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SUMMARY

Magnetic skyrmions are topologically-protected swirling kinds of noncoplanar spin
textures that attract a lots of attention due to their potential application as data
bits in the future racetrack memory based magnetic storage devices [1]. Skyrmions
in the form of lattice were first discovered in a noncentrosymmetric B20 material-
MnSi near the magnetic ordering temperature [2]. Subsequently, the existence of
skyrmions was directly revealed in other B20 materials and also in different cate-
gories of noncentrosymmetric materials [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13]. In these
materials, the competition of Heisenberg exchange and Dzyaloshinkii-Moriya (DM)
interaction plays a crucial role in the stabilization process of skyrmions. In these
bulk materials, mostly Bloch skyrmions [3, 4, 5, 6, 7, 8] and a very few cases of
Neel skyrmions [9, 10, 11, 12] were observed depending upon the crystal symmetry
of the materials. Besides these two types of spin textures, a new kind of topolog-
ical magnetic object with topological charge opposite to that of skyrmion, named
antiskyrmion, has also been found recently in an acentric inverse tetragonal Heusler
system Mn-Pt-Pd-Sn having a Dyy class of crystal symmetry [14, 15, 16]. In the
case of antiskyrmion, the inhomogeneous type of DM interaction dictated by the
D5, crystal symmetry stabilizes the anisotropic type of in-plane spin configuration.
Even though both skyrmions and antiskyrmions owing to their topological stability,
exhibit several advantages over the domain wall-based racetrack memory [17, 18], a
major shortcoming is the deviation from their straight-line motion along the current
direction, called as skyrmion Hall effect [19, 20]. In this direction, the antiskyrmion
Hall effect can be tuned to zero when current is applied along some particular di-
rection due to the distinct type of spin configurations of antiskyrmion [21]. In
contrast, the skyrmion Hall effect remains the same for all current directions in the

case of Bloch and Neel skyrmions [21]. Hence the antiskyrmions possess a first-
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hand advantage over the skyrmions for the their future application in spintronics.
Therefore, the finding of antiskyrmions in new magnetic materials is a crucial step
for the future application based on antiskyrmions. In this context, it was already
theoretically proposed that the Doy and Sy class of symmetry supports the required
inhomogeneous DM interaction for the realization of antiskyrmions [22]. The re-
cent experimental discovery of antiskyrmion in the Ds; symmetric Mn-Pt-Pd-Sn

materials also corroborates the theoretically predication.

The Mn-rich Mn-Ni-Ga based shape memory alloys possess all the prerequisites
to host antiskyrmions. Generally, these alloys undergo structural transition from
a high symmetric cubic phase to a low symmetric tetragonal phase. When the
tetragonal structure is noncentrosymmetric, it falls under the Doy class of symmetry.
Then the antiskyrmions can be realized in the noncentrosymmetric tetragonal phase
of these alloys. In the present thesis, the realization of antiskyrmions in the Doy

symmetric Mn-rich Mn-Ni-Ga alloys are mainly discussed.

For this purpose, Mn-rich Mn-Ni-Ga alloys are prepared using the arc melting
furnace. All the samples are characterized through x-ray diffractometer (XRD),
field-emission scanning electron microscopy (FESEM), and energy-dispersive x-ray
spectroscopy (EDS) techniques. The dc magnetization measurement is performed
using the superconducting quantum interference device (SQUID)-vibrating sample
magnetometer (VSM) and VSM attached to the physical properties measurement
system (PPMS). The ac susceptibility measurements are carried out using the AC
Measurement System (ACMS) option in the PPMS. The AC transport (ACT) option
of the PPMS is used to map out the magnetotransport properties of the samples.
The Object Oriented MicroMagnetic Framework (OOMMF') simulation is utilized

to perform the micromagnetic simulation to understand the experimental results.

The first part of the thesis is dedicated to the realization of antiskyrmions in the

D54 symmetric MnyNiGa compound. The dominant tetragonal crystal phase having
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space group [-4m2 and small amount cubic crystal phase with space group F-43m is
found from the XRD pattern recorded at the room temperature for MnyNiGa. The
temperature-dependent XRD patterns and the finding of thermal hysteresis between
the field-cooling (FC) and field-heating (FH) M(7T) curve around the room temper-
ature confirms the presence of structural transition from the high-temperature cubic
to low temperature tetragonal phase in MnyNiGa. The field-dependent magnetiza-
tion, M (H), measurement performed at 7' = 2 K for MnyNiGa gives a saturation
magnetization of 1.41 pup/f.u.. The M(H) loop also shows a dip kind of anomaly at
a particular magnetic field range. The dip kind of anomaly is found in the tetrago-
nal dominated temperature range, i.e. up to 300 K. In contrast, no such anomaly is
detected in the M (H) loop recorded in the cubic phase of the sample. Inspired by
the anomaly in the M (H) measurement, the topological Hall effect measurement,
which is frequently used to skyrmions [13, 23, 24, 25, 26, 27], is performed at differ-
ent temperatures. The extracted topological Hall resistivity shows only a nonzero
value in the temperature span where the tetragonal phase is dominantly present.
In contrast, zero topological Hall resistivity is found for the cubic dominated tem-
perature range. The finite value of extracted topological Hall resistivity in the Doy
symmetric material strongly indicates the presence of antiskyrmion phase up to
room temperature. To further establish the presence of the antiskyrmion phase, ac
susceptibility measurement, which is often employed to characterize the skyrmion
phase [28, 29, 30, 31, 32, 33|, is performed at various temperatures. The existence
of a sharp kink-like features in the field-dependent ac susceptibility data strongly
support the presence of antiskyrmion phase up to room temperature in MnyNiGa.
The antiskyrmion size estimated from the topological Hall measurements is found
around 20 nm. The smaller antiskyrmions size along with relatively low magnetiza-
tion of MnyNiGa in comparison to that of Mn-Pt-Pd-Sn system play important role

towards the realization of antiskyrmion based data storage devices.
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A part of the thesis is concerned about the modification of the antiskyrmion
phase present in the Mn,NiGa alloy. Despite several advantages of antiskyrmion
hosting MnyNiGa material over the antiskyrmion host Mn-Pt-Pd-Sn system, the
stability of the antiskyrmion phase against temperature is one of the major obsta-
cles for the future spintronics application. For any future high-density data storage
device, the reduction of antiskyrmion size is an essential step. Even though the mag-
netic moment in MnyNiGa is lower than other existing antiskyrmion hosting mate-
rials, further lowering of magnetic moments may help to reduce the antiskyrmion
Hall angle irrespective of current direction and for a better stability of the anti-
skyrmion phase against the in-plane magnetic fields. For this purpose, a series of
Mnsy, . Ni;_,Ga (x = 0.1-0.28) samples are prepared using the arc-melting furnace.
All the samples are characterized properly through XRD, FESEM, and EDS mea-
surements. It is found from the room temperature XRD patterns that all the samples
crystallize in the pure tetragonal phase in contrast to the mix-structural phase in
MnyNiGa. The temperature-dependent magnetization measurements also support
the absence of structural transition up to the magnetic order temperature of about
650 K. A monotonic decrease in the magnetic moment from 1.41 pg/fu. z = 0.00
to 0.43 pp/fu. for z = 0.28 is found in the dc magnetic hysteresis measurement.
Interestingly, the field-dependent magnetization measurements in = < 0.20 reveal
a similar anomaly as seen for the parent MnyNiGa compound. No anomalies are
observed for z = 0.25, and 0.28 samples. Apart from the low field anomaly, a new
type transition accompanied with hysteresis behavior appears in the M(H) for z
= 0.13, and 0.16. It is found that the topological Hall resistivity increases initially
with composition before reaching the maximum value around 232 nf2-cm and then
again decreases for x > 0.16. Finally, a zero value of topological Hall resistivity is
found for x = 0.25 and 0.28. Since the magnitude of topological Hall effect directly

determines the size of the skyrmions/antiskyrmions, a tunable antiskyrmion size is
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expected for the present samples. It is demonstrated that the anisotropy of the
system controls the size of the antiskyrmion, resulting in the variation of topological
Hall resistivity. Therefore, the largest value of topological Hall resistivity indicates
a reduction of antiskyrmion size for z = 0.13 and 0.16. The field-driven ac sus-
ceptibility measurements show a small transition for x < 0.1, while more than one
transitions are found for x = 0.13 and 0.16. No such kind anomalies are detected
for x = 0.25 and 0.28. Hence, the observation of anomalies in the magnetic data
and finite topological Hall resistivity strongly suggest the presence of antiskyrmion
phase for x < 0.20. On the other hand, the absence of any peak and hump kind
anomalies in the ac susceptibility measurements and almost zero value of topological
Hall resistivity indicate the disappearance of the antiskyrmion phase for x = 0.25
and 0.28 samples. The presence of multiple transitions in ac susceptibility data and
a double peak-like behavior in the topological Hall resistivity curve strongly indicate
the presence of various topological phases with different topological charges for 0.10
<x < 0.20. This is also supported by the micromagnetic simulation studies. The
present findings of reduction in the size of antiskyrmions, smaller magnetization, and
the presence of multiple topological phases are extremely important for realizing the

antiskyrmions-based storage devices.

The final part of the thesis focuses on the magnetic relaxation study in the
antiskyrmion phase of the inverse tetragonal Heusler compounds using ac suscepti-
bility measurements. The frequency-dependent ac susceptibility data are analyzed
in light of the Cole-Cole model to study the relaxation dynamics of the known
antiskyrmion hosting Mn-Pt-Pd-Sn material. It is demonstrated that the Debye-
type relaxation process with negligible distribution of relaxation time governs the
magnetic relaxation in these materials. A slight deviation from this behavior is ob-
served around the coexistence region consisting of helical and antiskyrmion phases

(or antiskyrmion and field polarized state). The observation of unusual behavior in
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the relaxation time and distinct maxima at the magnetic phase boundaries signify
the presence of a slow relaxation process at the phase crossover region compared
to the pure magnetic phase. Similar relaxation dynamics studies on the possible
antiskyrmion hosting system Mn-Ni-Ga are carried out. The coexistence of the he-
lical and antiskyrmion phase and the mixed-phase consisting of antiskyrmion and
the field polarized state are evident from slow relaxation behavior around the phase
boundaries. It is also observed that the relaxation process for the Mn-Ni-Ga al-
loys is faster than that of Mn-Pt-Pd-Sn alloys. This might be due to the smaller
antiskyrmions size in the Mn-Ni-Ga system in copmarison to that of Mn-Pt-Pd-Sn

system.
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Chapter 1

Introduction

In 1965, Gordon Moore presented a golden statement based on his observation that
the number of micro-components (transistors) in a chip or integrated circuit will
be doubled in almost every two years. Therefore, the increase in the number of
transistors in microelectronics devices in the last few years makes it difficult for
device-makers to incorporate heating problems, electrical leakage, power consump-
tion, and several other problems in the electronics devices. Hence, the reduction
in size and lowering the power consumption in any electronic device are the most
challenging aspects for researchers for the last 60 years. The problems mentioned
above, along with the volatile nature and slowness of the memory devices, inspired
the idea of spin logic which gave birth to the spintronics, i.e., spin degree of freedom
of electrons is taken into account to control the current flow depending upon the

spin interactions.

The era of spintronics starts with the discovery of Giant Magnetoresistance
(GMR) [34, 35] and Tunneling Magnetoresistance (TMR) [36]. Both phenomena
mentioned above rely on the change in the electronic properties due to the relative
orientation of two magnetic layers separated by a non-magnetic metal/insulating
layer. In general, depending upon the thickness of the non-magnetic layer, the two
magnetic layers exhibit ferromagnetic (FM) or antiferromagnetic (AFM) coupling.

This type of coupling depends on the Ruderman—Kittel-Kasuya—Yosida (RKKY)
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interaction. Although the field of spintronics is expanding at a rapid speed, no
significant development has been reported on the spin-based data storage devices.
At present, the two primary sources of data storage are the solid-state-based ran-
dom access memory (RAM) and the magnetic hard disk drive (HDD). Despite the
rapid development of both types of data storage techniques, each has some draw-
backs compared to the other. One of the major shortcomings of the RAM is its
high cost to store a single data bit in comparison to the magnetic HDD. On the
other hand, in the case of magnetic HDD, its response time is too large compared
to the RAM because of the heavy mass of the rotating disks. Therefore, building
a storage device as cheap as HDD and performance comparable to the solid-state
RAM is highly desirable. In the last few years, Parkin et al. [37] have carried out a
significant amount of work in this direction based on a novel high density, high per-
formance, solid-state storage memory device - Racetrack Memory [37]. Racetrack
memory, which is proposed to consist of magnetic nanowires consisting of several
magnetic domains aligned vertically or horizontally on a silicon chip, is supposed
to be three-dimensional (3D) in nature instead of the conventional two dimensional
(2D) memory systems. Here, each magnetic domain wall is used to store infor-
mation in the form of a bit. Therefore, a series of data bits can be stored along
each magnetic nanowires of the racetrack. Such arrangement of the racetrack device
would help to increase the data storage capacity enormously. In principle, reading
and writing occur through the back and forth motion of domain walls along the
racetrack of magnetic nanowires by application of nanosecond current pulses. It is
to be noted here that the spin-transfer torque phenomenon is accountable for the
domain walls motion in racetrack devices. However, it is found that the motion of
the domain walls can only be achieved with a very high current density of the order
3x10% A/em? [38, 39, 40]. Even though the domain wall-based racetrack memory
possesses huge advantages in terms of storage capacity and speed, it has several
demerits, e.g. (1) high current density to move the domain walls, (2) incapability
to avoid pinning centers (magnetic impurities) where the domain wall can be anni-

hilated. In this context, some of the recently discovered topological spin textures



attract much attention due to several advantages that they exhibit over the con-
ventional domain walls. Recent experimental discovery of magnetic skyrmions [2,
3,4, 8,9, 29, 41], an example of the topological spin textures, fuels the research on
topological aspects of different types of spin states. It has been shown that mag-
netic skyrmion, a vortex-like object with circular chiral spin configuration, starts
to move with a critical current of 10° order less in magnitude in comparison to the
domain walls owing to its topological protection [17, 18]. Another important aspect
of skyrmions is that their ability to avoid the pinning centers without changing their

topological character.

It has been proposed that the magnetic skyrmions can act as data bits 1" and "0’
in the racetrack memory device [1]. Although it has been theoretically shown that
the skyrmions as data bits may solve many problems of the racetrack memory, a
lot of issues remain unsolved experimentally for their implementation in devices. In
this prospect, the foremost challenges for the room temperature high-density data
storage devices are the reduction of skyrmion size (<10 nm) and their stability in
an extensive temperature range that includes room temperature. One of the major
drawbacks is that skyrmions exhibit the skyrmion Hall effect (SKHE), the current-
driven motion of the skyrmions toward the edge of the sample [19, 20]. It has been
experimentally observed that the skyrmions under the application of electric current
do not move along the straight-line path in the nano-tracks, rather they prefer to
move towards the edge of the nano-tracks due to the skyrmion Hall effect [19, 20]. As
a result, the information stored in the form of data bits can be lost as a consequence
of the annihilation of skyrmions at the edge of the racetrack. In this framework, it
is important to search for alternative topological objects that could possibly rectify
all the problems mentioned above. Hence, the search for new skyrmion hosting
materials with different topological charges is extremely important for any future

applications pertaining skyrmions.
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1.1 Motivation and outline of the thesis

As stated above, the skyrmion Hall effect is an unwanted quantity for the device
application. It is expected that all the topological magnetic objects with non-zero
topological number would exhibit the skyrmion Hall effect. However, depending on
the nature of the spin configuration it may be possible that the motion of these
topological objects can be controlled by directional current injection. In this regard,
it has been recently shown that the angle of deflection of antiskyrmions, a new type
of topological object with opposite topological charge to that of skyrmions, firmly
depends on the direction of currents [21]. It can be noted here that the presence
of inhomogeneous in-plane spin configurations of antiskyrmions in comparison to
that of the skyrmions plays a major role in the anisotropic current driven motion
of the former. Interestingly, it has also been reported that the antiskyrmion Hall
effect can be nullified for a particular direction of current flow [21]. Because of
this distinct characteristic of the antiskyrmions, they possess a first-hand advantage
over the skyrmions for any future applications. Hence it is important to explore new
materials that can exhibit antiskyrmion phase at room temperature.

It has been theoretically shown that the class of materials with crystal symmetry
Dy4 and Sy can exhibit antiskyrmion phase [22]. In this context, the experimental
demonstration of the antiskyrmion lattices has been carried out in the Dy, symmetry
based Mn-Pt-Pd-Sn inverse tetragonal Heusler materials [14, 15, 16]. It is important
to mention here that for any future application of antiskyrmions, their size should be
very small in order to achieve the high density data storage. In addition, they must
exist over a large temperature range including the room temperature. Furthermore,
antiskyrmions in low magnetic moment materials are preferable to minimize the
problem of skyrmion Hall effect as well as the stray field effect. Although the
antiskyrmion lattice has been recently detected in the Mn-Pt-Pd-Sn samples at
room temperature, the high magnetic moment of the order of 5 ppg/fu. of this
system along with large size of the antiskyrmions are the primary limitations for

the future high density storage application [14, 15, 16]. It has also been observed
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recently that the antiskyrmions phase in Mn-Pt-Pd-Sn samples can be modified
into skyrmion phase via trivial bubble under the application of small amount of
in-plane magnetic fields [15, 16]. Due to this topological phase transformation, the
antiskyrmions in the high magnetic moments based system may not be desirable in
the context of skyrmion Hall effect. Hence, it is important to search for the low
magnetic moment based new antiskyrmion hosting materials that can exhibit very

small antiskyrmions.

Another important parameter that needs to be looked upon for any practical
application in spintronics is the minimization of the energy loss as a result of the
magnetic damping. It is well known that the damping of magnetization is related to
the relaxation rate to attain the equilibrium state. In other words, the faster relax-
ation process indicates comparably higher magnetic damping and vice-versa. There-
fore, the low damping based materials are preferable in some particular spintronics
applications. In contrast, higher magnetic damping is sometime more advantageous
in some applications, for instance, the requirement of lower critical current density
for higher magnetic damped samples in the current-driven magnetization switching
process of magnetic RAM. Therefore, the study of relaxation dynamics of skyrmion
phase is an important aspect for the application perspective. No such relaxation
dynamics study has been carried out yet on the antiskyrmion hosting materials.

Therefore, it is required to throw some lights in this direction.

In the present thesis, an elaborate study on the antiskyrmion phase of Mn-Ni-Ga
based Heusler shape memory alloys is presented by means of magnetic and magneto-
transport measurements. In this context, various aspects of antiskyrmion phase are
discussed by analyzing the data obtained from different experiments. The present
thesis consists of six chapters. Chapter-1 fully concentrates on the introductory
part that includes the motivation behind the present work, theoretical background
and literature survey associated with the present work. The experimental tech-
niques used in these studies are described in details in Chapter-2. The realization
of antiskyrmion phase in the Heusler shape memory alloy, MnyNiGa, is presented

in Chapter-3. In this chapter, the antiskyrmion phase in these alloys are char-



6 Introduction

acterized through static magnetization, magneto-transport, and ac susceptibility
measurements. Chapter-4 is focused on the modification of antiskyrmion phase
in Mny,,Ni;_,Ga shape memory alloys. Chapter-5 is assigned to the relaxation
dynamics studies of the known antiskyrmion hosting Mn-Pt-Pd-Sn materials and
the antiskyrmion hosting Mn-Ni-Ga system. The summary, conclusion and future

aspects of the thesis are discussed in Chapter-6.

1.2 An overview about the fundamental Interac-

tions in Magnetism

1.2.1 Exchange Interaction

The fundamental interaction that first comes into the picture to describe the for-
mation of hydrogen molecule from two individual hydrogen atoms is known as the
exchange interaction, which is nothing but an electrostatic interaction. The corre-
sponding exchange force between the spins of two neighboring electron of the two
individual hydrogen atoms acts as a glue to hold them together against the strong
coulomb repulsion in order to minimize the energy. When the two spins are antipar-
allel, then the total energy of the system is minimum, and hence the corresponding
force between the two atoms is attractive. Therefore, it can be easily concluded that
the exchange force is an outcome of the Pauli exclusion principle when it is applied
to two atoms as a whole. Besides this bonding theory of molecules, the fundamen-
tal origin of the molecular field in the Weiss theory, missing until 1928, could be
successfully formulated when the quantum-mechanical approach was taken to deal
with the problem by Heisenberg [42]. He could successfully demonstrate that the
magnetic properties of magnetic materials can be explained in terms of exchange
interaction, which determines the long range ordering in magnetic material. The

exchange interaction between two neighboring spins, S; and 57] located at i-th and
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j-th sites can be expressed in terms of the exchange Hamiltonian,
Hemchange = _2J§’z‘§; (11>

where, J is the exchange constant.

The above equation is derived for the two electron system. In early days of quan-
tum mechanics, it was found that the above equation is also valid for all neighboring
atom in many body system. Therefore, the Heisenberg Hamiltonian for many body

system can be written as

Hemchange - _ij]gzg; (12>
ij

where, J;; is the exchange constant between the i-th and j-th spins. The factor 2
is included in the summation for double counting of each pair of spins. The spin
arrangement in two different neighboring sites depends on the sign of the exchange
constant. If the J;; is positive, the spins favor parallel arrangement to minimize
the exchange energy, whereas the negative value of J;; forces the antiparallel spin
arrangement. Therefore, the positive value of J;; is an important criteria for ferro-
magnetism and negative value of J;; is generally found in antiferromagnetic materi-
als. The magnetic ordering temperature can be determined from the magnitude of

exchange constant.

1.2.2  Dazysloshnkii-Moriya Interaction

Dzysloshnkii-Moriya (DM) interaction is an asymmetric exchange interaction, which
sometime dictates the magnetic properties of a system. In general, the Hamiltonian
corresponding to DM interaction between two neighboring spins S; and gj can be
expressed as Hpyr = —D;(S: X SZ) where, D:j is the DM vector. From the expres-
sion of DM Hamiltonian, it can be seen that the corresponding DM energy will be
minimum if the DM vector D_;j lies normal to the plane that contains both the neigh-

boring spins S and 5_';-, and the alignment of these two spins must be perpendicular
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to each other. This type of interaction was first-time introduced by Dzysloshnkii in
1958 to explain the 'weak-ferromagnetism’ behavior of an antiferromagnetic a-Fe, O3
system [43]. Because of the preference of the perpendicular arrangement between
two neighboring spins by this class of interaction, the magnetic spins exhibit a cant-
ing at certain angle as result of the competition between the DM interaction and the
isotropic exchange interaction. This results in a small net ferromagnetic moment in
this antiferromagnetic a-Fe;O3. The dependency on the spin-orbit coupling strength
of the DM interaction was investigated by Moriya in 1960 [44]. He also proposed
a few rule about the direction of the DM vectors acting on two magnetic moments
based on the crystal symmetry. These rules are known as Moriya rules described
as follows. Let’s consider two atoms with spin magnetic moments positioned at "A’
and 'B’. ’AB’ is the line that joins these two atoms, and 'C’ is the bisect point of
the line ’AB’. According to this rule, (1) D= 0, provided 'C’ must be the center of
inversion of the system, (2) D1 ABor D || the mirror plane, when a mirror plane
passes perpendicular to the ’AB’ line passing through 'C’; (3) D I AB in case ‘A’
and ‘B’ magnetic atoms both lies in the mirror plane, (4) if a two-fold rotation axis
is passing through C’ is perpendicular to the ’AB’ line, then D 1 to the two-fold
rotational axis, (5) when a n-fold (n>2) rotational axis passes along the AB line,

then D || AB.

It is important to highlight here that the strength of the DM interaction strongly
depends on the relativistic spin-orbit coupling in the system, whereas, the direction
of the DM vector is firmly dictated by the crystal symmetry as described by Moriya
[44]. Therefore, the strength of this interaction in materials with heavy element is
generally much higher than that with lighter element in the periodic table, as the
magnitude of the spin orbit coupling strength varies nearly with fourth power of the
atomic number (Z), Z*. Nonetheless, DM interaction strength actually depends on

the electronic band structure of the system.
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1.2.3 Magnetocrystalline Anisotropy

In general, all the magnetic materials prefer to get magnetized in a certain fixed
direction under the external magnetic field. This directional preference of the mag-
netization in a certain fixed direction is known as magnetic anisotropy. For that
specific fixed direction, a small magnetic field is needed to magnetize the system,
known as easy-axis of magnetization. In contrast, a large magnetic field is required to
magnetize the system for some specific crystallographic directions, called as hard-
axis of magnetization. For instance, in case of face centered cubic crystal, nickel
(Ni), it requires a small magnetic field to saturate the system along the < 111 >
direction, which is the easy-axis for the nickel cubic crystal. Whereas, relatively
high magnetic field is needed to saturate the magnetization along < 100 >, the

hard-axis of magnetization for nickel.

Even though several types of magnetic anisotropy (shape anisotropy, surface and
interface anisotropy) appear in magnetic material, the magneto-crystalline anisotropy
is the intrinsic property of all the crystalline systems. The origin of the magneto-
crystalline anisotropy is related to the spin-orbit interaction. When a magnetic field
is applied to the system, the spin of the electrons tries to follow the direction of
magnetic field. As a consequence of spin-orbit coupling, the orbit of that electron
also tries to reorient. The strong orbit-lattice coupling prevent the rotation of the
spin axis. Therefore, it requires more energy to overcome the strength of the orbit-
lattice, so that the spin axis will rotate accordingly. Therefore, the energy needed to
rotate the spins from the easy-axis of the magnetization can be called as the mag-
netic anisotropy energy for the system. In cubic crystal, the magnetic anisotropy
energy is defined as

B gy = K020 + ala 4+ a2l + Kya2alal + ... (1.3)
where, o, oy, o, are the cosine angles of magnetization with respect to the crystal-

lographic axes a, b, ¢, respectively, and Ky, K»,.. are the constants for any particular
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material at fixed temperature.

In case of hexagonal and tetragonal crystal systems, there are only one easy-axis
direction of magnetization. Because of this, these crystal structures are called as
uniaxial crystals. The easy axis direction for these crystal system is either a or ¢
axis. Let us consider, ¢ axis is the only easy direction of magnetization, then every
directions lying in the basal plane are the hard axis of magnetization for this case.
If @ is the angle between the c-axis and the direction of magnetization, then the
magneto-crystalline anisotropy energy for these uniaxial crystal can be written as

Eynienial = Kysin®6 + Kysin® 0 (1.4)
It can be seen from the above expression that the energy will be minimum when 6
= 0, indicating that the c-axis is the easy direction of magnetization. It is to be

noted here that the magnitude of the constants K, K5 determines the strength of

the anisotropy.

1.2.4 Dipole-Dipole Interaction

In general, the magnetic dipole moments in material interact with each other, known
as dipole-dipole interaction. Because of this dipolar interaction, a field generated
inside the materials opposite the magnetization is called demagnetization or dipolar
field. The energy corresponding to the dipole-dipole interaction between two dipoles

of strength m; and m7y, apart at a distance 7 can be expressed as

Eaq = poiity s — (1y.7) (172.7) /12 fdmr® (1.5)

It can be seen from the expression that the strength of the dipole-dipole interaction
depends on the magnitude of each magnetic moment, their mutual orientation, and
the distance between the two magnetic moments. The strength of dipolar energy is
in general very weak in comparison with other magnetic interactions. This dipolar

energy is minimum when the m; and ms both lie in the same plane.
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1.2.5 Zeeman Interaction

When the magnetic field is applied to magnetic material, the magnetic moments
interact with the magnetic field. This interaction is known as Zeeman interaction

and the corresponding energy can be written as
Ezeceman = — | M.B dv (1.6)

where M stands for the magnetization of the system and B is the magnetic field
applied to the sample.

The energy term is minimum when the direction of magnetization is parallel to
the applied magnetic field and the strength of this energy depends on the magnitude

of the magnetization.

1.3 Topological aspects of magnetic spin config-

uration

1.3.1 Brief discussion about Topology

Topology is an elementary and crucial concept in mathematics. The concept orig-
inated to describe the topological invariant (under continuous deformation) funda-
mental properties of topological spaces. When one topological space is continuously
deformed into another by any kind of perturbation, then we can call that the topol-
ogy of the two spaces are the same, in other words they are topologically equivalent
spaces. In mathematical point of view, let’s take u and v as two topological spaces,
then a function f : u — v can be named as homeomorphism (an example of topo-
logical equivalence) if this transformation is continuous, bijective type, and there
exists a inverse transformation function f=! : v — w. Therefore, these space u and v
are called homeomorphic or topological equivalent spaces. For example, a glass ge-

ometry is topological equivalent to the egg shaped geometry as shown in Fig. 1.1(a)
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(b) .
(d) °

(f)

Figure 1.1: Examples of topologically equivalent geometry

and (b). This means the geometry of the glass can be transformed into the egg
shaped object by point-to-point continuous mapping from the cylindrical shaped
glass to the elliptical egg shaped object. This is also true for inverse continuous
transformation of egg to glass geometry. Let’s take another example as depicted
in Fig. 1.1(c) and (d), a coffee mug with handle can be continuously converted or
mapped into a doughnut shaped geometry by compressing and shrinking the cylin-
drical geometry of the mug. Hence, the geometry of coffee mug and doughnut are
topologically equivalent to each other. In similar manner, the object in Fig. 1.1(e)
can be transformed topologically into the object in Fig. 1.1(f) . It can be seen that
the geometrical shape of the objects in Fig. 1.1(a), (c), and (e) [left panel] looks

very similar to the eyes, however, they are not identical from the topological point
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of view. Exactly the same remark can also be made for the geometrical shape of the
objects in Fig. 1.1(b), (d), and (f). It is worth mentioning here that when the trans-
formation from one topological object to another happens by tearing or by cutting
the object, signifying the deformation is not continuous, then these objects are topo-
logically non-equivalent to each other. Another important aspect to consider is that
the topological property of topologically equivalent spaces. More clearly, considering
A, B and C are topologically equivalent spaces, then the topological property of A
spaces will be the same as that of B and C spaces. Therefore, topological equivalence
between different spaces have its importance in topology from the application point
of view. Nowadays, apart from mathematical branch, the concept of topology earns
a lots of attention in condensed matter physics due to its extensive use in describing

the unconventional properties related to the topology.

1.3.2  Topological Numbers /Chern number

Topological objects are generally characterized by a Chern number or topological
number or winding number. In simple words, the winding number of a closed curve
in the plane around any arbitrary point is defined as the number of times travelling
of the curve around that point. In general, it is an integer and the sign of this num-
bers depends upon the traveling direction around the point. Conventionally, the
Chern number in two-dimensional space is called as winding number. An important
property of topological numbers/winding number is that it is invariant under con-
tinuous deformation of a topological object to another topological object. Hence,
two different topological objects with distinct topological numbers cannot deform
continuously from one to other.

To realize the topological spin texture in magnetism, it is important to under-
stand the winding number of different spin configuration. Let’s consider a 2D spin
texture, where uniform spin configuration (all spins are parallel to each other) is
propagating along the periphery of a circle as shown in Fig 1.2A. To find out the

winding number of this spin configuration, first it is necessary to project each spin
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vector of the physical space on to order-parameters space (here magnetization as
the order parameter). Obviously, the order parameter space of the 2D spin vector is
a circle. Therefore, the winding number in 2D spin texture represents the number
of times the closed curve of spin vector mapping encloses around a circle (order
parameter space). Here the mapping of spin configuration in Fig 1.2A,B onto order
parameters space is shown in Fig 1.2AB. In the order parameter space, the mapping
of this uniform spin configuration would be a single point of the circle. As there is
no closed curve of mapping around the circle, henceforth, as per the definition, the
winding number of these uniform spin configuration (nyp) is zero. Now take another
example of 2D spin texture as shown in Fig 1.2C,D where spin rotates on the circle.
In this case, it is clearly seen that the closed curve of the spin vector mapping in
order space wraps the circle once, as shown in Fig 1.2CD. Therefore, winding num-
ber in these system (nyp) is equal to 1. In similar procedure, the winding number of
other 2D spin texture as depicted in Fig 1.2E to I can also be obtained by mapping
of the spin vector on the circle as in Fig 1.2EF to II. It is important to notice here
that the spin configurations in Fig 1.2B and Fig 1.2 look completely different in
physical space, but they are equivalent from the topological point of view, as the
winding number of these spin structure are same. Similar conclusion is also valid
for the spin configuration in Fig 1.2C and D. Note that the sign of the winding
number is determined by the wrapping direction of the spin vector mapping around

the circle.

In case of 3D spin vector, the order parameter space is not a circle, instead it is
the surface of the 3D sphere. Then, the number of times 3D spin vector mapping
wrap around the sphere in a close path is the winding number of that configuration.
In 3D space, it is known as topological number/charge or skyrmion number. In

mathematically, the topological number or skyrmion number is defined as

1 o 1 om Om

where, ng, = m.( gm a—m) is the skyrmion number density, m is the unit vector of
) ox y )



1.3 Topological aspects of magnetic spin configuration

15

Spin configuration on a circle (2D) [Physical space]

Corresponding rotational direction of magnetization

A*_‘_*_ B.TTT
T T l I

mapped on a order parameter (magnetization) space

AB.

CD.

EF.

GG.

HH.

nyp=0 [ ]

Figure 1.2: A-I: Different type of 2D spin vectors on a circle, and AB-II (right most
panel): corresponding spin configuration mapping on order parameter space. Note that
order parameter space in these case is a circle. nsp represents the winding number of the

respective spin texture

magnetization.
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1.4 Non-collinear /Non-coplanar spin texture in mag-

netism

In recent times, non-collinear magnetic structures attract a lots of attention over
the conventional well known collinear ones due to finding of enigmatic phenomena,
such as different kind of Hall effects [45, 46, 47], spin-transfer torque in switching
current [48], nanoscale electromagnetic inductor [49], etc. In general, the collinear
ferro-, ferri-, antiferro-magnets exhibit either parallel or anti-parallel spin alignment
dictated by the traditional Heisenberg exchange. However, competing Heisenberg
exchange interactions and/or DM interaction can introduce non-collinearity into
the system. In this context, it has been found that the Mny;RhSn inverse tetragonal
Heusler compound display a non-collinear magnetic structure [50]. The origin of this
non-collinearity can be attributed to the competing exchange interactions, between
the nearest neighbor Mn moments and the next nearest neighbor Mn spins [50]. In
addition, Mn,RhSn also support the DM interaction that favors perpendicular spin
alignment. Moreover, magnetic systems with two or more competing interactions,
e.g. dipole-dipole interaction, DM interaction, magneto-crystallographic anisotropy
etc, are potential candidates to exhibit non-collinear or non-coplanar (if 5725?] X
Sy # 0) magnetic state. Although different type of non-collinear /non-coplanar spin
textures exists in magnetic materials depending on the competing interactions in the
system, only few spin textures display the chirality. Here, ‘chirality’ term is used as
a sense of rotational handedness of spin texture. A few examples of non-collinear or

non-coplanar spin textures are described below.

1.4.1 Helical spin texture

Helical spin texture is an example of spin spiral state where the spins rotate in a
plane perpendicular to the spin propagation direction. A schematic of the helical

spin texture with spin modulation length A is shown in Fig. 1.3. As it can be seen,
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the helix propagates along the +x-direction, whereas, the spins rotate in the Y2
plane. The helical spin structure is typically found in materials that can host DM
interaction. Now, let’s consider a magnetic system that can support DM interaction.
The magnetic energy of the system can be written as F = —Jij§i.§j + D;Si X S?
or, B = —J;;S;S;cost + D_;j.ﬁSiSj sin @, where 77 is unit vector of 5; X 5; The
minimization of energy gives the twist angle between two adjacent spins in the helix
chain. The twist angle between spins mainly depends on the ratio of DM constant
(D) to exchange strength (J). The helical pitch or period of modulation, A, is
the minimum length required for 27 rotation of spins along the spin propagation
direction and it is defined as A = 4wJ/D. The direction of propagation is mainly
determined by the crystal symmetry and anisotropy of the system, whereas, the
rotational sense of the helix is dictated by the direction of DM vector. This type of
helical spin modulation has been observed in many non-centrosymmetric materials

[2, 3, 4, 51, 52, 53).

—

m..uﬁuuaw%

Figure 1.3: Spin textures of a helix propagating along the +x direction.

1.4.2 Cycloid spin texture

In case of cycloid spin textures, the spins twist in such a manner that the plane of
rotation lies along the propagation direction. A typical schematic spin configuration
of the cycloid spin propagation is presented in Fig. 1.4. As it can be seen, the
spins are rotating in the XZ plane and the spin cycloid propagate along the -
direction. Like the helical spin modulation, spin cycloid is also often generated
by the competition between the DM interaction and the exchange interaction. In
general, the cycloid spin modulation is mostly stabilized in layered thin films with

interfacial DMI [54, 55, 56, 57]. In case of non-centrosymmetric bulk materials,
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e.g. GaV,Sg [9] and Mn-Pt-Ga [12], the crystal symmetry is responsible for the

observation of spin cycloid.

4, z
-y

Figure 1.4: A schematic spin configuration of cycloid with wave vector (¢) along +z
direction.

1.4.3 Conical Spin texture

—_ —

Fro NN\ pp A

Figure 1.5: A schematic of conical spin configuration propagating along the +z direction
where the spins tilt with some angle along the magnetic field direction (H ).

Unlike the helical and cycloid spin textures, in general the conical spin modu-
lation does not represent a ground state spin configuration, rather it appears as an
excited state with the application of magnetic fields. The conical spins configuration
very much resembles to that of spin helix. However, the spins tilt with some angle
along the propagation direction under the application of magnetic field as depicted
in Fig. 1.5. The angle of tilting depend on the strength of the applied magnetic
field. At sufficiently high magnetic fields all the spins align along the magnetic field
direction resulting in a field polarized magnetic state. The conical magnetic state
have been realized over certain field ranges in many magnetic systems, e.g. MnSi

2], FeGe [4], FeCoSi [3], Cup0SeOs [8], f-Mn type Co-Zn-Mn materials [29], etc.
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Figure 1.6: Schematic spin configuration of a magnetic vortex- (a) without core and (b)
with core.

1.4.4 Magnetic Vortex

Vortex is a phenomenon having a strong existence in nature. Some of the familiar
examples are the structure of a whirlpool (rotating water), winds flow configuration
in cyclone storms, the shape of the stirred fluids, etc. In condensed matter, vortex
exists in different forms, such as vortices in type-2 superconductor [58], magnetic
vortex formation in permalloy [59], etc. In magnetism, vortex can be defined as a
circular type spin configuration consisting of in-plane spin component as shown in
Fig. 1.6. There exists two different types of magnetic vortices, namely, in-plane vor-
tex and out-of-plane vortex depending upon the vortex core. In case of the in-plane
vortex, spins rotates circularly within a plane and no out-of-plane magnetization
component can be found at the center of the structure as depicted in Fig. 1.6(a).
In case of the out-of-plane vortex, spins exhibit in-plane rotation along with out-
of-plane alignment at the center, i.e. a vortex core exists at the center as shown in
Fig. 1.6(b). In the vicinity of the vortex center, the angle between neighboring spins
is large when the spins at the center remain within a plane. Therefore, in the case of
out-of-plane vortex structure, the spins at the vortex core align parallel to the plane

normal in order to minimize the exchange energy. In general, vortex is portrayed
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by the chirality of the in-plane spins (clockwise or counter-clockwise rotation) and

the polarization of the out-of-plane spin at center (up or down).

1.4.5 Magnetic Bubbles

(a) eveore (b) evwe
® ¥ ot ere o ¢ rorenne
® =t t———qe=e" 0 # I P4 N W, &
@ et — | It emee & f f Paam R R} &
® Got=—=0n= ¢ G I=t=0=gn odJf /e R R o
® Cot="=0 @ & =t=C=g= v Kg"iﬁ } e
& 1= <= o= <—g—em v ) 28y ;‘
@ Gt 1 gmee * % Y\ hine 7 .
& I t———1—e=tn AN A A
® & G CTCOwOute & el A
TS iadndadealldh

Figure 1.7: Spin textures of a trivial bubble (a), non-trivial bubble (b) and the corre-
sponding simulated LTEM images (c¢) and (d)

Magnetic bubble is a vortex-type circular spin texture with slightly different core
spin arrangement compared to that of a conventional vortex spin texture. In case
of magnetic bubbles, the rotation of spins in the core region consists of both in-
plane and out-of-plane components. This bubble type of spin texture is generally
observed in thin film samples with high out-of-plane magnetic anisotropy. The

competition between the dipolar interaction, which prefers in-plane spin alignment,



1.5 Introduction to Skyrmion and Antiskyrmion 21

and the uniaxial magnetocrystalline anisotropy, that helps the spins to align in
out of plane direction, is the primary mechanism behind the emergence of magnetic
bubbles. Depending on the topology of the spin textures, the bubbles are categorized
into two types- the trivial bubbles with zero topological charge and the non-trivial
bubbles having topological charge one. Schematics of the magnetic bubbles (trivial
and non-trivial both) along with their simulated Lorentz TEM images are shown in
Fig. 1.7. In case of the trivial magnetic bubble, the inner spins do not form a fully
circular configuration, instead two cuts line (Bloch lines) appears on the circle as
shown in Fig. 1.7 (a). In case of non-trivial bubbles as depicted in Fig. 1.7 (b),
complete ring type of spin configuration around the center point is found. Hence,
the topological charge of the trivial bubble is zero, whereas, non-trivial magnetic

bubble shows a topological charge of one.

1.5 Introduction to Skyrmion and Antiskyrmion

Magnetic skyrmions are topologically protected solitons, first proposed by T. H.
R. Skyrme as a model for nucleons [60]. In condensed matter, the existence of
skyrmions was theoretically proposed by A. N. Bogdanov et al. in 1989 [22]. It
was proposed that like the vortex structure in type-2 superconductor, skyrmions
can exist in magnetically order systems that exhibit certain class of crystallographic
symmetry, such as, C,,,, C,,, D,,, Doy, Sy where n = 3,4,5. Experimentally, skyrmions
were first discovered in 2009 by S. Muhlbauer et al. using small angle neutron
scattering study in MnSi [2]. Subsequently, real space visualization of skyrmions
in FeCoSi thin plate was carried out one year later in 2010, with the help of the
Lorentz transmission electron microscopy (LTEM) technique by X. Z. Yu et al. [3].

In magnetism, skyrmions are soliton like nano-sized circular spin configurations
protected by their topology. This means the topology of skyrmions cannot be de-
formed continuously into other topological spin configurations without altering the

topological index. Here, the term ’soliton like’ is used in the sense that the shape
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Figure 1.8: Spin texture for a Bloch skyrmion (a), Neel skyrmion (b) and antiskyrmion
(c). The spin arrangement along the diameter for the respective spin textures are shown

in (d)-(f).

and velocity cannot be modified during its motion through a nonlinear dispersive
medium. Let us consider a typical two-dimensional picture of skyrmion given in Fig.
1.8. The spins are arranged in such a manner that the spin orientation changes from
up to down as one move from the center to the periphery through a helical type of
spin rotation in between. On the basis of spin modulation in the inner region, there
exists mainly three class of skyrmions- (a) Bloch skyrmion, (b) Neel skyrmion, (c)
Antiskyrmion. In Bloch and Neel skyrmions, the spin arrangement along the radial

direction follow the helical and cycloid spin modulation, respectively, as seen in Fig.
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1.8(a) and (b). In case of antiskyrmion, both helical and cycloid spin modulation

can be seen together as shown in Fig. 1.8(c).

Now, it is important to understand the skyrmion from the topological point
of view. From the earlier discussion of topology, it is clear that the topological
properties of an object is firmly determined by its topological number or topological

charge, as quantified mathematically in Eq. (1). The Eq. (1) can be rewritten as,

om Om

1 1
Q[Nsk] = e /anSk dxdy = E/@m(a—x X 8_y> dxdy (1.8)

where, ng, = m.(a—m X 8—’") is the skyrmion number density, m is the unit vector of
’ ox dy ’

the magnetization. For 2D spin textures, the circular disk is taken as the integration
area and the corresponding coordinate in polar (r, ¢) or Cartesian coordinate (z,
y) systems. In three dimension, the integration can be done over the surface of a
sphere, with the polar coordinate (7, 6, ¢) and the Cartesian coordinate (x, y, z).
Now consider a two dimensional picture of skyrmion. For the axis-symmetric spin
texture skyrmion with radius R, the magnetization in spherical coordinate can be
expressed as m (r)=m (sin O (r) cos  (r), sin O(r)sin ®(r), cos O(r)). Asit is a 2D
spin texture, the position vector can be expressed as r=r (cos¢,sing). By replacing

m (r) in Eq. (2), we get,

QINw] = - [eos O @) 22" (1.9

Let’s define the polarity p = cosO(r)]"=F. Here, O(r = 0) = 7 or 0, according
to the orientation of the spin magnetic moment, i.e antiparallel or parallel to the
direction of magnetic field (H). Now consider the skyrmion structure at core (r=0)
where spin moment is anti-parallel to H giving ©(r = 0) = 7. Similarly, due to
parallel arrangement of the spin moments to the magnetic field, ©(r = R) = 7 at

the periphery (r=R). In case of skyrmions p = 1. Now from Eq. (1.9) we get,

Q[Ng] = pw = ~w (1.10)



24 Introduction

where, w = %[@(qﬁ)]ii?f is called as the vorticity of the spin configuration. There-
fore, the vorticity can be defined as the number of azimuthal rotation of m (r)
around a closed loop of the center point. It can be mentioned here that the rota-
tional nature of inner spin region is generally quantified by two parameters- helicity
and vorticity. When the azimuthal angle ® of the spin moment alters continuously
with the azimuthal direction of the the position vector 7, then the helicity (v) is
related with vorticity (w) as

O =wo+y (1.11)

Hence, different kind of topological spin textures are represented by (@, w, v ),
for instance, (41, +1, -m/2) represents the Bloch skyrmion, whereas (41, +1, 0)

represents the Neel skyrmion.

1.5.1 Role of DM interaction in the stabilization of different

kind of skyrmions

As discussed earlier, any non-coplanar spin texture can be stabilized by two or more
competitive interactions. In case of skyrmion formation in non-centrosymmetric ma-
terials, the competition between the DM interaction and the Heisenberg exchange
plays the vital role. In most of the cases, the competing Heisenberg and DM interac-
tions stabilizes a helical /cycloid spin modulations as the ground state. Application
of magnetic field perpendicular to spin-spiral propagation direction stabilizes the
skyrmionic spin texture by breaking the helical/cycloid spin modulation. Therefore,
the DM interaction plays a crucial role in the stabilization of skyrmions in non-
centrosymmetric material. Depending on the nature of the DM interaction which is
dictated by the crystal symmetry of the system, different kind of skyrmions, such
as Bloch skyrmion, Neel skyrmion, and antiskyrmion can be stabilized. In the fol-

lowing, stabilization mechanisms for different types of skyrmion are discussed.
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Figure 1.9: (a) A schematic representation of the direction of DM vectors acting between
two neighboring spins that support Bloch skyrmions, (b) The spin configuration of a Bloch
skyrmion.

1.5.1.1 Stabilization of Bloch skyrmion by DM interaction

The DM interaction energy between two spins S and S?] at i-th and j-th neighboring
sites is given by Epyg = —Dﬁw(gZ X 63), where D_;'j is the DM vector. The energy
of DM interaction is minimum when D_;j is parallel to (5_'; X ,57;) In case of Bloch
skyrmions, (S; x S;) || 75 (-17;), where 77; is the distance vector between two neigh-
boring spins, S; and 5?] . Therefore, to stabilize the Bloch skyrmions, the direction
of DM vector (D:]) must be parallel to the 77;. A schematic diagram showing direc-
tion of DM vectors and the corresponding spin configuration for Bloch skyrmion is
depicted in Fig. 1.9. Here, D, (ﬁy) is the DM vector between the central spin, 5;,
and the neighboring spin, §j, located at z-direction (y-direction). When the DM
vectors in all possible direction are parallel/antiparallel with the respective distance
vectors ( r;;) with |D,| = |ﬁy| (isotropic DM vectors), as shown schematically in
Fig. 1.9(a), the Bloch skyrmion can be stabilized with homogeneous chirality as
depicted in Fig. 1.9(b).

This type of DM vector configuration is generally found in B20 type compounds
2, 3,4,5,7,8, 61] and the corresponding DM interaction energy for B20 compounds
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in the continuum limit can be written as

oM oM, oM oM oM, oM

EBX — _ [ DIM,—= — M Y+ M M, =24+ M Y M Y
DMI / [y('?z x82+ Dy Z8y+ S Z@x]dv
(1.12)

The above discussed DM interaction supports the spin configuration with vorticity

(w) = 1 and helicity (y) = 7/2 i.e., Bloch skyrmion.

1.5.1.2 Stabilization of Neel Skyrmions by DM interaction

In case of Neel skyrmions, (§l X gj) is perpendicular to the distance vector, 77;.

be-

—

Therefore, the DM interaction energy is minimum when the DM vectors, D;;,
tween two neighboring spins, S and S?j, is perpendicular to 75;. A schematic diagram
of the direction of DM vectors between the neighboring spins and the corresponding
Neel skyrmion are presented in Fig. 1.10(a) and (b), respectively. It is noticeable
that D, as well as ﬁy are placed +7/2 angle anticlockwise with the distance vec-
tor r3; in all directions (+z, +y, -z, -y-directions) with |D,| = |5y| This type of
isotropic DM interaction stabilizes Neel skyrmion with homogeneous chirality, as

shown in Fig. 1.10(b). The DM interaction with same configuration is observed in
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Figure 1.10: (a) A schematic representation of the direction of DM vectors acting between
two neighboring spins that support Neel skyrmion, (b) The spin configuration of a Neel
skyrmion.
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the materials with C,, point symmetry [9, 10, 11, 12]. The DM interaction energy

in continuum limit for C},, compounds can be expressed as

oM oM, oM oM
B, = — | DIMy——= — M,—= + M,~——= — M,—Y] dV 1.13
The DM energy related to C,,, class of symmetry favors the spin configuration with

w =1 and v = 0 i.e., Neel type of skyrmion.

1.5.1.3 Stabilization of Antiskyrmions by DM interaction

The pictorial representation of an antiskyrmion and the corresponding schematic of
DM vector configurations are illustrated in Fig. 1.11. Here, D, makes /2 angle
anticlockwise with the 77; in z-direction, whereas, in contrast to the Neel skyrmion,
Dﬁy subtends 7/2 angle clockwise with respect to the 77; in y-direction with |D;| =
|5y| This inhomogeneous type DM vectors give opposite spin chirality in y-direction

with respect to that in the z-direction, as depicted in Fig. 1.11(b). This kind of
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Figure 1.11: (a) A schematic representation of the direction of DM vectors acting be-
tween two neighboring spins that support antiskyrmion, (b) The spin configuration of an
antiskyrmion.

inhomogeneous DM vectors configuration are generally observed in D,y symmetric

materials [14, 62] and the corresponding DM interaction energy for Dyy compounds



28 Introduction

can be written as

oM oM. oM oM
EPa — | DIM,—2 - M, 2%+ M,~—2 — M, —Y
DMI / M, dy N oy + My oz * Ox

] dV (1.14)

This category of DM interaction supports the spin texture with w =-1 and v = +

7/2 and 0, 7 i.e., antiskyrmion spin configuration.

1.6 A review on skyrmion/antiskyrmion hosting

materials

1.6.1 Skyrmion in non-centrosymetric magnetic material

1.6.1.1 B20 and other non-centrosymetric skyrmion hosting magnetic

materials

After the theoretical predication in different classes of magnetic materials by A.
N. Bogdanov et al. [22], skyrmion was experimentally uncovered in a cubic non-
centrosymmetric B20 type material- MnSi by S. Muhlbauer et al. in 2009 [2]. The
skyrmion phase was found near the magnetic ordering temperature (T¢) of MnSi
along with the well-known helimagnetic ground state (wave vector Q@ L to H) and
field-induced conical state (Cj [ H ) using reciprocal space mapping technique- small
angle neutron scattering (SANS) [2]. In a narrow magnetic field and temperature re-
gion near the T, six magnetic Bragg spots were observed in the SANS experiment.
This arrangement of Bragg spots confirms the presence of skyrmion in the form of
hexagonal skyrmion lattice (SkL). The hexagonal skyrmion lattice can also be under-
stood as a superposition of three single-Q helices propagating along their respective
wave vectors (le, Q>, and ng) with an angle 120° apart from each other in a plane
perpendicular to external magnetic field. Therefore, SkLL forms 3Q type of spin
modulation state, which is quite different from the single-Q conical or helical spin

modulation states. later in 2010, the real-space visualization of the skyrmion spin
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configuration was done in another B20 family compound- FeCoSi through Lorentz
transmission electron microscopy (LTEM) technique [3]. In this report, the nature
of skyrmion was found to be Bloch type. Afterwards, the Bloch skyrmions have
also been observed in many other bulk B20 structured materials, such as FeGe [4],
Mn;_,Fe,Ge [5], MnGe [61], MnSi;_,Ge, (z = 0.0-1.0) [7] including multiferoic
Cuy0SeOy [8]. In the case of the B20 compounds, the SkLs acquire a narrow pocket
region of H-T phase space close to the T. Most importantly, among all the B20
materials skyrmion lattice in FeGe exists up to the ambient temperature [4]. In
these materials, the competition between the exchange and the DM interactions is
the main reason for giving rise to their helical spin texture as the ground state. By
applying small magnetic fields, the helical spin state transforms to the conical one
with Q | H. Further increase in the magnetic fields, the conical state transforms
into a field-polarized state far from the T-. But in a narrow region around the T¢,
the skyrmion lattice can be nucleated from the helical ground state via conical state
with the application of magnetic fields. It has been proposed that apart from the
DM interaction and exchange interaction, thermal and magnetic field fluctuations
also play a vital role in stabilizing the SkL. As a result, the SKL in the B20 materials
can be found near the magnetic ordering temperature at a certain span of magnetic
fields. Here, the rotational handness (either left-handed or right-handed) of helical
spin is governed by the sign of DM vectors present in that particular system, while
the direction of helical spin propagation is dictated by the magnetic anisotropy of
the material. It is known that the helical modulation pitch A is proportional to the
ratio of the exchange constant (J) to the DM vector strength (D), i.e., A =~ J/D.
The helical pitch in the case of B20 materials can be obtained by evaluating the
J for the Ty and the magnitude of DM vector (D) from the critical magnetic field
relation H, = D?M,/J. Here, M, is the magnetization corresponding to the criti-
cal magnetic field. Apart from the 2D SkL (two-dimensional SkL. means the wave
vectors of the corresponding all three helices lies in a plane), 3D hedgehog lattices
have also been observed in few B20 type magnetic materials, such as MnGe [41] and

Mn;_,Fe,Ge [5]. Like the conventional SkL, the hedgehog lattice is also composed
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of three helices, which lie separately in the three different planes instead of a single
plane. It is important to mention here that the transformation of 3QQ-hedgehog lat-
tice to 3Q-skyrmion lattice via 4Q-modulated spin states has been recently observed
by replacing Si with Ge in MnSi;_,Ge, [7].

Beside these B20 cubic materials, skyrmions have also been observed in other
noncentrosymmetric materials like S-Mn cubic structured- Co-Zn-Mn [6] and polar
magnetic materials - rhombohedral structured GaV,Sg [9], GaV4Seg [10], tetragonal
VOSe;05 [11], and hexagonal Mn-Pt-Ga [12]. For a large compositional range of
Co-Zn-Mn alloys, mostly Bloch skyrmions in the form of triangular lattice is found
in a small pocket of H-T phase diagrams near the magnetic ordering temperature,
including room temperature. In these alloys, the existence of skyrmions in the
form of square lattice instead of triangular SkL have also been found far from the
magnetic ordering temperature after imposing a special kind of the field cooling
(FC) process [63]. Most importantly, the size of the skyrmions in these Co-Zn-Mn
alloys can be easily tuned from 115 nm to 187 nm by slightly changing the Co-Zn-Mn
stoichiometric [6]. In general, Bloch-type skyrmion spin configurations are mostly
formed in these bulk magnets due to their crystal symmetry (point group symmetry).
Neel type of skyrmion lattice have been observed in case of polar magnetic materials-
GaV,Sg [9], GaV4Seg [10], VOSeyO5 [11], and Mn-Pt-Ga [12] as the DM interaction
dictated by the crystal symmetry [C,,] of these systems supports the Neel type

skyrmion.

1.6.1.2 Heusler non-centrosymmetry tetragonal magnetic materials

In the early days of skyrmion research as discussed above, mostly Bloch skyrmions
(2, 3,4, 5, 6, 8, 41] and Neel skyrmions lattices [9, 10, 11, 12] have been reported in
a tiny pocket of H-T phase diagram near the magnetic ordering temperature, T,
depending on the crystal symmetry of these magnets. It has been proposed theo-
retically that different kind of topological spin configurations other than the Bloch-
and Neel skyrmions can be stabilized is certain materials with particular crystal

symmetries [22]. In this context, recently, a new kind of topological object with a
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topological charge opposite to skyrmion, named antiskyrmion, has been discovered
experimentally in inverse Heusler tetragonal system Mn-Pt-Pd-Sn with Dy, point
group symmetry [14]. It can be mentioned here that inverse Heusler compound
Mn; 4Ptg9Pdg1Sn crystallizes in a non-centrosymmetric tetragonal structure with
space group I-42m. It has been shown in the LTEM studies that Mn; 4Ptg9Pdg15Sn
exhibits ground state helical pattern with modulation period A = 135 nm propagat-
ing in the tetragonal basal plane [14]. By applying magnetic field of about 0.1 T
along the (001) direction, these helical stripes transform to two bright and two dark
spots in the (010) and (100) directions, respectively. This confirms the emergence of
antiskyrmion lattice from the helical magnetic state in the system [14]. Further ap-
plication of sufficient magnetic field, these bright and dark spots disappear, and no
magnetic contrast is found when the system reaches the ferromagnetic state. In this
material, the hexagonal magnetic antiskyrmion lattice have been found in a broader
temperature range from 7" = 100 K to T" = 390 K. With increasing temperature,
the stability of the antiskyrmion pockets becomes narrower and finally disappears
around 400 K in the H-T phase diagrams. Most importantly, the antiskyrmions
acquire ample space in the H-T phase diagrams instead of a small pocket in the
case of B20 materials. It was found that the size of antiskyrmion is nearly the same
at different temperatures. Interestingly, the antiskyrmion state appears at a zero
magnetic field upon field-cooling the sample. The increase of anti-site disorder in
Mn; 4Ptg9Pdg1Sn by replacing the Pd site with Pt atoms can give the metastable
antiskyrmions upon the field-cooling process at a zero magnetic field. The controlled
tunability of Heusler alloys, the discovery of the new topological spin texture, sta-
bility of the spin texture at a large temperature range, make the inverse Heusler

tetragonal family more attractive towards skyrmion research.

Even though the materials with Doy symmetry favor the antiskyrmions, the co-
existence of skyrmions and antiskyrmions has also been realized recently in this
system [15, 16]. By introducing in-plane magnetic fields to the sample (in-plane
magnetic field applied by just tilting the sample) along with the out-of-plane field,

the antiskyrmions can be converted into skyrmions via topological trivial magnetic
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bubble states. The reason behind this conversion of topological phase transfor-
mation with the help of in-plane magnetic fields could be the following. These
topological spin textures show almost identical degenerate energy states. The in-
plane magnetic field helps the antiskyrmions (or skyrmion) to cross the little energy
barrier between them. It has also been observed that the helicity of skyrmions (an-
tiskyrmions) can also be modified from clockwise (CW) to counter-clockwise spins
rotation (CCW) depending upon the in-plane magnetic field direction. Like the Mn-
Pt-Pd-Sn compound, the antiskyrmions are very recently realized in another Heusler

inverse tetragonal compound Mn-Rh-Ir-Sn with the same Dy, class of symmetry [62].

1.7 Emergent phenomenon related to the skyrmions

1.7.1 Topological Hall Effect

When a normal conductor is placed in a magnetic field perpendicular to the direction
of current flow, a transverse electric field is generated perpendicular to both the
current and magnetic field due to the Lorentz force acting on the charge carriers,
known as Hall effect after its discovery by E.H. Hall in 1879 [64]. Two types of
forces act on the charge carriers — one is Lorentz force and the second one is the
electrostatic force. In equilibrium condition these two forces balance each other.

Therefore, the traverse electric field (Ey) can be written as,
Ey = Rj.By (1.15)

where R is the normal Hall coefficient, j, represents the current density in z-
direction, and B, is the magnetic field along the z-direction. This magnetic field

dependent Hall effect in conductor is known as normal Hall effect. After one year
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from the discovery of normal Hall effect, E. H. Hall showed that ferromagnetic
conductors exhibit many times larger Hall voltage in comparison to that of normal
Hall effect, known as anomalous Hall effect (AHE). It was found that this anomalous
Hall voltage in ferromagnetic materials does not linearly vary with the magnetic field.
In 1932, Pugh and Lippert [64] proposed that the anomalous Hall effect scales with
the magnetization of the sample and suggest an empirical relation between the Hall

resistivity and magnetization [64]

Pyz = ROILL()H + RSM (116)

where R, is the anomalous Hall coefficient. For many years it was considered
that AHE is an extrinsic contribution arising from the scattering of the electrons
from the magnetic moments. In 1954, Karplus and Luttinger (KL) presented the
scattering independent theory of anomalous Hall conductivity that depends only
on the band structure of the particular material [64]. Smit and Burger separately
proposed the extrinsic mechanisms to AHE - skew (asymmetric) scattering and
side jump mechanism [64]. In case of skew scattering (asymmetric mechanism),
there is a change in the trajectory of the scattered electrons from the impurity
ions due to the spin-orbit interaction, whereas, there is a sudden shift in the wave
packet of the electrons after scattering from spin-orbit coupled impurities in case
of side jump. Afterwards, the discovery of quantum Hall effect in 1980s brings a
new horizon to the condensed matter research due to the topological nature of the
electron wave function [64]. This discovery brings about the concept of Berry phase

for the explanation of intrinsic mechanism of AHE.

In addition to the normal and anomalous Hall effect, topologically non trivial
spin structures with specially varying non-coplanar order parameters (i.e. spins)
generates an additional component in the Hall effect, known as topological Hall effect
(THE). The exact origin of the THE can be inferred to the appearance of a fictitious
magnetic field caused by the real space Berry curvature. This Berry curvature is

proportional to the scalar spin chirality (SSC) x = > S;.(Sk x S;), defined as the
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scalar product of three spins that corresponds to the solid angle subtended on a
unit sphere. In other words, when electrons pass through the non-coplanar spin
textures with finite SSC, they gain a quantum-mechanical Berry phase, which acts
as a fictitious magnetic field similar to the classical Aharonov—Bohm effect. The
corresponding emergent fictitious magnetic field in continuum limit can be written

as
h 1 h 1

i 2e 27Tw7’ %2#

n(r).om(r) x d;n(r) (1.17)

Here 1); represents the Berry curvature = n(r).0;n(r) x d;n(r) where n(r) is the unit
vector of the local magnetization. The total emergent magnetic flux generated in

the surface S enclosing the topological spin textures,

¢; = /SB dS———/wl = 0, (1.18)

where U; = % fs Y; dS is the Berry phase that corresponds to half of the solid
angle formed by the spins, £2/2. This value is simply determined by the total SSC-
> 5:.(Sk x S;j), where S;, S;, and Sy are three neighboring spins or the integral of
n(r).0;n(r) x 9;n(r) around the closed loop in continuum limit. Therefore, the total

emergent magnetic flux can be written as

h 1
B; dS = —— 1.19

¢ = /S 2e 2 ( )
In case of skyrmion (antiskyrmion), the solid angle formed by the constituent spins
is 0, = -47 (4m). Therefore, the total magnetic flux generated from one single

skyrmion (antiskyrmion) is,

6= [ BidS = ~(+)7 = ~(+)é (1.20)

where, ¢ is the flux quanta. Hence, each skyrmion (antiskyrmion) can generate a
quanta of magnetic flux, - (4+) ¢o. The emergent magnetic field corresponding to

a single skyrmion (antiskyrmion) can be expressed as B; & —(+4)¢o/a?,, where ag,
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represents the size of the skyrmion (antiskyrmion). It can be easily seen that the
strength of the emergent magnetic field inversely varies with the square of skyrmion

(antiskyrmion) size.

Figure 1.12: A schematic diagram related to Topological Hall effect (THE) and Skyrmion
Hall effect (SkHE) when electron (current) passes through skyrmion.

This emergent magnetic field pushes the conduction electrons from their straight
line path due to the Lorentz force, giving rise to the observed THE. A schematic
diagram of THE arising from the skyrmion is presented in Fig. 1.12. As it can be
seen, the path of the conduction electrons bends (shown by orange curve line) from
the current direction by the emergent magnetic field B; that exerts a Lorentz force
on the electrons. Hence, the total Hall resistivity in a magnetic system with THE

can be written as ,

Pye = PNH + par + pra = RopoH + R,M + PRy B;. (1.21)

Here, the normal Hall resistivity, pyg = RoptoH, pan = RsM is the anomalous
Hall resistivity and the topological Hall resistivity is given by p! = PRyB;, where
P is the spin polarization of the electrons at the Fermi surface. Therefore, the
topological Hall resistivity depends on three factors; the spin polarization of the
conduction electrons (P), normal Hall coefficient (Ry) and the magnitude of the

emergent magnetic fields (B;). The THE arising from the skyrmions has been found
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in many bulk B20 compounds MnSi [23], MnGe [24], Fe;_,Co,Si [25], GdyPdSis [13]
and in many thin films of Ir/Co/Pt multilayer [65]. In these systems, depending on
the size of the skyrmions, the value of topological Hall resistivity changes drastically.
For example, in MnSi [24] where the skyrmion size is about 18 nm, the p? is found
to be around 4 nQ2-cm, whereas, Gd,PdSiz [13] shows a large p’ of about 2.6 u-
cm with skyrmion size of 2.5 nm. The THE signal in Hall measurements can be
extensively used as a tool to detect skyrmion like non-coplanar spin texture in many
magnetic system.

When a large density of conduction electrons pass through the skyrmion spin
texture, they try to move along the current direction due to spin-transfer torque
phenomenon. As a counterpart of THE, the skyrmions also move in an opposite
direction to the deflection of conduction electrons. This traverse motion of skyrmions
is known as skyrmion Hall effect (SKHE), which is schematically presented by thick
dark yellow line in Fig. 1.12. Like the induced emergent magnetic field, B;, the

skyrmion can also produce an emergent electric field, F;, when it moves under the

current according to Maxwell’s equation, 36]? = —V x E; (Faraday’s law). This
emergent electric field can be written as E; = V, x B; where V; is the drift velocity

of the skyrmions.

1.8 Heusler Materials

The journey of Heusler materials start with the discovery of most interesting com-
pound CusMnAl in 1903 by F. Heusler where all the constituent elements Cu, Mn,
and Al are non-magnetic, but the compound orders ferromagnetically [66]. At
present, there have been reports of more than thousands of Heusler compounds
exhibiting diverse properties. The most important point about these materials is
that several important properties of these materials can be achieved as per the wish.
Heusler compounds can be written as XY Z or XoY Z where X and Y are transition
metals and Z is a main group element. Based on the stoichiometric ratio, they are

divided into two categories of Heusler compounds - Half Heusler and Full Heusler
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with stoichiometric ratio 1:1:1 and 2:1:1, respectively. The structural and some of

the important physical properties of these compounds are discussed in the following.

1.8.0.1 Structure and properties
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Figure 1.13: Periodic table of the elements showing the specific constituents of element
that forms Heusler compounds indicated by different color shading [67].

The Half-Heusler compounds, typically represented with XY Z formula, consist
of both covalent and ionic parts as X and Y atoms exhibit cationic behavior, whereas
Z element gives the anionic counterpart. The most electropositive element X and
Y, generally written at the starting of the formula, are the transition metals and/or
rare-earth elements [as marked by red and blue color shadings in Fig. 1.13]. While
Z, the most electro-negative element, is the main group elements [as indicated by
the green color shading in Fig. 1.13]. The Half-Heusler compounds crystallize in
non-centrosymmetric cubic structure with space group no. 216 (F-43m), where X,
Y and Z atoms occupy the 4a (0, 0, 0), 4b (1/2, 1/2, 1/2), and 4c (1/4, 1/4, 1/4)
position, respectively. The crystal structure of the half Heusler compounds can be

described as a combination of ZnS type structure with Zn, and S atoms sitting at
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4a (0, 0, 0), 4c (1/4, 1/4, 1/4) wycoff positions and the void octahedral site 4b (1/2,
1/2, 1/2) can be filled by another atom as in Fig. 1.14. As the bonding nature of
7ZnS is covalent type, the interaction between X and Z can be covalent one. On the
other hand, the position 4a (0, 0, 0), 4b (1/2, 1/2, 1/2) occupied by X and Y form
the NaCl-type structure where the interaction is ionic nature. It is important to
mention here that X,Y and Z positions are not fixed at the above mentioned wycoff

sites and often possible that X,Y, and Z can occupy any wycoff positions depending

on the size of the atom and the type of inter-atomic interaction.
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Figure 1.14: (a) Rock salt structure, (b) zinc blende structure and their relations to the
(c) half-Heusler structure, and (d ) full Heusler structure [67].

The Heusler compounds with stoichiometric ratio 2:1:1, represented by XoY 7
formula, are known as full-Heuslers. The X and Y atoms belong to the transition
metals and Z is a main group element. The full Heusler alloys generally crystallize in
centrosymmetric cubic structure with space group no. 225 (Fm-3m), in which the X
atoms are located at 8c (1/4, 1/4, 1/4), whereas the Y and the Z atoms occupy the 4a
(0,0,0) and 4b (1/2, 1/2, 1/2) positions, respectively. In full Heusler compounds the
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most electro-positive element Y and the most electronegative element Z form rock-
salt type (NaCl) structure due to their ionic character, hence, occupy the octahedral
sites of the crystal structure. The four tetrahedral voids are occupied by the X
atoms as shown in Fig. 1.14. The full Heusler structure can be understood easily as
follows- the ZnS type of structure is formed by the X and Z atoms. The remaining
tetrahedral positions and the octahedral voids are filled by the second X atom and
Y atom, respectively, as given in Fig. 1.14.

Apart from the conventional Half-Heusler and full-Heusler structures, a special
kind of full-Heusler structure known as inverse full Heusler can be found if the atomic
number of Y is larger than that of X. As the electro-positivity of X is greater
than that of Y [because of Z(Y)>Z(X)], the X atoms instead of Y form the NaCl
type structure along with the Z atom. Therefore, the octrahedrally coordinated X
and Z atoms show the ionic characteristics. The second X atom along with the
Y atom occupy all the eight tetrahedral positions as illustrated in Fig 1.15. The
inverse full Heusler compounds crystallize in noncentrosymmetric cubic structure
with space group no. 216 (F-43m), in which the X atoms occupy two different
Wyckoff positions-4a (0, 0, 0) and 4d (3/4, 3/4, 3/4), whereas, the Y and the Z
atoms are placed on the Wyckoff positions 4b (1/2, 1/2, 1/2) and 4c (1/4, 1/4, 1/4),
respectively. The inverse Heusler structure is generally seen in case of the Mns-based

materials with Z(Y)>Z(X).

1.8.1 Some important aspects of full Heusler compounds

1.8.1.1 Tetragonally distorted Heusler compounds

The typically Heusler compounds crystallize in cubic form. Sometimes this conven-
tional Heusler cubic structure can be distorted into another structure, for instance,
the transformation from the cubic to a tetragonal structure. This type of distortion
has been often observed in Mny Y7 based inverse Heusler systems, where Mn atoms
occupy the tetrahedral and octahedral positions lying in two different sub-lattices,

namely Mn-Y and Mn-Z planes. It is found that the octahedrally coordinated Mn
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Figure 1.15: The inverse Heusler structure CuHgyTi [67].
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Figure 1.16: The d-orbital splitting due to crystal field for a d* ion in an octahedral
coordination - (a) non distorted octahedron, (b) elongated octahedron, (c) compressed
octahedron [67].
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atoms exhibit two oxidation states, Mn®*" and Mn** [68]. The Mn atoms shown
by red ball is surrounded octrahedrally by main group elements (green balls). The
corresponding electronic state are shown in Fig. 1.16. In case of the non-distorted
octahedral environment shown in Fig. 1.16 (a), the Mn d level splits into three

degenerate sub-levels denoted by ta, (duy, day, dy.), and two degenerate sub-level
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eg (dz2—y2, d,). As Mn®* possesses four d-shell electrons, the electrons initially fill
up the lower electronic state, to, level, and then occupy the upper electronic state,
ey, as shown in Fig. 1.16 (a). This configuration of electronic structure for the non-
distorted octahedron is not a energetically stable one, as a consequence, it prefers
to distort the octahedron by compressing or elongating it to minimize the overall
energy of the system. The minimization of energy can be done by the following
process- the energy required to distort the octahedron is balanced by lowering the
electronic energy due to the splitting of to, and e, level, thus, the mechanical energy
is converted to the electronic energy and vice-versa. This type distortion is also
known as Jahn-Teller distortion. An example of tetragonal distortion in MnyY7Z is
shown in Fig. 1.17, where the inverse cubic structure Mn,;NiGa is modified into

inverse tetragonal structure by Jahn-Teller distortion.

Figure 1.17: Tetragonal distortion of MnaNiGa (a prototype of MnyYZ) from cubic struc-
ture (left) to tetragonal structure (right).

1.8.1.2 Review on Shape Memory Heusler Alloys (SMAs)

Shape Memory alloys (SMAs) are the distinct category of materials, which can
regain their original shape when the external force that cause the change is re-
moved. The SMAs are always associated with a structural transformation between
two structural phases [69]. In particular, some of the shape memory alloys undergo a
structural phase transition from a low symmetry tetragonal to high symmetry cubic

phase. This structural phase transition is named as martensite transition, whereas,
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the reverse structural phase transformation is called as austenite transition. Due
to the first order nature of the martensite/austenite phase transition, a large ther-
mal hysteresis is always found in the transition region consisting of both phases.
During the cooling process, the starting and finishing temperatures of phase transi-
tion are named as martensitic start (M) and martensitic finish (M) temperatures,
respectively. Similarly, on the heating cycle A; and Ay correspond to austenitic
start and austenitic finish temperatures, respectively. Due to the lower symmetry
of the tetragonal phase (martensite phase) in comparison to that of cubic phase
(austenite phase), certain number of micro-structures, energetically equivalent to
each other but crystallographically different orientation, called variants are formed
in martensite phase. To minimize the elastic energy, these martensitic variants are

self-accommodated to form twin like structures, named as twin variants.

COOLING STRESS LOADING UNLOADING HEATING

PARENT PHASE ~ MARTENSITE MARTENSITE PARENT PHASE

Figure 1.18: Schamatic diagram of stress induced shape memory effect [70].

A simple example of the shape memory effect is illustrated in Fig. 1.18, where
the high temperature parent phase transforms into multi-variants low temperature
martensite phases upon cooling the sample below M. The two variants of the
martensite phase are shown in these Fig. 1.18. After applying stress in the marten-
sitic state, some of the martensitic variants, which are favorable to stress direction,
grow at the cost of the remaining variants due to twin boundaries motions. Finally,

the martensite plates consist of only one type of twin variant (see Fig. 1.18). As are-
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sult, the shape of the material changes. After removal of stress and then heating the
alloy above austenite starting temperature, A, the alloy regains its original shape, as
seen in Fig. 1.18. This whole process is known as temperature-stress-induced-shape
memory effects.

APPLICATION OF REMOVING THE
COOLING MAGNETIC FIELD FIELD HEATING
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Figure 1.19: Schematic diagram of magnetic shape memory effect [70].

Another class of shape memory materials, known as magnetic shape memory
alloys, exhibit change in the shape by application of magnetic field instead of stress.
The schematic diagrams of the mechanism behind the magnetic shape memory effect
are depicted as in Fig. 1.19. As discussed earlier, the parent phase transforms
into a multi-variant martenstic structure (two variants are given in Fig. 1.19 )
upon cooling. When a magnetic field is applied to the crystalline ferromagnetic
materials, the magnetization follows the direction of the magnetic field. When
the anisotropy energy of the material is high, a large magnetic field is required to
rotate the magnetization vector from the easy axis direction. At the same time, if
the energy required for the twin boundaries motion is also sufficiently low enough,
the magnetization can turn the unit cells of the twin variants. In such a case,
magnetization vectors remain along the original easy axis direction of the changed
unit cell of the twin variants. Consequently, the martensitic variants, which are
favorable to the external magnetic field, grow at the cost of the remaining variants,
resulting in twin boundary motions. Finally, the martensite plates consist of only

one type of twin variant, and the change of the shape of the material can be achieved
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(see Fig. 1.19). After removing the field and heating up the sample above the ending
temperature of austenite, A, the deformed materials regains its original shape, as
seen in Fig. 1.19. As this shape memory effect is achieved by the magnetic field
instead of stress loading in the case of conventional shape memory effect, this type
of shape memory alloy is known as magnetic shape memory effects.

Magnetic shape memory Heusler alloys (SMAs), which in general exhibit struc-
tural phase transformation from the high symmetric austenite (cubic) phase to a
low symmetric martensite (tetragonal) phase, possess a great potential to host anti-
skyrmions [69, 71, 72, 73, 74]. When the nature of the tetragonal phase is noncen-
trosymmetric, it falls under the Dyy crystal symmetry category. Among the magnetic
Heusler SMAs, Mn-Ni-Ga based materials have attracted a lots of attention due to
their special structural, magnetic and other anomalous physical properties [69, 70,
71, 72, 73, 74, 75, 76, 77, 78]. The Mn-rich Ni-Mn-Ga materials are potential can-
didates for skyrmion study as the extra Mn breaks the inversion symmetry in the
system [69, 71, 72, 73, 74]. The presence of tetragonal structure in the martensite
phase combined with the non-centrosymmetric crystal structure sets up a favorable
condition for the inhomogeneous type of Dzyaloshinskii-Moriya (DM) interaction
required to stabilize antiskyrmions in the system. As the magnetic and structural
property of Heusler alloys can be tuned easily in controlled way by chemical engi-
neering, therefore, it can probably help to fill all the earlier mentioned potholes for

the skyrmion based racetrack memory application.



Chapter 2

Experimental Section

The current chapter focuses on a detailed discussion about the experimental tech-

niques along with the instrumental facilities used in the present thesis.

2.1 Sample preparation

2.1.1 Arc-melting Furnace

Arc-melting furnace have been used extensively to prepare intermetallic alloys/ com-
pounds at very high temperature. In the arc-melting furnace, the arc is generated
through electrical discharge due to ionization of the argon gas in high electric field
produced between the tungsten electrode and the copper hearth. The typical arc-
melting furnace and its important components are shown in Fig. 2.1.
A series of polycrystalline ingots of Mny,,NiGa;_,, Mny, . Ni; _,Ga, and

Mn; 4Pty 9Pdg.1Sn were prepared by melting the stoichiometric amount of high pure
constituent elements using the arc-melting furnace under high-pure argon atmo-
sphere. The arc-melting chamber is initially evacuated to a pressure around 103
mbar to develop the atmospheric-free environment before melting of samples. Then,
high-pure argon gas is being used to purge the chamber several times to achieve oxy-

gen free condition inside the chamber. To avoid heating problem arising from the
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melting of the sample at very high temperature, the copper-hearth plate as well as
the tungsten tip are cooled through regular flow of cold water. After finishing the
evacuation process of the chamber, titanium is melted first to remove any oxygen
present in the furnace. Then the samples are melted multiple times by flipping
up side down to ensure a homogeneous mixture of the constituent elements. The
as-prepared vacuum sealed-ingots are annealed in a box furnace at 1123 K for 7
days in case of Mnsy,,NiGa;_, and 1073 K for 7 days in cases of Mny,,Ni;_,Ga,
and Mn; 4PtgoPdg1Sn to get better homogeneity and good structural order of the

samples.

Figure 2.1: Arc-melting furnace used to prepare the samples.
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2.2 Sample Characterization Technique

2.2.1 X-ray Diffraction

Figure 2.2: The schematic representation of Bragg’s reflection from a set of lattice planes
with spacing d. Red balls represent the atoms.

X-ray diffraction technique is used to examine the phase purity as well as to
investigate the structural properties of the samples. The basic principle of x-ray
diffraction experiments are described as follows. The theory of x-ray diffraction
for the crystalline materials was first time introduced by W. H. Bragg and W.L.
Bragg in 1913. When a parallel x-ray beam with a wavelength comparable to the
lattice spacing of the crystalline material is bombarded on the crystalline sample,
the incident x-ray diffracts from the crystal planes. The diffracted beams from two
adjacent parallel planes with the path difference equal to the multiple integers of
the incident x-ray wavelength give rise to constructive interference. The schematic

representation of the Bragg’s reflection is shown in Fig. 2.2. The Bragg’s law can
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be described as,

2dsinf = n\ (2.1)

where d is the lattice spacing between two adjacent atomic planes, 6 is the angle
of incident with respect to the lattice plane (also known as Bragg’s angle), n is the
integer number and A represents the wavelength of the incident x-ray beam. For each
crystal structure, a few sets of parallel atomic planes give rise to a non-vanishing
x-ray intensity peak according to the earlier mentioned Bragg’s law. By knowing
Bragg’s angle of the respective set of planes, the crystal structure of materials can

be determined.
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Figure 2.3: Rigaku SmartLab x-ray diffractometer used for the present thesis.

The room temperature x-ray diffraction (XRD) measurements are performed on

each sample by using a Rigaku SmartLab x-ray diffractometer (as shown in Fig. 2.3)
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operated at 40 kV and 30 mA current. Here, the XRD patterns are recorded using
the Cu-K,, x-ray radiation of wavelength A = 1.54182 A° in the 6-26 scanning mode
from the 20 = 10° to 90°. The temperature dependent x-ray patterns for specific
composition of alloys are done by a PANalytical diffractometer from 7" = 15 K to
T = 650 K. The x-ray patterns for each samples are analyzed using the Powdercell

software package by comparing the model powder diffraction pattern.

2.2.2  Field Emission Scanning Electron Microscopy (FE-
SEM)

In order to investigate the compositional homogeneity and composition of the sam-
ples used for the present thesis, high-resolution Field Emission Scanning Electron
Microscopy (FESEM) imaging and Energy-Dispersive X-ray Spectroscopy (EDS)
techniques are used as illustrated in Fig. 2.4. The basic working principle of FE-
SEM is discussed thoroughly in the following paragraph.

Figure 2.4: The field emission scanning electron microscope instrument, added with a
EDS detector.
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Figure 2.5: The schematic diagram of (a) different stages of FESEM instrument: the
path of electron beam is controlled by several electromagnetic lenses and the electron and
x-ray photon detectors [79]. (b) Schematic representation of interaction of the electron
beam with the sample.
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Field emission scanning electron microscopy is a high-resolution electron mi-
croscopy technique that is generally used to visualize the surface topography in mi-
cron or even nanometer scale in different branches of science. Different components
of the FESEM system are shown in Fig. 2.5(a). The most important component of
the FESEM instrument is the electron gun from which electrons are emitted by the
conventional field emission process. In very high vacuum condition, these emitted
electrons are accelerated by a gradient electric field and monitored by several electro-
magnetic lenses, such as condenser lenses and objective lens. The condenser lenses
basically control the electron beam spot size (either narrower or wider), whereas,
the objective lens is utilized to focus the electron beam on the objects under study.
In between the condenser lens and objective lens, the scan coils are used to deflect
the electron beam on the surface of the object. The incident electrons interact with
the atoms of the object. In this process, several phenomenons related to these in-
teractions emerges, as showing in Fig. 2.5(b). This can provide insight into the

properties of the sample under study. In this process, the secondary electrons are
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generated as a result of the inelastic scattering of the primary incident electrons
with the atoms in the samples. Only the secondary electrons produced from the in-
teraction between the primary incident electrons and the loosely bounded electrons
of the surface the samples contribute to the mapping of the surface topography.
The high-energy incident electrons that undergo elastic scattering by the atoms of
the objects/samples with scattering angle greater than 180 degree are known as the
primary backscattered electrons (BSE). As the backscattered electrons return back
from relatively higher depth of the sample, the image constructed from them gives
the information about the compositional homogeneity of the sample (either single
phase or multiphase). It is to be noted here that the resolution of the image formed
by the secondary electrons is better than the image constructed from the backscat-
tered electrons. When the high energy incident electrons knock out the core shell
electrons (K, L, M shells, etc.) of the samples, these voids are filled by the electrons
of a higher energy shell, and consequently x-ray photons are generated. Every el-
ement in the periodic table emits a characteristic x-ray wavelength. According to
the Moseley’s law, this characteristic wavelength of the element inversely varies with
the square root of the atomic number (Z) of that element. This is the fundamental
principle of the Energy-Dispersive x-ray Spectroscopy (EDS) technique that is being

used to determine the composition of the samples.

2.3 Magnetic Measurements

Magnetic measurements are performed using a Quantum Design-make Supercon-
ducting Quantum Interference Device Vibrating Sample Magnetometer (SQUID-
VSM) (as shown in Fig. 2.7) and the VSM attached to Physical Properties Mea-
surement System (PPMS) (as shown in Fig. 2.6).

Magnetization (M) as a function of temperature (7°) are measured from 2 K
to 400 K in the presence of a fixed magnetic field in three conventional modes.
(1) In zero field cooled (ZFC) mode, the sample was initially cooled down to the

lowest measuring temperature without any magnetic field, then the measurement
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was carried out in the warming process under magnetic field (H= 0.1 T). (2) In
the field cooled (FC) mode, the data was taken during the cooling process in the
presence of magnetic field. (3) When the measurement was performed at the time of
warming by applying field after the field-cooling process, then the mode is called as
field heating (FH). High temperature M (7T") measurements are also performed on the
samples in the temperature range 300 K — 800 K under applied magnetic fields. The
isothermal magnetization vs. magnetic field (H) measurements are carried out over
a maximum field range of -9.0 T <H< +9.0 T, at different temperatures ranging
from 2 K to 385 K.

Figure 2.6: Physical properties measurement system (PPMS, Quantum Design) used to
measure the magnetic, electrical, and thermal properties of the samples.

2.3.1 Vibrating Sample Magnetometer (VSM)

The VSM option in the PPMS is an effective and sensitive tool to measure the
dc magnetization of the sample. The VSM option includes a linear VSM motor
transport (head), a set of the pickup coil, and electronics for signal detection system

(see Fig. 2.6). The basic principle of VSM measurement is related to the emf induced
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in the pickup coil due to the change in flux, based on Faraday’s law. Application
of magnetic field using the superconducting solenoid magnet magnetize the sample.
When the magnetized sample vibrates inside the pickup coil (vibrating amplitude
1-3 mm peak, frequency 40 Hz), a voltage is induced in the pickup coil. The induced
voltage in the pickup coil can be explained as,

d¢ dz

Voo = dopdt = === (2.2)

where, ¢ is the magnetic flux enclosed by the pickup coil, z is the vertical position
of the sample with respect to the coil and ¢ is time. For a sinusoidally oscillating
sample position, the induced voltage in the pick cup coil is governed by the following
equation-

Vi = 20mAN/ f sin(2/ft) (2.3)

where, C' is a coupling constant, m is the DC magnetic moment of the sample,
A is the amplitude of oscillation, and f is the frequency of oscillation. The sample
is attached to the sample rod which vibrate sinusoidally. The sinusoidal vibration
of the sample rod is controlled by the VSM linear motor transport. The center of
oscillation is in the center of the gradiometer pickup coil. The VSM system uses the
touch down process to define the sample centering. The system can measure the
change of magnetic moment less than 107¢ emu.

The PPMS-VSM (Quantum Design) can be operated in the temperature range
from 1.8 K to 400 K with a maximum magnetic field of 9 T. Here the magnetic field
is produced by a superconducting solenoid coil. Liquid He is used to cool down the
sample chamber. A flow control valve and heaters are used in the annulus region, a
space between the sample chamber and dewar (storage of liquid He), to control the
temperature in the sample chamber. In order to achieve the fixed temperature in
the sample chamber, the liquid helium initially enters from the dewar to the annulus
region through an impedance valve, and then the heater is switched on to boil up
the liquid helium of the annulus region. Then by controlling the He gas pressure on

the top of the liquid-He column through the flow control valve, the boiling point of
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liquid He either increases or decreases. By doing so, the temperature of the chamber
is controlled in disciplined manner.

The oven option attached with the VSM helps to measure the magnetic properties
in the temperature range from 300 K to 1000 K. Here the magnetic moment is
also detected in similar procedure as used in case of standard VSM option. But
here a specific sample holder is used, in which the sample is heated by applying
current to platinum heating element attached to the sample holder. To measure the
temperature, a thermocouple is attached to the backside of the holder. An alumina
based cement is used to glue the sample with the sample holder to get maximize the
thermal contact. All the functionalities of the PPMS are controlled by the MultiVu

software.

2.3.2 Superconducting Quantum Interference Device based

magneto-meter (SQUID)

Superconducting Quantum Interference Device (SQUID), the most frequently used
magneto-meter, possesses a great impact on condensed matter physics research ow-
ing to the ability to detect magnetic flux in very high precession. The basic principle
of SQUID is solely based on the concept of Josephson junction in superconducting
loop. Usually the Josephson junction is made of a superconducting loop interrupted
by one or more missing links. Typically, normal metal or insulator, are used as
the missing links. In 1962, Josephson predicated that super-current can also pass
through this junction / weak link from one end to the other end of the supercon-
ductor via quantum-mechanical tunneling of cooper-pairs across it.

A SQUID consists of two Josephson junctions with a dc current used through it.
The commercial SQUID can measure the magnetic moment very accurately of the
order of 107% emu.

The magnetic property measurement system (MPMS-Quantum Design/SQUID
magnetometer) is used to measure high precession magnetization at temperatures

from T'= 1.8 K to 400 K with the magnetic field up to 7 T. A typical picture of the
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Figure 2.7: The VSM attached with superconducting quantum interference device
(SQUID-VSM) made by Quantum Design.

MPMS-Quantum Design is given in Fig. 2.7. To perform high sensitive magnetic
measurements, superconducting pick-up coils and SQUID sensors are used. In the
SQUID-VSM mode, when the sample vibrates inside the pick up coil, an emf is
induced according to the Faraday’s law. Consequently, current is generated in the
pick-up coil. The superconducting pick-up coils are inductively coupled to a direct
current (DC) based SQUID sensors via input transformer as shown in Fig. 2.8.
By this process, the change of magnetic flux can be measured through the SQUID

sensors. Superconducting detection coils are arranged as a second order gradiometer,
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Figure 2.8: The schematic diagram of a VSM coils attached with SQUID sensor [taken
from MPMS-3 (Quantum Design) user’s manual].

where one of the detection coil wounds opposite to other as shown in Fig. 2.8. The
DC-SQUID flux sensor is protected inside the superconducting shield chamber to
counter the effect of any kind of magnetic flux from outside the MPMS-chamber.
A maximum moment of about 3 emu can be detected by the MPMS. To measure
the magnetic moment of the sample accurately, the sample must be located at
the center of coils. The functionality of MPMS-SQUID is controlled externally by
MultiVu software. In general, the temperature and the magnetic field dependence

of magnetization can be measured with high accuracy using the MPMS.

2.3.3 AC susceptibility Measurements

Ac susceptibility measurement is generally extensively used as a probe to identify
several dynamical phenomena associated with magnetic materials. For the present
study, the ac susceptibility response of the samples is measured with the help of
the ACMS option in the PPMS. To probe the dynamical properties of magnetic
material, a small amount of ac magnetic field is applied along with the static/dc

field when required. When the ac magnetic field is applied to a magnetic system,
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the magnetic moments of the sample tries to follow the ac field. Therefore, the
magnetic moments of the sample oscillate in time by the ac field. The oscillating
magnetic moments induce a time dependent magnetic flux and thereby generate a
time dependent electromotive force in pickup coils. This electromotive force induces
an ac current in the coil. By measuring the ac current, the information about the
amplitude and frequency of the ac magnetic response are detected by the pick-up

coil/detection coil.

When an ac magnetic field is applied along with the dc magnetic field to the
sample i.e. H(t) = Hy. + haecoswt, then the magnetization of the sample can not
follow the ac magnetic field. As a consequence, the magnetization lags with the ac
magnetic field, and the expression of time dependent magnetization [M(t)] can be

written as

M(t) = My + mge cos(wt — @) (2.4)
M(t) = M. 4+ Mg cos wt cos ¢ + My sin wt sin ¢ (2.5)

where, My, is the dc magnetization, m,. is the amplitude of the ac magnetization and
¢ represents the phase shift of ac magnetization with respect to the ac magnetic field.
Now, analog to dc susceptibility xg. = Mge/Hge, then the above time dependent

magnetization can be written in terms of ac susceptibility as

M(t) = XaeHae + X, cOswt + X0 sinwt (2.6)

where, X' = mg.cos@/hge and Y = mg.sin ¢/h,. are the real and imaginary part
of ac susceptibility, respectively. It can be seen from the Eq. 2.6 that the real part
of ac susceptibility is in-phase with ac magnetic field whereas the imaginary part
of ac susceptibility is out of phase with ac magnetic field. Therefore, the real part
and imaginary part of ac susceptibility are also known as in-phase and out-phase

component of the ac susceptibility.
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In complex notation, if the magnetic field H(t) = Hg, + ho.e™?, then
M(t) = XacHae + Xachace™" (2.7)
Here, the complex susceptibility is given by
Xac = Xae T iXte = Xac€™” (2.8)

where, mod Y4 = v/X% + X”2 and the phase shift ¢ = arctan(x”./x’.)

The x/. is associated with the reversible magnetization process and generally
very sensitivity to the change in magnetization with respect to the magnetic field.
Whereas x”. is related to the dissipation of energy due to irreversible magnetization
process, such as the irreversible movement of domain walls, magnetic phase transi-

tion, spin reorientation, spin-spin relaxation and spin-lattice relaxation process.

To investigate the dynamical properties of a magnetic system, different parts of
the M (H) loop are probed by applying a small amplitude of ac magnetic field with
different ac frequencies in addition to the dc magnetic field. As discussed above, the
susceptibility of the system is a complex entity with phase factor (¢) and the am-
plitude y4.. By measuring the magnitude and the phase shift by the magnetometer
circuit, the real and the imaginary part of ac susceptibility are obtained. Generally,
Xae VS temperature, y.. vs dc magnetic field, x,. vs frequency, and y,. vs amplitude
of ac field measurements are performed to study the dynamical properties, magnetic
phase transition, etc. In this thesis, x/./x". vs dc magnetic field and x/,./x7. vs ac
frequency measurements are performed to investigate the magnetic phase transition
and dynamical properties of different samples using the ACMS option in PPMS with
fixed ac amplitude H,. = 10 Oe and the ac frequency f ranging from 111 Hz to 9999
Hz.
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2.4  Electrical Transport Measurements

This section focuses on the magneto-transport measurements with the help of the ac
transport (ACT) option in PPMS (Quantum Design). With the help of ACT option,
one can measure the field and temperature dependence of longitudinal resistivity as
well as the Hall resistivity. In ACT option, longitudinal resistivity is measured by
the conventional four probe method, whereas, the five probe method is adopted to
measure the Hall voltage of the sample.

In four probe method, two separate terminals (I, and I_) are used to pass the
alternative current through the sample and the longitudinal voltage drop across
the sample is measured by two separate terminals (V. and V_), as schematically
represented in Fig. 2.9(a). The longitudinal resistivity is calculated by the Ohm’s
law. Due to separate terminals of voltage and current, the contribution of lead
resistance and contact resistance to sample resistivity are canceled out. Therefore,
a high precession of voltage drop across the sample can be measured by the four
probe method. The resistivity of the sample can be calculated by the following

formula-

where, A and [ is the cross sectional area of the sample and the lead separation
between two voltage contact terminals, respectively. [ is the current passing through

the sample and the voltage drop across sample is denoted by V.

V. V.

I+¥ l l % I- |+7 /L |_
Longitudinal resistivity / Hall resistivity \

V. V,.

@) o) \[

Figure 2.9: A schematic diagram of (a) four probe method for measuring the longitudinal
resistivity, and (b) five probe method for measuring the Hall resistivity of a rectangular
shaped sample.
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It is to be noted here that the voltage leads must be parallel to the current flow
direction to obtain the correct value of longitudinal resistivity.

To measure the Hall resistivity of our sample, five probe method is utilized as
shown Fig. 2.9(b). The Hall voltage of the sample can also be measured by using the
four probe method when the two voltage terminals are connected to the transverse
direction of the current flow. To measure the actual voltage due to the Hall effect,
the voltage must be measured perfectly perpendicular to the current direction. If
the two voltage terminals are misaligned, i.e., the transverse voltage is not measured
ideally perpendicular to the current direction, the measured transverse voltage can
also contain additional component of the longitudinal voltage. To solve this problem,
five probe method is used to nullify the longitudinal voltage contribution to the Hall
voltage. For this purpose, a potentiometer is generally connected between the V,
and Vy, leads. The potentiometer is tuned in such a way that V,, - V,,. = 0. By
doing so, the contribution due to the longitudinal resistance during the transverse
voltage measurement is eliminated. It is to be noted here that the contribution
due to the longitudinal resistance in Hall measurements may still present even after
balancing the potentiometer when the Hall voltage is very small in comparison
with the longitudinal Hall resistivity. Therefore, the Hall voltage is measured in
both positive and negative field sweep, thereby, the actual Hall resistivity can be
obtained by subtracting the contribution of symmetric field dependent resistivity
part (longitudinal resistivity) from the measured transverse resistivity. In this thesis,
the isothermal field dependent longitudinal as well as Hall voltage of the samples are
measured using ac current of amplitude 50 mA and frequency 331 Hz at different
temperatures from 7" = 3 K to 380 K. Temperature dependence of longitudinal

voltage are also measured from 7' = 3 K to 300 K at a zero magnetic field.



Chapter 3

Antiskyrmions in Ds; symmetric
Mny, .NiGa;_, Heusler Shape

Memory Alloys

As discussed in the motivation section in Chapter 1, MnyNiGa exhibits all the
essential properties to host the antiskyrmion phase. Hence, the current chapter
mainly focuses on the realization of antiskyrmion phase in the tetragonal Heusler
shape memory compound Mn;NiGa that exhibits Dyy crystal symmetry. In this
prospect, a series of Mny,,NiGa;_, (x = 0.0, 0.05, 0.10) samples are prepared
by using arc melting furnace as discussed in Chapter-2. The structural property
of the samples are characterized by means of X-ray diffraction (XRD) and Field
Emission Scanning Electron Microscopy (FESEM) measurements. The magnetic
properties of the samples are illustrated by using low temperature as well as high
temperature magnetization measurements. The ac susceptibility measurements of
these sample are also presented in this chapter. A detailed study on the magneto-
transport properties, such as longitudinal and Hall resistivity of the samples are

discussed at the end.
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3.1 Sample characterization

In this section, the structural properties as well as the compositional homogeneity
of the Mny, ,NiGa;_, (z = 0.0, 0.05, 0.10) samples are discussed by using XRD and

FESEM measurements.

3.1.1 XRD studies on Mn,,,NiGa; , (z = 0.0, 0.05, 0.10)

As shown in Fig. 3.1, room temperature XRD patterns are recorded on the Mny . NiGa;_,
(x = 0.0, 0.05, 0.10) samples to reveal the crystal structure. It is to be noted here
that because of the ductile nature of the Mn-Ni-Ga alloys, the XRD studies are per-
formed using highly polished disc-shaped samples of thickness of about 1 mm. The
XRD patterns of all these samples are inspected through powder-cell software by
comparing with the standard model of powder diffraction. It is found that Mn,NiGa
crystallizes mostly in a tetragonal crystal phase with space group I-4m2. In addi-
tion, a small amount of cubic phase with space group F-43m also exists at room
temperature. The XRD analysis reveals the lattice parameters of a = b = 3.917 A°
and ¢ = 6.745 A° in the tetragonal phase, whereas, the cubic phase exhibits lattice
parameter a = b = ¢= 5.90 A°. In the MnyNiGa tetragonal phase, the Ga and Ni
atoms occupy the 2a (0.0, 0.0, 0.0) and 2d (0.0, 0.50, 0.75) positions, respectively,
whereas, the Mn atoms sits in two different Wycoff positions at 2b (0.0, 0.0, 0.50)
and 2c (0.0, 0.50, 0.25). In the cubic phase Ga atoms sit at 4a (0.0, 0.0, 0.0),
Ni at 4d (0.75, 0.75, 0.75) and Mn atoms occupy 4b (0.5, 0.5, 0.5) and 4c (0.25,
0.25, 0.25) positions. The room temperature XRD patterns for Mnj 05NiGag g5, and
Mns 1 NiGag g samples display a pure tetragonal phase with space group I-4m2 [ Fig.
3.1 (b), and (c)]. The lattice parameters for Mns sNiGag 95 sample are a = b = 3.900
A° and ¢ = 6.744 A°, whereas, Mny 1NiGag ¢ shows a = b = 3.840 A° and ¢ = 6.740
Ae.
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Figure 3.1: (Color online) The Room temperature XRD patterns for (a) MnyNiGa,
(b) Mny g5NiGag g5, and (¢) Mny1NiGagg. Here, the symbols ‘M’ and A’ stand for
the martensite and austenite, respectively.

3.1.2 Temperature dependent XRD studies on Mny,,NiGa;_,
(z = 0.0, 0.10)

As discussed above, the room temperature XRD pattern for the shape memory alloy
Mn,NiGa exhibits structural coexistence of tetragonal and cubic phases. To further
study the nature of this phase coexistence, temperature dependent XRD measure-
ments are carried out from 7" = 15 K to T' = 600 K as plotted in Fig. 3.2. As it
can be seen, the intensity of the peaks corresponding to the cubic structure (austen-
ite phase) A (220) and A (422) decreases gradually with decreasing temperatures.
For T" < 150 K, both the cubic peaks completely disappear, indicating the pres-
ence of a single tetragonal phase. At T' = 15 K, the XRD pattern shows the peaks
corresponding to the pure tetragonal phase. At T' > 300 K, intensity of the peaks
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Figure 3.2: (Color online) The temperature dependent XRD patterns of MnyNiGa.
The symbols "M’ and "A’ stand for martensite and austenite, respectively.

related to the tetragonal phase decreases with increasing temperatures, whereas, the
intensity of the cubic peaks increases with temperature. From these temperature
dependent XRD patterns, it can be concluded that the tetragonal phase is dominant
in the sample over the cubic phase for temperatures below the room temperature,
whereas, cubic phase is predominant at high temperatures.

Like MnyNiGa, the XRD measurements at various temperatures ranging from
T =15 K to T = 550 K are performed for the Mnsy1NiGag g sample which shows
a pure tetragonal structure at room temperature. These XRD patterns are plotted
in Fig. 3.3. It can be seen that Mny1NiGagg displays a pure tetragonal structure
in the whole temperature range from 7" = 15 K to 7" = 550 K. This indicates that
Mns 1 NiGagg does not undergo any structural phase transition in the measured

temperature range.
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Figure 3.3: (Color online) The XRD patterns at various temperatures for
Mng_lNiGao_g.

3.1.2.1 Field Emission Scanning Electron Microscopy (FESEM) and

Energy Dispersive X-ray Spectroscopy (EDS) studies

Field Emission Scanning Electron Microscopy (FESEM) technique is used to exam-
ine the compositional homogeneity of the samples with the help of surface imaging
and Energy Dispersive X-ray Spectroscopy (EDS) studies. The EDS measurements
are performed to verify the stoichiometry of the samples. The FESEM images for x
= 0.0, 0.05, 0.10 show homogeneous contrast as depicted in Fig. 3.4. The compo-
sition obtained from the EDS study is summarized in Table 3.1. The homogeneous
contrast in FESEM images and the compositional study by EDS measurements,

confirm that all the samples exhibit a single compositional phase.
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Figure 3.4: (Color online) The FESEM images for (a) MnsNiGa, (b) Mng 05 NiGag g5,
(C) Mng.lNiGaO.g

Table 3.1: The EDS results for Mny, ,NiGa;_, samples.

Initial composition | EDS composition

Mn,NiGa Mn; 95Nig 96 Gan.o9

Mny 95 NiGag g5 Mny 95 Nig.99Gag .96

Mn;y 1NiGag g Mny 0 Nig.96Gag.g6

3.2 Magnetization Measurements for Mn,, ,NiGa;_,

3.2.1 Magnetization Measurements for Mn;NiGa

The temperature dependence of magnetization, M(T'), measured in field-cooling
(FC) and field-heating (FH) modes at a fixed dc magnetic field (H) of 0.1 T for the
Mn,NiGa sample is depicted in Fig. 3.5(a). A sharp transition around 7" = 300 K
appears both in the FC and FH M (T') curves. As it can be seen, the magnetization
curves do not follow the same path around the transition temperatures and thereby
gives rise to a large thermal hysteresis between the FC and FH curves around T' =
300 K. This hysteretic behavior is generally found due to the presence of first-order
transition. As it is seen before in the temperature dependent XRD measurements of

Mn,NiGa, the hysteretic behavior in the M (T") curves further exemplify the presence
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Figure 3.5: (Color online) The temperature dependence of magnetization, M (T'),

curves at H = 0.1 T (a) from 7" = 2 K to 400 K and (b) from 7" = 400 K to 800 K

for MnyNiGa. The FC and FH M (T') curves are represented by the solid black and
open red symbols, respectively.

of structural transformation from the high temperature cubic phase to the low tem-
perature tetragonal phase. In order to find out the magnetic ordering temperature
of Mny;NiGa sample, the high temperature magnetization versus temperature data
is recorded from 7" = 400 K to 800 K at H = 0.1 T. The high temperature magnetic
measurement given in Fig. 3.5 (b) exhibits a magnetic ordering temperature (T¢)
of about 650 K.

The magnetization measurement as a function of magnetic field, M (H), is carried
out to at several temperatures to map out the magnetic states in Mn,NiGa. Fig. 3.6
(a) shows the M(H) curve measured at 7' = 2 K, where a saturation magnetization
of about 1.43 pup/f.u. is found. A dip kind of anomaly in the M (H) curve, marked
by blue arrows in Fig. 3.6 (a) can be observed around H = 0.3 T. The transition is
clearly seen in the zoomed view of the M (H) curve shown in Fig. 3.6 (b). To find out
the possible existence of this anomaly in other temperatures, M (H) measurements
are carried out at different temperatures from T"= 2 K to T" = 380 K as plotted in
Fig. 3.7. As it can be seen, the dip kind of anomaly in the M (H) curves is visible for

temperature up to 7' = 300 K. However, the anomaly is absent for the temperatures
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Figure 3.6: (Color online) (a) Isotherm magnetization as a function of magnetic
field, M(H), at T = 2 K for MnyNiGa. (b) The zoomed view of the anomaly region
of the M(H) curves. The anamolies in these curves are marked by blue arrows.

above 300 K as in Fig. 3.7 (h)-(i). This can be clearly seen from the field dependent
magnetization curve at 7' = 380 K as shown in Fig. 3.8 (a) as well as in the zoomed
view of the curve plotted in Fig. 3.8 (b). It is worth to point out here that the
dip kind of anomaly in the M (H) loops appears only in the tetragonal phase of the
sample, whereas, no such anomalous behavior is found in the cubic dominated states
of the sample. This kind of magnetic transition in the M(H) loop has often been
found in many skyrmion hosting materials [13, 14, 26, 27, 28, 80].

3.2.2 Magnetization Measurements for Mn, (;NiGag g5

The temperature dependence of FC and FH magnetization curves for Mng g5 NiGag g5
measured at H = 0.1 T are plotted in Fig. 3.9. Like the parent Mny;NiGa alloys,
Mng 05sNiGag g5 also exhibits a difference between the FC and FH M (T) curves.
However, the thermal hysteresis behavior occurs in relatively high temperature re-
gion around 7" = 380 K in comparison to that of MnyNiGa. In other words, the
temperature stability of the tetragonal phase is enhanced largely by slight change

of the Mn/Ga ratio. The change in the total number of valance electrons due to the
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Figure 3.7: (Color online) The field dependence of magnetization curves at different
temperatures from 7' = 2 K to T' = 380 K for MnyNiGa. The anamolies in these
curves are marked by blue arrows.

substitution of extra Mn atoms in place Ga might be responsible for this shift in the
structural transformation in Mny g5sNiGag g5. Fig. 3.10 shows the magnetic hysteresis
loops measurements at different temperatures for Mns gsNiGag g5. Like MnyNiGa, a

dip kind of anomaly (marked by black arows) is also found in the hysteresis curves
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Figure 3.8: (Color online) (a) M(H) loop measured at T = 380 K for MnyNiGa.
(b) The zoomed view of the anamoly region of the M (H) curve.
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Figure 3.9: (Color online) The temperature dependence of magnetization curves for
Mns 05NiGag g5 measured at H = 0.1 T.
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of Mng ¢5NiGaggs. The existence of the dip kind of feature in the M (H) curve is
found up to the maximum possible measured temperature (7' = 380 K) as can be
seen in Fig. 3.10 (a)-(f). It is expected that this anomalous feature may disappear

to T' > 380 K as the structural transition falls at this temperature.
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Figure 3.10: (Color online) The isothermal magnetization curves from 7' = 2 K to
T = 380 K for Mns g5NiGagg5. The anomalies in these curves are marked by black
arrows.
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Figure 3.11: (Color online) The temperature dependence of magnetization, M (T'),
curves at H = 0.1 T (a) from T' = 2 K to 400 K and (b) from 7" = 400 K to 800 K
for Mny 1 NiGagg. The FC and FH M (T') curve are represented by the solid black
and open red symbol, respectively.

3.2.3 Magnetization Measurements for Mns NiGag g

The temperature dependent magnetization measurements performed at H = 0.1 T
in usual FC and FH modes for the MnyNiGagg sample is given in Fig. 3.11(a).
Unlike MnyNiGa and Mns g5 NiGag g5, no thermal hysteresis between the FC and FH
magnetization curves is observed below 7" = 400 K for Mny;NiGagg. Fig. 3.11(b)
shows the M(T') curve measured at high temperature from 7" = 400 K to 700 K.
The Curie temperature of the sample is found to be about 550 K. Most importantly,
no structural transition is observed up to the magnetic ordering temperature, as
supported by the temperature dependent XRD measurements shown previously in
Fig. 3.3. The isothermal magnetization measurements performed at several tem-
peratures ranging from 7" = 2 K to 380 K are shown in Fig. 3.12 . The saturation
magnetic moment at 7' = 2 K is found to be around 1.12 pp/f.u.. The magnetic
hysteresis loops for all the temperatures measured up to 380 K exhibit the dip kind

of anomaly found before. It is expected that these anomalies could possibly exist up
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Figure 3.12: (Color online) The field dependent magnetization curves at fixed tem-
peratures ranging from 7' = 2 K to T = 380 K for Mny 1NiGagg. The anamolies in
these curves are marked by black arrows.

to the magnetic ordering temperature of 550 K as no structural transition is found

in this sample.

3.3 AC susceptibility measurements

The ac susceptibility measurement have been extensively used to identify various
magnetic phase transitions present in magnetic materials. To study the nature of
magnetic transition found in the in the M (H) curves shown in the previous section,
field dependent ac susceptibility measurement is carried out extensively in these
samples. The real part of ac susceptibility data as a function of magnetic field [x'(H)]
measured at different temperatures for the Mn,;NiGa sample is depicted in Fig. 3.13.
At T = 2 K, a hump-like feature, marked by the asterisk (x) symbol as given in
Fig. 3.13(a), is observed at H = =+ 0.35 T in both the positive as well as negative field
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quadrants. This broad hump like feature in the y/(H) data is also found for other
temperatures as shown in Fig. 3.13(a)-(f). It is noticeable that the sharpness of this
transition gradually enhances with temperatures up to 7' = 200 K before starting
to diminish for the higher temperatures. This anomaly exists up to T" = 300 K, as
no peak/hump feature in the the x’(H) curve is found for 7" = 370 K, as seen from
Fig. 3.13(f). It is to be noted here that the peak behavior in the x'(H) data is only
found in the tetragonal phase of the sample and disappears when the sample enters
into the cubic phase. This kind of field-induced transition in the ac susceptibility
data has been previously observed in various skyrmion hosting materials [28, 29, 30,
31, 32, 33]. In these materials, the transition in the ac susceptibility data is found
when the system undergoes from the helical to skyrmion and skyrmion to the field
polarized states. Recently, similar kind of hump-like feature has also been found
in the antiskyrmion hosting Mn-Pt-Pd-Sn system [81]. As the crystal symmetry
of the MnyNiGa sample falls into the same category that of Mn-Pt-Pd-Sn sample
(Dsy), the observed peak behavior in the x/(H) curve in Mny,NiGa sample can be
attributed to the presence of magnetic first-order phase transition from the helical to
antiskyrmion phase. As expected, the hump kind of features in the ac susceptibility
measurements exist only in the tetragonal phase of the sample, whereas, a very
smooth kind of ac susceptibility curve is found in the cubic phase.

To identify the antiskyrmion phase in other off-stoichiometric Mn-Ni-Ga sam-
ples, the field dependence of ac susceptibility measurements are also performed in the
Mny 05NiGag g5 and Mny 1NiGag 9. The ac susceptibility data for the Mns g5 NiGag g5
and Mny 1NiGagg are plotted in Fig. 3.14 and 3.15, respectively. Like the parent
Mn,NiGa sample, both Mns g5NiGag g5 and Mny 1NiGag g exhibit hump kind of be-
havior in the ac susceptibility data. The existence of this hump like features in the
ac susceptibility curves are found up to 7' = 380 K (the maximum possible measured
temperature) for both the samples. These anomalies in the ac susceptibility data
indicate the presence of antiskyrmions phase in Mns 05NiGag g5 and Mns 1NiGagg.
Here, the transitions in the ac susceptibility measurements appear more prominently

at the high temperatures in comparison to that of low temperatures.
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Figure 3.13: (Color online) The real part of ac susceptibility (x’) as a function of
magnetic field (H) at various temperatures for MnyNiGa. The asterisk (x) symbols
represent the anamolies in the x/'(H) curves.
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Figure 3.14: (Color online) Field dependent real part of ac susceptibility, x'(H),
at different temperatures for Mny 05NiGaggs. The asterisk (%) symbols show the
anomalies in the x/(H) curves.
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Figure 3.15: (Color online) Field dependent real part of ac susceptibility, x'(H),
at different temperatures for Mny 1 NiGagg. The asterisk (x) symbols indicate the
anomalies in the y/'(H) curves.
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3.4 Magneto-transport studies

As discussed previously in Chapter-1, when the conduction electrons pass through
the skymions/antiskyrmions spin textures, an extra-component of Hall resistivity,
named as topological Hall effect, arises in addition to the conventional normal and
anomalous Hall resistivities in ferro-/ferri-magnetic samples. Therefore, any pres-
ence of topological objects like skyrmions/antiskyrmions in a magnetic system must
be reflected in the Hall effect measurement. For the present Mn-Ni-Ga samples,
the signature of antiskyrmion phase is already seen in the ac susceptibility measure-
ments. Hence, the magneto-transport study is carried out on rectangular shape Hall
bar (as discussed in Chapter-2) of the Mny,,NiGa;_, samples.

The temperature dependence of longitudinal resistivity for Mn,;NiGa shows a
typical metallic behavior as the longitudinal resistivity increases with temperature,
as depicted in Fig. 3.16 (a). The field dependence of Hall resistivity (pu,(H))
measured at 7' = 2 K for the Mn;NiGa sample is shown in Fig. 3.16 (b). It can be
clearly seen that p,,(H) curve measured at 7' = 2 K exhibits a dip kind behavior
in the second and fourth quadrants around H = 0.35 T, as marked by black arrows
in Fig. 3.16 (b). This anomaly is in agreement with that is found in the M (H) and
ac susceptibility measurements. In addition, this dip kind of anomaly in the field
dependence of Hall resistivity can be found for temperatures ranging from 7' = 2 K
to T' = 300 K, as shown in Fig. 3.17. Interestingly, it can be seen from Fig. 3.17
(f) that the dip anomaly disappear for T" = 385 K that falls in the cubic region.

It is well understood that the total Hall resistivity in ferro-/ferri-magnetic mate-
rials generally consist of the normal and the anomalous Hall resistivities. An extra-
component of Hall resistivity, p’, arising due to the presence of any non-coplanar
spin texture can also be included in the total Hall resistivity for any magnetic mate-
rial. Therefore, the total Hall resistivity can be written as- p,,(H) = p" + p® + pT.
Here, pV = RyH represents the normal Hall resistivity, R, is the normal Hall co-
efficient, p = R,M is the anomalous Hall resistivity, R, is the anomalous Hall

coefficient, and p? stands for the topological Hall resistivity. Therefore, the expres-
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Figure 3.16: (Color online) (a) Temperature dependence of longitudinal resistivity
pzz(T) for MnyNiGa. (b) The Hall resistivity as a function of magnetic field p,, (H)
for MnyNiGa at 2 K. The anamolies in these curves are marked by black arrows.

sion for the total Hall resistivity can be rewritten as p,,(H) = RoH + R;M + p" =
RoH +bp? M + p*. In this expression, the contribution due to the intrinsic mecha-
nism of anomalous Hall resistivity, which is proportional to p?_, is only considered.
The contributions from the extrinsic mechanisms like skew scattering and side jumps
to the anomalous Hall effect are neglected as the longitudinal conductivity of present
samples (0,,=1/ Paa10% Q_lcm_l) falls under the category of moderate conductiv-
ity regime (10* < 0, (2 'em™) < 10%). At very high fields the sample enters into
the field polarized state, and hence the contribution of p? to the total Hall resis-
tivity can be ignored safely. Hence, the total Hall resistivity of the system at high
fields can be expressed as p,,(H) = RoH + bp?, M or, p.,(H)/H = Ry + bp?, M/H.
The Ry and b can be evaluated from the straight line fitting between the p,,(H)/H
vs. p2,M/H curve at high fields. Using the Ry and b in the total Hall resistivity
expression, the contributions due to the normal Hall resistivity and anomalous Hall
resistivity are evaluated over all field regimes (5 T<H<=+5 T). Now onwards this

contribution is refereed as calculated Hall resistivity. After deducing the calculated
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Figure 3.17: (Color online) (a)-(f) The experimental Hall resistivity, p.,(H), (black
color symbol) fitted with calculated Hall resistivity as a function of magnetic field
(magenta color line) for MnyNiGa from 7' = 2 K to 7' = 380 K.

Hall resistivity, the experimental Hall resistivity (black color symbol) is fitted with
the calculated Hall resistivity curve (magenta color) as presented in Fig. 3.17 for
MnyNiGa. It can be clearly seen from Fig. 3.17(a)-(e) that a substantial difference
between the experimental and calculated Hall resistivity appears around a certain
field region where the anomalies in magnetic and Hall transport data are present
for =2 K toT = 300 K. At T' = 380 K, no difference between the experimental
and the calculated Hall resistivity curve is found. To obtain the extra-contribution
of Hall resistivity, the contribution of calculated Hall resistivity is deducted from
the experimental Hall resistivity. The plots for the extracted component of Hall
resistivity, p?, at different temperatures are presented in Fig. 3.18. The peak value
of p? for MnyNiGa continuously increases with increasing temperature and finally
attains a maximum value of about 150 n{2-cm at T" = 300 K. Nearly zero value of

pT is obtained for 7' > 300 K. It is important to mention here that this kind of
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Figure 3.18: (Color online) (a) The topological Hall resistivity, p’, at different
temperatures for MnyNiGa, (b) The H-T phase diagram for MnyNiGa sample based
on the topological Hall resistivity measurements showing the evolution of p? with
respect to the magnetic field (H) and temperature (7).

hump like signal in Hall resistivity, known as topological Hall resistivity, has been
observed in the skyrmion phase of different suitable magnetic materials [13, 23, 24,
25, 26, 27]. Therefore, the finite value of p! along with the anomaly in the magnetic
measurements strongly suggest the presence of skyrmion like topological magnetic

object in MnyNiGa system.

It is seen that a finite value of p’ is obtained when the tetragonal crystal phase
is dominant in the system (T<300 K), on the other hand, the p” value goes to zero
when the system enters into the cubic dominated phase (T>300 K). Exactly same
kind of trend is observed in the anomaly found in the dc hysteresis and ac suscepti-
bility measurements. Hence, the magnetization, ac susceptibility and Hall transport
data firmly support the presence of topological magnetic objects like skyrmions in
the low temperature tetragonal phase of Mny;NiGa system. However, the Dy, class
of crystal symmetry of the low temperature tetragonal phase of MnyNiGa allows the
formation of antiskyrmions rather than skyrmions in the system. The large value of
p! at relatively high temperature could be possibly referred to the enhancement of

the nucleation probability of antiskyrmions due to the thermal fluctuation at high
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Figure 3.19: (Color online) (a) Field dependence of experimental Hall resistivity
(black lines) along with the calculated Hall resistivity (magenta lines) at different
temperatures for Mns o5 NiGag g5. The calculated topological Hall resistivity is shown
as olive lines.

temperatures.

The field dependence of experimental Hall resistivity curves [p,, (H)] for Mns o5NiGag g5
measured at different temperatures are presented as black lines in Fig. 3.19. As it
can be seen, Mny g5NiGag g5 exhibits dip kind of anomaly in the p,,(H) curve for
H = 0.40 T. The calculated Hall resistivity at each temperature estimated by the
above discussed method are plotted as magenta lines in Fig. 3.19. Like the parent
MnyNiGa sample, a difference between the experimental and calculated Hall resis-
tivity curves is also found around the anomaly region of the p,,(H) curves. After
the subtraction of the calculated Hall resistivity from the experimental data, the ex-

T

tracted topological Hall resistivity, p', curves are illustrated by olive lines (y-axis)

in Fig. 3.19. The maximum value of p? is found to be 70 nQ-cm at T' = 300 K.

Figure 3.20 shows the field dependent experimental Hall resistivity [pg,(H)]
curves (black solid line) and the corresponding calculated Hall resistivity curves
(presented by magenta line) at different temperatures for Mns1NiGagg. The ex-
perimental p,,(H) data also display dip kind of anomaly around H = 0.60 T. A
clear-cut difference between the experimental and calculated Hall resistivity is also

observed around for temperatures 7' = 2 K to 7' = 380 K. The corresponding ex-
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Figure 3.20: (Color online) (a) The experimental Hall resistivity, p.,(H), (black
color symbol) fitted with calculated Hall resistivity as a function of magnetic field
(magenta color line) for Mns 1NiGag g from 7' =2 K to 7" = 380 K.

tracted topological Hall resistivity, p’, curves are plotted for each temperature in
Fig. 3.21 (a). The average maximum value of p’ is calculated to be about 100
n{2-cm. The strong topological Hall effect signal along with the peak/dip kind of
behavior in ac susceptibility and dc hysteresis measurements categorically suggest
the presence of antiskyrmion phase in the MnyNiGagg sample. Figure 3.21 (b)
shows the H vs. T phase diagram for Mnsy NiGagg. It can be seen from this H-T
phase diagram that the finite value of p? exist up to H < & 3 T at all measured
temperatures from 7' = 2 K to T" = 380 K. The present results indicate the presence

of antiskyrmion phase at all measured temperature range up to high magnetic fields
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Figure 3.21: (Color online) (a) The topological Hall resistivity, p, curves at various
temperature for Mny 1 NiGagg. (b) The H-T phase diagram for Mns 1 NiGag ¢ sample
based on the topological Hall resistivity measurements showing the evolution of p”
with respect to the magnetic field (H) and temperature (7).

in Mny 1NiGag.g.

In conclusion, a large topological Hall effect is revealed in the tetragonal phase of
Mny, . NiGa;_, samples. The emergence of large topological Hall effect is attributed
to the existence of antiskyrmion phase in the Doy symmetric Mnsy, ,NiGay_, mate-
rials. The hall resistivity data is also supported by the finding of anomalies in the
dc hysteresis and ac susceptibility measurements. For Mny;NiGa, the antiskyrmion
phase sustains up to only room temperature, whereas, MnyNiGag g exhibits anti-
skyrmion phase over a wide temperature range up to the magnetic ordering tempera-
ture, T' = 550 K. The existence of antiskyrmion phase above the room temperature
makes the Mn-Ni-Ga alloys as a potential antiskyrmion hosting material for the

future racetrack memory device application.






Chapter 4

Tunable antiskyrmion phase in
Mny, .Ni;_,Ga tetragonal Heusler

system

In the previous chapter, the existence of antiskyrmion phase is already demon-
strated in Mny;NiGa sample by means of magnetic and Hall transport measure-
ments. For any future spintronics application, it is necessary to stabilize small size
antiskyrmions in a wider temperature and magnetic field range. All these properties
can be easily accomplished through suitable modification of the strength of different
energy contributions, such as exchange interaction, DM interaction, and magneto-
crystalline anisotropy. The exchange coupling strength of a system depends on the
bond length and the electronic filling in band, whereas, the DM interaction and
magneto-crystalline anisotropy rely upon the strength of the spin-orbit coupling
(SOC). This kind of modification can be easily achieved by tuning the material
parameters. In this prospect, a series of Mny, ,Ni;_,Ga (x = 0.0, 0.10, 0.13, 0.16,
0.20, 0.25 and 0.28) samples are prepared using the arc-melting furnace as dis-
cussed in Chapter-1. The structural and compositional properties of these samples
are analyzed through XRD, FESEM and EDS measurements. A detatied magnetic

properties and Hall transport studies of theses samples are presented here. To better
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Figure 4.1: (Color online) The XRD patterns for the Mny, ,Ni; _,Ga (z = 0.0, 0.10,
0.13, 0.16, 0.20, 0.25 and 0.28) samples at 7" = 300 K. Here, the symbols M and A
stand for the peak corresponding to the martensite and austenite phase, respectively.

understand the experimental results, a detailed micro-magnetic simulation is also

carried out.

4.1 Sample characterization

The structural property of the Mny, ,Ni;_,Ga (z = 0.0, 0.10, 0.13, 0.16, 0.20, 0.25
and 0.28) samples is analyzed through XRD measurements. The compositional

homogeneity is verified by FESEM and EDS measurements.
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Table 4.1: The lattice parameters for Mny, . Ni;_,Ga samples.

Sample a b c c/a
Mny 1 NiggGa | 3.905 | 3.905 | 6.750 | 1.7286

Mns 13Nigg7Ga | 3.908 | 3.908 | 6.765 | 1.7310

Mn; 16Nigg4Ga | 3.9105 | 3.9105 | 6.780 | 1.7391

MDQ.QoNiO‘goGa 3.920 3.920 6.850 1.7475

Mnj 9gNig72Ga | 3.895 | 3.895 | 6.878 | 1.7659

4.1.1 XRD measurements of Mn,.,Ni; ,Ga

Room temperature XRD patterns for the Mny, ,Ni;_,Ga (z = 0.0, 0.10, 0.13, 0.16,
0.20, 0.25 and 0.28) samples are plotted in Fig. 4.1. It is found that the XRD
pattern for x > 0.1 transforms into pure tetragonal phase with space group [-4m2
from the mix-structural phase of tetragonal (space group: I-4m2) and cubic phase
(space group: F-4m3) as found earlier for the MnyNiGa parent compound. For x
> 0.1, the Ni atoms and Ga atoms occupy the 2d (0.0, 0.50, 0.75) and 2a (0.0,
0.0, 0.0) wycoff positions, respectively, whereas, the Mn atoms sit in the 2b (0.0,
0.0, 0.50) and 2¢ (0.0, 0.50, 0.25) wycoff positions. The lattice parameters for each
sample are tabulated in Table 4.1. As it can be found, the lattice parameter ¢
increases monotonically with increasing = in Mny, . Ni;_,.Ga, whereas, a does not
show any significant change with x. Obviously, the tetragonality represented by c/a

also increases with z.

4.1.2 FESEM and EDS measurements for Mn,, ,.Ni;_,Ga

To check the compositional homogeneity, the FESEM measurements are performed
on the Mny,,.Ni;_,Ga sample as shown in Figure 4.2. The homogeneous contrast
of these images confirms the formation of single compositional phase for all the

Mny, . Ni;_,Ga samples. The exact stoichiometry of the samples is studied with
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Figure 4.2: (Color online) The FESEM images for (a) MngNigoGa,
(b)Mny 13Nigs7Ga, (c¢) Mng16NiggaGa, (d) MnsooNigsoGa, (e) MngosNig75Ga and
(f) Mng.ggNionga.

help of the EDS measurement. The EDS results given in Table 4.2 vindicate the
homogeneous nature of these samples. As it can be seen, the actual composition of

each sample approximately matches with the initial composition.
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Table 4.2: The EDS results for Mns, ,Ni;_,Ga samples.

Initial composition | EDS composition
Mnjy ; Nig oGa Mng 103Nig.895Ga.004
Mns 13Nig g7 Ga Mnj 128 Nig.860Gai.003
Mns 16Nig 34 Ga Mny 179 Nig 841 Gag.os7
Mnj 99Nig g0 Ga Mnj 193Nig 798 Gar.009
Mn; 25Nig.75Ga Mnj 268 Nig.754Gag.g7s
Mn; 28Nig.72Ga Mny 274Nig 713Gaq 023

4.2 Magnetic measurements for Mn, ,Ni;_,Ga

To investigate the magnetic properties of the present samples, temperature depen-
dence of magnetization measurement is carried out on the Mny,,Ni;_,Ga samples
from T'= 2 K to T' = 400 K at fixed magnetic field of 0.1 T in field cooling (FC)
and field heating (FH) protocols [Figs. 4.3 (a)-(g)]. As discussed in Chapter-3, a
thermal hysteresis between the FC and FH M (T') curves is prominently seen for the
Mn,;NiGa sample around 7' = 300 K [Fig. 4.3 (a)]. Similar kind of thermal hysteresis
is also observed for Mny 19NiggoGa, but the transition temperature corresponding
to the thermal hysteresis shifts to relatively high temperature of about 350 K, as
shown in Fig. 4.3(b). The aforementioned transition associated with the thermal
hysteresis is absent below 400 K for £>0.13, as shown in Fig. 4.3(c)-(g). The high
temperature M (7T') data for some specific compositions are also recorded from 7' =
400 K to T' = 750 K, as plotted in Fig. 4.3(h). The magnetic ordering temperature
of all the samples lies between T' = 600 K and 7" = 650 K. Moreover, any kind of
structural transition is not found from the high temperature measurements.

The field dependence of magnetization, M (H ), measurements are performed at
different temperatures ranging from 7' = 3 K to T" = 300 K for Mny NipoGa as
shown in Fig. 4.4. The saturation magnetic moment for the Mns ;Nig¢Ga sample is

found to be around 1.12 pg/f.u. at T'= 3 K. The presence of a dip kind of features,
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Figure 4.3: (Color online) The temperature dependent magnetization, M (7T), curves
for the Mny,,Ni;_,Ga samples measured in H = 0.1 T for (a)-(f) 7' = 2 K to 400
K, and (h) 7= 400 K to 750 K. The FC and FH M(T) curves are represented by
the solid and open symbols, respectively.

marked by arrows in Fig. 4.4(a)-(d), can be distinctly seen around H = 0.6 T for
all measured temperatures. Figure 4.5 shows the M (H) for Mns 13Nig g7Ga, which
exhibits a saturation magnetic moment of about 0.90 ug/fu. at T = 3 K. Most
importantly, instead of a single peak/dip kind transition observed in other samples,
the M (H) data at 3 K for Mny 13Nig g7Ga exhibits three field induced transitions at
0.3 T, 1T, and 1.8 T, marked by x, arrow, and 4, respectively [Fig. 4.5(a)]. These
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Figure 4.4: (Color online) Field dependent magnetization curves, M (H), curves
at different temperatures for Mny1Nig9Ga. The arrows indicate the presence of
anomaly in these curves.

unusual transition features in the M(H) loop are also present at other tempera-
tures including at room temperature, as shown in Fig. 4.5 (b)-(f). The M (H) loops
measured at different temperatures for the Mns 14Nigp g4 Ga sample are presented in
Fig. 4.6. The saturation magnetic moment for the Mns 14Nigg4Ga sample is found
to be 0.82 up/fu. at T'= 3 K. Mny 14Nigg4Ga also exhibits multiple transitions in
the M (H) data as pointed by down and up arrows in Fig. 4.6. A further increase
in the manganese concentration in Mns 59Nig goGa results in a single kind of transi-

tion anomaly indicated by arrows in Fig. 4.7(a)-(b). The saturation magnetization
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Figure 4.5: (Color online) M (H) loops at different temperatures for Mny 13Nij s7Ga.
Here, the anomalies in these curves are indicated by *, arrows, and 4.

for Mns 99NipgoGa further decreases to 0.64 pp/f.u. at 3 K. Figure 4.8(a)-(b) and
Figure 4.8(c)-(d) show the M (H) loops for Mng 95Nig 75Ga and Mng 95Nig 72Ga, re-
spectively. Interestingly, no peak/dip kind of transition anomaly is found in the
M (H) data for both the samples. Very small saturation magnetic moments of 0.50
pup/fu. and 0.43 pp/fu. are found for Mnyo5Nig 75Ga and Mny 9gNig 72Ga, respec-
tively.

For the sake of comparison, the M (H) curves at T' = 3 K for all the Mny, ,Ni;_,Ga
samples are replotted in Fig. 4.9(a) and the corresponding variation of saturation
magnetization with the composition is plotted in Fig. 4.9(b). It is seen that the
saturation magnetization decreases continuously from 1.43 ppg/f.u. for x = 0.00 to

0.43 pp/fu. for x = 0.28 with the enhancement of the Mn concentration. The de-
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Figure 4.6: (Color online) M (H) loops at different temperatures for Mny 14Nig g4 Ga.
Here, the anomalies in these curves are marked by down and up arrows.
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Figure 4.7: (Color online) M (H) loops at different temperatures for Mns 29Nij g0Ga.
The arrows represent the presence of anomaly in these curves.

creasing trend of magnetization with the composition can be understood as follows.
It is well established that the Mn atoms are located at two separate lattice sites in
case of MnyY Z system. The Mn atoms surrounded by octahedral environment at
the Mn-Z planes exhibits a larger magnetic moment than that for the Mn atoms
in the tetrahedral environment at the Mn-Y planes. The Mn atoms sitting in these

two different sub-lattices are coupled antiferromagnetically. Since the extra Mn oc-
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Figure 4.8: (Color online) Field dependence of magnetization, M (H), at different
temperatures for (a)-(b) Mng5Nip 75Ga and (¢)-(d) Mng 95Nig 72Ga.
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Figure 4.9: (Color online) (a) M (H) loops measured at 7' = 3 K for Mny,,Ni;_,Ga,
(b) Variation of the saturation magnetization with the composition of the
Mny . Ni;_,Ga samples.
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Figure 4.10: (Color online) Field dependence of (a) real part of ac susceptibility,
X' (H), (b) imaginary part of ac susceptibility x” (H), measured at T" = 300 K for
Mny 1 NigoGa. The asterisk (), 37 symbols indicate the presence of anomalies in
these curve. The notations '+-" and -+’ represent the field sweeping from +5 T to
-5 T and -5 T to +5 T, respectively.

cupy the Ni sites of the Mn-Ni basal planes, it gives a better compensation of the
magnetic moments in the Mn-Ga planes, thereby, resulting in a net decrease in the

magnetic moment of the system.

4.3 AC susceptibility measurements for Mn,, ,Ni;_,Ga

To gain more information about the magnetic transition observed in the M (H)
measurements, ac susceptibility measurement is carried out on the Mno,Ni;_,Ga
samples. The field dependent real part of ac susceptibility, x'(H), data measured
at T = 300 K for Mny;Nip9Ga is plotted in Fig. 4.10. As it can be seen, a peak/
dip kind of transition around H = £0.6 T (marked by *) appears with a significant
hysteresis between the field increasing and decreasing curves.

Figure 4.11 shows the field dependence of x'(H) data for Mny 13Nigg;Ga at dif-
ferent temperatures. Most importantly, the x'(H) data display peak/dip kind of
anomalies for fields about 0.3 T (indicated by a down arrow), H~1 T (marked by
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%) and H~2 T (indicated by an up arrow). It is noticeable that all these transi-
tions also exhibit a prominent hysteresis behavior in field increasing and decreasing
curves. Like Mny 13Nigg7Ga, the x/(H) data for Mng 16Nigs4Ga also exhibit similar
kind of anomalies in three different field regimes as marked an up arrow, *, and
down arrow in Fig. 4.12. Increasing the Mn concentration results in the observation
of weak transition anomalies in the x'(H) curves except the low field transition at
H~0.3 T for Mny 99Nigpg2Ga, as shown in Fig. 4.13. Finally, theses anomalies com-
pletely disappear in the x/(H) data for Mnj 95Nig 75Ga and Mnj 25Nig 72Ga, as given
in Fig. 4.14(a) and (c), respectively.

The presence of the transition anomaly around 1 T is also distinctly seen with the
presence of hysteresis behavior between the field decreasing (open circle symbols)
and increasing curves (solid circle symbols) in the imaginary part of the ac suscep-
tibility, x”(H), as indicated by v/ in Figs. 4.10, 4.11, 4.12, and 4.13 (right panels)
for the Mny,,Ni;_,Ga samples (x = 0.10, 0.13, 0.16, and 0.20, respectively). It can
be noted here that the lower field transitions could not be observed in the x”(H)
data as the magnitude of x”(H) falls under the instrumental resolution limit. The
presence of hysteresis around the anomaly regions in the x/'(H) as well as x"(H)
data suggests the first-order kind of transition.

As discussed previously, these transitions in the x”(H), and x”(H) measure-
ments suggest the presence of skyrmion/antiskyrmion in the system. Therefore, the
ac susceptibility measurements suggest a strong presence of antiskymion phase for
£<0.20 samples. In contrast, no anomalies in the ac susceptibility data signify the

absence of the antiskyrmion phase for x=0.25, and 0.28 samples.
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Figure 4.11: (Color online) Field dependent (a) real part of ac susceptibility x’
(H), (b) imaginary part of ac susceptibility x” (H), at different temperatures for
Mny 13Nips7Ga. The asterisk (x) symbols, up arrows, down arrows, 7 symbols
indicate the presence of anomalies in these curve. The notations '+-’ and -+’
represent the field sweeping from +5 T to -5 T and -5 T to +5 T, respectively.
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Figure 4.12: (Color online) Field dependence of (a) real part of ac susceptibility x’
(H), (b) imaginary part of ac susceptibility x” (H) at different temperatures for
Mny 16Nigg4Ga. The asterisk (), up arrows, down arrows, 57 indicate the presence
of anamolies in these curve. The notations '4-" and -+’ represent the field sweeping
from +5 T to -5 T and -5 T to +5 T, respectively.
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Figure 4.13: (Color online) Field dependent (a) real part of ac susceptibility x’
(H), (b) imaginary part of ac susceptibility x” (H), at different temperatures for
Mny 99NipgoGa. The * symbols, down arrows, 17 symbols indicate the presence of

anomalies in these curves. The notations '+-’ and -+’ represent the field sweeping
from +5 T to -5 T and -5 T to +5 T, respectively.
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Figure 4.14: (Color online) Field dependent real part of ac susceptibility x’ (H)
(a) MngosNig75Ga, and (b) MngogNig72Ga. Field dependent imaginary part of

ac susceptibility x” (H), measured at T = 300 K for (c¢) Mns95Nig75Ga, and (d)
Mn 28Nig 72 Ga.
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Figure 4.15: (Color online) Field dependence of experimental Hall resistivity (black
lines) along with the calculated Hall resistivity (magenta lines) at different temper-
atures for Mns 19NiggoGa. The extracted topological Hall resistivity, p?, is shown
as dark cyan lines.

4.4  Electrical transport measurements for

Mn2+xNil_xGa

The existence of multiple field induced anomalies in the dc magnetization and ac
susceptibility data inspire us to investigate the topological properties of the spin
configuration present in the systems. For this purpose, the magneto-transport mea-
surement is carried on the Mny, ,Ni;_,Ga samples. The experimental Hall transport
data for the Mns 19Nig9oGa sample is plotted by black solid line in Fig. 4.15 at T
= 3 K, 100 K and 300 K. Like the Mn;NiGa sample, an anomaly in the p,, data
is also seen around H = 0.6 T. To extract the topological Hall resistivity (p”), the
contribution due to normal and anomalous Hall effect (calculated Hall resistivity)
is evaluated by adopting the similar method as discussed in the Chapter 3. The
calculated Hall resistivity is plotted by magenta lines in Fig. 4.15. A clear difference
between the two curves is also observed at all measured temperatures under certain
range of magnetic fields. The extracted topological Hall resistivity, p’, is obtained

by subtracting the two curves, is illustrated by a dark cyan lines (right y-axis) in
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Figure 4.16: (Color online) Field dependent experimental Hall resistivity at different
temperatures for Mns13Nigg7Ga. The x symbols, down arrows, and 4 symbols
indicate the presence of anamolies in these curve.

Fig. 4.15(a)-(c). It can be seen that the magnitude of p” continuously increases
with temperature as seen in the case of MnyNiGa. Finally, the p? reaches 90 nQ-cm
at room temperature. It is interesting to mention here that unlike the single peak
behavior for MnyNiGa, a soft double peak-like behavior appears in the p? curve for

Mns 19Nig g9 Ga.

Figure 4.16 shows the field dependent Hall resistivity, p,,(H ), plots for Mns 13Nig s7Ga

at different temperatures. Interestingly, three transition anomalies are found in the
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Figure 4.17: (Color online) Field dependence of experimental Hall resistivity (black
lines) along with the calculated Hall resistivity (magenta lines) at different temper-

atures for Mny 13Nigg;Ga. The extracted topological Hall resistivity, p?, is shown
as dark cyan lines.

pzy data around the magnetic fields of 0.3 T (marked by a % symbol), 1 T (indi-
cated by an arrow) and 2 T (marked by a x symbol), as shown in Fig. 4.16. Similar
kind of behavior in the p,, data is seen at all measured temperatures, as given in

Fig. 4.16(a)-(f). The calculated Hall resistivity curves for each temperature are plot-
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Figure 4.18: (Color online) Field dependent experimental Hall resistivity (black
lines), the calculated Hall resistivity (magenta lines), and the extracted topological
Hall resistivity (pT) (dark cyan lines) at different temperatures for Mny 16Nig g4Ga.

ted by magenta lines as depicted in Fig. 4.17(a)-(f). A significant difference between
the experimental and calculated curves is observed from H ~ 0.3 T to H ~ 2 T.
The extracted p? curves are plotted by dark cyan lines in Fig. 4.17(a)-(f). The pT
value increases with the temperature. The maximum value of the p’ is found to be
about 232 nQ-cm at 7' = 300 K. This value is much larger than the maximum p?
value observed in case of z < 0.1. Most importantly, a pronounced double peak kind

feature is distinctly seen in the field-induced p” curves at all measured temperatures.

Figure 4.18 and Figure 4.19 show the field dependence of Hall resistivity, p,,(H),
curves for Mnsy 16Nigg4Ga and Mns 9oNig goGa, respectively, measured at T' = 3 K
and 300 K. The calculated Hall resistivity curves (magneta line) for the respective
samples are plotted on the top of the experimental curves in Fig. 4.18 and 4.19. A
clear difference between the experimental and calculated Hall resistivity is observed
around the anomaly regions of the p,,(H) data. The dark cyan color lines in the
Fig. 4.18 and 4.19 represent the p? curves for Mny 16NipssGa and Mng o0Nig goGa,
respectively. In case of Mny 16NiggsGa, the maximum value of p? is found to be
around 200 nQ-cm at T = 300 K. Whereas, the p! value decreases to 50 n{2-cm
with a change of sign for Mns 99NiggoGa. The double peak kind feature in the pT
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Figure 4.19: (Color online) Field dependence of the experimental Hall resistivity
(black lines), the calculated Hall resistivity (magenta lines), and the extracted

topological Hall resistivity (p?) (dark cyan lines) at different temperatures for
MDQ.QoNiO.goGa.
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Figure 4.20: (Color online) Field dependent experimental Hall resistivity (black
lines) along with the calculated Hall resistivity (magenta lines) at 7" = 300 K for (a)
Mng 55Nip 75Ga, and (b) Mny9gNig79Ga. The extracted topological Hall resistivity,

p!', curves of these samples are shown as dark cyan lines.

curves is also seen for the Mny 14NiggsGa sample. This anonymous feature almost

dies out for an_goNiO'goGa.
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The experimental p,, (H) data (black solid line), calculated Hall resistivity (ma-
genta solid line) and the topological Hall resistivity, p”, curves (blue solid line) are
plotted in Fig. 4.20(a) and (b) for Mng 55Nig 75Ga and Mnj 9sNig 70Ga, respectively
at T = 300 K. Here, the calculated Hall resistivity curves perfectly match with the
pzy(H) data at all the measured magnetic field regions, resulting in the vanishing
pl values for Mnj o5Nig75Ga and Mng 2gNig79Ga. The variation of p? values with
the composition of Mny,,Ni;_,Ga samples is illustrated in Fig. 4.21(a). It can be
easily seen that the p’ value increases initially with the composition for z < 0.16
and reaches the maximum value for z = 0.13. Finally, p? decreases to zero for z
> 0.20. The finite value of the p’, including the anomalies in the magnetic data,
demonstrates the presence of the antiskyrmion phase for z < 0.20.The absence of

such anomalous behavior implies the absence of antiskyrmion phase for x > 0.20.

4.5 Magnetic anisotropy calculation and their

correlation to topological Hall effect for

MHQ_HCNil_x Ga

It is well known that the stability and size of skyrmions/antiskyrmions firmly depend
on the different energy parameters, e.g., exchange constant (J), DM constant (D)
and magnetocrystalline anisotropy (K) as discussed in Chapter-1. Therefore, for the
better understanding of the evolution of antiskyrmion phase in the Mny,,Ni;_,Ga
samples, it is necessity to look into the role of these different energy parameters.
In this framework, it has been reported that the size of skyrmion (R) is related as

R=7D+\/A/(16AK? + 72D2K) [82]. As the magnetic ordering temperature for all

the samples lies between 600 K and 650 K, it is expected that the exchange stiffness
constant remains almost same for all the Mny,,Ni;_,Ga samples. Therefore, the
magneto-crystalline anisotropy along with inhomogeneous DM interaction may pos-

sess crucial roles in the evolution of antiskyrmion phase. Hence, the law of approach
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Figure 4.21: (Color online) (a) The variation of topological Hall resistivity (p”) with
the composition (z) of the Mny,,Ni;_,Ga samples, (b) the experimental M /M; vs.
1/H? plots (blue square open symbol) and the fitted curve (magenta solid line)
based on the M/M, = 1 — ay/H? equation, (c) the change of effective anisotropy
(K.fr) with the composition (z) of the Mny,Ni;_,Ga samples.

to saturation method is adopted to evaluate the magnetocrystalline anisotropy of
the system [83]. The magnetization (M) of the highly anisotropic sample in the
region where M > 0.95M can be expressed in accordance with the law of saturation

method as,

M(H) = My(1 — ay/H?) (4.1)
or, M/M, =1 — ay/H? (4.2)

where, Mg is the saturation magnetization of the sample and H stands for the
magnetic fields. In case of uniaxial ferromagnetic sample, the constant as is related

4K?2 . . .. .
as as = 15—;2:5’ where K¢y is the effective uniaxial anisotropy of the sample.

The variation of the magnetocrystalline anisotropy (K.ry) with the composition
(x) of the Mny,,Ni;_,Ga samples is illustrated in Fig. 4.21(c). The anisotropy value
increases initially with the composition for x<0.13 and then a decreasing trend is
found for £>0.16. It is interesting to note here that the topological Hall resistivity
curves exhibit similar kind of trend with the composition for the Mns,, Ni;_,Ga
samples. It is known that the topological Hall resistivity is inversely proportional to

the square of the size of skyrmions/antiskyrmions. The anisotropy is related to the
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size of antiskyrmion(R) as R = mDy/A/(16AK? + n2D2K). Therefore, the higher
anisotropy value for x = 0.13 and 0.16 leads to a reduction in antiskyrmion size for

the present system.

4.6 Micromagnetic simulation

To gain a better understanding of the multiple field-induced transitions in the topo-
logical Hall resistivity curves for x = 0.13, micromagnetic simulation studies are
carried out with the assistance of public domain software package Object Oriented
Micromagnetic Framework (OOMME') [84], combined with the DMI extension mod-
ule [85]. A thin film of dimension 1000 x 1000 x 5 nm? is taken with a cell size
of 5 x 5 x 5 nm? to perform the simulation studies. The simulations are initially
started from a random magnetization state with experimental parameters, such as
the saturation magnetization M, = 1.65 x 10° A/m, the exchange stiffness constant
A =3 x 107" J/m, and the DM constant D = 6.0 mJ/m?. Then the evolution of
simulated states at a fixed magnetic field of 0.55 T are studied with different values
of magnetic anisotropies, as given in Fig. 4.22. It can been seen that a mixed spin
state of stripe domains, antiskyrmions with different helicities, and antiskyrmioni-
ums are present for the anisotropy values varying from K =1 x 10° J/m® to K =
4 x 10° J/m®. Further increase in the anisotropy value to 5 x 10° J/m® nucleates
a pure topological magnetic spin configurations of antiskyrmions, antiskyrmioni-
ums (marked by a yellow box), and antiskyrmion bags (indicated by a black box).
Finally, the pure antiskyrmions state is obtained for K = 6 x 10° J/m?®.

To extract more information from the multiple field-induced transitions observed
in the p! curves for z = 0.13, field dependent micromagnetic simulation studies are
performed with A =3 x 107! J/m, M, = 1.65 x 10° A/m, D = 6.0 mJ/m? and K
=5 x 10° J/m® taking the random magnetic state as initial state. A possible con-
nection between the simulated magnetic states with the field evolution topological
Hall resistivity is illustrated in Fig. 4.23. Different regimes of the field dependent

pl curves and the corresponding simulated magnetic states are designated by A,
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Figure 4.22: (Color online) The simulated magnetic states with different anisotropies

' J/m, My =1.65 x 10° A/m, and D = 6.0 mJ/m? at

a fixed magnetic field of 0.55 T. The antiskyrmion pockets and the antiskyrminiums
are marked by black boxes, and yellow boxes, respectively.

is obtained using A =3 x 10

and D in Fig. 4.23. Following conclusions can be drawn from the correlation

B? C7

between the experimental and the simulated data. After applying a magnetic field

of 0.30 T to the random magnetic states, a mixed states with the stripe domains,

antiskyrmions (topological charge -1), antiskyrmion pockets (topological charge >
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Figure 4.23: (Color online) Field evolution of topological Hall resistivity, p’, curves
for Mny 13Nigg7Ga. The simulation is performed with A = 3 x 107" J/m, M, =
1.65 x 10° A/m, D = 6.0 mJ/m?, and K =5 x 10° J/m5. Different regimes of field
dependent of the p? curves and the corresponding micromagnetic simulated states
are denoted by A, B, C, and D.

+1) antiskyrmioniums with (zero topological charge) are obtained, as denoted by
A. The finite value of p? around A region is probably due to the dominate presence

of antiskyrmion phase. Upon further increment of the magnetic field to 0.55 T,
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the strip domain patterns vanish entirely, and mostly antiskyrmions, antiskyrmio-
niums, and antiskyrmion pockets are observed, as seen in the simulated magnetic
state denoted by B. Therefore, a slight enhancement of the p! value from the A
region to B region could be the consequence of the nucleation of antiskyrmions in
large numbers due to the breaking of the strip domains pattern. Most interestingly,
an abrupt change in the p! value is clearly identified when going from the B to
C region. The simulated magnetic states at H, = 1.00 T, marked by C, show the
presence of pure antiskyrmions. Hence, the conversion of antiskyrmioniums with
zero topological charge and antiskyrmion pockets with topological charge > +1 into
the conventional antiskyrmions (topological charge -1) increases the total effective
topological charge, thereby, resulting in the sudden increase of the p’ values for C
region. At H, = 3.00 T, all the antiskyrmions completely disappear and eventually
a field polarized simulated state is obtained, as marked by D. Therefore, the zero

value of the p? is found for the D region.

In conclusion, the existence of various kinds of antiskyrmion phase in the
Mny . Ni;_,Ga samples is established by means of the magnetic and the Hall effect
measurements. In contrast to the parent Mny;NiGa compound, the antiskyrmions in
the tetragonal phase of the present materials can probably exist upto 600 K. The
large value of topological Hall resistivity (~ 200 nQ2-cm) implies the presence of very
small antiskyrmion (< 10 nm) at room temperature. It is noteworthy to mention
here that there are very few materials that show skyrmions with size less than 10
nm at room temperature [13, 26, 27, 41, 56, 86]. The skyrmion phase is gener-
ally observed at very low temperatures in these materials and the narrow range of
temperature stability is the primary limitation for future spintronic application. In
contrast, the existence of small size antiskyrmions in the wider temperature stability
including the room temperature are found for the present systems. The presence
of different kinds of topological phases in certain range of composition is strongly
evident from the magnetic and Hall effect measurements. Therefore, the coexis-
tence of antiskyrmion and antiskyrminium can be utilized as "1’ and '0’ databits in

racetrack memory devices. It is important to mention here that the amtiskyrmions
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in the high magnetic moment samples are transformed into skyrmions via trivial
bubbles by application of small in-plane magnetic fields. Hence, the benefit of an-
tiskyrmion over skyrmion regarding the skyrmion Hall effect disappears upon this
topological transformation. The low magnetic moment of these Mn-Ni-Ga samples
can give robust protection of the antiskyrmions phase against the in-plane mag-
netic fields. Finally, the presence of small size antiskyrmions and the coexistence of
various topological phases at extensive temperature ranges, including room temper-
ature in the low magnetic Mn-Ni-Ga samples, make the present system attractive

for future application in next-generation racetrack memory devices.



Chapter 5

Relaxation dynamics studies on

antiskyrmion hosting materials

Dc magnetic measurements have been extensively employed to uncover different
magnetic properties, such as magnetization, magnetic phase transitions, magnetic
ordering, etc, in various magnetic materials. However, dc magnetic measurement is
not a suitable technique to measure the dynamical properties unless the magnetic
relaxation process is very slow (under the dc limit). When the dynamics are faster
than the experimental timescale, ac magnetic measurements instead of dc mag-
netization measurements are extensively used to probe the dynamical properties
of magnetic materials. In this regards, ac susceptibility measurements have been
rigorously used to study the relaxation dynamics and to identify magnetic phase
transition [87, 88, 89]. In recent times, the ac susceptibility measurement technique
emerges as an important tool to characterize the skyrmion phase of various skyrmion
hosting magnetic systems [28, 29, 30, 31, 32, 33]. Besides identifying the skyrmion
phase, relaxation dynamics study on several skyrmion hosting materials have also
been carried out through ac susceptibility measurements [30, 31, 32]. However, the
relaxation dynamics of antiskyrmions remain unknown. Therefore, a detailed relax-
ation dynamics study using the ac susceptibility measurements on the antiskyrmion

hosting materials Mn-Pt-Pd-Sn and Mn-Ni-Ga is presented in this chapter. Before
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elaborating on the experimental results, the Cole-Cole relaxation model used for the

present study is briefly discussed below.

5.1 Relaxation Dynamics and Cole-Cole relax-

ation model in magnetic system

When a magnetic material is applied with an oscillating magnetic field of frequency
comparable to the characteristic frequency (equivalent timescale) of the magnetic
relaxation process, then there is a phase lag between the magnetization and the ap-
plied ac magnetic field. In such scenario, the ac susceptibility is a complex quantity,
as discussed in Chapter-2. The total ac susceptibility response can be written in

terms of in-phase (') and out-phase (x”) components as,
x=x +ix" (5.1)

where \’ represents the change of magnetization with respect to the applied field,
also known as reversible magnetization. x” corresponds to the dissipation of the
absorbed energy from the high frequency ac field, known as the irreversible magne-
tization. This irreversibility occurs due to the involvement of relaxation processes
of various origin, such as irreversible movement of domain walls, spin reorienta-
tion, hysteresis loss in ferromagnets, spin-lattice relaxation, spin-spin relaxation,
magnetic phase transition, etc. Since different kind of spin textures exhibit unique
relaxation process, study of the magnetic relaxation can give important insight into

the magnetic structures, spin-spin and spin-lattice interactions in a system.

Analogous to the well-known Debye model of dielectric relaxation [90], Casimir
and du Pré [91] derived the expression for complex susceptibility based on a ther-

modynamic model of relaxation for a magnetic system. This complex susceptibility
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can be expressed as,

1

1+ (27 fro) (52)

X(f) = xs + (xr — xs)
where xr (f — 0) is the isothermal / dc / static susceptibility in the limit of the
lowest frequency and xg (f — o) stands for the adiabatic susceptibility in the limit
of the highest frequency. Here adiabatic means the characteristic frequency of the
system is outside the experimental frequency range. f is the frequency, whereas,
7o is the average relaxation time. The Eq. (5.2) is known as the ‘Debye relation’

process.

As the ac susceptibility is a complex quantity, therefore, the real part [x'(H)]

and imaginary part of ac susceptibility [x”(H)] can be written as follows.

X' (f) =xs+ (xr — Xs)m (5.3)
X' (f) = (xr — xs) 2L (5.4

1+ (2nf79)?

The frequency dependency of the y' and x” is always associated with one or
more relaxation processes. It is to be noted here that Eq. 5.3 is valid when the
magnetization of the system relaxes slowly with a single time scale (single relaxation
process). On the other hand, when the spins interact each other, then the dynamics
of the system is no longer governed by the Eq. 5.3. In such cases, a distribution of
relaxation time is obtained due to the clustering effect. To counter this problem in
case of the interacting systems, a phenomenological parameter « is introduced in

the Eq. 5.3. The above Eq. 5.3 can be written as,

1
1 + (iQWfTo)l_a '

X/(f) = Xoo + (XO - X00> (5'5>

This is known as the generalized Debye relation/ Cole-Cole relation. Here « is
the bandwidth of the relaxation times distribution, which varies in between 1 and 0.

A zero value of « represents the single relaxation process, whereas, a=1 indicates
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infinitely broad distribution of the relaxation time. The frequency dependence of

the real and imaginary components of the Eq. 5.5 can be expressed as,

1+ (27 fro)t— sin(%*)

1+ 2(27 fro)t—sin(5r) + (27 f70)2( -

X' (f) = Xoo + (X0 = Xoo) (5.6)

14 (27 f19)'~ cos(%)
14 2(27 fro)t=esin(%Y) 4 (27 f70)20—)

X"(f) = (xo — Xoo) (5.7)

The relaxation dynamics of various systems having spin texture with consider-
able large correlated length or spin cluster are often inspected with the help of the
Cole-Cole model of ac susceptibility. This model is utilized to analyze the ac suscep-
tibility data of the present antiskyrmion hosting materials to uncover the relaxation

phenomenon associated with the system.

5.2 Magnetic relaxation dynamics studies on an-

tiskyrmion host Mn-Pt(Pd)-Sn

5.2.1 Magnetic measurements in Mn-Pt(Pd)-Sn

In order to inspect the magnetic properties of Mn; 4Ptq9Pdg1Sn, the temperature
dependence of the magnetization, M (T, at a fixed magnetic field of 0.1 T is plotted
in Fig. 5.1(a). As it can be seen, Mn; 4Pt 9Pd15n exhibits a magnetic ordering
temperature, T, of 400 K and a spin reorientation transition (7,) around 130 K.
Due to this spin reorientation, a sudden change of magnetization in the M (T') data
is observed. This transition appears as a peak/dip kind of anomaly in the real part
of ac susceptibility (y') vs. temperature (T') measurement, as shown in Fig. 5.1(b).
It is important to mention here that the existence of antiskyrmion phase in the
Mn; 4Ptg9Pdg1Sn is found only above the Tj,.. The change of magnetic structure

below the Ty, prevents the formation of antiskyrmion phase in the system.
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Figure 5.1: (Color online) (a) The temperature dependent magnetization, M (T),
curves measured at H = 0.1 T, (b) The real part of ac susceptibility data as a
function of temperature, x'(T"), for Mn; 4Pt 9Pdg.15n.

5.2.2 Relaxation dynamics study using ac susceptibility

measurements for Mn-Pt(Pd)-Sn

To verify the existence of antiskyrmion phase in the Mn-Pt(Pd)-Sn material, field-
dependent ac susceptibility, x(H ), measurement is carried out with an ac magnetic
field of 10 Oe and frequency (f) = 9984 Hz at different temperatures ranging from
T =10 K to T = 350 K, as plotted in Figs. 5.2. As can be seen in Figs. 5.2(c)-(f),
the x'(H) data exhibit pronounce peak/dip kind of features around the magnetic
field range of 0.06-0.13 T (marked by down arrows), followed by another broad
hump like transition around 0.6-0.2 T (marked by up arrows). As per the previously
reported LTEM studies for Mn; 4Pt 9Pdg1Sn, the peak/dip at the low magnetic field
(H#%X) in the \/(H) data corresponds to the helical (H) to antiskyrmion (AskX)

magnetic phase transition, and the broad hump-like feature at a relatively high
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Figure 5.2: (Color online) Field dependent real part of ac susceptibility x' (H) at
different temperatures for Mny 4Ptg9Pdg1Sn. The anomalies in these curves are
indicated by up and down arrows.

magnetic field (H{**X) represent the magnetic phase transition from antiskyrmion
(AskX) to field polarized state (FP). Therefore, the magnetic state at H < Hps¥
represents the helical spin modulation (H), whereas, the field polarized state is
achieved in the magnetic field of H > H{***. In between these two field limits
(H{*X <H < H{}*kX) the antiskyrmions phase appears. It is noticeable that the
anomalies corresponding to the magnetic phase transition are present in all x/'(H)

measurements of 7> 200 K, whereas, no such unusual behavior is found at 7" = 10
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Figure 5.3: (Color online) Field dependence of (a) real part of ac susceptibility x’
(H), (b) imaginary part of ac susceptibility x” (H), at 7' = 300 K measured in
different frequencies ranging from 786 Hz to 9984 Hz for Mn; 4Ptg9Pdp1Sn. The
magnetic phase crossover region are highlighted by the color shading. Note that for
clarity purposes, the x’ (H) data for the successive frequencies are shifted upwards
by constant factor starting from the data at f = 9984 Hz.

K and 100 K. These facts suggest the absence of antiskyrmion phase below the T,
ie, T'< 130 K.

In order to study the magnetic relaxation phenomena, frequency dependent ac
susceptibility measurements are performed on Mn; 4Pty oPdy1Sn at different tem-
peratures ranging from 7' = 200 K to 7" = 350 K. The x/(H) and x"(H) at different
frequencies for 7' = 300 K are presented in Fig. 5.3(a) and (b), respectively. The

magnetic phase transitions appear as peaks or humps in the ac susceptibility curves,

highlighted by color shading.

To better understand the frequency dependence of the x’ at different magnetic
phase regimes, such as helical (H), mixed state of helical and antiskyrmion (H +
AskX), pure antiskyrmion phase (AskX), phase coexistence of antiskyrmion and

field-polarized state (AskX+ FP), and field polarized state (FP), the y’ data are
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Figure 5.4: (Color online) The real part of ac susceptibility data as a function of fre-
quency X’ (f) at different fixed dc magnetic fields at T' = 300 K for Mn; 4Pt 9Pdg 1 Sn.
The experimental data and the corresponding fitted curve based on the Eq. 5.8 are
plotted by blue square symbols and solid magenta line, respectively.

replotted as a function of frequency [x'(f)] at fixed dc magnetic fields, as given

in Fig. 5.4 (blue square symbols). It is noticeable that the nature of frequency

dependence of x'(f) at different dc magnetic fields differs from each other. This

is evident from the shift of inflection point of the x'(f) data to higher frequencies

when going from lower to higher value of dc magnetic fields.

In order to gain knowledge about the magnetic relaxation phenomenon associ-
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Figure 5.5: (Color online) The real part of ac susceptibility data as a function of fre-
quency X’ (f) at different fixed dc magnetic field at 7' = 350 K for Mn; 4Pt 9Pdg1Sn.
The experimental data, and the corresponding fitted curve based on the Eq. 5.8 are
plotted by blue square symbols and solid magenta line, respectively.

ated with the topological phase like antiskyrmion, here the Cole-Cole formalism is

adopted to fit the x/(f) data. As discussed earlier, the frequency dependency of the

X(f) can be written using the Cole-Cole relation as

1+ 2nfro)t—™ sin(%5*)

X(f)=B+A

1+ (27 f70)'~* cos(%2)

142027 fro)t=esin(5) + (27 f70)20—)

X'(f) = Al + 221 frp) e sin(%) + (27 f1p)2(—2)

(5.9)
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Figure 5.6: (Color online) The real part of ac susceptibility data as a function of fre-
quency Y’ (f) at different fixed dc magnetic field at T = 250 K for Mn; 4Pt 9Pdg 1 Sn.
The experimental data and the corresponding fitted curve based on the Eq. 5.8 are
plotted by blue square symbols and solid magenta line, respectively.

where B = Yo, and A = X0 — Xoo-

Here the experimental x'(f) curve is fitted using the above equation by consid-
ering the B, A, a, and 7y as free parameters. The best fitted curve for each experi-
mental y'(f) data is plotted by magenta lines in Fig. 5.4. Using similar method, the
experimental x'(f) data are fitted for 7' = 200 K, 250 K and 350 K, as illustrated in
Fig. 5.7, 5.6, and 5.5, respectively. In this process, for a given temperature, a par-
ticular value of B, A, a, and 79 parameters are obtained at each dc magnetic field.

The field evolution of all these parameters at different temperatures are depicted in
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Figure 5.7: (Color online) The real part of ac susceptibility data as a function of fre-
quency X’ (f) at different fixed dc magnetic field at 7' = 200 K for Mn; 4Pt 9Pdg 1Sn.
The experimental data and the corresponding fitted curve based on the Eq. 5.8 are
plotted by blue square symbols and solid magenta line, respectively.

Fig. 5.8. From the field variation of these parameters, the following assessments can
be drawn. (1) The parameters B, A, a, and 7y vary non-monotonically with the
magnetic fields. The field evolution of these parameters exhibit a peak like transi-
tion at H = H| =~ HfSkX, along with the broad hump like transition at H = Hy =
H{*¥X_ The magnitude of H; and Hy also vary with the temperature. (2) The peak
and broad hump-like features for the parameter A at H = H; and H, suggests that
the frequency dependence of the y’ at each coexist phase (H+AskX, and AskX+FP)

region are comparably larger than the pure magnetic phase regions (H, AskX, and
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Figure 5.8: (Color online) Field evolution of the Cole-Cole fitting parameters (a) B,
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FP). This fact strongly indicates the involvement of a slow magnetic relaxation pro-
cess around the phase boundary regions. (3) It can be seen from Fig. 5.8(d) that
the magnetic relaxation time 7y(H ) around each phase crossover regions ((H+AskX,
and AskX+FP)) is higher than the pure magnetic phase. In other words, the re-
laxation process associated with the mix phase regions is much slower than that
of pure phase. Similar kind of observation has also been made in the skyrmion
hosting Fe;_,Co,Si [32], CupyOSeO; [30], and GaV,Sg [31]. This slow relaxation
process around the phase boundaries can be attributed to the irregularities of spin
coordination in these regions arising as a result of the coexistence of multiple mag-
netic phases [31, 92]. (3) The value of the relaxation time distribution parameter
a falls in between 0.05 to 0.15. The small value of a suggests that a nearly single
relaxation process is involved in different phase regions except the phase boundaries.
The higher value of the o around the phase crossover regions compared to that in
the pure phase indicates the existence of more than one relaxation process around
these regions due to the conjunction of multiple phases. (4) The smaller value of
70 around 107° sec compared to that for the skyrmion host Cu,OSeOs3 [30] suggests
the faster relaxation process for the present system. This might be due to the large
spin orbit coupling strength arising from the presence of heavy element Pt in the

present system.

Figure 5.9 shows the frequency dependence of imaginary part of ac susceptibility
X"(f) curves at different magnetic fields for Mn; 4Ptg9Pd1Sn at 7' = 300 K. Inter-
estingly, the x”(f) data exhibit a shoulder kind of behavior near to the frequency
(fo) where an inflection point of the x/(f) curve appears. The experimental x”(f)
data is fitted by the Eq. 5.9 using the same values of parameters as initial input
values obtained from the x’(f) analysis. Then all the parameters are relaxed to
fit the x”(f) curve. The fitted curves (magenta color solid lines) together with the
experimental data (square blue symbols) are plotted in Figure 5.9. It is important
to mention here that in general the y”(f) curve in the Debye like relaxation model
given by the Eq. 5.9 exhibit a peak at characteristics frequency fo = 1/277. It is

seen from Fig. 5.9 that the fitted curve matches well with experimental data up to
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Figure 5.9: (Color online) The imaginary part of ac susceptibility data as a
function of frequency x” (f) at different dc magnetic fields at T = 300 K for
Mn; 4PtgoPdg1Sn. The experimental data and the corresponding fitted curve based
on the Eq. 5.9 are plotted by blue square symbols and solid magenta line, respec-
tively.

a certain frequency where a shoulder kind of behavior in the x”(f) data appears.
For higher frequencies, the fitted curve largely deviates from the experimental data.
This deviation may be due to the eddy current loss, which badly affect the ac suscep-
tibility signal in the range of higher frequencies. When the ac susceptibility signals
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Figure 5.10: (Color online) The H-T phase diagram is drawn based on the peak
anomalies in the field evolution of ac susceptibility data and the Cole-Cole fitting
parameters. The upper and lower boundaries of antiskyrmion phase are represented
by the open and close symbols. H{¢ (H) are the lower (upper) boundaries of the
antiskyrmion phase according to ac susceptibility data. The lower (upper) bound-
aries of the antiskyrmion phase inferred from the Cole-Cole analysis are denoted by
Hgole (Hgole)‘

are low, the eddy current effect may be seen in the ac susceptibility data [93]. As
the signal of the x”(f) data (1075-107% emu/Oe) falls under the lower resolution
limit of the instrument, therefore, a predominant behavior of eddy current effects
is seen in the x”(f) data. However, the fitting parameters inferred from the x”(f)
analysis are nearly the same order as that obtained from the x/(f) analysis.

A H-T phase diagram is also drawn on the basis of the x/(H) data and the calcu-
lated field dependent Cole-Cole parameters for the present system, as illustrated in
Fig. 5.10. In this case, HE (HE,,.) and HY, (HE,,.) represent the lower (H + AskX)

and upper (AskX + FP) critical boundaries of antiskyrmion phase. It is important
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to mention here that the phase boundaries extracted from the Cole-Cole analysis ap-
proximately matches with that obtained from the LTEM [14] and magneto-entropy
[81] studies of this material. A slight difference of the phase boundaries, especially
the upper one, between the present study and previously reported studies may arise
due to the nonidentical orientation of grain in the polycrystalline materials as the
angle between the applied magnetic field direction and the <001> orientated grain
of the tetragonal materials defines the required field to stabilize the antiskyrmion
phase. Moreover, all these observations suggest that the present method can be used
to characterize the skyrmion/antiskyrmion phase in any suitable magnetic materials.

In conclusion, a detailed relaxation dynamics study on the Dsy; symmetric an-
tiskyrmion hosting Mn-Pt-Pd-Sn tetragonal material is demonstrated utilizing the
frequency-dependent ac susceptibility measurements. The magnetic relaxation of the
Mn-Pt-Pd-Sn system obeys the Debye type relation with a negligible distribution
of relaxation time. The isothermal susceptibility, adiabatic susceptibility, and the
relaxation time change nonmonotonically at the phase crossover regions (H+AskX,
and AskX+FP). The larger value of relaxation time at the phase boundary regions
compared to that of the pure magnetic phase suggests a slower relaxation process
at the phase coexistence area. The finding of higher relaxation time in the present
system compared to superparamagnets and single molecular magnets implies a lower

damping process in the antiskyrmion host Mn-Pt-Pd-Sn system.

5.3 Magnetic relaxation dynamics studies on an-
tiskyrmion host Mn-Ni-Ga

As discussed in Chapter-1, the tetragonal phase of the Mn-rich Mn-Ni-Ga alloys
can exhibit magnetic antiskyrmions due to its Doy type of crystal symmetry. In
Chapter-3, and 4, the existence of antiskyrmion phase in these alloys is well es-
tablished through the dc magnetization, ac susceptibility, and Hall measurements.

Most importantly, the estimated antiskyrmion size in case of Mn-Ni-Ga alloys is
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found to be very small in comparison to that for the Mn-Pt-Pd-Sn system. In the
previous section, a through study of the relaxation dynamics is demonstrated on the
known antiskyrmion host Mn-Pt-Pd-Sn using the Cole-Cole relaxation model. To
find out the difference in the magnetic relaxation phenomenon as a result of small
size antiskyrmions, a detailed frequency dependent ac susceptibility measurements

is performed on the Mn-rich Mn-Ni-Ga alloys.

5.3.1 Frequency dependent ac susceptibility studies on Mn;NiGa

In Chapter-3, the presence of antiskyrmion phase is demonstrated in MnyNiGa
through dc magnetization, ac susceptibility, and Hall measurements. In the field
driven ac susceptibility measurements, the presence of peak/dip kind of anomalies
in particular field region establish the antiskyrmion phase in Mny,NiGa. Motivated
by this anomalous behavior, field-dependent ac susceptibility measurement, x'(H),
at a frequency window of 1111 Hz to 8111 Hz is carried out to study the relaxation
phenomena associated with the topological objects present in the Mn-Ni-Ga system.
Figure 5.11 shows the x/(H), and x"(H) data at different frequencies for 7' = 200 K.
Here the peak kind of transition in these curves are highlighted by the color shading.

To observe the frequency dependence of the x’ data in different magnetic phase
regimes in the present system, x'( f) plots are constructed at each magnetic field from
the x'(H) data, as depicted in Fig. 5.12 (black symbol). It is seen that the inflection
point of the x/(f) curve appears at relatively high magnetic field in comparison with
that at low magnetic field.

In order to investigate the magnetic relaxation phenomenon associated with the
present Mn,yNiGa sample, the experimental x/(f) data is fitted using the Eq. 5.8 by
taking B, A, a, and 7y as free parameters. The fitted curve (magneta solid line)
along with experimental data (black solid ball symbols) at each magnetic field is
plotted in Fig. 5.12 at T" = 200 K. Similiar kind of operations are also done for T" =
100 K, and T' = 250 K. The obtained field depedent B, A, «, and 7y data from the
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Figure 5.11: (Color online) Field dependence of (a) real part of ac susceptibility
X' (H), (b) imaginary part of ac susceptibility x” (H), at T = 300 K measured in
different frequencies ranging from 1111 Hz to 7780 Hz for MnyNiGa. The region
corresponding to the anomaly is highlighted by the color shading. Note that for
clarity purposes, the x’ (H) data for the successive frequencies are shifted upwards
by constant factor starting from the data at f = 7780 Hz.

Cole-Cole analysis of the ' data at different temperature are illustrated in Fig. 5.13.
It is seen that the all the fitting parameters shows the peak/dip kind of behavior
around H = 0.40 T. The peak kind of behavior in the field dependent A (as given in
Fig. 5.13(b) ) indicates that frequency dependence of the y’ data is larger around this
field region. Similar kind of observation is also found for the Mn-Pt-Pd-Sn due to the

coexistence of mix magnetic phase like helical+ antiskyrmion/ antiskyrmion+field
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Figure 5.12: (Color online) The real part of ac susceptibility data as a function of
frequency ' (f) at different fixed dc magnetic field at 7' = 200 K for MnyNiGa.
The experimental data, and the corresponding fitted curve based on the Eq. 5.8 are
plotted by black solid ball, and solid magenta line, respectively.

polarized state. As it can be seen in Fig. 5.13(d), the 79(H) value also shoots
out around the similar field region (H = 0.40 T). The high value of the relaxation
time suggests that the system exhibit sluggish type relaxation process around this
region compared to other field regions. This fact also suggests the presence of
mix magnetic phase around the field region where peak behavior in the Y’ data is
detected. The distribution of the relaxation time, represented by «, falls between
0.04-0.15 [Fig. 5.13(c)]. The overall low value of « represents the single relaxation
process for the present system. But, relatively higher value of o around H = 0.40 T
compared to the other magnetic field regions [Fig. 5.13(c)] suggests the involvement

of the multiple relaxation process. These multiple relaxation processes may probably
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happen due to the coexistence of different magnetic spin configurations.

To better understand the peak kind of behavior present in the the x/(H) data,
it is necessary to compare the relaxation dynamics phenomenon of MnyNiGa with
that of Mn-Pt-Pd-Sn material. From these comparison, the following assessments
can be made. In comparison with relaxation dynamics behavior of Mn-Pt-Pd-Sn,
the sluggish behavior of relaxation process around H = 0.40 T can be attributed
to the irregularities of spin coordination as a result of the presence of topological
defects, helical domain, and antiskyrmion lattice. Therefore, at zero magnetic field,
the helical spin texture is stabilized as a magnetic ground state by the competing
exchange and DM interactions. At H > 0.4 T, the helical (H) state transforms into
the antiskyrmion lattice (AskX). Around H = 0.4 T, the helical and antiskyrmion

phases coexist.

5.3.2 Frequency dependent ac susceptibility studies for

Mns; 13Nijs7Ga

In Chapter-4, the presence of antiskyrmion phase in Mns 13Nigg7;Ga is established
by means of the magnetic and Hall effect measurements. It is demonstrated through
the topological Hall effect measurements that the size of antiskymions in this sam-
ple is extremely small (< 10 nm). An indication of the presence of the various
magnetic phases is also evident from the multiple transition found in the field de-
pendent ac susceptibility measurements. To understand the effect of small size of the
antiskyrmions on the relaxation phenomena associated to it, a detailed frequency
dependent study for this sample is presented in this section. Figure 5.14 displays
the xX'(H), and x”(H) data at different frequencies at T = 300 K. In the x/(H) data,
a sharp kind transition around the magnetic field of 1 T accompanied with a broad
hump-like anomaly around 2 T is also observed, as discussed in Chapter-4. These
anomalies in the ac susceptibility curves are highlighted by different color shading.

To analyze the frequency dependence of different magnetic phase regimes by the

Cole-Cole model, x’ data are replotted as a function of frequency at a particular dc
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Figure 5.14: (Color online) Field dependence of (a) real part of ac susceptibility
X' (H), (b) imaginary part of ac susceptibility x” (H) at 7" = 300 K measured in
different frequencies ranging from 555 Hz to 9984 Hz for Mns 13Nig g;Ga. The region
corresponding to the anomalies are highlighted by the color shading. Note that for
clarity purposes, the x’ (H) data for the successive frequencies are shifted upwards
by constant factor starting from the data at f = 9984 Hz.

~—

magnetic field, as illustrated in Fig. 5.15. As it can be seen, the inflection point of

the x/(f) curve shift to lower frequency compared to that in other field regions.

To inspect the magnetic relaxation phenomena associated with the different mag-
netic phases present in the system, the experimental y'(f) data is fitted with the
Cole-Cole relation provided by Eq. 5.8. The fitted curve (magenta solid line) to-
gether with the experimental data (black solid ball symbols) are presented for T' =
300 K in Fig. 5.15. Similar kind of analysis is also performed from 7" = 200 K and
300 K. The variation of Cole-Cole fitting parameters with respect to the magnetic
field at different temperatures is illustrated in Fig. 5.16. Unlike the Mn,NiGa sam-
ple, all the fitting parameters exhibit peak/dip kind behavior around two different

magnetic field regimes for the Mny 13Nigg7Ga sample. As seen previously, the fre-
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Figure 5.15: (Color online) The real part of ac susceptibility data as a function of
frequency x’ (f) at different fixed dc magnetic field at 7' = 300 K for Mns 13Nig g7Ga.
The experimental data and the corresponding fitted curve based on the Eq. 5.8 are
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quency depedency of the x'data is provided by the A parameter. This behavior also
suggests the presence of mix magnetic phase in the system. Therefore, a significant
frequency-dependency around 1 T and 2 T field indicates the presence of a slow
relaxation process due to the presence of mixed magnetic phases. It can be seen
from the Fig. 5.16(d) that 7o(H) is larger around the magnetic fields of 1 T and 2
T in comparison to that in the other field regions. As discussed in the context of
other samples, this behavior srises due to the irregularities in the spin coordination
at magnetic phase boundaries where more than one magnetic phase coexist. The
relaxation time distribution parameter « lies between 0.12-0.18 (Fig. 5.16(c)). The
higher o value around 1 T and 2 T indicates the involvement of multiple relaxtion
process. This might be due to the coexistence of the magnetic phases, as different
magnetic structures relax in a non-coherent maner. In case of the Mny 13Nijg7Ga

sample, the value of 7y is found to be in the order of 107%-107F sec.

In conclusion, a detailed relaxation dynamics study of the antiskyrmion host-
ing Doy symmetric materials are demonstrated through the Cole-Cole analysis of
the frequency dependence of ac susceptibility measurements. In case of the anti-
skyrmion hosting Mn-Pt-Pd-Sn material, the Cole-Cole fitting parameters show a
non-monotonic behavior at the phase boundaries (helical 4+ antiskyrmion phase, and
antiskyrmion + field-polarized state). The higher value of 7y at phase boundaries
indicates a slower relaxation process than the pure magnetic phase, like the heli-
cal, antiskyrmion, and field polarized state. Similar behavior of all the Cole-Cole
fitting parameters are also observed in the case of Mn-Ni-Ga system. Therefore,
the relaxation process involved in the Mn-Ni-Ga system can be easily understood
in light of similar behavior of the Cole-Cole fitting parameters for Mn-Pt-Pd-Sn.
Hence, the slow relaxation process around the field regions where peaks appear in
the ac susceptibility data can be described as follows. The helical state may occur at
zero magnetic field in the Doy symmetric Mn-Ni-Ga systems due to the competing
exchange and DM interactions. When the magnetic field is around 1 T, the anti-
skyrmions start appearing by breaking the helical spin chains. Thereby, a mixed

magnetic state of helical and antiskyrmion appears at this field region. As a result,
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the relaxation process in this region slows down in comparison to the pure helical
phase. Above 1 T magnetic field, pure antiskyrmion state is obtained. Further in-
crease of the magnetic field above 2 T annihilates the antiskyrmion state to stabilize
the field polarized state. Therefore, the coexistence of antiskyrmion and field polar-
ized state results in the sluggish behavior of relaxation around 2 T. The relaxation
time is found to be around 1073-107° sec for the Mn-Pt-Pd-Sn system, whereas,
it falls in the range of 107%-107° sec in case of Mn-Ni-Ga alloys. The smaller re-
laxation time indicates that the relaxation process involved in Mn-Ni-Ga is faster
than that for the Mn-Pt-Pd-Sn system. This might be due to the presence of small

antiskyrmion in the Mn-Ni-Ga materials.
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Figure 5.16: (Color online) Field dependence of the Cole-Cole fitting parameters (a)
B, (b) A, (¢) a and (d) 79 for Mny 13Nigs7Ga at different temperature.



Chapter 6

Summary, conclusion, future

aspects of the thesis

The present chapter summarizes all the results that are presented in this thesis. The
present thesis mainly deals with the finding of noble topological magnetic states in
the Doy symmetry based tetragonal Heusler materials. In addition, advantages of
these topological magnetic objects to counter different kinds of problems arising
as a result of skyrmion motion in the racetrack devices are also discussed. It has
been discussed in Chapter-1 that the antiskyrmions possess a first-hand advantage
over the skyrmions. In this framework, the Mn-rich Mn-Ni-Ga shape memory alloys
meet all the criterias to host the antiskyrmion phase. Therefore, the finding of
antiskyrmion phase in the Dy, symmetric Mn-rich Mn-Ni-Ga system is the primary
focus of this thesis. Various aspects of the antiskyrmions and their application
perspectives are discussed thoroughly. The crucial results presented in this thesis

are discussed briefly in the following.

The Mn-rich Mn-Ni-Ga bulk polycrystalline materials are prepared using the arc-
melting furnace. The structural properties of all the samples are analyzed through
XRD measurements. In order to check the compositional homogeneity of the sam-
ples, the FESEM and EDS measurements are performed on the highly polished

sample surface. The homogeneous contrast of the FESEM images of all the sam-
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ples vindicates the presence of single compositional phase in these samples. From
the XRD pattern for the parent Mny;NiGa compound, the presence of dominant
tetragonal phase with space group I-4m2 and a small amount of cubic phase with
space group F-43m are detected at ambient temperature. To further examine the
structure below and above the room temperature, the temperature-dependent XRD
measurements are also performed on this sample at temperature ranging from 7' =
15 K and T' = 650 K. It is found from the temperature-dependent XRD patterns
that the crystal structure of the MnyNiGa sample below 150 K is pure tetragonal,

whereas, above 350 K, the sample crystallizes in a pure cubic structure.

In order to inspect the magnetic properties of the samples, the temperature
dependence of magnetization, M (T'), measurements and isothermal dc hysteresis
measurements are carried out from 7' = 2 K to 400 K using SQUID-VSM. The high
temperature M (7T) measurements from 7" = 400 K to 750 K are performed using
PPMS-VSM. For MnyNiGa, a thermal hysteresis between the FC and FH M(T)
curves is seen around 300 K due to the presence of structural transition, as con-
firmed by the temperature-dependent XRD measurements. From the high temper-
ature M (T') data, the magnetic ordering tempearture, T, for the MnyNiGa sample
is found to be about 650 K. The saturation magnetic moment for the MnyNiGa
sample is found to be 1.41 pp/fu. at T = 2 K. Most interestingly, peak/dip kind
of anomalies are distinctly seen at certain magnetic fields in the isothermal M (H)
loops. The existence of this anomalous behavior is found at all temperatures up
to 300 K, whereas, it is absent above the room temperature. It is important to
note that the anomaly in the M(H) loops sustains only in the tetragonal phase of
the sample, and disappears in cubic dominated temperature region. Similar kind
of anomalies in the dc hystresis curve have also been found due to the presence of
(anti-)skyrmion like object [13, 14, 26, 27, 28, 80].

In order to find out the existence of antiskyrmions in the present system, field-
dependent Hall transport measurements are carried out at different temperatures.
The field-dependent Hall data exhibit similar peak /dip-like anomalies in the tetragonal-

dominated temperature range as seen in the dc hysteresis measurements. To detect
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the topological Hall-like signal, often emerged in the presence of (anti-)skyrmions
[13, 23, 24, 25, 26, 27], the contributions due to the normal and anomalous Hall effect
are subtracted from the total measured Hall signal. It is observed that Mn,NiGa
shows a non-zero topological Hall resistivity only in the temperature range where
the tetragonal phase exists dominantly. No such topological Hall like signal is found
for the cubic dominated phase of the sample. The finite value of the topological Hall
effect in the Doy symmetric MnyNiGa suggests the presence of antiskyrmion phase
up to room temperature. To further prove the existence of the antiskyrmion phase,
the ac susceptibility measurements, which are generally used to detect the skyrmion
phase [28, 29, 30, 31, 32, 33|, are also performed at several temperatures. From
the ac susceptibility measurements, a sharp kind of transition can be found in the
field range where a finite value of topological Hall resistivity exists. Similar to the
dc hystresis measurements and topological Hall effect studies, this unconventional
feature in the ac susceptibility measurements sustains only in the tetragonal phase
of the sample, whereas, it vanishes in the cubic phase. Therefore, the anomalies in
all the magnetic measurements and topological Hall resistivity proves the presence
of antiskyrmion phase upto room temperature. The antiskyrmion size estimated
from the topological Hall resistivity is found to be about 20 nm. The smaller size
of antiskyrmions and the lower saturation magnetization compared with the anti-
skyrmion host Mn-Pt-Pd-Sn makes the Mn;NiGa alloy better suitable candidate for

the future application of antiskyrmion based racetrack memory.

A part of the present thesis is fully concentrated on manipulation of the anti-
skyrmion phase in the MnyNiGa alloy. Although the antiskyrmions in the MnyNiGa
alloy possess several advantages over skyrmion, the stability of antiskyrmions against
temperature is the major shortcoming for the future application as the antiskyrmion
phase does not survive above the room temperature in MnyNiGa. Again the reduc-
tion of the antiskyrmion size is an important step in order to achieve high density
data storage. Even though the saturation magnetic moment in the MnyNiGa alloy
is smaller than other existing antiskyrmion host materials, further lowering of the

magnetic moment is crucial to reduce the antiskyrmion Hall effect by protecting the
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antiskyrmion against the in-plane magnetic fields perturbation. In order to achieve
all the above mentioned essential properties, a series of My, Ni;_,Ga (z = 0.1-0.28)
samples are prepared by using the arc-melting furnace. All these samples are prop-
erly characterized through the XRD, FESEM, and EDS measurements. The room
temperature XRD patterns confirm that all the sample crystallize in the pure tetrag-
onal phase in contrast to the mix-structural phase found in the parent Mn,NiGa
alloy. The temperature-dependent magnetization measurements for these alloys re-
veal the absence of structural transition up to the magnetic ordering temperature of
650 K, except for x = 0.1. From the dc hysteresis measurements of these samples,
it is found that the saturation magnetic moment decreases monotonically from 1.43
pg/ fau. for x = 0.00 to 0.43 pp/ f.u. for = 0.28. Most importantly, a peak kind of
anomaly, as observed in MnyNiGa, is also detected for x < 0.20, whereas, no such
kind of abnormality is found for x = 0.25 and 0.28. Interestingly, a new type of
transition with pronounced hysteresis appears in the M (H) loops at relatively high
magnetic fields for x = 0.13 and 0.16. In order to explore the presence of topological
magnetic objects, Hall transport measurements are performed in these alloys. The
topological Hall resistivity extracted from the Hall effect measurements increases
initially with composition and reaches the maximum value of around 232 n{2-cm for
x = 0.13. A decreasing trend in the topological Hall resistivity is found for z > 0.16
and finally no THE is observed for z = 0.25, and 0.28. Interestingly, in a specific
composition range (0.10 <z < 0.20), a pronounced double peak kind of behavior is
observed instead of the single peak-like behavior of the parent compound seen in
the field-induced topological Hall resistivity. In order to study more details about
the unusual topological Hall resistivity behavior, ac susceptibility measurements are
also performed. In the field induced real part of ac susceptibility measurements, a
small kind of transition is found for the composition x < 0.1, whereas, more than
two transitions are seen for the compositions = 0.13 and 0.16. A faint behavior
of these anomalies is observed for x = 0.20. Therefore, all the anomalies in the
dc hysteresis and ac susceptibility measurements, in addition to that finite value

of topological Hall resistivity, demonstrate the presence of the antiskyrmion phase
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in these materials. In contrast, no peak/hump kind behavior in ac susceptibility
and zero topological value suggests the disappearance of antiskyrmion phase for x
= 0.25 and 0.28. It is also found that the anisotropy of the system dictates the size
of the antiskyrmion that results in the variation of the topological Hall resistivity
with the composition. Largest value of topological Hall resistivity and the maximum
value of anisotropy for x = 0.13 and 0.16 suggest the reduction of antiskyrmion size
for this sample. The presence of multiple transitions in the ac susceptibility data
and double peak kind of behavior in the field driven topological Hall data indicate
the coexistence of various topological phases for 0.10 <x < 0.20. According to the
micromagnetic simulation studies, these topological phases are antiskyrmion, anti-
skyrminionums, and antiskyrmion pockets. The small size antiskyrmions and the
coexistence of various topological phases in a large temperature range in the low
magnetic Mn-Ni-Ga samples possess an important prospect for the realization of

room temperature high density storage devices based on antiskyrmions.

Final part of the thesis is fully devoted to the relaxation dynamics study of an-
tiskyrmion hosting materials by the means of ac susceptibility measurements. To
study the relaxation dynamics, frequency dependent ac susceptibility study for the
known antiskyrmion hosting Mn-Pt-Pd-Sn system is carried out in the context of
Cole-Cole model. It is found from this analysis that the relaxation process at mag-
netic phase boundaries between the helical and antiskyrmion phase, antiskyrmion
and field polarized state, is slower than that of in the pure magnetic phases. The
slower relaxation process at the phase boundaries may occur due to the irregulari-
ties in the spin coordination between different spin configurations as a result of the
coexistence of magnetic phases. It is also found that the relaxation process in the
pure magnetic phase obeys the Debye type relation with negligible distribution of
the relaxation time. In contrast, a slight deviation from this behavior is found at the
phase crossover regions due to the presence of multiple relaxation processes resulting
from the conjunction of two or more magnetic phases. The relaxation time for the
Mn-Pt-Pd-Sn materials is found to be about 1073-107° sec. Similar relaxation dy-

namics study is performed on the Mn-Ni-Ga systems where the presence of smaller
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antiskyrmion size compared to Mn-Pt-Pd-Sn materials is demonstrated through var-
ious measurement techniques. In this case, almost similar sluggish type of relaxation
process appears around the magnetic field regions where peak-like transitions are
found in the ac susceptibility data. A shorter relaxation time of approximately 10~%-
107° sec indicates the faster relaxation process in the Mn-Ni-Ga alloys compared to
that of Mn-Pt-Pd-Sn system. This might be due to the small size of antiskyrmions

present in the Mn-Ni-Ga system.

In conclusion, a detailed study of the antiskyrmion phase in the Heusler inverse
tetragonal alloys is illustrated in the present thesis. In most part of the thesis, ac
susceptibility study and the Hall transport measurements are performed to explore
the presence of antiskyrmion in the Mn-Ni-Ga alloys. It is demonstrated that the
temperature stability range and size of antiskyrmions, in addition to the magnetiza-
tion, can be easily tuned via a systematic engineering of the chemical composition.
The existence of multiple topological magnetic phases is established through the field
dependent topological Hall effect measurements, ac susceptibility measurements and
the micromagnetic simulation studies. To investigate the relaxation dynamics, fre-
quency dependence of ac susceptility measurements are performed on the known
antiskyrmion hosting Mn-Pt-Pd-Sn system. The magnetic relaxation process in this
material is governed by the Debye type relation. The higher relaxation time at the
phase boundaries is attributed to the slower relaxation process than the pure mag-
netic phase. In order to study the relaxation dynamics process for Mn-Ni-Ga alloys,
similar type of relaxation study to that of Mn-Pt-Pd-Sn system is performed. Higher
relaxation time at the phase boundaries indicates the presence of mixed-phase com-
prising helical and antiskyrmion phase and/or coexistence of antiskyrmion and field
polarized state. It is found that the relaxation process in the Mn-Ni-Ga alloys is

relatively faster than that of Mn-Pt-Pd-Sn system.
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6.1 Future aspects of the thesis

The finding of smaller antiskyrmion size and the coexistence of different topological
phases at a wide temperature range, along with small magnetic moment in Mn-Ni-
Ga alloys possess a great importance for the realization of storage devices based on
antiskyrmions. However, the small size of these magnetic spin configurations with
size less than 10 nm prevents their real-space visualization. Therefore, other high-
resolution imaging techniques, e.g., small-angle neutron scattering and resonant soft
x-ray scattering needs to be performed in the future for the direct visualization of
these spin configurations. It has been found that antiskyrmions in high magnetic
moment based materials can be easily converted to skyrmion via trivial bubble by
applying small amount of in-plane magnetic fields [15, 62]. Therefore, it would
be interesting to investigate the stability of the antiskyrmion phase against in-plane
magnetic fields in the low magnetic Mn-Ni-Ga samples. Besides the static properties,
the current-driven motion of these small size antiskyrmions in the low magnetic Mn-
Ni-Ga samples needs to be studied in the near future. It has been found theoretically
that skyrmions/antiskyrmions in the antiferromagnet or compensated ferrimagnetic
materials probably move in a straight-line path irrespective of the current direction
[94]. Although the magnetic moment of the Mn-Ni-Ga alloys is successfully tuned
to a reasonable lower value, further reduction of moment to zero value will be very
helpful for the realization of antiskyrmion motion in compensated ferrimagnetic
materials. A detailed study on the antiskyrmion phase in the Mn-Ni-Ga thin films
will be an essential prospect for the future nanoscale spintronic applications. As the
emergent electromagnetic induction is inversely proportional to the skyrmion size
[49], the Mn-Ni-Ga alloys with antiskyrmion size less than 10 nm can be a promising
candidate for achieving room-temperature nanoscale electromagnetic inductors with

the same efficiency as the bulky conventional inductors.
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