well
as a thermometer.

Shown in Fig. 5.24B is the typical heat pulse method used to extract the sample heat capacity
at a given temperature. The sample temperature is raised by this heat pulse, while system
temperature remains the same. The PPMS system applies a constant power to raise the sample
temperature, followed by removing this pulse. This results in the temperature-time curve
shown in Fig. 5.24B. By analysing either of the two sides (or both) of temperature evolution,
sample heat capacity is known. In the usual measurement protocol, first heat capacity of the
platform together with grease is measured in the desired temperature range (Cqta1), followed
by measuring both sample and grease together. The difference between these two gives the
actual sample heat capacity (Cp).

In the case of perfect contact between the sample and the platform, the total heat capacity of
the system evolves as the following.

Ctotalg = P(t) - Kw(T - Tp) (5.15)
where, Ky is the thermal conductance of the supporting platinum wires. In the excited tem-
perature regime, the sample heat capacity is assumed not to change drastically. Solution to
this equation is an exponential function with a parameter, 7, known as the time constant. T
varies as the ratio between Ci, and Ky, and determines the duration of the applied heat
pulse. The fitting routine is known as the “17” method. As an extension of this procedure, if
the sample-platform contact is not ideal, then one has to introduce the thermal conductance
between the sample and the grease. This more sophisticated procedure is known as the “27”
method. One crucial point to be mentioned here is that irrespective of the pulse size, the num-

68



5.7. Heat Capacity Studies Of Cup0SeO3 System At Different Particle Sizes

Figure 5.24: C, measured with short heat pulses. Optical pictures of the mounted Cu,0SeO3
(A) pellet made from 338 nm particles on the heat capacity puck. The single crystal was chosen
in a such a way that the flat surface area is smaller than the platform. (B) shows an example of
the heater power used and the corresponding heat pulse produced in the more widely used
short-pulse method. (C) Shows the measured heat capacity as well as y’ for the same single
crystal CupOSeOs sample in the vicinity of 7. Even with a 0.02 K step size, the short pulse
method fails to detect the first-order transition. (D) Measured heat capacity (Cp) between
T =2.1 Kand T = 145 K for all three particle sizes using the short-pulse technique. The inset
shows the scaled C;, (in the paramagnetic regime) around T. The low temperature electronic
parameters extracted from C,, for all three particle sizes are shown in panel-E.

ber of data points for each pulse stays the same at 256. Since the sample-platform coupling
strength was higher than 99% in our case, only 17 method was employed. Correspondingly,
the extracted heat capacity for the single crystal Cu,OSeO3 at many temperatures is shown in
panel-C of Fig. 5.24. While comparing the results with the AC susceptibility measurements,
one does not fail to notice the absence of first order peak corresponding to PM—HM phase
transition. This issue will be addressed later in this section.

Panel-D of Fig. 5.24 shows the comparison between the measured specific heat for all three
particle sizes. The data measured for the single crystal Cu,OSeO3; matches quite well with
the reported values [3]. Also, the hump-like feature nicely correlates with the measured
susceptibility of all particles (see fig. 5.20). Apart from the very low temperatures, we observe
reduced heat capacity values for smaller particles. Analytical theory needs to be developed in
order to explain this point further. The extracted Sommerfeld coefficients shown in panel-F
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also agree well with a previous report [154].

Figure 5.25: Phase transitions in Bulk Cuz0SeO3 probed by long heat pulses. (A) Sample
temperature, T and heater power (P) as a function of temperature for various time constants
(7) for a zero-field scan crossing T.. Heat capacity measurements were performed with long
pulses in presence of a finite magnetic field varying between 0 and 1000 Oe. Extracted C,
for different moving average (MA) window are shown in panels-(B)-(E). As shown in panel-E,
choosing a higher MA smoothens the data, thus losing valuable information about the sample
behaviour. For panel-(B)-(E), all heat capacity data were taken with a 5% temperature rise.

Now for the second method, the long pulse technique, usually sample temperature is changed
by 30-50% by using a single pulse. This is especially useful in case of first-order phase tran-
sitions, where the usual 17 method fails to account for sharp change in heat capacity due to
latent heat. Assuming an ideal contact between sample and grease (that is 17 model) the total
heat capacity is then extracted according to the following equation:

P(t) = Kw(T - Tp)
Ctotal = d]Y\/[dt b . (5.16)
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Using this long-pulse technique the first order transition in the archetypal helimagnet MnSi
has been well-resolved [16]. Now we apply the same principle to not only single crystal
Cu,08e03, but nanoparticles as well. In order to probe the specific heat of Cu,OSeOj3 properly,
we used heat pulses of various lengths, between 17 and 207 (as shown in Fig. 5.25A). For the
Cu,0SeO3 we used, each measurement lasted between ~1.5 mins till ~18 mins. For a heat
pulse with smaller 7, the power provided by the heater is high. This is due to the fact that the
temperature of the sample has to be increased by the same amount in a really narrow time
window. Post data acquisition, (either warming, or cooling or both) the Temperature-Time
curve is analysed according to Eqn. 5.16. The typical example of the results look like the ones
shown in Fig. 5.25(B)-(E). The total heat capacity of the single crystal Cu,OSeOj3 as a function
of applied magnetic field appears like the behaviour observed in MnSi [16]. By choosing a
specific moving average (MA), we select a corresponding interval of the 256 data points which
we intend to use for analysing the Temperature-Time curve. As clearly seen between panels-(B)
and (E) of Fig. 5.25, choosing a higher MA smears out the sharp transitions intrinsic to sample.
Both short pulse as well as long pulse techniques have been shown to produce consistent
results with respect to each other [16, 18].

Figure 5.26: Cp vs T for Cu;0SeOj3 at different magnetic fields as obtained using long heat
pulses. Heat capacity measurements were performed on all three particle sizes using the long
pulse technique, as explained in the caption of Fig. 5.25. A sharp peak was observed for the
bulk single crystal signalling the first order transition from Helimagnetic phase (HM) to the
paramagnetic phase. This feature is clearly absent in the 338 nm as well as 73 nm particle,
showing clear correspondence between heat capacity and susceptibility measurements. The
sharp peak corresponding to the first order topological transition to the SkL phase is also
detected for the bulk Cu,OSeO3 crystal. Agreeing well with our previous AC susceptibility
results, no such transitions were observed for both 338 nm and 73 nm particles.

Now we outline the next aspect of the geometrical confinement effects in Cu,0SeO3 particles.
As shown in Fig. 5.26, the magnetic field dependent heat capacity data for single crystal
Cup0Se0s3 correspond quite well with the y(T) data shown in Fig. 5.24C. As expected from the
magnetic phase diagram of these three particle sizes(see fig. 5.18C, E and I), the bulk crystal
shows a sharp first order peak at the Ty (panel-A of Fig. 5.26), which was absent from the
heat capacity data measured with small pulses (Fig. 5.24C). We also observed sharp peaks
corresponding to the conical—SkL topological phase transition. For the remaining two particle
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sizes, we observed rather smeared out transitions, in accord with the y(T) data. Similar to
the broad field-induced transitions seen in the y(T) data, C,(T) also shows no signature of
any transition in and out of the SkL phase, for both particle sizes. The suppression on the
hump-like feature in all three particles are as follows: 2.11% for the bulk particle, 1.02% for
338 nm particles whereas -0.869% in the 73 nm particles. These values roughly correspond to
the changes observed in the magnetic entropy while crossing the phase diagram at various
points.

The Vollhardt crossing point is where specific heat curves cross almost at the same point for
varying external parameters, such as magnetic field [201], and at which the system is argued to
possess the Vollhardt invariance [18, 22]. Although it may seem the case, it is not an invariant
point, since for high enough magnetic field, the specific heat curves do not pass through a
single point anymore. For Cu,OSeO3, we find that a single crystal sample exhibits a Vollhardt
crossing point for magnetic field values below 700 Oe. This signifies the energy scale over
which the Dzyaloshinskii-Moriya interaction energy is dominant, and helps form the spiral
ground state. Now for the 338 nm particles, the corresponding crossing point was found to be
below 650 Oe. Finally, for the 73 nm particles, 330 Oe was found to be the Vollhardt crossing
point. This illustrates a strong correspondence between the magnetic phases observed within
these particles with their fundamental energy scales.

5.8 Magnetic Structure Determination Through Powder Neutron Diffrac-
tion

Wide angle neutron diffraction measurement were performed to determine the ground state
spin configuration. For this purpose, we performed two independent neutron diffraction
experiments on the same Cu,0SeO3 sample. One at a constant-wavelength instrument (DMC
SINQ, PSI) and the second at a time-of-flight instrument (WISH ISIS, RAL). 4.506 A cold
neutrons were used at the DMC diffractometer. About 1g powder sample was enclosed in a
vanadium can and sealed tight under He atmosphere. Each pattern was recorded for about
one hour at WISH and for 2.5 hours at DMC. As the results of magnetic refinements from both
data are almost identical with respect to each other, from here on discussion will be focused
around the result obtained from the WISH data.

Out of the many possible models, the collinear one proposed by Bos et al. [27] is the simplest
solution which agrees with the experimental data reasonably well. In this scenario, different
groups are described in the so-called “parent setting”. In the cubic unit cell, symmetry does
not constraint the values and orientation of the moments. Additionally, a symmetry lowering
is essential in order to accommodate ferromagnetic/ferrimagnetic arrangement in the cubic
parent setting. Thus in one of the subgroups for P2;3, the colourless (type 1) R3 Shubnikov
group, there are 6 independent Cu-sites. While one of them (Cué) is constrained to be along
the 3-fold axis, the others remain totally free (thus a total of 3 x 5 + 1 = 16 free parameters).
Due to lack of information in the powder pattern, this does not result in satisfactory fitting
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Figure 5.27: Zero field magnetic structure of Cu,0SeQ3; probed by wide angle neutron
diffraction. (A) Refinement of neutron powder diffraction pattern obtained at T = 1 K. Pattern
measured in the paramagnetic phase at T = 70 K was used for estimating the nuclear contribu-
tion. Inset shows the difference between these two patterns. (B) Shows the refined magnetic
structure. For simplicity, other atoms in the unit cell have not been shown. Magnetic moment
of the two inequivalent Cu atoms in each tetrahedron were found be similar in magnitude but
opposite in direction, ultimately resulting in a “3-up,1-down” ferrimagnetic arrangement. (C)
Temperature dependent magnetic moment on Cu-sites obtained by Rietveld refinement. The
red curve denotes a power law fit to the total moment.

of the data. In order to overcome this challenge, all moments have been constrained to be
along the 3-fold axis (like the Cu£ site), with same amplitude. Thus, effectively reducing the
problem to a single varying parameter: the moment amplitude. The value obtained within
the R3 group is 0.73(1) ug. In a modified approach, the moments can also be split up it in two
values corresponding to the two original Cu-sites in the cubic parent setting (Cu! and Cu'l).
Two different moment amplitudes 0.90(7) for Cu' and 0.57(7) ug for Cu'! are obtained with

similar goodness of fit.

Similar refinements were also carried out for Orthorhombic magnetic subgroup P2,'2,'2,.
But in this case, there are four Cu-sites (12 free parameters) and there is no constraint in the
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orientation of the moments. When the moments are restricted to lie along the c-axis, we
obtain similar results as for R3 Shubnikov group, with the same values for the moments. From
the temperature-dependent data, extracted moment values were fitted using the following
power law equation.

*

p*
(5.17)

e (2]
BUL) = Mo T,

The resultant T, of 58.9(2) K from the fit is about 1 K lower compared to the value obtained
from single crystals [229], but still higher than the one from pSR experiments [120]. This T¢
agrees quite well with results obtained from the AC susceptibility measurements. The second
parameter, a*, is known to dominate the power law behaviour in the magnetically ordered
regime away from transition. Only dimensionality and spin quantum number influence the
absolute value of a*. In a perfect case, a* has the value of 2. The a* obtained from our fit is
2.1(4) and thus very close to the behaviour expected from a perfect system. The Heisenberg
parameter, 8* was found to be 0.27(2), and is somehow lower than the perfect 3D Heisenberg
behaviour (where, § = 0.365 [43]). A slightly different magnetic phase diagram was obtained
for these particles with respect to the bulk single crystal [11]. The critical parameter could
heavily be influenced by other instabilities in free energy arising due to finite particle size.
Finally, po [0.75(1) ug] is slightly higher than the reported value [0.68ug], but still ~25% lower
than the expected spin-only value of 1ug. The ground state of Cu,0SeOs is known to be a long
periodic helical state, with a propagation vector, |gy| = 0.01 A~!. As discussed earlier, these
helices populate three (100) cubic axes equally. This small momentum transfer can hardly be
resolved with a wide angle neutron diffraction instrument. A small angle neutron scattering
(SANS) setup would be particularly useful for this analysis [11].

5.9 Small Angle Neutron Scattering Investigations Of Cu,0SeO3 Par-
ticles

Small angle neutron scattering (SANS) experiments were performed to elucidate the magnetic
textures in Cup,0SeOs3 particles with /2 of 338 nm and 73 nm, bigger and smaller than S,
respectively. For this purpose, the SANS-II instrument at the Swiss Spallation Neutron Source
(SINQ), Paul Scherrer Institute (PSI), Switzerland and D33 instrument at the Institut Laue
Langevin (ILL), Grenoble, France were used. Samples for experiments at both instruments
were prepared as pressed pellets of 10 mm diameter and thickness < 0.5 mm and installed into
a horizontal field cryomagnet. The magnetic field was applied in the plane of the sample pellet,
and perpendicular to the neutron beam. For the field-training procedure, the sample was first
saturated to field-polarized state while collecting statistics at specific magnetic field values
mentioned throughout the chapter. This was followed by ramping down the magnetic field to
0 Oe at a rate of 10 Oe per second. At SANS-II, neutrons with a wavelength of 7.29 A were used
with a FWHM spread AA/A = 10 %. The incoming beam was collimated over a distance of 6 m
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Figure 5.28: Experimental setup and proposed magnetic textures in real and reciprocal
space. (A) Schematic illustration of the experimental geometry used in our SANS measure-
ments. The applied magnetic field was always kept perpendicular to the incoming neutron
beam. The detector image shown is the scattering pattern obtained for the 338 nm particles,
in an external field of 200 Oe and a temperature of 52.4 K. (B) Left column: Proposed chiral
magnetic textures that may be stable inside each 338 nm particle, such as multidomain helical
phase, single domain conical phase and skyrmion phase. Their corresponding reciprocal
space scattering patterns for a magnetic field aligned with the neutron beam (center column)
and perpendicular to the neutron beam (right column) are given when such textures are stable
inside a sample of unoriented particles. The central yellow spot is due to the unscattered
neutrons. These have been masked in the real detector images (such as shown in A or Fig. 5.29).
The helical phase stable in zero field shows up as a sphere of intensity in reciprocal space,
and correspondingly always as a ring on the detector. In the conical phase, the magnetic
order always propagates along the magnetic field, and so the scattering is concentrated into
peaks that are observed only when the neutron beam is perpendicular to the field. Since
skyrmion tubes align with the field direction, the scattering signal due to skyrmions in the
sample of unoriented particles, manifests as a ring in the plane perpendicular to the applied
field, and thus presents as two peaks at the north and south pole positions when the field is
perpendicular to the neutron beam.
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before the sample, with the scattered neutrons collected by a two-dimensional multidetector
placed 6 m behind the sample. At D33, neutrons with a wavelength of 4.6 A were used with
a FWHM spread AA/A = 10 %. Both the collimation distance and the sample-to-detector
distance were 12.8 m. The data collected at D33 are available from the ILL [12]. All the data
analysis was performed using the GRASP software [42].

The experimental setup is illustrated in Fig. 5.28A. Fig. 5.28B summarizes the connection
between the real-space magnetic textures (left column) consistent with those found in bulk
chiral magnets, and the corresponding SANS patterns (centre and right columns) when such
textures are stable in particles that are unoriented with respect to one another. In the 338 nm
particles at 52.4 K and after zero field cooling, Fig. 5.29A shows the appearance of a ring-like
magnetic scattering around g = 0 due to propagating helical spin correlations within a sample
of the randomly oriented particles. From the intensity ring, the magnitude of the wavevector
describing the magnetic modulation is determined as |g| = 0.1027(2) nm~! (Fig. 5.30). This
gives a magnetic modulation periodicity (1) of 61.2(1) nm consistent with that due to helical
order found in bulk samples as illustrated in Fig. 5.28B [3, 168, 206].

Fig. 5.29B-F show that a horizontal magnetic field applied perpendicular to the incident
neutron beam drives a rearrangement of the SANS intensity in the 338 nm (> S.) particles.
As indicated in Fig. 5.28B, a redistribution of the SANS intensity to regions aligned with the
field (green boxes in Fig 5.29A-F) and perpendicular to the field (red boxes in Fig 5.29A-F) are
hallmark signatures for the formation of conical and skyrmion orders, respectively [94]. The
formation of both of these orders is most clearly seen in Fig. 5.29C, where peaks are observed
due to co-existing conical and skyrmion orders consistent with those expected according
to Fig. 5.28B. Fig 5.29G shows the field-dependence of the green box (helical and conical
modulations) intensity to display a similar field-dependence and two-peak structure as that of
x"" determined from AC susceptibility. These are further clear signs for skyrmion formation in
the “valley” field region 150 < B < 350 Oe. Concomitantly, over the same field region, Fig. 5.29H
reveals a small, yet clear enhancement of the red box (skyrmion) SANS intensity above any
residual ring intensity (white boxes in Fig. 5.29A-F) that remains undistributed by the field
before saturation, presumably due to pinning. In the middle of the valley region shown in
Fig. 5.29G, the intensity of the green boxes drops by roughly 35%, while a similar percentage
increase of intensity in the red boxes compared with the white boxes is also observed in
Fig. 5.29H. These results indicate that 35% of the particles in the sample undergo a transition
to a skyrmion-like phase and that these coexist with particles that remain in unoriented
helical-like and conical-like phases. Overall, these SANS data confirm microscopically the
existence in the 338 nm particles of phases directly analogous to those found standardly in
bulk chiral magnets.

Inthe 73 nm (< S¢ ) nanoparticles at 52.4 Knear to T, aring of magnetic SANS intensity is again
observed around g = 0 after zero-field cooling (Fig. 5.31) from which the pitch length A, was
determined to be 72(1) nm, as shown in (Fig. 5.311). The value of 1 is longer than that of ~60 nm
expected for helical order in bulk samples, and spans exactly the average octahedral height
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Figure 5.29: Probing 338 nm Cu;0SeQ; particles using SANS. (A)-(F) SANS detector images
from the % = 338 nm particles measured at 52.4 K and as a function of the applied magnetic
field. For simplicity, the intensity scale has been kept the same for all patterns. The angular
positions of sector boxes indicated in panel F represent sector boxes corresponding to that
particular position, as well as the one which is situated diametrically opposite to it. (G) shows
the evolution of intensity in the sector boxes corresponding to the conical phase [green boxes
in (A)-(F)], as a function of applied magnetic field. For a comparison, y” for the same particles
measured at 53 K is also shown. (H) The dip in conical phase SANS intensity between 15 and
35 mT indicates a redistribution of the intensity due to the formation of skyrmion tubes.

of the nanoparticle. The adaptation of the ground state magnetic modulation in accordance
with the geometry of the nanoparticles is a clear sign for a finite size effect. Furthermore, as
shown in Fig. 5.32, a ring-like scattering pattern remains consistent with that expected from a
sample of unoriented particles each hosting a single-period helical spiral structure that spans
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Figure 5.30: Length of incommensurate modulation in 338 nm particles. (A) SANS detector
image for 338 nm particles at 53 K at zero magnetic field. In order to estimate the total radial
intensity evolution as a function of |g|, an isotropic sector was chosen as shown in yellow.
To ensure all magnetic scattering is considered for this analysis, the width of the sector was
chosen such that it spans the maximum of the detector image. (B) Magnetic scattering as a
function of g extracted from the sector box defined in (A). The green solid line represents a
Pseudo-Voight fit to the same.

the octahedral particle height. Under increasing magnetic field, the confinement effect on
A is relieved as it falls towards the bulk value for helical order on the approach to saturation,
shown in Fig. 5.311. In addition, there is no observed rearrangement of the intensity in the
ring, and instead the SANS intensity falls monotonically on the approach to saturation, see
Fig. 5.31H. This latter observation may be indicative of either a pinning effect on the magnetic
modulations, or the realization of an unexpected spin configuration with more isotropic
susceptibility that is without analogy to the standard chiral magnet phases realized in the bulk.

It is to be noted that a single period helical spiral can also produce a “two-spot” SANS pattern,
as shown in Fig. 5.32. When a single 73 nm helical pitch embedded into the octahedron
with the same height, the corresponding two-dimensional fast Fourier transform (FFT) of the
M;-component of the magnetization features a two-spots pattern. This FFT pattern can serve
as a rough approximation of the SANS intensity map in the (yz) plane, where the neutron
beam k; is parallel to x and helical propagation axis is parallel to y [57]. Two bright spots seen
in the FFT (Fig. 5.32), are results of the magnetic structure factor. The possible emergence
of aperiodic arrangements of magnetic skyrmions, chiral bobbers, merons or other isolated
textures embedded into ferromagnetic background should be manifested in form-factor small-
angle scattering across the large g-range [200]. With the present dataset at hand it will not
able to discuss this weak effect due to the limited dynamic range, and predominance of the
peaked scattering intensity.

Finite size-effects on A are also observed far from T, at 5 Kin both the 73 nm and the 338 nm
particle samples. Figure. 5.33A and B each show two-spot SANS patterns indicative of helical-
like spin-correlations existing in each sample at zero field after applying a standard field-
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Figure 5.31: Magnetic modulation in 73 nm particles. (A)-(G) represent SANS detector im-
ages for the smallest nanoparticles (73 nm) measured in the same instrumental conditions as
described previously in Fig. 5.29. In order to estimate the total intensity of magnetic scattering
as a function of magnetic field, similar sector boxes were chosen as shown in Fig. 5.30. The
resulting intensity evolution is shown in (H). |g| corresponding to the maximum of intensity
was estimated for each of the detector images shown and is plotted in (I). It also shows the
equivalent pitch length in real space for these incommensurately modulated phases. The
dashed line in magenta signifies the height of each octahedron, as estimated from the W-H
analysis presented in Fig. 5.6A previously.

training procedure performed at 5 K. As shown in Fig. 5.33K, the magnetic periodicity de-
termined from the spot positions is A = 72(2) nm in the 73 nm nanoparticles, which is the
same as close to T (Fig. 5.311). For the 338 nm particles, A = 65(1) nm is larger than close to
T., and has expanded so that exactly five magnetic modulations span the octahedral height.
It’s worthwhile noting that the observed enhancement of A in the particles at low tempera-
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Figure 5.32: FFT of an octahdeon possessing a single helix. (A) A single period of magnetic
helix embedded into 73 nm nanoparticle. (B) Fast-Fourier transform of the z-component of
the magnetization projected on the (yz) plane, showing characteristic “two-spot” pattern.

ture is an order of magnitude larger than the increase otherwise observed on cooling in bulk
CuzOSe03 [33].

While the quantization effect on helices has previously been reported in epitaxially grown
thin samples of chiral magnets FeGe [90, 153] and MnSi [92, 210], this work is the first demon-
stration of such novel behaviour in 0D particles hosting magnetic helices. The observed
modifications to the helices in the thin plate samples are attributed to surface-induced mag-
netic anisotropy together with boundary conditions arising due to reduced dimensionality.
We propose a modified scenario in case of our 0D particles. As shown in the schematics
(Fig. 5.33D & E), each magnetic helix can span the entire height of the octahedron or more
generally, non-adjacent vertices. Each vertex of the octahedron, due to its natural symmetry
braking, form a type of topological defect. With reduced particle volume, role of these vertices
become increasingly more important. The consequences of similar argument is recently
reported experimentally in FeGe 0D particles [139]. The so-called “pot-belly”-type vortex state
is observed, without any analogy with bulk chiral magnet of the same system. Within the
framework of our results, with octahedral particles, we expect enhanced contribution from
the increased number of vertices, compared to the tetrahedral particles studied by Niitsu et
al. [139]. Due to this key role of the geometry in generating the interactions that underlie the
confined magnetic configurations, the robust stability of these emergent magnetic states can
be anticipated, particularly in the genuine nanoparticle limit.

5.10 Micromagnetic Simulations On Cu,0SeQj; Particles Based On
Landau-Lifshitz-Gilbert equation

In order to simulate the emergent magnetic texture in octahedral Cu,OSeQOj3 particles, mi-
cromagnetic simulations were used. Micromagnetic simulation is the most straightforward
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Figure 5.33: Finite size effect in reciprocal space. (A) and (B) show the detector images
obtained in zero field and 5 K after performing a field training procedure for both particle sizes.
Here the zero-field state was prepared by ramping the magnetic field down from saturation in
an attempt to concentrate the SANS intensity into a smaller reciprocal space volume. This
hysteretic effect of field training on the spiral propagation vector is typical for cubic chiral
magnets at low temperatures [193, 102]. The wavevector-dependence of the resulting intensity
indicated by the sectors in (A) and (B) is shown in (C), and the peak positions determined by
solid lines. (D) and (E) represent the consequences of the finite size effects for both particles
shown as the real space pitch length of the underlying incommensurate phase. For the 338 nm
particles, exactly five periods span the entire height of the octahedron, whereas the same for
73 nm particles is found to be just one.

way of predicting the microscopic behaviour of magnetic systems. The simulation packages
use either finite difference or finite element-based solvers to find the quasi-stationary and
dynamic solutions by solving the Landau-Lifshitz—Gilbert (LLG) equations. All the energy
terms are typically expressed as the effective fields, Begs = -0 E/0 M, and evaluated at every cell.
After each subsequent step the magnetization in every cell varies by 6y, = -Am x (I x Begr) Up
until the convergence is reached. Recently, micromagnetic simulations has been a way for
correctly predicting the emergent phenomena in skyrmion hosting materials [139].

LLG simulations calculations were performed at T = 0 K using the MuMax3 software package,
based on finite difference discretization, and appropriate magnetic parameters for a Cu,0OSeO3
particle: exchange stiffness Aex = 713 Jm™! and Dzyaloshinskii-Moriya interaction constant
D =7.4e”% Jm~? [83, 199, 222]. The size of the elementary unit of 4 nm was used. An initially
random spin configuration was allowed to relax for 2.5 ns in each simulation. The magnetic
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field was first applied along the top vertex of the octahedron shown in Fig. 5.35A. Similar
calculations were performed for when the external magnetic field was applied perpendicular
to one of the octahedron facets, the results of which are shown in Fig. 5.35B. Note that the
various spin textures are identified by observation only, since the definition of topological
charge breaks down in 3D [133]. The computation was performed using NVIDIA GPU 980Tij,
and RTX 3080 Ti. The magnetic structure was visualized using the Paraview software [6].

Results

Figure 5.34: Micromagnetic simulations on isolated octahedral Cu,0SeOj3 particles. (A)-
(D), (E)-(H) and (I)-(L) show magnetic textures obtained from the micromagnetic simulation
performed on octahedrons of height 200 nm, 350 nm and 600 nm, respectively. Panels (F/,
G') and (J', X') elucidate the internal magnetic structures of 350 nm and 600 nm particles
in magnetic fields of 450 Oe and 900 Oe, respectively. The colour scale represents the z-
component of the magnetization. The black lines have been added in order to make the
particle contours more obvious. The appearance of chiral bobbers and skyrmion tubes is
highlighted by green and yellow ellipses, respectively. The direction of applied magnetic field
was kept the same in all cases, which is along the top vertex of the octahedron.

To understand better the role of the particle geometry and size on the stability of differ-
ent magnetic configurations, micromagnetic simulations were performed for a realistic
octahedron-shaped particle, and exchange, DMI and magnetization constants typical for
bulk Cu,0SeO3* [222]. The resulting variety of magnetic textures found by simulations of a

4This work was performed in collaboration with Dr. Victor Ukleev from the group of
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single particle are expected to be representative for our samples, since the dipolar interaction
is shown to be negligible for these systems, as pointed out recently by means of finite-element
simulations [148]. In the absence of an external magnetic field, the initially random spin con-
figuration relaxes to a state with randomly-oriented helices for all particle sizes, as shown in
Fig. 5.34(A), (E), and (I). Under an external magnetic field applied along the octahedron height,
the magnetization of the smaller octahedra (2 = 100-220 nm) gradually rotates towards the
field direction without developing any non-trivial magnetization textures [Fig. 5.34(A)-(D)]. A
similar smooth transformation from a zero-field non-collinear to a field-induced ferrimagnetic
state was reported previously in a study of very small (A~30 nm) Cup OSeOs nanoparticles [41].

Figure 5.35: Size dependent phase diagram of octahedral Cu,0SeOQ3 particles. Spin texture
phase diagram as a function of height of the octahedron, as obtained from micromagnetic
simulations. (A) The magnetic field was applied along the top vertex of the octahedron, that is
along [001] whereas, in (B) the magnetic field was applied along one of the triangular facets,
that is along [111]. The dotted lines represent the simulation points in the phase diagram. All
the magnetic textures were identified manually.

In contrast, larger octahedra exhibit a variety of field-induced magnetic textures, including
half-skyrmions (merons) in octahedra with 220</<350 nm, chiral bobbers (350</#<400 nm)
and skyrmion tubes (h>400 nm) in various (field-dependent) co-existent combinations. Rep-
resentative simulations for particles with & = 350 nm and / = 600 nm are shown in Fig. 5.34E-L,
wherein skyrmion and chiral bobber spin textures are stabilized. The field-induced transfor-
mation of the helical structure to the meron state in the particles allows a minimization of the
Zeeman energy while preserving the periodicity of the magnetic texture, when formation of
the complete skyrmion tube is unfavored by the confinement effect. The chiral bobber state,
seen as a combination of a skyrmion tube and a Bloch point, is stabilized for the same critical
particle size as the skyrmion state, suggesting similar formation mechanisms for these two
textures. Our simulations suggest the stabilization of the chiral bobber state as an edge state
of Cup0SeO3 in larger nanoparticles which is consistent with the generalized theory of chiral
bobbers at the surface in cubic chiral magnets and experimental works on FeGe which hosts a
helimagnetic ground state with a spiral pitch similar to Cu,OSeOs [5, 161, 228]. Recently, the

Laboratory for Neutron Scattering and Imaging (LNS), Paul Scherrer Institut (PSI), Villigen, Switzerland.
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bobber phase induced by proximity effect was also evidenced in Cu,OSeOs/magnetic multi-
layer heterostructure [158]. However, their unambiguous experimental evidence in bulk and
nanostructured CupOSeOs is remaining as a challenging task which can be further addressed
by real-space electron holography or resonant elastic x -ray scattering. Further, we find that in
Cu,0Se03 nanocrystals the critical size for nucleation of a single skyrmion tube was found
to be around 350 nm (Fig. 5.34F and G). The phase diagram summarizing these findings is
shown in Fig. 5.35A.

Figure 5.36: Magnetization (M) and dM/dB as obtained from the micromagnetic simula-
tions. For the three sizes shown in Fig. 5.34, evolution of the total magnetization as a function
of magnetic field, as obtained from micromagnetic simulations. Total magnetization refers
to the norm of the three spatial components. (A)-(C) represent when the magnetic field was
applied along the top vertex of the octahedron ([100]), whereas (D)-(F) represent those along
one of the facets ([111]). dM/dB clearly shows the metamagnetic-type transitions in individual
nanoparticles (for example, panel B).

Similar simulations were done for the case when the magnetic field was oriented perpendicular
to one of the octahedral triangular facets. The size-field phase diagram (Fig. 5.35B) appears
qualitatively similar to Fig. 5.35A, with small differences in bobber and skyrmion stability
regions. For each orientation of the magnetic field, a similar threshold volume of magnetic
particle is identified below which topologically non-trivial magnetization configurations
analogous to those found in the bulk are not expected to be stable. The field evolution of
the magnetic texture is qualitatively reflected in the magnetization curves directly extracted
from the micromagnetic simulations (Fig. 5.36). These findings agree with the experimental
magnetometry and SANS data, and the expectation for other particle shapes considered in
previous micromagnetic simulations [34, 41, 45, 46, 148, 150]. On the other hand, the present
experimental data do not allow a straightforward identification of the different topological spin
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textures expected according to our simulations. Real-space imaging probes such as electron
holography or Lorentz-transmission electron microscopy (LTEM) are needed to determine the
detailed spin configurations at the single particle level (see Fig. 5.37).

The magnetization M component along the direction of the applied field was extracted from
the simulations for both B || [001] (along the particle height, as seen in Fig. 5.35A) and B ||
[111] (along the particle facet, in Fig. 5.35B). Metamagnetic transitions seen in both M(B) and
dM/dB graphs illustrate the evolution of magnetic textures shown in Fig. 5.34.

Figure 5.37: FFT of the magnetic texture within each particle. Magnetic field evolution of
the Fast Fourier Transformation of the z-component of the magnetization, M, || B projected
onto the (gx, gy) plane for the 512 nm particle.

To distinguish between the possible signatures of new three-dimensional (3D) magnetic tex-
tures we have analysed results of the micromagnetic simulations of 512 nm particles via
Fast-Fourier Transformation (FFT) of the magnetization component M, || B projected onto
the (gx, gy) plane. The simulation results are shown in Figure 5.37 as a function of the magni-
tude of the applied field covering the characteristic phases (see Fig. 5.35): helical (B = 0 Oe),
helical + meron (200 Oe), meron (300 Oe), skyrmion + chiral bobber (500 Oe), single skyrmion
(800 Oe) and, finally, induced ferromagnetic (1200 Oe). The FFTs show maxima centered at
|g| ~ 0.1 nm™! in all phases hosting multiple magnetization kinks (or magnetic quasiparti-
cles) which corresponds well to the characteristic wavevector of magnetic modulations in
Cup0Se0s3. These maxima are superimposed onto the broad halo originated from the mag-
netic form-factor scattering from the single magnetic kinks, especially pronounced in the
case of the isolated skyrmion (800 Oe). The cross-shaped intensity distribution at 1200 Oe
represents the canted moments at the edges of the octahedron in the field-induced ferromag-
netic state. The accurate fitting of the small-angle scattering profiles and their comparison to
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micromagnetic models would be a promising way to extract the 3D magnetic textures such as
merons, vortices and chiral bobbers. However, we note that the present calculation is done
for the nanoparticle and does not account for the powder averaging of the scattering pattern
and for the magnetization distribution within separated particles, which would smear out the
characteristic features of the form factor (see the detailed analysis of the particle size distribu-
tion in magnetic SANS in a recent preprint [2]). Therefore, the unique identification of these
phases is more likely to be completed via real-space probes, or scattering experiments that
can be performed on the single-crystal-particle level, such as small-angle electron diffraction
or resonant x-ray scattering.
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After uncovering details of the novel geometrical confinement effects in Cup0SeQs, in this chap-
ter, we elucidate one further aspect of chiral magnetism in this system, that is the anisotropic
exchange interaction (AEI) and its impact on the low temperature magnetic phase diagram.
We will first outline the necessary motivation to study the AEI in this material. This will be
followed by a concise description of the ¢-REXS experiment performed at VEKMAG endstation
in BESSY-II, Berlin to probe the AEI. And finally, the implication of our results on the emergent
low temperature magnetic phase diagram will be discussed.

6.1 Significance Of AEI in Skyrmion Hosting Helimagnets

The Bak-Jensen model involving competing interactions such as the Heisenberg exchange
interaction, the antisymmetric Dzyaloshinskii-Moriya interaction (DMI), the anisotropic
exchange interaction (AEI), and cubic anisotropy satisfactorily explains the ground state mag-
netic structures of B20-type magnets. The first three terms are responsible for the formation
of helical ground state and its well-defined orientation with respect to the crystallographic
directions [10, 48, 132]. The weak cubic anisotropy term is responsible for the helix orientation
under an external magnetic field. But in reality these cubic anisotropy terms together with AEI
are often neglected since their strength is limited in B20 group of compounds, and thus in
their experimental observations [177]. Among the B20 family of compounds, MnSi was found
to have negative anisotropic exchange interaction constant (Fagp), resulting in spiral propa-
gation along [111]. For FeGe, there was a change in sign of Fag; as a function of temperature,
since at higher temperatures g is oriented along [100], while that for the lower temperatures
is [111] [113]. Whereas, for solid solution of Mn;_,Fe,Si and Fe;_,Co,Si, Fag is found to
fluctuate around zero. While the multiferroic compound Cu,0SeOs, is crystallographically
different compared to the other helimagnets from P23 family, the helix propagation direc-
tion is found to be { 100 }, same as Fe g5C0q.155i. Recently, away from the high-temperature
equilibrium skyrmion lattice (HT-SkL), there have been many reports of emergent magnetic
phases in Cu,0SeOj3 such as a low temperature skyrmion lattice (LT-SkL), tilted conical (TC)
phase etc [9, 33, 63, 157]. Cubic anisotropy has been proposed to be the main factor stabilizing
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these low temperature phases. Also, in a Zn-doped Cu,0SeO3 sample, Fap was found to
change sign from positive to negative with reducing temperature [128]. But as shown before,
these samples behave quite differently compared to pristine Cu,OSeOs [175]. However, the
stronger cubic anisotropy prevents the spiral g reorientation along (111), demonstrating the
complex competing landscape of magnetic interactions in this system. So a systematic isola-
tion of the anisotropic interactions, followed by efficient quantification therefore becomes
very important, in order to have a better understanding of the low temperature properties of
pristine CupOSeOs. The conventional ferromagnetic resonance technique fails to address the
AFI since a high magnetic field used to investigate the field-polarized state is irrelevant from
the point of view of AEIL. On the other hand, due to its high spatial resolution, REXS has been
established as a powerful technique to study the skyrmion lattice and the other related phases
in chiral magnets [194, 195, 209]. Recently, it has been successfully employed to estimate Fag;
in FeGe [193]. But before we give a detailed account of the experimental results, we would like
to provide a theoretical outline for the modified g in presence of AEI.

To account for the modifications caused to the modulation vector in presence of AEI, analytical
calculations were performed on the Bak-Jensen model, but including not only AEI but also
easy-axis anisotropy [10]. In the first step we will first calculate the corrections to g due to
anisotropic interactions, followed by that from the easy-axis anisotropy. If v is the polar angle
of g in the xy-plane, the AEI energy can then be expressed as:

Fagr (asv )2
Eppr = —— dv. 6.1
ABL = = [ Y ax” (6.1)

V=X,),2

If t is denoted to be the coordinate along g, and ¢(t) is the magnetization angle within the
spiral plane, then we can also write the following:

E S? Fpgysin? 2y f ( d¢ )
ABL ¢ 4 dt

2
cos® pdt. (6.2)

For a (nearly) proper screw spiral without anisotropic interactions, cos? ¢ becomes 1/2, and
the expression simplifies into,

(6.3)

SZFAEI sin2 2’(// d(/) 2
E, — | == dt
o SRS [F)

Whereas, for the exchange interactions we have,

I The analytical expressions were provided by Dr. Oleg I. Utesov at the Petersburg Nuclear Physics Institute,
Gatchina, St-Petersburg, Russia.
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S2J [ (d¢)?
K — — | dt. 6.4
EX ¢ — ( L ) (6.4)
Therefore, combining Eqn 6.3 and Eqn 6.4, we arrive at the -dependence of g as:
D (. Fapsin?®2
q) = - (1 - AEI—U’) (6.5)
J+ (Fag1/4) sin~ (2y) J 4]J

Now turning to easy-axis anisotropy part, with the polar angle {, similar expression for energy
can be written in the following form:

Eaniso _282 Sinz (w —(:)fCOSZ (/)d t. (6.6)

where, Z is the uniaxial anisotropy constant. With a slight tedious caluculations after imple-
menting Eqn 6.6 into the Sine-Gordon equation, we arrive at the azimuthal angle dependence
of modulation vector on ( as:

ZZ s 4 _
q’=q(w[1—2n%fo . 6.7)

Combining Eqn 6.7 and Eqn 6.5, we obtain the final expression for corrections to modulation
vector in presence of both anisotropic exchange interaction as well as uniaxial anisotropy

(6.8)

g = D [1 _ Fagrsin®2y znsin4(w VA ]
J 4J D4/ J2

This is the master expression used to fit the azimuthal angular dependence of g in section 6.3.
Since any material-specific parameters were not used for derivation of Eqn. 6.8, the obtained
results remain valid for any helimagnets (which is stabilized by DM interaction) possessing a
conical phase.

6.2 High-resolution /-REXS Experiments at BESSY-II

For our experiments, a high quality CupOSeO3 single crystal grown by CVT technique was
oriented with [001] out of plane direction [47]. The details of the growth and the characteri-
zations are outlined in section 4.1. A lamella (see Fig. 6.1B) was prepared using focused ion
beam (FIB) milling from the very same crystal later used for our 7-REXS experiments. The
final thickness of the lamella was kept around 150 nm. This thin plate was placed behind
an aperture of diameter 10um on a gold-coated Si3sN4 membrane. The whole assembly is
finally transferred onto a copper frame held together by kapton tape (shown in Fig. 6.1C).
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Figure 6.1: Lamella preparation and initial characterizations at Cu- L3 edge. (A) Schematic
sketch of the sample attached to a SisN; membrane and the whole assembly fixed on a Si-
frame. As expected from the scale of the final sample (usually in the range of tens of microns),
fabrication is performed by cutting a larger crystal using focused ion beam (FIB) technique. (B)
Actual image of the FIB cut lamella after transfer onto the Si3N, membrane. (C) Final image of
the sample assembly. The Si-frame is supported on the larger Cu-frame using kapton tape. (D)
Energy scan across L3 and L, electronic transition edges for copper showing sharp resonant
absorption. Probing a (E) two domain helical phase, (F) single domain conical phase and
(G) a single domain skyrmion lattice phase at the L3 resonance edge of Cu. At zero magnetic
field below Tivm, CupOSeOs has three helical domains propagating along three principal cubic
directions, (100). Since [001] crystallographic direction is pointing out of the sample plane,
two in-plane helical domains are aligned along [100] and [010], respectively. While an in-plane
magnetic field is essential for stabilizing the conical phase, skyrmion lattice phase requires an
out-of-plane magnetic field to form.

The t-REXS experiments were performed at the soft x-ray beamline PM2-VEKMAG (BESSY-II,
Helmholtz-Zentrum Berlin for Materials and Energy, Germany) [140]. The vector magnet used
for this work can produce a 9 T magnetic field along the x-ray beam, while 2 T and 1 T in the
plane perpendicular to it. The scattered intensities were collected on a 4096x4096 pixel> CCD
detector. Each detector image shown in this chapter was a sum of three exposures of 20s each.

Before proceeding with the actual experiment, the initial characterizations were carried out
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Figure 6.2: Response of conical peaks due to in-plane magnetic field. (A) The vector magnet
setup at PM2-VEKMAG endstation in BESSY-II, Berlin. The vector magnet is capable of pro-
ducing a 9 T magnetic field along the x-ray beam, while 2 T and 1 T in the plane perpendicular
to it. For most of the experiment, the magnetic field was rotated in the (x, y)- plane, as shown
in the sketch. The sample was a lamella shown in Fig. 6.1B. A CCD detector was mounted
66.5 cm behind the sample. According to the convention used, the vertical direction set to
be ¥ = 0. (B)-(G) show the detector images while magnetic field was oriented at different
angles with respect to the vertical. These are indicated in each panel. The measurements were
performed at the base temperature, T = 14 K. Here, the magnetic field was first ramped up
to 700 Oe, in order to achieve a field-polarized state, followed by ramping down to 400 Oe
(inside conical phase) before acquiring the detector image. This sequence was repeated for
each angle . To observe the behaviour of conical peaks in all four quadrants, ¥ was varied
between 0° and 180°.

for the familiar phases in Cu,0SeQOs. First an energy scan with a fixed photon helicity was
performed across the electric dipole transitions for Cu, i.e. from far below L3 to far above
L,. Optimal L3 and L, edges were found to be 929.5 eV and 949.8 eV, respectively. During
the complete experiment, circularly polarized x-rays were used. First the sample was cooled
down to the base temperature (T = 14 K) to study the zero-field helical state. In Cu,0SeOs,
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Figure 6.3: Summed up intensity profile of the conical peaks in 2D reciprocal space at var-
ious temperatures. The protocol described in Fig. 6.2 was repeated at six temperatures below
T.. The two dashed black lines are oriented along [100] and [010], respectively (as shown in
panel-E of Fig. 6.1). For simplicity, the colormap scale was kept the same for all panels. These
summed up images outline the angular path traced by the conical peak as a function of y. As
can be seen clearly, this is the result of competing interactions at various temperatures. The
uniaxial anisotropy being stronger compared to the exchange anisotropy at 50 K, enforces
the trajectory traced by the conical peaks to resemble an ellipse. But with gradual lowering
of temperature, the exchange anisotropy begins to affect the profile more, resulting in more
systematic behaviour with respect to easy in-plane crystallographic axes, that is the four (100)s
and (110)s.

there exist three zero field helical domains along the three principal (100) axes. Since the thin
plate was prepared with [001] normal to sample plane, the remaining two (100) domains lie
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within the sample plane. In other words, [001] being out of scattering plane, the remaining two
helical domains result in two Friedel pairs in the scattering plane. This is shown in Fig. 6.1E.
The extracted real space pitch length of 68(2) nm also agrees quite well with the reported
literature [3, 206]. Next we applied an in-plane magnetic field to reorient the helices into the
conical phase, resulting in two spots on the detector plane, as shown in Fig. 6.1F Finally with
an out of plane magnetic field at T = 53 K, we observe the familiar six spots pattern due to a
well-ordered SkL phase. Thus the magnetic phases and the corresponding phase boundaries
from our lamella match quite well with the numerous reports on this system [32, 169, 209].

6.3 Results And Discussions

Figure 6.4: Anisotropic exchange interaction constant for Cu0SeO3 at T = 20 K. The
summed up images shown in Fig. 6.3 are now analysed individually for each y. Each de-
tector image (for example the ones shown in Fig. 6.2) was analysed with help of a sector box of
3° angular width in order to obtain intensity vs g line plot. The resulting 1D data was fitted
with a Gaussian function to extract the peak position and intensity. Panel-A represents the
result of the fitting procedure for all ¢s. As shown in panel-B, the extracted peak position
(dmax) has a strong influence from the in-plane crystallographic directions. Finally the gpax is
fitted with Eqn 6.8.

Utilizing the full capability of the magnet, we vectorially varied the magnetic field in the
sample plane. In the conical phase, the cone propagation direction follows the magnetic
field. Therefore, with a constant (magnitude) in-plane magnetic field we can decouple the
changes caused by AEI to that coming from its magnetic field dependency. As shown in
Fig. 6.2, Friedel pairs follow the in-plane magnetic field quite well. With the 4096 x4096 pixel?
CCD detector, all four quadrants of the 2D reciprocal space around [000] central peak were
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accessible, which was previously missing for the similar study performed on another cubic
chiral magnet FeGe [193]. The lack of higher harmonics do indeed confirm the phase shown
in Fig. 6.2 at T = 14 K and B =400 Oe to be conical phase, without any distortion as found in
chapter 7 for a bulk crystal. This state was prepared by the following procedure. First helical
state was achieved by cooling the sample down to the target temperature (T = 14 K, shown in
Fig. 6.1E), followed by ramping up the magnetic field to 700 Oe to force the helices into the
ferrimagnetic phase. Finally the field was slowly ramped down to 400 Oe in order to remain
inside the conical phase for a particular . After each acquisition, the magnetic field was once
again ramped up to 700 Oe, followed by changing its in-plane direction, . This protocol was
repeated for each 1 ranging between 0 and 180° with a 3° step (shown in Fig. 6.2).

Figure 6.5: AEI constant as a function of temperature. As previously explained in Fig. 6.4,
each azimuth was fitted with a Gaussian peak and the resultant was plotted for different
temperatures on a polar grid. For simplicity, the radial (g) scale for each plot from panel-A
to panel-F was kept constant. Finally the gnqx is fitted with Eqn 6.8 at all six temperatures.
Panel-G shows the evolution of AEI constant with respect to temperature.

For a particular sample temperature, intensity corresponding to each of the Friedel pair for
measured s was extracted and summed up. The resultant is shown in Fig. 6.3. At T =50 K,
the intensity profile appears almost circular but with a slight elliptic distortion. Temperature
induced fluctuations, which are responsible for the stability of HT-SkL phase in cubic chiral
magnets [134], also diminish the effects of AEI at this temperature. The observed ellipticity in
the intensity profile at 50 K is the indication of uniaxial anisotropy, caused by strain coming
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from the contacts made on the sample during FIB milling. While reducing temperature, the
profile starts to develop subtle “features” along the marked crystallographic axes. At T =25 K
(see Fig. 6.3C), the intensity profile deviates from the ellipticity seen at T = 50 K and starts
developing extra intensities along the in-plane (110) directions. This is further pronounced
at the base temperature of 14 K, as shown in Fig. 6.3A. Concomitantly, |g| along the (100)
directions is found be the minimum.

In the next step, we look into the radial and angular details for each ¥ manually using the
Image]J software [1, 35]. In order to simply contain a single Bragg peak, a sector box of 3°
angular width was chosen around each. Also, both peaks from the Friedel pair were analysed
separately, using mirror sectors. Thus, providing us informations about | g| in all four quadrants
simultaneously. The intensity as well as the centre of this averaged curve was fitted with help
of a Gaussian peak. This is outlined in panel-A of Fig. 6.4. It is to be noted that due to tiny
vibrations caused by external sources, the sample inside the vector magnet had to re-centred
after every 20-30 measurements. Therefore, intensity evolution of the peaks is inconclusive
with respect to the crystallographic axes. On the other hand, as shown in panel-B, the extracted
peak position |g (Imax)| has a strong influence from it. This |g (Imax)| is plotted in panel-B of
Fig. 6.4. At the specified temperature, |g| varies between 0.086 nm~! along [100] till 0.092 nm™!
along [110] in a monotonous fashion, as expected according to Eqn. 6.8. Finally the |q (Imax)|
was fitted with Eqn. 6.8 in order to obtain | F| at this temperature. As shown in Fig. 6.4B, Fap; was
found to be -52.12+2.5 meVA2. The uniaxial term in Eqn 6.8 was fixed with the one obtained
at T =50 K (1.61+0.01 meVA?), since we did not observe any significant variation in it as a
function of temperature. The same procedure was followed for the remaining temperatures,
and the fitted curves are shown in Fig. 6.5A-E The direct influence of AEI on |q (Imax)| can
be seen clearly in these panels. The resultant Fagy from the fittings are shown in panel-B of
Fig. 6.5. The constant of anisotropic exchange interaction was found to be -1.83+0.83 meVA?
at 50 K, which monotonically reduces to -69.93+3.43 meVA? at 14 K. As opposed to Moody
et al. [128], we did not observe any sign change of Fag as a function of temperature in the
pristine Cu,0SeO3. The actual sign of the Fagr suggests that the helix propagation should
be along (111), similar to MnSi. But experimentally it has been shown not to change from
(100) axes even down to the lowest temperatures [3]. Concomitantly, the cubic anisotropy has
been shown to increase rapidly with lowering temperatures [33]. From our results, it is safe to
conclude that an increase of the cubic anisotropy is still larger that the change in Fagg, such
that the helices stay oriented along (100). We believe these results will be highly useful towards
better understanding of microscopic hamiltonian in Cu,OSeQOs, resulting in the LT-SkL phase
and TC phase etc.
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Periodicity: An Open Question

The magnetic skyrmion lattice was first discovered in the archetypal helimagnet MnSi in
2009 [134]. Progressively over the next few years, other chiral cubic hosts such as FeGe [218],
Fe;_Co,Si[220], and Cu,0SeOs3 [169] were also found to host a SkL phase (HT-SkL) just below
their transition temperature (7). There was remarkable similarity among their magnetic field
vs temperature (H — T) phase diagram. Along with the SkL phase just below T, they also
showed the same sequence of field-driven transitions, Helical — Conical —Field-polarized state.
Although the absolute field values for the phase boundaries of these transitions were unique
for each of these magnets (H¢; and Hcp) 3, 17, 19, 208]. Recently, the magnetic behaviour
of the chiral insulating host, Cu;0SeO3; has been shown to be different compared to the
itinerant skyrmion hosts of the B20 family. Together with the familiar HT-SkL phase, Cu,OSeOs3
was found to host a LT-SkL phase (and a tilted conical phase) away from the ferromagnetic
transition [33], and only along (100) cubic axes. Thus resulting in quite distinct magnetic
phase diagrams along (100}, (110), and (111) crystallographic axes (see Fig. 5.2). This LT-SkL
phase does not require any thermal Gaussian fluctuations in order to be stabilized. Instead, the
formation and stabilization of this isolated SkL phase is a consequence of temperature induced
increase in the magneto-crystalline anisotropy of this system [63]. Thus one needs to re-
examine these magnetic phases more thoroughly, in order to uncover any novel mechanisms
in this material.

7.1 Description Of The High-resolution r-REXS Experiments

Motivated by this argument, we utilized high resolution resonant elastic x-ray scattering (REXS)
experiments to revisit various magnetic phases and their transformation to each other. The
experiment was performed at BL-29 Boreas at the ALBA synchrotron facility in Barcelona.
Unlike chapter 6, here we employed REXS in reflection geometry (r-REXS). Recently, r-REXS
has been proved to be a suitable probe to uncover subtle features in Cu,0SeOs [31, 221, 222,
223, 224]. The surface sensitivity of r-REXS provides us with an added layer of information,
which remains invisible to other scattering probes, such as SANS. As calculated by van der Laan
et al., the penetration depth of x-rays at the resonant edge is about 100 nm in Cu,OSeO3 [198].
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Figure 7.1: Setup of the r-REXS experiment at BL29 BOREAS. (A) Optical image of the disk-
shaped Cu,0SeOj single crystal used for the experiments. The single crystal was grown by
CVT technique, oriented along [001] and finally cut into two disks as shown in the picture. One
flat facet of each disk was mirror-polished with < 5 nm surface roughness. One of these two
disks was mounted on a sample holder, as shown in (B). (C) Shows the experimental scattering
geometry used at BL-29 Boreas for our experiment. Since the disk sample was oriented with
[001] out of the plane, an in-plane azimuthal rotation provided us access to the remaining
two (100) domains along with two (110) domains. The incident angle was kept constant at
about 48 °. (D) Sample was cooled down to 20 K and scattering pattern was recorded without
applying any field. Four orthogonal spots on the detector plane show up as a result of the two
propagating helices along the two in-plane (100) domains.

This makes r-REXS a truly surface sensitive technique. Only the (0,0,1) structural peak of
Cu,08Se0;3 is accessible by r-REXS under resonant Cu-L3 edge, at 8 — 26 = 48-96 °. For the
experimental part, one single crystal grown by the CVT technique was oriented with [001]
being surface-normal to the flat side (see Fig. 7.1A). In order to minimize demagnetization
effects, this single crystal was cut into two disk shaped smaller crystals, and mechanically
polished in order to remove any parasitic surface layer. One of the two disk-shaped samples
was mounted on a azimuthally-rotatable sample holder (shown in Fig. 7.1B). With [001] out
of the sample plane, we have access to remaining two (100)s and two (110)s in the sample
plane, as shown in Fig. 7.1C. The sample was cooled down to base temperature (~18 K) in a
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cryomagnet, capable of producing a maximum 1.5 T in-plane magnetic field. At zero magnetic
field below T, with our experimental geometry, two helical domains lie within the sample
plane, locked along [010] and [100]. The resultant magnetic scattering shows up as four clear
Bragg peaks on the detector plane, as shown in Fig. 7.1D. The corresponding azimuthal angle
() is set to be zero for this orientation (along [110]).

Figure 7.2: Observation of SS-state in a field-driven sequence. Detector image showing
results of magnetic field scan. The applied in-plane magnetic field has been indicated in
corresponding panels. Note that SS-state was observed only while ramping the magnetic field
down to zero, from saturation. The angle v is tilted away from [110] direction by 9 degrees.
Yellow, green, and red arrows point towards incommensurate Bragg peaks corresponding to
conical state, SS-state, and helical state, respectively. Note the shift of beam centre to the edge
of the detector.
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7.2 Results And Discussions

Figure. 7.2 shows results of the standard field-driven sequence at T = 20 K. The sample was
azimuthally rotated about 9° with respect to ¥ = 0. With strong enough magnetic field (around
1000 Oe), Cu,0Se0O3 remains in a forced ferrimagnetic state, resulting in only magnetic scat-
tering intensity at the commensurate g positions. But with magnetic field being ramped
down, the system enters conical phase, with propagation direction locked along the external
magnetic field. The scattering from the conical phase shows up as two horizontal spots on
the detector. But since we cover only half of the 2D reciprocal space, we have access to only
one Bragg peak (Fig. 7.2B). With further lowering of the magnetic field, we observe higher
harmonic signal from the conical phase, quite possibly due to elliptic distortion, as shown in
Panel-C of Fig. 7.2. As the magnetic field is decreased further towards zero, around 200 Oe, we
observe the appearance of a new Bragg reflection at gy /2 along with its higher harmonic (see
Fig. 7.2D). Finally, with lowering the magnetic field to zero, we re-enter helical phase with two
domains oriented along the in-plane (100) axes.

Figure 7.3: H — T phase diagram of the surface spiral state. A. Magnetic field dependency of
both g and q/2 peaks. The field was always applied in horizontal direction. B. Temperature
and magnetic field dependent phase diagram constructed for a single azimuthal angle, 1 = 6°.

The intensity evolution for all satellites as a function of magnetic field is shown in panel-A of
Fig. 7.3. We also found similar absorption due to both g/2 and g peaks. The broad Bragg peak
from this new phase points towards this surface spiral state (SSS) being manifested in only
few of the top sample layers. Through more detailed investigations, we uncovered the entire
regime of stability for the SSS. We found that this new state existed only below T =30 K, and in
a ~50 Oe magnetic field window. The state could also survive +5° of azimuthal rotation around
w = 0. From the data at hand, we propose the following explanations for the observation of the
SSS.

A mechanism similar to the tilted spiral stabilization may also account for of the new metastable
surface spiral state with the doubled period. Indeed, its emergence only for a narrow angular
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range of iy suggests that the balance between cubic and exchange anisotropies is required to
achieve the stability of the state. However, the reason why the spiral pitch is doubled remains
unclear at present. In principle, the helical state in cubic chiral magnets is well described
by the Bak-Jensen model that determines the spiral periodicity A = J/D as the main term,
and the AEI responsible for the small anisotropic corrections, as discussed in the previous
chapter. Hence, the doubling of the helical pitch at the surface is unexpected within this
phenomenological model. Moreover, the phase is clearly different from the three-dimensional
surface spirals (also called stacked spirals) that have been predicted by Rybakov et al. [162]
and recently observed in FeGe thin plate [190]. Due to its anisotropic nature, and exact 21
periodicity, the SSS is clearly different compared to the stacked spirals. The theoretical and
experimentally measured periods of these stacked spirals A are field-dependent and have a
period of 1.11 < A4 < 1.8A.

Interestingly, the surface spiral state did not show up in the ¢-REXS experiment (discussed in
Chapter 6). Two possible reasons can be considered. Firstly, this state is clearly metastable
and might be easily destroyed by the tensile strain observed in the lamella. Another possibility
is that the state requires co-existence of three helical domains, one of which has a wavevector
parallel to the out-out-plane [001] axis. Stability of this helical (conical) domain is suppressed
in a thin plate sample [162, 195]. At present these two scenarios cannot be distinguished and
require a separate study of a strain-free Cu,OSeO3 lamella.

Emergence of the new surface state challenges existing theories of cubic chiral magnets and
calls for further theoretical and experimental efforts to understand the complex landscape of
magnetic interactions in Cu,OSeOs. AEI should not be neglected when considering complex
magnetic behaviour of other chiral magnets beyond symmetric exchange, DMI, and cubic
anisotropy. For example, it may be involved to explain the low-temperature helical pitch
and SkL shortening and deformation in Co-Zn-Mn alloys [96, 155, 192] and emergence of the
enigmatic low-T B-phase in MnSi [141].
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Co5TeOg: Structural Complexity Meets
Topology

The Dzyaloshinskii-Moriya interaction (DMI) has been the key ingredient in the formation
of the helical ground state, and thus the skyrmion lattice phase of chiral magnets. In the
DMI-stabilized magnets, the typical helix pitch length varies as the ratio between ferromag-
netic exchange and DM vector. This signifies the consequences of lattice symmetry on the
macroscopic magnetic properties. One of the best examples of this is the 5-Mn type chiral
cubic structure (belongs to either P4,32 or P4332 space group) [186], which shows a diverse
class of magnetic orders such as helix [73], skyrmion lattice [94, 131], spin glass [145], even
magnetism without long range order [176], mainly dependent on the variation of Mn content
within the unit cell. In this chapter, we outline the complex incommensurate magnetism of
one such compound, Co5TeOg, by combining static magnetization, dynamic AC susceptibility
with wide angle neutron diffraction as well as small angle neutron scattering measurements.
We also propose a stabilization mechanism for the participating magnetic phases, through
detailed ab initio calculations based on quantum chemistry principles.

8.1 Topological Hedgehog Magnetic Structures

The Bak-Jensen model correctly predicts the similar phase diagram for the skyrmion hosting
B20 magnets together with Cu,OSeOs, even for substituted systems such as Mn; _,Fe,Si and
Fe;_xCo,Si. But with substituting Si with Ge in MnSi, dramatic changes in the phase diagram
are observed (see Fig. 8.1E). First of these being the gradual increase in the transition tem-
perature (Tn). In the crystal lattice, when Ge replaces Si, the interatomic distances increase.
Thus in the Stoner criterion, this leads to reduction of transfer integral and finally bandwidth,
resulting in a higher Ty. In fact, Ty changes by more than a factor of five between the two
extreme members of the family (MnSi: ~30 K, and MnGe: ~170 K). Second is the change in
magnetic spin texture with Ge substitution. The parent system, MnSi hosts helical ground state
along with a skyrmion lattice (SkL) phase, as shown in Fig. 8.1E. But with gradual Ge substitu-
tion, we observe three critical concentration ranges. For 0< x <0.35, the typical helical+SkL
phases, while at the other extreme end, that is for 0.7< x =<1, the cubic triple-q hedgehog
lattice (Fig. 8.1C) is formed as the zero field state. In the intermediate Ge concentration, that
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is when 0.35<x<0.7, a tetrahedral quadrupole-q state (shown in Fig. 8.1D) is formed at zero
magnetic field. Third, while looking at the phase diagram shown in Fig. 8.1E, one does not fail
to notice the increased magnetic field strength required for the ferromagnetic transition, with
Ge substitution. As evidenced from Fig. 8.1F the magnetic phase diagram consists of only one
transition, that is unwinding of a hedgehog lattice into a forced field-polarized state. Thus the
phase boundaries shown in Fig. 8.1E directly estimates the energy scale required for untwisting
either of the two hedgehog lattices into a ferromagnetic phase. These magnetic point defects
serve as singularities in the continuum field of magnetization distribution, effectively acting
as monopoles and anti-monopoles.

Figure 8.1: Cubic and tetrahedral hedgehog lattice in MnSi; _,Ge,. Magnetization config-
uration of (A) hedgehog and (B) anti-hedgehog. A magnetic configuration consisting of
hedgehogs and anti-hedgehogs for (C) cubic 3-g and (D) tetrahedral 4- g spin structure. (E)
shows the boundaries between incommensurate phases and field-polarized state in various
compositions of MnSi; _ xGey solid solution. (F) shows the phase diagram for MnGe. The inset
shows Lorentz transmission electron microscopy (LTEM) image for the cubic 3-g hedgehog
lattice. The three-dimensional spin structure while projected onto a two-dimensional plane,
produces the observed square contrast pattern. This figure is adapted from Ref. [187].

The topological nature of the 4-q as well as the 3-g hedgehog lattice is evidenced by the finite
topological Hall signal observed in the electrical transport measurements [54]. The unwinding
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of the topologically non-trivial hedgehog lattice into topologically trivial ferromagnetic phase
involves annihilation of hedgehog-antihedgehog pairs. This highly non-trivial phase transition
aptly results in gigantic responses in various experimental probes [53, 54, 87, 88, 103]. The
origin of these responses are ascribed to critical fluctuations of the underlying hedgehog
lattices [78, 79, 80, 225, 226]. Since the strength of DMI in this material is almost comparable
to other B20 materials, the appearance of small period helices is not supported by the DMI-
based theoretical description applicable for other B20 materials [55, 106]. Thus, in order to
account for the short period magnetic texture, various other theoretical approaches have
been proposed, such as a frustration mechanism [214], a biquadratic interaction based on the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [143], as well as the topological-chiral
interaction [61]. Since both the 3-g and the 4-g topological phases appear for different
concentrations of Ge in MnSi; _,Ge, series, one requires external pressure to achieve the
topological transition among them. As will be shown towards the end of this chapter, in
Cos5TeOg, this topological phase transition can be achieved rather trivially, paving the path for
novel data storage devices.

8.2 Micro Crystal Synthesis And Characterizations

Solid State Synthesis Route: The synthesis approach for Co5;TeOg was two-fold. In the first step,
pure phase polycrystalline sample was synthesized using conventional solid-state reactions.
Stoichiometric amounts of CoCOg3(Aldrich, 99.999%) and TeO, (Aldrich, 99.999%) were thor-
oughly mixed using a mortar. The resultant mixture was transferred to a platinum crucible
and placed inside a high-temperature muffle furnace. The temperature of the furnace was
slowly raised to 1000 °C at a rate of 100 °C per hour. The furnace was then dwelled for an
hour at that temperature. Then the furnace temperature was increased to 1100 °C at slower
rate of 50 °C per hour. The powder was then sintered at this temperature for about 3 days,
followed by quenching to room temperature. The quenching process was necessary to avoid
co-crystallization of Co30,4 spinel. Powder XRD pattern collected at room temperature con-
firmed the resultant product to be pure phase CosTeOg. This whole process is sketched in
panel-A of Fig. 8.2. The SEM image shown in Fig. 8.2B confirms the Co5TeOg micro crystals to
have mostly octahedral morphology, with clear triangular facets along [111]. The typical size
of these crystals was found to be around 10-15 ym.

In the second step, larger single crystal growth of CosTeOg was attempted several times
using various synthetic routes. For the chemical vapor transport (CVT) growth, 1-2 g of
polycrystalline sample prepared in the previous step was used as the source material. Various
transport agents, such as HCI, Cl,, and HBr were tried. No reaction was found to take place
between the reactant and the transport agents. The reaction of Co with quartz also presented
a huge challenge during the growth. The flux method was also employed to try the growth as
well. About 1 g of Co5TeOg polycrystalline sample was taken in an alumina crucible and mixed
with either CoCl, -6 H,0, CaCOgs, or Co(NO3)3 -6 H,0 thoroughly before trying the flux growth
method. All the trials resulted in co-crystallization of either Co304, or CoO, or Co3TeOg or
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Figure 8.2: Solid state synthesis of Co5TeQOg. (A) Temperature-time schematic diagram show-
ing the synthesis method employed for the preparation of Co5TeOg polycrystalline sample.
A muffle furnace was used for this purpose. (B) SEM micrograph showing highly faceted
well-crystalline Co5TeOg particles.

Co,Te3Og or a combination of two or more. Growths were also tried in inert atmosphere as
well as under flowing Ny, or O, gases. All of the above mentioned methods did not succeed
in producing larger single crystal of Co5TeOg. As it will be shown later part of this thesis
(Section 8.6), conclusive results from neutron scattering experiments can be obtained using
the polycrystalline sample.

Single crystal & Powder x-ray diffraction: Single crystal XRD measurement was performed on
one grain of Cos;TeOg with an approximate size of 15um. The resultant reciprocal space maps
for =0 and ¢=1 are shown in panel-A and B of Fig. 8.3. Appearance of the forbidden (001)
reflection is due to the anomalous Templeton scattering, since the data was collected over
a period of 13 hours. For reference, frame acquisition for ~10mins, gives decent refinement
results. Rietveld refinement was performed on a polycrystalline sample, and the lattice param-
eters as well as atomic coordinates match quite well with the single crystal data (see Panel-C
of Fig. 8.3).

’ Atoms ‘ X y z Occupancy ‘ U ‘ Wyckoff site ‘
Col | 0.50027 | 0.50027 | 0.50027 1.00 0.016 8c
Co2 | 0.38622 | 0.13622 | 0.37500 1.00 0.016 12d
Te 0.12500 | 0.12500 | 0.12500 1.00 0.015 4a
01 0.37120 | 0.37120 | 0.37120 1.00 0.017 8c
02 0.11630 | -0.10130 | 0.12310 1.00 0.017 24e

Table 8.1: Atomic site information for CosTeOg, as obtained from single crystal x-ray diffrac-
tion experiments.

The crystallographic structure of Co5TeOg is shown in panel-D of Fig. 8.3. There exists two
inequivalent Co-sites at 8c and 12d positions, which with neighbouring oxygen atoms, form
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tetrahedra and octahedra, respectively. Te atoms exist at the 4a sites with octahedrally coordi-
nated environment. A summary of the unit cell information is provided in Table 8.1.

Figure 8.3: XRD analysis of Co5TeOg. (A) and (B) show reciprocal space map of CosTeOg
obtained from the single crystal x-ray diffraction experiment. (C) Rietveld refinement results
of the powder x-ray diffraction pattern from the polycrystalline sample. (D) The crystal
structure of Co5TeOg visualized with VESTA [127].

In order to determine the Co oxidation state more precisely, we performed Electron energy
loss spectroscopy (EELS) on a thin plate (similar to the one shown in Panel-B of Fig. 6.1, with
thickness ~150 nm) cut from a single crystal CosTeOg using FIB milling (not shown here). We
used incident energy from below L till above L. Several line scans were performed on a 8x5
wm? area. Our results showed that the oxidation state of Co was found to be 2+ throughout
the thin plate.
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8.3 Magnetic Phase Diagram Construction Through Magnetization
& Susceptibility Measurements

Following the structural analysis, the magnetic properties of Co5TeOg were measured. DC
magnetization as well as AC susceptibility measurements were performed using the VSM and
ACMS-II option of a commercial Quantum Design (QD) 14T Physical Property Measurement
System (PPMS). The polycrystalline sample was enclosed in a standard polypropylene holder
provided by QD. The results from our extensive characterizations will be discussed as follows:
we will first show the magnetization measurements performed as a function of temperature,
followed by the ones as a function of magnetic field. Finally the complementary results from
AC susceptibility temperature scans will be presented.

Figure 8.4: Static magnetization of Co;TeOg at a constant applied magnetic field. DC mag-
netization measured for Co5TeOg sample in presence of 1000 Oe external magnetic field. The
inverse of ypc was fitted with Curie-Weiss law between 180 K and 310 K. In order to have a
more reliable results, the fitting range was varied within +10 K.

Temperature dependent magnetization measurements were carried out for Co5TeOg in a
wide range, between 320 K and 5 K. As shown in Fig. 8.4, with an appearance of a tiny kink,
a magnetic transition is observed around 45 K. Below this temperature, the moment value
increases sharply, before attaining a maximum value of about ~1.6 emu molacl) Oe!'at5K.
Above the transition temperature (7Ty), the magnetic moment value decreases monotonically
with increasing temperature. In order to gain further insight into the intrinsic magnetism
of Co5TeOg, data obtained above Ty, deep inside the paramagnetic phase was fitted with a
Curie-Weiss function. The Curie-Weiss temperature was obtained to be -30.41(8) K, which
suggests a antiferromagnetic type dominant magnetic interaction in this system. From the
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observed Curie constant, we estimate the effective moment to be 3.51 ug/Co, which is lower
than the spin-only value of 3.87 ug/Co for Co®™.

Figure 8.5: Subtle variations in the temperature induced transitions in Co;TeOg for a few
selected magnetic fields. (A) VSM temperature scans for Co5TeOg in the presence of three
different magnetic fields. The inset highlights the evolution of M as a function of T on a
logarithmic scale. For the low field measurement, the clear signature of temperature induced
transitions can be observed. This is further evidenced by dM/dT, as shown in panel-B. The
sharp transitions at low fields evolve into smeared high-field crossovers.

We now illustrate the temperature dependent magnetization behaviour in a smaller window.
As shown in Fig. 8.5, a series of magnetic transitions are observed, as the temperature is
lowered from the paramagnetic regime. These transitions which are observed with a 100 Oe
applied field, smear out with a higher magnetic field, for example, 5000 Oe. Finally with the
application of an even greater magnetic field, 20000 Oe, we see only one dip in the dM/dT
curve. This provides us with the first evidence of complicated magnetism in this system.
Also, the magnetism is governed by at least three distinct energy scales which will ultimately
determine the magnetic phase diagram.

We now illustrate the effect of gradual changes in the M vs T curves for more number of
applied magnetic fields. As can be seen clearly, with increasing field strength, the transition
observed at around 28 K, shifts towards higher temperatures. This is corroborated by the
dM/dT curves as well. Concomitantly, the shoulder seen between 30-35 K flattens out, leading
to complete suppression of it around 1500 Oe. Whereas the cusp marking the onset of Ty
slowly flattens out while moving towards lower temperatures. Finally when the magnetic field
is higher than ~1 T, Ty is observed to move towards higher temperatures. Figure .8.6 highlights
all the temperature-dependent transitions which can be tracked by static magnetization
measurements.

After the detailed temperature scans with different magnetic field strength, we now turn
our attention towards tracking the magnetic field induced phases in CosTeOg below Ty. As
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Figure 8.6: Temperature dependent static magnetization for Co5;TeOg under various
strength of magnetic fields. The data shown in Fig. 8.5 was extended to many different
fields and the resultant temperature scans are shown in panel-A. Systematic changes can be
seen in the temperature scans from low to high magnetic fields. Note the logarithmic y-scale.
(B) Shows the derivative with respect to temperature, which have been used to construct the
magnetic phase diagram later.

Figure 8.7: Static isothermal magnetization measured above and below Ty for Co5TeOg. (A)
Shows the evolution of isothermal magnetization as a function of magnetic field. These mea-
surements were performed from well-below till well-above Ty. (B) Shows the magnified region
below 1 T for panel-A. Clear sign of metamagnetic-type transitions are visible, while ramping
the magnetic field both up and down direction, with a significant remanent magnetization.

shown in panel-A of Fig. 8.7, above Ty, deep inside the paramagnetic phase, the M as a
function of H increases linearly, without developing any features, which is the typical response
expected in the paramagnetic phase. Magnetic isotherms at lower temperatures show a
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pronounced hysteresis, with remanent magnetization reaching up to 60% of the high-field
value (for example at T =5 Kand poH =5 T). This is shown in panel-B of Fig. 8.7. With lowered
temperatures, sharp metamagnetic-type transitions can also be observed.

Figure 8.8: dM/dH for Co5TeOg signalling field-induced metamagnetic-type phase transi-
tions. Derivative of the isothermal magnetization shown in Fig. 8.7. In order to distinguish
between the hysteresis, dM/dH has been plotted in two different panels. Panel-(A) shows
the results while magnetic field was ramped up. Derivative with respect to ramping down
magnetic field is shown in panel-(B). In order to highlight the tiny changes in the slope, both
panels have been shown in logarithmic scale.

The appearance of metamagnetic-type transitions are crucial from the viewpoint of chiral
magnetism [33, 187, 229]. As shown in panel-A and B of Fig. 8.8, a “valley” feature appears
in the dM/dH curves at intermediate temperatures. Analysis of the data collected at higher
temperatures confirms the absence of any field-induced phases where the measurements
were performed. Magnetic isotherms at temperatures just below Ty, shows a shoulder-type
feature which gradually turns into the “valley” feature, before turning into a broad feature at
the lowest temperatures. Magnetic hysteresis is also clearly evident while comparing panel-A
and B.

Now we look into the details of magnetic isotherms just below Ty down to the sharp transition
observed in the temperature dependent magnetization data. At T = 44 K, even though the
M(H) curve appears not to host any field-induced metamagnetic phases, the dM/dH shows a
clear appearance of a broad region in magnetic field suggesting clear existence of a second
field-induced phase. While we go down in temperature, this flat region slowly starts developing
to a more pronounced phase boundaries as can be seen in panel-B of Figure. 8.9. That also
suggests a well-stabilized field induced phase where spin reorientation in and out of which
could be energetically expensive, for example (but not limited to) a topological phase. The
inset shows the analysis performed at T = 32 K. The field-induced phase boundaries extracted
at this temperature will be used later in section 8.6.
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Figure 8.9: Magnetic field-induced metamagnetic phase transitions at selected tempera-
tures below Ty. (A) Measured isothermal magnetization below transition temperature, where
clear field-induced magnetic states can be found. The relevance of these temperatures will be
discussed in section 8.6. (B) Magnetization derivative with respect to magnetic field outlines
the phase boundaries between different metamagnetic phases. In skyrmion hosting cubic
helimagnets this “valley” region has been ascribed to the SkL phase. Inset shows the M as well
as the corresponding dM/dB at T = 32 K. This will be highly relevant in section 8.6, when we
try to make a connection with the magnetic spin structure in this chiral host.

Figure 8.10: Probing zero-field magnetic transitions in CosTeOg using AC susceptibility
measurements. Temperature-induced transitions in Co;TeOg were probed by more sensi-
tive AC susceptibility measurements. In panel-(A), we show the real part of AC magnetic
susceptibility (y},-) measured under zero-field cooling (ZFC) and zero-field cooled warming
(ZFCW) conditions. Both hysteresis regions are properly marked. The inverse y' is shown in
panel-(B). As mentioned in this panel, external DC magnetic field was set to be zero for these
measurements. While for the AC part, the excitation field and frequency were set to be 1 Oe
and 1111 Hz respectively.
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To look into the details of temperature-induced transitions, dynamic AC susceptibility mea-
surements were performed on the same sample. Hxc and wac were fixed at 1 Oe and 1111 Hz
respectively. As compared with the magnetization data, we now see a clear peak in y’. Re-
sults of the zero-field cooling and zero-field cooled warming protocols are shown in panel-A
of Fig. 8.10. Two hysteresis regions have been marked, which will again have relevance in
section 8.6. We also observed practically no observable changes in the frequency dependent
1’ — T data. This could mean that the characteristic frequency scale for the magnetic texture
below Ty (will be discussed in section 8.6) could be out of the window of AC susceptibility
measurements.

Figure 8.11: Behaviour of various temperature driven transitions probed by yac. AC sus-
ceptibility temperature scans were measured for few other applied constant DC magnetic
fields. DC fields were chosen such a way that they reflect the complex temperature-driven
transitions in the system. Panel-(A) shows the real part of these temperature scans, while
imaginary parts are shown together in panel-(B).

x' — T scans were performed in presence of fixed external DC magnetic fields and shown in
Fig. 8.11. The imaginary part of the 0 Oe scan shows a small yet clear sign of a peak signalling
a dissipative transition between the paramagnetic and the ordered phase. Between 0 Oe and
100 Oe, there is practically no difference between the y’ — T curves delineating any low lying
magnetic phases. But at 1000 Oe, the first hysteresis region has completely vanished while the
second hysteresis region has shifted up in the temperature scale. The dissipative nature of this
hysteresis region is clear from panel-B of Fig. 8.11. While with 10000 Oe of magnetic field, both
transitions have smoothened out without any sign of noticeable hysteresis. These findings
corroborate the magnetization results previously obtained and signifies a great agreement
between the static and dynamic measurements.

We now discuss the y’ — T data for the remaining constant DC magnetic fields. As shown in
panel-A of Fig. 8.12, we see a gradual change in the phase boundaries, which is backed up
by the derivatives with respect to the temperature (dM/dT) shown in Fig. 8.12B. With higher
applied constant magnetic fields, the first hysteresis region vanishes, and concomitantly y’
acquires a larger value. Such behaviour observed in y’ points towards non-trivial response in
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Figure 8.12: All AC susceptibility temperature scans at different applied DC fields for
Co5TeOg. In order to extract the boundaries of participating magnetic phases, AC suscepti-
bility temperature scans were performed in presence of a few constant DC magnetic fields,
between 0 Oe and 60000 Oe. The real part of the susceptibility and its corresponding derivative
with respect to temperature have been shown in panel-(A) and (B), respectively. For all scans,
AC field was fixed at 1 Oe, whereas AC frequency were fixed at 1111 Hz.

the susceptibility measurements while the system enters the low temperature phase directly
from the one close to Ty.

Electrical capacitance data was measured using a custom setup inserted in a Physical Property
Measurement System (PPMS). For the experimental part, a pellet was made by pressing the
polycrystalline sample and magnetic field dependence of the capacitance was measured below
Tn. As seen from panel-A and B of Fig. 8.13, sharp changes are observed in the magnetic
field-dependence of the electrical capacitance data. Only at the lowest temperature (T = 10 K),
the capacitance at intermediate magnetic fields is higher compared to the zero-field value. The
apparent differences observed in the magnetic field values of C(H) and dM/dH values could
be a result of demagnetization factor originating from two different geometries employed for
both experiments. As shown in Fig. 8.13C, there are two distinct regions in the C(H) curve,
where the capacitance varies linearly with magnetic field. At the highest temperature, the
inflection point signifies the change in net capacitance of the magnetic phases. Comparing
these capacitance data with the corresponding data from magnetization measurements, a
clear signal of the intertwined nature of the magnetic and electric order parameter emerge.

Finally, we combine all our results from static as well as dynamic measurements to formulate
the magnetic phase diagram of Co5TeOg. This is shown in Figure. 8.14. Note that the bound-
aries obtained from M — T data has not been shown in the phase diagram, since most of them
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Figure 8.13: Electrical capacitance as a function of magnetic field for Co5;TeOg. Capacitance
measurements were performed using a firm pellet made out of polycrystalline CosTeOg sample.
The results of magnetic field scans are shown in panel-A. In order to highlight the tiny changes
observed in the field scans, all data were normalized with respect to the zero-field value. This is
shown in panel-B. The sharp changes observed at specific magnetic field values also coincide
with the data obtained from the static magnetization measurements (see Fig. 8.8).

overlap with the ones obtained from y’ — T data. The phases have been labelled as unknowns
due to the inability of magnetometry methods to correctly identify the real magnetic structure
of the phases. For proper identification of these phases, real space probes such as Lorentz
TEM (LTEM), or reciprocal space probes such as resonant elastic x-ray scattering (REXS), wide
angle neutron diffraction and small angle neutron scattering (SANS) methods can be used.
Out of all these probes, SANS is useful only if the magnetic structure of these phase are incom-
mensurate in nature. But from the phase diagram, it is immediately clear that the magnetic
energy landscape in CosTeOg is highly non-trivial and would require careful characterization
tools in order to be fully resolved.

8.4 Heat Capacity Of Co5TeOg

Heat capacity measurements were performed on a robust pellet made out of the polycrystalline
CosTeOg sample. The pellet was mounted onto a typical 3x3 mm? sapphire plate. Apiezon N
grease was used to make good thermal contact between the sample and the platform. The
settings is the same as can be seen in Fig. 5.24A.

First, we performed heat capacity measurements on the CosTeOg pellet without applying
any magnetic field. Heat capacity was measured while warming up the sample gradually
between 2.1 K and 95 K using the short-pulse protocol. More description about the method
can be found in section 5.7. The results from the heat capacity measurements are shown in
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Figure 8.14: Magnetic phase diagram of Co;TeOjg as inferred from magnetization and sus-
ceptibility measurements. Magnetic phase diagram of CosTeOg has been constructed using
magnetization and susceptibility measurements. The diamond symbols signify the phase
boundaries extracted from magnetic field scans while the field was ramped down.

Fig. 8.15. For comparison, zero-field AC susceptibility data is also shown. A small kink in the
heat capacity curve is seen at T. There was no signature of a first or second order transition
seen at both temperatures marked with dashed lines.

From the low temperature regime (7<20 K) of Co5TeQg, electronic contribution to the heat
capacity was extracted using Sommerfeld’s relation (shown in Fig. 8.16). The extracted co-
efficients are typical examples of those obtained from insulating materials. In panel-B of
Fig. 8.16, we show the high temperature heat capacity of Co5TeOg. C,, varies linearly over all
the measured temperatures. It could be that the material at 100 K is still influenced heavily by
the magnetic transition at Ty and thus not entirely inside the non-linear regime yet.

Next, the magnetic field dependence of C, was measured, and the results are shown in
Fig. 8.17. Even though both static magnetization and dynamic susceptibility measurements
show cascade of transitions, heat capacity measurements do not show any sign of magnetic
transitions, neither at Ty, nor at the second hysteresis region. In fact, with higher magnetic
fields, the small kink previously observed at Ty was smeared. This is shown in panel-B of
Fig. 8.17.

Since the short-pulse technique could not produce any of the phase boundaries, we used the
long-pulse technique to probe the same. Details about the protocol itself, along with other
technical details can be found in section 5.7. Here we applied a 50% heat pulse to probe the
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Figure 8.15: Heat capacity of Co;TeOg measured with short heat pulses and zero magnetic
field. Nature of the zero-field phase transitions were also probed by heat capacity measure-
ments. As shown in the inset, a firm pellet was pressed from the polycrystalline sample and
mounted on the platform using grease. C,, vs T was measured for CosTeOg between 2.1 K
and 68 K covering the magnetically ordered regime. For comparison purpose, zero-field AC
susceptibility scan, measured under ZFCW condition, is also shown.

Figure 8.16: Low temperature thermodynamic quantities of Co5TeOg. C,(T) for T< 20 K
regime of the zero-field heat capacity measurement (shown in fig. 8.15) was used to extract the
Sommerfeld coefficient, as shown in panel-(A). Panel-B highlights the unexpected linearity
observed in C,, till the highest measured temperature of 90 K.

transition regions. The temperature-time evolution of the sample is shown in panel-(A) and
(C) of Fig. 8.18. Unlike Cu,OSeOs, we still were not able to observe any conclusive signature of
a phase transition in this system (see panel-(B) and (D) of Fig. 8.18). We also tried to set the
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Figure 8.17: Co5TeOg specific heat extracted from short heat pulses for increasing mag-
netic fields. After the zero-field heat capacity measurement, finite magnetic field dependent
heat capacity measurements were also performed using the same short pulse technique.
Panel-(A) shows measured heat capacity, whereas panel-(B) shows the region around Ty
highlighting the absence of any first or second order transitions.

equilibrium temperature close to Ty and reduce the heat pulse width. But similar outcomes
were still obtained. Trying to vary the time constant of the pulse also did not result in anything
significantly better.

We also varied the equilibrium sample + platform temperature to check for signatures of phase
transitions across the magnetic phase diagram of CosTeOg. As can be seen in in Fig. 8.19, even
this process did not result in any sharp or smeared peaks.

Finally, we performed heat capacity measurements at various field strengths using the long-
pulse technique. The small kink seen at Ty was slowly smeared out, similar to the one shown
in Fig. 8.17. In conclusion, even though there are a number of transitions clearly evident
from both static magnetization as well as dynamic susceptibility measurements, we did not
observe any signatures of these transitions across the magnetic phase diagram using both the
short-pulse as well as the long-pulse technique.

8.5 Powder Neutron Diffraction

In order to resolve the zero-field magnetic states of Co5TeOg (shown in the complicated
phase diagram of Fig. 8.14), powder neutron diffraction measurements were performed at the
thermal neutron beamline, HRPT of SINQ, located at PSI. Neutrons of wavelength 2.45 A were
used for all measurements. Since there was no magnetic field applied, goal of the experiment
was to resolve the phases labelled as Phase-I, Phase-III and Phase-1V in Fig. 8.14. About 2g of
Co5TeOg powder was enclosed in a standard vanadium can (as shown in panel-B of Fig. 8.21)
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Figure 8.18: Probing various temperature-driven transitions using long heat pulses. Long
heat pulses were also used in order to check for any sharp 1°! order transitions in CosTeOsg.
Shown in panel-A is the heat pulse which was applied in order to increase the sample temper-
ature by 50 % from the equilibrium temperature of 36 K. The blue line indicates the location of
Ty. Corresponding heat capacity data is shown in panel-(B). Similar measurements were per-
formed in order to check for the nature of the low temperature hysteresis region (as indicated
in Fig. 8.10). The results are shown in panel-(C) and (D). The blue line in panel-C stands for
the middle of the low temperature hysteresis region.

and installed inside a cryostat.

Diffraction data was first collected at T = 80 K in the paramagnetic phase. Similar to the
XRD data collected at room temperature, no additional phases were found. This is shown in
Panel-A of Fig. 8.21. A comparison has been made with the pattern collected at T =43 K, just
below Ty (Fig. 8.10). As shown in panel-B of Fig. 8.21, we observe two satellites decorating
the g = (1,1,1) nuclear peak. These peaks are labelled as (1,1,1+6), where § was found to be
0.0818+0.0045 A~!. In real space this would correspond to 7.68+0.42 nm. The temperature
dependent variation observed in susceptibility measurements (as shown in Fig. 8.10) are thus
attributed to incommensurate magnetism in this compound.

In order to check the temperature evolution of the satellites, NPD measurements were per-
formed at various points in the phase diagram between 1 K and 80 K. The results are outlined in
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Figure 8.19: Further probing of the transitions using long heat pulses. All the zero field
transitions for Co5TeOg as seen by static magnetization and AC susceptibility measurements
were probed by long heat pulses, but with different equilibrium starting temperatures as
indicated. Each time a long heat pulse was applied in order to raise the temperature of the
sample by 50% from the equilibrium value.

Figure 8.20: Magnetic field dependent specific heat of Co5;TeOg measured using long
pulses. Long heat pulse was also used to extract heat capacity as a function of magnetic
field, similar to the process shown in Fig. 5.25 of Chapter. 5. Until 1 T, magnetic field was
sequentially varied with a 100 Oe step (panel-A), followed by a 500 Oe step till the maximum
field of 14 T (panel-B). As clearly shown, no evidence for any field-induced transitions were
found.

Fig. 8.22. As can be clearly seen, with reducing the temperature towards the second hysteresis
region (see again Fig. 8.10A), the satellites move closer to the central (1,1,1) Bragg peak. The
significant temperature-dependent variation in the |g| transforms the actual satellites to more
“shoulder-like” peaks. Whereas, below the hysteresis region, the satellites make a sudden
jump to a higher ¢ and continue to move further away from (1,1,1) peak.

A combined analysis was performed for the set of three peaks obtained at all temperatures,
with three different Gaussian functions. While approaching the second hysteresis region, the
intensities of both satellites were found to increase by a factor of ~250%. Concomitantly, the
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Figure 8.21: Powder neutron diffraction results obtained from Co5TeOg. (A) Powder neu-
tron diffraction pattern of Co5TeOg in a wide 260 range. (B) Shows the magnified region around
(111) nuclear peak. A comparison of intensity between paramagnetic phase (80 K) and slightly
below ordering temperature (43 K) shows the appearance of two peaks corresponding to zero
field incommensurate magnetic phase. Inset shows one of the vanadium cans containing
polycrystalline Cos TeOg sample used for the experiments.

Figure 8.22: Temperature evolution of the magnetic satellites as obtained via neutron
diffraction measurements. Variation in ¢ for the (1,1,1) as well as the (1,1,1+5) peaks as
seen from the experiments performed at HRPT, PSI. Note that a constant offset was applied to
each data set in order to emphasize on the temperature dependence of the satellite peaks.

(1,1,1) peak intensity was found to decrease by ~18%. Since there were no other satellites
observed in the pattern, this variation is attributed to a redistribution of diffraction intensity to
other commensurate peaks. Indeed, slight change in Bragg peak intensity can be seen for other
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Figure 8.23: Analysis of (111) Bragg peak and its incommensurate satellites in Co;TeOg.
Temperature dependence of (111) Bragg peak and its corresponding magnetic satellites were
analysed individually. Panel-(A) shows the result of intensity evolution, panel-B shows the
position and panel-C shows FWHM extracted from the fit for the right satellite. Whereas
panel-(D) to (F) show the results for the main peak and (G) to (I) for the left satellite.

nuclear peaks (see Fig. 8.21A). Below the hysteresis region, a slightly asymmetric behaviour
was observed for the satellites, while the intensity remains almost the same for the (1,1,1)
Bragg peak. We also observe a small kink in the satellite intensities at near the first hysteresis
region. For |g| as a function of temperature for (1,1,1+6) peak, we observe that it changes
from 2.117140.0065 A1 at 43 K to 2.0953+0.0028 A1 at 28 K, while for the (1,1,1-8) peak the
same goes from 1.9534+0.0025 A~! at 43 K till 1.9735+0.0107 A~! at 28 K. As can be seen from
Fig. 8.23, |g| does not change drastically for (1,1,1) Bragg peak. To conclude, we assign the
cascade of transitions observed in our AC susceptibility measurements to occurrence and
therefore temperature-induced fine changes associated with the incommensurate magnetic
order. Around the first hysteresis region, with changes observed only in intensity of Bragg
peaks, but not in |g| suggests a tiny reorientation of the magnetic moments. Small angle
neutron scattering studies can provide further details about the microscopic magnetism in
this system.
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8.6 Reciprocal Space Magnetic Structure Using SANS

Figure 8.24: SANS experimental configuration for Co5TeOg at the SANS-I instrument, PSI.
Schematics of the sample environment used for our SANS experiment is shown in panel-A.
The MA-7 magnet window is about 45 degrees in each quadrant, as shown. This magnet is
capable of producing 6.8 T in-plane field. The direction of the applied magnetic field can be
changed by a 90° in-plane rotation. Thus switching between the o L K; (y = 0°) and poH || K;
(x = 90°) configurations. Both these geometries were used during our SANS experiments. (B)
In order to restrict any sample movements, the polycrystalline sample was loaded onto the
custom made Al-holder shown in panel-B. (C) Clear magnetic scattering from the sample was
observed even without applying any external field. This scattering pattern was recorded at
T = 44K, just below Ty. The zero-field magnetic phase shows up as a sphere of intensity (due
to the polycrystallinity) in reciprocal space, correspondingly as a ring on the detector plane.

Experimental setup: In order to resolve the magnetic structure of CosTeQOg, as a function of
both temperature and magnetic field, small angle neutron scattering (SANS) experiments
were carried out. For this purpose, we used the SANS-I instrument of Swiss Spallation Neutron
Source (SINQ) located at the Paul Scherrer Institute (PSI). A custom made Aluminium frame
was used as the sample holder (as shown in Fig. 8.24B). Polycrystalline sample in form of
a pellet was tightly packed inside the small cavity, which can be seen in the picture. This
design ensured extra stability to the pellet compared to other standard sample holders. The
whole sample + holder unit was then installed inside an Oxford cryostat containing the MA7
magnet (from the SINQ instrumentation support group). Figure 8.24A shows the schematics
of the magnet with sample installed inside. The measurements are performed in either of
the 45° openings in each of the four quadrants, while the remaining 180° are the dark angles.
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This Helmholtz magnet is capable of producing 6.8 T horizontal magnetic field. For all of
our experiments, neutrons with wavelength 5 A with a FWHM spread AA/A = 10% were used.
The incoming neutron beam was collimated by a distance of 8m before the sample, whereas
the scattered neutrons were collected with by a two-dimensional multidetector placed 3.5m
behind the sample. All the data analysis were performed using the GRAS,,sP software [42].

At first, the sample was cooled down to 50 K, in order to record a paramagnetic background.
Followed by collection of scattering data just below Ty. As shown in Fig. 8.24C, a “ring-like”
scattering pattern is obtained at T = 44 K. The radius of this ring (that is |g|) was found to be
0.0903+0.0002 A1 (correspondingly 6.96+0.02 nm in real space), which matches closely with
the value obtained from our neutron diffraction measurements (see section 8.5). With this
quick verification, now we can try to resolve the magnetic structure from various phases in
Cos5TeOg.

Results and discussions

The whole measurement protocol was two-fold. I. Re-verify the temperature scans performed
with neutron diffraction experiments, but with finer steps. II. Resolve the field-induced phases
shown in Fig. 8.14. Both transverse as well as longitudinal geometries were used to collect
scattering pattens for the latter. Although, in scope of this thesis, we will focus only on the
results obtained in the geometry where the magnetic field was applied perpendicular to the
neutron beam.

SANS experiments as a function of temperature: First we focus on the temperature dependent
scattering from Cos5TeOg. These results are summarized in Figure. 8.25. As can be seen in
panel-A, above Ty, no magnetic scattering was observed. Instead weak low- g scattering could
be due to pronounced paramagnetic fluctuations [82]. Just below Ty, a sphere of intensity
develops around (0,0,0) central peak, due to powder averaging. This sphere shows up as a
ring on the detector plane (see Fig. 8.24C or Fig. 8.25B). The |g| associated with this ring of
intensity corresponds to the one obtained from the diffraction experiments. Upon lowering
the temperature from Ty, the radius of the ring starts to shrink to lower gs, before completely
vanishing just below the second hysteresis region. Concomitantly, a new ring appears at a
higher |g|, as shown in Panel-E and F of Fig. 8.25. Around the second hysteresis region, inside
awindow of about 4 K, both these rings coexist with each other. This information was invisible
to the wide angle diffraction discussed in the previous section.

From the analysis of the scattering pattern obtained from driving the system across the
hysteresis region, important information is extracted. Below the hysteresis, both upon cooling
as well as warming, the magnitude of the modulation vector remains constant. Whereas above
hysteresis, the |g| is never recovered until the system reaches Ty. It attains a value slightly lower
than that obtained upon cooling. The total intensity concentrated inside the sector shows
clear sign of hysteresis, and also points towards a reorientation transition. Similarity between
the sector box intensity and y' data suggests that the changes observed in the macroscopic
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Figure 8.25: SANS patterns for Co5TeOg as a function of temperature. (A) Above no mag-
netic scattering was found. The observed scattering could be due to pronounced paramagnetic
fluctuations. (B)-(E) show magnetic scattering obtained from CosTeOg as a function of tem-
perature. The corresponding temperatures are mentioned in each panel. Note that without
any applied magnetic field, the SANS intensity correlates with the zero-field susceptibility
measurements (shown in Fig. 8.10). In order to estimate the total radial intensity evolution
as a function of |g|, an isotrpic sector was chosen such that it contains the maximum of the
intensity. Centres of these detector images have been masked. For simplicity, the colormap
limit was kept the same for all detector images shown.

magnetic behaviour is driven by the microscopic reorientation of the incommensurate spin
structure. Around the transition temperature, we see a clear two-peak structure in the total
radial intensity evolution. As the temperature is gradually reduced, the inner ring broadens in
g-space, while attaining a lower average q. The flattened intensity as a function of g (between
0.04 and 0.085 A™1) is evident from the results obtained at 20 K (see panel-C of Fig. 8.26).
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Figure 8.26: Analysis of temperature dependent SANS patterns for Co5TeOg. SANS scatter-
ing pattern as a function of temperature were analysed using the sector box shown in Panel-A
of Fig. 8.25. (A) Shows the extracted |g| (along with the corresponding real space pitch length)
at all temperatures. The intensity evolution of the ring is shown in Panel-B. Below the second
hysteresis region, ring intensity was found to be constant over all measured temperatures. For
comparison, real part of zero-field AC susceptibility scan is shown. (C) Shows the total radial
intensity evolution as a function of |g|, as extracted from the sector shown in Fig. 8.25.

SANS experiments as a function of magnetic field: Now we turn our attention towards various
field-induced phases in the magnetic phase diagram of Co5TeOg (Fig. 8.14). First, let us discuss
the result of “field-training” procedure before analysing the finer steps. As described earlier,
due to powder averaging, the incommensurate magnetic propagation vectors lie on a spherical
manifold with constant radius in reciprocal space. This appears as a ring on the detector plane,
as shown in Figure 8.27A. If the propagation vectors respond to a change in external magnetic
field, by performing the field-training procedure, SANS intensity can be concentrated into a
smaller reciprocal space volume. The procedure was decisive in determining key aspects of
geometrical confinement effects in our recent work, outlined in Section 5.9 [11].

We chose 2.5 T magnetic field since no scattering was observed on the detector at this point.
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Figure 8.27: High magnetic field-training of Co;TeOg just below Ty in transverse geometry.
(A) Shows the detector image before the field-training, same as panel-C of Fig. 8.24, while
panel-B is the detector image obtained after field-training procedure. For this procedure,
magnetic field was ramped up to 2.5 T at a rate of 100 Oe/s in a transverse geometry, held there
for few minutes, followed by ramping down to 0 Oe at the same ramping rate. (C) Shows the
integrated intensity inside the sector box shown in panel-B, as a function of azimuthal angle.
This data was analysed with six independent Gaussian functions and the resultant cumulative
fit is shown.

The result of the field-training procedure at 44 K for Co5TeOg is shown in panel-B of Fig. 8.27.
SANS intensity concentrated at six angular Bragg peaks superimposed on a ring-like back-
ground is observed. This is further strengthened by the sector box averaging as a function
of the azimuthal angle (), which is shown in Fig. 8.27C. The exact positions of these peaks
were obtained by fitting six independent Gaussian functions, and are outlined in Fig. 8.27C.
Clearly, the scattering is not a result expected from a standard SkL phase, and the reasoning
is two-fold. (I) The SANS pattern lacks the inherent hexagonal symmetry expected due to
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Figure 8.28: Effects of Field-training procedure across the magnetic phase diagram of
Co5TeOg. (A) Schematics of the field-training procedure used at various temperatures. For
temperatures less than 32 K, magnetic field was ramped up to the maximum available value,
6 T. The resultant scattering patterns are shown in panel-(B) to (G). For simplicity, the color
scale is kept the same for all patterns.

scattering from a triple-q SkL. (I) The scattering pattern shown in Fig. 8.27C is a consequence
of the measurement performed in a transverse magnetic field, which for a conventional planar
3-g SkL should just be a two-spot pattern concentrated at the north-south pole of the image.
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More discussions about the phases will follow in the later part of this section. But from the
initial assessment of the field-training procedure shows that magnetic modulation vectors are
quite responsive to the external field and the resultant spin configuration is highly non-trivial.

The field-training procedure was extended to lower temperatures in the magnetic phase di-
agram of CosTeOg. The results are shown in Fig. 8.28. If one refers to the phase diagram
shown in Fig. 8.14, in case the field-training is performed before the appearance of Phase-VI,
the maximum magnetic field required for obtaining pattern with no incommensurate mag-
netic scattering would be 2.5 T. But the appearance of Phase-VI significantly complicates
the H — T diagram. The appearance of intensity minima at 32 K, 26 K, and 25 Kon the 6 T
background subtracted detector images clearly signals towards the non-vanishing incom-
mensurate scattering even at these high magnetic fields. Above the appearance of Phase-VI,
the field-training produces similar patterns, in accordance with the magnetic phase diagram.
Performing field-training close to the second hysteresis region concentrates the scattering
signal from the co-existing textures. The inner patterns are reminiscent of that obtained at
higher temperatures, for example at 44 K. Whereas, the outer pattern appears more conical-
type with some residual angular scattering. From the angular as well as the radial spread of
the scattering pattern at the lowest measured temperature, it would be safe to assume that a
complex arrangement of magnetic domains influence the scattering signal.

Now, we illustrate the magnetic field dependency of scattering patterns for Co5TeOg. In the
first step, the zero-field state will be a ring of intensity on the detector plane. That is, we
start with the magnetic order shown in Fig. 8.29A. Since the field is applied in the transverse
direction to the incoming neutrons, the propagating magnetic order gradually reorients from
a 3D spherical manifold to 1D line, oriented along the field. Thus the scattering pattern
manifests as two peaks corresponding to a conical-type magnetic order (shown in panel-D
of Fig. 8.29). With increasing the field even further, this peak gets suppressed and eventually
vanishes. We did not observe any scattering signal above 1.5 T. Since the magnetization data
obtained at 44 K clearly points towards unsaturated moments (for example, see Fig. 8.9), this
phase can not be assigned to a field-polarized state. Instead, we postulate this state to be
a field-induced intermediate state where scattering is concentrated at the commensurate
peaks. But resolving this commensurate state is out of the scope of SANS experiments. When
the magnetic field is ramped down to zero, it produces the familiar six Bragg spots on a
background ring of intensity. This is marked by white arrows in Panel-F of Fig. 8.29. The
evolution of the modulation vector was tracked by the sector box shown in Panel-A of Fig. 8.29.
The results from the analysis of this radial dependency are shown in panel-G. The maxima
observed in the sector box intensity corresponds to the magnetic field-induced transition
from Phase-I to Phase-II (see Fig. 8.14). Correspondingly this maximum is complimented by
a weak change in the slope of the |g| vs H curve. Note that such increasing |g| with higher
magnetic fields is highly unusual in case of chiral skyrmion hosts. Similar behaviour has been
found in polar hexagonal magnet YsCogSny, where a higher order four-spin interaction has
been proposed to stabilize the noncollinear magnetic structure [180]. This kind of magnetic
field dependence on |g| is also reported for hexagonal frustrated magnet Gd,PdSis [111]. It
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Figure 8.29: Magnetic field dependent SANS patterns of Co5TeOg at T = 44 K. In the same
transverse field geometry, scattering was recorded at the mentioned temperature. Panel-A
shows the ring of scattering mentioned earlier. Magnetic order follows the increasing field
strength and orients along with it (in Panel-B and C). In panel-D the two horizontal spots signal
the formation of conical order, which subsequently transforms into a commensurate magnetic
order shown in panel-E. Panel-F is the same as the panel-A in Fig. 8.27. The difference is that
the sample was field-trained several times to concentrate more intensities on the Bragg spots.
(G) shows the results of the analysis performed on the specified sector boxes shown in panel-A
and E

would imply that the stabilization mechanism of spin textures in CosTeOg is beyond the most
common DMI-based theories and other novel interactions need to be considered to explain
these magnetic structures suitably. More details about this will follow in Section 8.7.

In the second step, we now analyse the magnetic field dependent evolution of incommensurate
satellites created as a result of field-training at 28 K. This state is shown in panel-A of Fig. 8.30.
Note that following the creation of the initial magnetic state at 28 K (as a result of the field-
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Figure 8.30: Field evolution of incommensurate satellites at 44 K with zero-field state pro-
duced at 28 K. As shown in panel-A, the four-spot zero-field state was produced at 28 K. With
increasing magnetic field, scattering pattern follows the previous measurement and trans-
forms into conical phase, as shown in panel-B and C. (D) At 2 T no scattering was observed at
the corresponding |g| position. (E)-(G) Show the development of conical order with ramping
down the magnetic field. (H) Shows the increment in scattering intensity at the angular spots.
(D) Scattering pattern for the zero-field state after the field-training is complete. The angular
positions of the sector boxes indicated in panel-I represent sector box corresponding to that
particular position as well as the one which is situated diametrically opposite to it.

training procedure), the actual field dependent measurements were performed at 44 K. We
see a considerable intensity focused at the north-south pole of the detector image. Magnetic
order follows the field direction and gets concentrated along the horizontal direction, before
all scattering signal is lost at 2 T. While ramping down, the opposite behaviour is observed,

133



Chapter 8. Co5TeOg: Structural Complexity Meets Topology

but now the satellites form a six-spot pattern, unlike the initial scattering pattern. The sector
boxes in panel-I of Fig. 8.30 are chosen such a way that to enclose all the Bragg peaks due to
incommensurate phase(s).

Figure 8.31: Sector box analysis of scattering pattern at 7 = 44 K for Co5TeOg. Analysis of
the sector boxes shown in panel-I of Fig. 8.30. Panel-A, B and C show the results of magnetic
field dependent behaviour of the total intensity, |g|, and FWHM, respectively, for the 90° sector
boxes. Panel (D)-(F) represent the same for 0° sector boxes. And finally, (G)-(I) show the same
for both diagonal boxes.

Since the zero-field state was created due to field-training at 28 K, we start the field-ramping
procedure with four Bragg peaks on the detector plane, instead of a uniformly distributed ring
of intensity. But when the magnetic order starts to follow the field direction, the reorientation
of modulation vectors is quite sharp and results in a pronounced maximum in the sector
box intensity, as shown in panel-A of Fig. 8.31. Additionally, we also observed a pronounced
maximum while ramping down the magnetic field, signalling the transition from Phase-II
to Phase-I, as labelled in Fig. 8.14. Whereas smooth monotonous changes are observed
for the rest of the sector boxes. Also, after the field-training procedure, the intensity of the
90° sector box was found to be smaller than the initial value, with a concomitant increased

134



8.6. Reciprocal Space Magnetic Structure Using SANS

intensity inside the other sector boxes. This fact is justified on the basis that the six-spot
pattern is formed by reorientation of the conical type magnetic order. |g]| still appears to
be increasing with magnetic field, with a slight change in slope signalling the transition
between Phase-I and Phase-II. The sharp changes seen in the behaviour of |g| for 35° + 145°
sector boxes is consequence of sharp reorientation of the modulation vector from 0° to 90°.
The results thus obtained from our SANS analysis agrees quite well with the corresponding
macroscopic magnetization data at 44 K. Which proves that not only the temperature-driven
behaviour, but also magnetic field induced responses are consequences of incommensurate
vector reorientation in CosTeOg.

In order to track the changes occurring to the modulation vectors as a function of magnetic
field, similar measurements were performed at T = 32 K (Fig. 8.32). Since the zero-field state
was now prepared at 44 K, it shows the appearance of familiar six Bragg spots, similar to which
is seen earlier in Fig. 8.27. Magnetic field dependency revealed that even a 6 T magnetic field
is not enough to suppress the incommensurate scattering. The response of the satellites was
found to be quite anisotropic with respect to each other. Since the stability of each of the
participating phases is enhanced, there are correspondingly sharper changes observed in the
analysis.

With increasing the magnetic field strength, these spots start to expand quite anisotropically. In
their respective regions of stability, satellites contained inside the 90° sector box and 35°+145°
sector boxes behave quite similarly, including the magnetic field induced hysteresis region. We
observed that unlike at 7' = 44 K, while ramping up the magnetic field from zero, |g| does not
increase linearly, but remains at a constant value (see panel-B and H of Fig. 8.33). But on the
other hand, it decreases linearly before entering the magnetic field induced hysteresis region
(panel-B of Fig. 8.33). This signifies the importance of magnetic history in this sample. Steep
changes observed in the intensity both for 90° and (35°+145°) sector boxes coincide perfectly
with the phase boundaries extracted from magnetization measurements at 32 K (see Fig. 8.9
and Fig. 8.14). Increased stability of Phase-V is concluded from the concomitant enhanced
plateau shown in panel-A and G.

Combining each result, we can now summarize all our findings from the SANS experiment.
First, the field-training procedure does in fact produces a eight spot pattern, not six (see
Fig. 8.34A). The weak intensity observed at the north-south position is enhanced while per-
forming the same field-training sequence at lower temperatures. For the remaining six Bragg
peaks seen in the same pattern, one possible three-dimensional magnetic structure is shown
in panel-B of Fig. 8.34 (the Phase-I in Fig. 8.14). This is the so-called 4-q hedgehog magnetic
texture previously observed in MnSi; - ,Ge, (for 0.3< x <0.6) [54]. But unlike these cases,
the scattering in Co5TeOg is dominated by sharp Bragg peaks. In the same solid solution of
MnSi; - xGe, (but now 0.7 < x < 1), existence of cubic 3-g hedgehog structure is also proposed.
The modulation vectors for this kind of hedgehog lattices are shown in panel-C of Fig. 8.34.
This is one of the candidate spin structures which could produce the observed scattering at
the north-south pole positions (corresponding to Phase-II in Fig. 8.14). The other two planar
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Figure 8.32: Systematic magnetic field scan in transverse geometry at T = 32 K. Scattering
patterns for various magnitude of magnetic field. The actual field value is mentioned in the
corresponding panel. The sector boxes still carry the same meaning. One key difference with
respect to the patterns shown in Fig. 8.31 is that here conical-type magnetic order still persists
evenat6T.

possibilities are 3-g SkL and 2- g square-SkL, shown in panel-D and E of Fig. 8.34, respectively.

Wide angle rocking scan of the Ewald’s sphere: In order to verify the presence of tetrahedral
4-q hedgehog lattice, as well as to uniquely determine the magnetic structure of Phase-II
(among the three possible cases shown in Panels C-E of Fig. 8.34), a wide angle rocking scan
(just below Ty) was performed in zero applied magnetic field. Prior to the scan, sample was
first field-trained at 2.5 T external magnetic field. The resultant is shown in Fig. 8.35B. This
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8.6. Reciprocal Space Magnetic Structure Using SANS

Figure 8.33: Detailed analysis of scattering pattern at T = 32 K for Co5TeOg. Analysis for the
sector boxes chosen in Fig. 8.32. Panels-A to I carry the same meaning as explained in the
caption of Fig. 8.31.

scattering pattern represents ¢ = 0° configuration. The sample was then rotated around this
position in an angular width of +100°.

Since the axis of rotation in Fig. 8.35B is oriented in north-south direction, one does not
expect any change in the intensity of the Bragg peaks observed at those positions. As shown
in panel-C of Fig. 8.35, this is precisely what is obtained from the experiment. Whereas, due
to the manifold of g vectors, corresponding to both 4-g as well as 3-g hedgehog lattice, a
periodic behaviour is expected from the I(¢) scan for the other angular sector boxes. For the
Bragg peaks arising at ¢ = 35° + 145° (along with their mirror sectors), two peaks are observed
at +90°, as shown in Fig. 8.35D. The scattering at these angles are predominantly attributed
to the 4-g hedgehog lattice, along with a small contribution from the 3-g hedgehog lattice.
For the same sectors, a slight asymmetric behaviour in I(¢p) is observed around ¢ = 0, while
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Figure 8.34: Arrangement of propagation vectors corresponding to the proposed spin
structure in Co5TeOg. (A) The 2D detector image is now plotted in 3D to emphasize on
the peaks observed at the north-south pole, that is at positions (0,+gy). (B)-(E) shows the pro-
posed propagation vectors which could explain the observed scattering pattern. The coloured
arrows represent possible contribution to the scattering signal.

attaining a constant scattering. This is an outcome of the g vector arrangement shown in
Fig. 8.35A. Finally, for the conical Bragg peaks, that is when 1 = 90° + 270°, scattering is found
to be dominated by five well-defined peaks (see Fig. 8.35E). These peaks are fitted with five
independent Gaussian functions and the resultant is shown in panel-E of Figure 8.35. The ¢
dependence of the total scattering can be well-explained with an easy correspondence with
the schematics shown in Fig. 8.35A. While the peaks observed around ¢ = + ~90° originate
mainly due to the 3-g hedgehog lattice, those appearing around ~54° are attributed to the
4-g hedgehog lattice. Finally, around ¢ = 0°, scattering due to both magnetic structures are
expected to contribute to the intensity, as shown in panel-E of Fig. 8.35. Thus, in the magnetic
phase diagram of Co5TeOg (Fig. 8.14), we confirm Phase-I and Phase-II to be 4-q tetrahedral
hedgehog lattice and 3-q cubic hedgehog lattice, respectively.
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Figure 8.35: Wide angle rocking scan of Co;TeOg without external magnetic field. (A) prop-
agation vectors of the 4-q tetrahedral and the 3-g cubic hedgehog lattice plotted around the
Brillouin zone centre. The red and blue rings represent the manifold of g vectors for the 4-g
and 3-q hedgehog lattice, respectively. The yellow arc is a schematic illustration of the angular
coverage of the measurement, that is -100 till +100 with a step size of 1°. (B) shows the detector
image of the field-trained pattern for ¢ = 0 configuration, that is poH L ki, that is when both
grey spheres lie on the detector plane. The angular positions of sector boxes indicated in panel
B represent sector boxes corresponding to that particular position, as well as the one which is
situated diametrically opposite to it. (C)-(E) represent angular dependence of the sector box
intensity as obtained by rocking the sample in the illustrated geometry. The I(¢) profile thus
obtained from the 90°+270° sector boxes was fitted with five independent Gaussian functions.

Topological nature of the participating phases: As shown by Y. Fujishiro et. al., a finite topologi-
cal Hall effect is associated with the quadrupole-q hedgehog lattice in MnSi; - ,Ge, [54]. By
similar analogy, we expect a possible topological nature of the 4-¢q spin structure proposed in
CosTeOg as well. Similar to the tetrahedral 4-q hedgehog lattice, the cubic triple-q hedgehog
lattice observed in MnSi; _ ,Gey also exhibits a finite topological Hall effect [54]. But the crucial
difference among these two spin structures being the change in sign of the topological Hall
effect as a function of magnetic field. While for cubic 3-q hedgehog lattice, the sign flips
from negative to positive with increasing magnetic field, the opposite behaviour is observed
for the tetrahedral 4-g hedgehog lattice [54]. This subtle difference may be attributed to
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Figure 8.36: Magnetic structure of both hedgehog lattices. Spin structure of (A) tetrahedral
4-q hedgehog lattice and (B) cubic 3-g hedgehog lattice. Arrangement of corresponding
propagation vectors characterizing each hedgehog lattice has also been shown. Cyan and
magenta spheres represent hedgehogs and anti-hedgehogs, respectively.

the static and fluctuating effects originating due to the emergent magnetic field [39, 88, 89].
The source of this emergent magnetic field being hedgehogs (which act as monopoles) and
anti-hedgehogs (anti-monopoles) in the lattice, resulting in non-trivial thermodynamic and
electrical responses [53, 54, 87, 88, 103]. Similar magneto-electric responses are also expected
from the dynamics of hedgehogs and anti-hedgehogs in the insulating CosTeOg. In order to
tune the observed topological spin texture in MnSi; - ,Gey solid solution, one needs to tune the
lattice constant, which could be highly non-trivial at times. Whereas, a topological transition
among the proposed tetrahedral 4-g and cubic 3-g spin structure in Cos5TeOg is observed at
arather small magnetic field of ~ 1000 Oe. It would be worthwhile checking if the proposed
magnetic structures in CosTeOg may be distinguished by their topological properties or not.

8.7 Estimation Of Exchange Couplings Through Quantum Chemi-
cal Approaches

Even if they are fundamentally different compared to each other, Co;TeOg shares striking
similarities in terms of magnetic texture with one of B20 materials, MnGe (or rather a solid
solution containing Si) [54]. Both systems host ultra-short magnetic textures (< 10nm). From
the experimental side, MnGe is proposed to have gigantic DMI values, which could even
be comparable to the leading order ferromagnetic exchange interactions [55, 106]. This is
clearly not feasible. Whereas, theoretical calculations set an estimation of DMI constant
which is of the same order as for the other B20 materials. These contrasting results lead to
the proposal of several other stabilization mechanisms based on I. Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction [143], II. Frustration arising due to AFM interactions [214], and IIL.
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Orbital motion of electrons giving rise to non-coplanar spin arrangement, giving rise to the so
called topological-chiral interaction [61]. In order to avoid such complicated scenarios, and
to provide a simple solution to the stabilization mechanism behind the observed magnetic
spin texture, we calculated the strength of leading order exchange couplings using ab initio
quantum chemistry methods.

Description of the method: We perform many-body wavefunction calculations on electrostati-
cally embedded finite-size models carved from the experimentally resolved crystal structure’.
As shown in Figure (structure), the crystal structure consists of two distinct Co atoms that are
six-fold and four-fold coordinated by O atoms. The finite-size models adopted in our calcula-
tions comprise a central unit hosting either one or two octahedra (tetrahedra) treated with
multireference or multiconfigurational wavefunctions, surrounded by the nearest-neighbor
octahedra (tetrahedra). These latter octahedra (tetrahedra) account for the charge distribution
in the vicinity of the central unit and are treated at the Hartree-Fock level. The crystalline
environment is restored by embedding each model in an array of point charges fitted to recre-
ate the long-range Madelung electrostatic potential [104]. Electron correlation effects in the
central units are described at the complete-active-space self-consistent-field (CASSCF) and
multi-reference configuration interaction (MRCI) levels of theory [67], including spin-orbit
interactions. MRCI calculations involve single and double excitations from the 3d valence
shells of Co?* ions and the p valence shells of the bridging ligands. We remark that embedded
finite-size model approaches have proven effective to describe electronic excitations and
magnetic interactions in a rich variety of strongly correlated insulators [38, 121], including
d-electron lattices [25, 24, 97, 130], owing to their localized nature.

A =7+ 74", (8.1)

where, #' encodes the contribution of the interactions within sites of spin S; while .#!!
encodes the coupling between the ith and j*" nearest-neighbor sites bearing spin S; and §j,
respectively. The intra-site contribution, /', takes the form

A=Y S, (8.2)
where &/ is the single-ion anisotropy. The inter-site contribution, %, reads
=01 (S-S +92Y (Si-§pF+ ). D-Six S, (8.3)
i<j i<j i<j

with J; and J, being the bilinear and biquadratic isotropic exchange couplings, respectively,

1 This work was performed in collaboration with Dr. Ravi Yadav from the group of
Chair of Computational Condensed Matter Physics (C3MP) at EPFL.
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Figure 8.37: Manifold of nearest-neighbor exchange interaction. A. Crystal structure of
Co5TeOg. There are two inequivalent Co atoms in the unit cell, crystallizing in an octahedral
and tetrahedral coordination environment with nearest oxygen atoms. The leading order
exchanges have been labelled. (B)-(D) illustrate these leading order exchange pathways more
clearly.

and D is the antisymmetric Dzyaloshinskii-Moriya interaction [132].

We determine the intra-site interactions appearing in .#”, i.e., the single-ion anisotropy </,
relying on the one-site model. The single-ion anisotropy quantifies the zero-field splitting of
the ground state that stems from spin-orbit and crystal-field effects. To assess this quantity, we
rely on the methodology developed in Ref. [125] taking advantage of the multiplet structure and
corresponding wavefunctions. In brief, the mixing of the low-lying * T} states with the higher-
lying states is treated perturbatively and the spin-orbit wavefunctions related to the high-spin
configuration are projected onto the space spanned by the *T; |S, M;) states. The ortho-
normalized projections of the low-lying quartet wavefunctions, /4, and the corresponding
eigenvalues, Ey, are used to construct the effective Hamiltonian Aot = 1. Eje | W) (Wl A one-
to-one correspondence between .#.g; and the model Hamiltonian Hyoq = S- o - Sleads to the
o tensor, which is then diagonalized to obtain the axial parameter, <f.

Finally, we determine the inter-site interactions appearing in the spin Hamiltonian .#', i.e.,
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Co-sites || J, D || by, | D, [p/J]
Co;-Co; || 0.116 meV | -0.0084 meV | -0.011 meV || 0.073 meV | 0.0656 meV | 0.84
Co2-Coz || 0.088 meV | -0.0011 meV | 0.002meV || 0.003 meV | 0.00l meV | 0.03
Co;-Coz || 0.208 meV | -0.0032 meV | 0.003 meV || 0.001 meV 0.021 eV 0.102

Table 8.2: Exchange parameters for Co5TeOg, as obtained from the quantum chemistry calcu-
lations.

the bilinear and biquadratic isotropic exchange couplings J; and J», respectively, together
with the antisymmetric anisotropic vector, D. We rely on the two-site model shown in Fig-
ure 8.37. We map the resulting ab initio Hamiltonian onto the anisotropic biquadratic model
Hamiltonian given in Equation 3, which involves sixteen spin-orbit states corresponding to
one septet, one quintet, one triplet, and a singlet. The mapping is accomplished according to
the procedure described in Ref. [24]. The resulting magnetic interactions are listed in Table 8.2.
The dominant term among the inter-site interactions is the bilinear isotropic exchange cou-
pling J;, the positive sign of which indicates an anti-parallel spin interaction between the
S5=3/2 centers. We find that all leading order bilinear Heisenberg exchanges are AFM in nature,
whereas biquadratic terms are always FM. Competition among these leading order exchanges
could introduce frustration into the lattice, which may in turn stabilize the higher order spin
structure observed in our experiments. Similar mechanism has recently been proposed to sta-
bilize skyrmion textures in Gd,PdSis [111], GdsRuyAly; [71], and Co;Zn;Mng [191], to name a
few. Finally, summarizing all the results, we firmly believe frustration arising due to competing
AFM interactions could actually lead to the unusual behaviour seen in the experiments.

From the single site calculations, contrasting results for both inequivalent Co-sites in terms
of single ion anisotropy values were obtained. For the octahedrally coordinated Co-ion & is
found to be -2.1 meV, whereas the same for tetrahedrally coordinated Co-ion is 3.1 meV. These
result suggest that the former favours an easy axis configuration, whereas the latter favours an
easy plane one. These results can be readily verified using single crystalline samples.
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In this thesis, we have investigated two chiral magnets with different aspects of therir macro-

scopic magnetic properties. The conclusions can be summarized as:

L.

I

Size-tailored octahedral Cup,OSeO3 particles approaching nanoscale sizes were syn-
thesized by a low-temperature process and shown to be chemically and structurally
equivalent to bulk Cu,0SeO3. The chemical treatment is based on selenious acid leach-
ing from a selenite precursor induced by an acid-base neutralization. We anticipate
that the same chemistry can be used to grow other selenite materials. Likewise, it can
be applied to selenates when exposed to a base by leaching of selenic acid. Selenates
and selenites are an important class of materials with a large spectrum of applications
involving optical properties, catalysis, and energy to name but a few. We proposed four
distinct chemical mechanisms for transforming the starting material, CuSeOs -2 H,0,
into the final product, Cup0SeO3. From magnetometry and neutron scattering experi-
ments, together with micromagnetic simulations, we explored the interplay between the
particle geometry and chiral magnetic interactions in Cu,OSeOs and find that a diverse
array of magnetic configurations with variable topology may be stabilized according
to the particle size. Correspondingly, our results shed new and detailed light on the
size dependence of the magnetic phase diagrams and magnetization textures in small
Cu,0Se03 samples. This includes the discovery for the first time of a critical octahedral
height S. of 190 nm (31) below which no standard experimental signature for skyrmion
tubes is found. For other types of topological spin textures (e.g., merons and bobbers),
expected to be stable for shorter octahedral heights, investigation using experimental
techniques such as LTEM and electron holography is highly desired. Elucidation of
the magnetic textures in the larger particles also calls for the further development of
neutron and X-ray beam techniques aiming at the reconstruction of the real-space
magnetization distribution inside the particle [44, 65].

The observed quantization effect of confined chiral magnetic modulations was revealed
previously in epitaxially grown MnSi [92, 210] and FeGe [90, 153] chiral magnet thin
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films. In these systems, the periodicity of helical-like phases was found to either increase
or decrease slightly with respect to the bulk so that a discrete integer or half-integer
number of helical turns span between film surfaces. The present work extends obser-
vation of this phenomenon to small Cu,OSeOs particles, where for each of & = 73 and
338 nm, we observe clear increases in A so that a single and five helical turns span the
octahedron, respectively. The discretization in A is generally explained as enforced by
boundary conditions due to the reduced dimensionality and the surface-induced mag-
netic anisotropy. In contrast to spanning flat surfaces, the confined low-temperature
integer-turn helical-like states span the octahedral height or, more generally, the non-
adjacent octahedral vertices where four octahedron edges meet. This shows that the
boundary conditions enforced by the geometry of a vertex, itself a form of structural
topological defect, become increasingly dominant in the limit of small particle volume,
low temperature, and low field. Moreover, since in the vicinity of the particle vertices,
edges, and surfaces, the symmetry of the magnetic interactions is naturally broken
compared with the bulk, entirely new magnetic configurations without analogy to the
bulk have the potential to emerge. Due to this key role of the geometry in generating the
interactions that underlie the confined magnetic configurations, their robust stability
can be anticipated, particularly in the genuine nanoparticle limit. The geometrical
confinement effects reported here bring fresh insight for the future exploitation of chi-
ral magnets with sizes approaching the nanoscale, in particular by defining relevant
length-scales for their use in applications settings.

The low temperature magnetic phase diagram of Cu,0SeO3 showcases richer physics
compared to the other P2;3 skyrmion hosts. Based on the proposal of higher cubic
anisotropies, this system is home to a low-temperature skyrmion lattice which is com-
pletely independent from the high-temperature one, seen in many chiral magnets. The
role of anisotropic exchange interaction is often neglected in the stability and prop-
agation of helices. But through our detailed experiments, we find that AEI can no
longer be considered negligible. Our experiments show clear sign of increased magneto-
crystalline anisotropy consistent with previous proposal. Next, we will quantify the
anisotropy independently using other experimental probes, such as dynamic cantilever
magnetometry. This will provide a separate assessment of the anisotropies in the system.

Through the high-resolution r-REXS experiments, we discovered something unusual
and novel in Cup,0SeOs. The surface spiral state with doubled periodicity is exciting
from both theory as well as experimental point of view. According to existing the-
ory, there actually exists no energy minimum along (110), in the energy landscape of
Cup0SeO0s3 [156]. Magnonic signature from the Brillouin light scattering experiments
could provide some clue about the inelastic process associated with it. In order to
explain this novel phase, we need to go beyond the existing theories and start including
higher order corrections to the Hamiltonian, such as a Lifshitz invariant in order to
reasonably explain the occurrence of this phase. This is beyond the scope of this thesis,
but we are confident that future studies will solve this mysterious appearance of the



novel phase.

. The chiral compound, Cos;TeOg was synthesized in micro crystal form and detailed
structural and magnetic characterizations were performed. As expected, we found a
racemic mixture of two different chiralities in the sample. But distinction in magnetic
properties due to left- or right-handedness of the crystal structure is not possible at
the moment. We observed consistent magnetic properties from magnetization, and
susceptibility measurements. The results of electrical capacitance measurements also
showed features consistent with the ones from bulk magnetization data. Magnetic phase
diagram was constructed based on all the experimental probes outlined in this thesis.
The incredible complexity of it due to the role of complicated crystallographic lattice
in this compound. Wide angle neutron diffraction and small angle neutron scattering
experiments were performed at various points in the magnetic phase diagram. We could
identify a higher order 4¢q spin texture propagating in all three dimension. We also
propose other topological/non-topological phases as candidates for different part of
the phase diagram. Topological 44 as well cubic 3g spin textures have been observed in
solid solution of Mn-Si-Ge series, but a single form of magnetic texture being stable for
each stoichiometry [54]. Whereas, we observe magnetic field-induced transformation
between the 4q state to other non-trivial phases, which itself is exciting from both
experimental as well as theoretical point of view. Resolving the spin texture in real
space using Lorentz TEM or electron holography or in reciprocal space using Resonant
elastic x-ray scattering is highly desired. Finally, with help ab initio calculations, we
methodically propose a frustration-based mechanism which may stabilize different
phases in this chiral cubic insulator. In the past, discovery of such compounds with
exotic magnetic textures has boosted intense fundamental research from the community.
We expect nothing less from this complex magnet.
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