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Abstract

This thesis explores the structural, magnetic, electrical, and magnetotransport properties
of Cr,Te,-based layered magnetic compounds, aiming to uncover their potential in magne-
tocaloric, spintronic, and topological quantum applications. We begin with a comprehen-
sive analysis of the ferromagnetic layered compound Crj 33Tey (or CryTes), employing the
numerical techniques such as the modified Arrott plot, Kouvel-Fisher method, and critical
isothermal analysis to examine its critical behavior near the Curie temperature (T¢ &~ 170
K). The derived critical exponents 3 = 0.353(4) and v = 1.213(5) indicate complex mag-
netic interactions, while renormalization group theory reveals 3D Ising-type exchange in-
teractions decaying as J(r) = r=*89. Notably, Cry 33Te, (or CryTes) exhibits a substantial
uniaxial magnetocrystalline anisotropy energy (MAE) of 2065 kJ/m3. Subsequently, we
investigate the monoclinic layered ferromagnet CryssTey (or Cryz6Tey), characterized by
soft ferromagnetic behavior and strong magnetocrystalline anisotropy. Below 50 K, it
experiences an antiferromagnetic-like transition, and between 50 and 150 K, fluctuating
magnetic moments yield a noncoplanar spin structure. The itinerant nature is supported
by a Rhodes-Wohlfarth ratio of p.rs/ps = 1.89. CrjssTey shows significant anomalous
Hall effect (AHE) due to skew scattering and a topological Hall effect (THE) associated
with its noncoplanar spin configuration. Critical behavior analysis shows complex mag-
netic interactions, with long-range exchange interactions decaying as J(r) = r=*+™. The
easy axis aligns along the b-axis, and a maximum entropy change of -AS,,.. ~ 2.51
J/kg-K near the higher Curie temperature (T¢ &~ 316 K) highlights its magnetocaloric
potential. We also examine the hexagonal itinerant ferromagnet CrygsTes (or CrsTeg),
revealing critical exponents § = 0.4739(4), v = 1.2812(3), and § = 3.7037(5). Magne-
totransport studies demonstrate a notable THE due to noncoplanar spin structures and
strong magnetocrystalline anisotropy, alongside AHE due to skew scattering. The magne-
tocaloric effect, with -AS,,., &~ 2.77 J /kg-K near T¢ =~ 338K, underscores its potential for
the room-temperature magnetic refrigeration application. Finally, we report the discovery
of superconductivity in Sn-intercalated CrzTey (or SngsCrzTeys), exhibiting a transition
temperature of T, ~ 3.5 K. This compound posses fascinating physical properties such as
superconductivity, magnetism, and a topological Hall effect simultaneously. Spin-resolved
density functional theory (DFT) calculations suggest separate conduction channels for

magnetism and superconductivity.
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AR

g AMYVEY Cr, Tey-3MTUIRAT TS JaH1g ARTD] Bt WRaTdD, o, faggd, 3R
TICICUIC faRIvdT3f T 30 Il &, ST 3530 3% Hicihal®, Ru<i-e 3R
CIUIaIoIh e HicH TN § SUTNT Bt UGS &I IR HAT &1 9 oY Ugd
TRITICH TS D Cry.z5Te, (AT Cr,Te,) BT ATUD fARATT TR HRd &, Forad Fgdt
AYHM (Tc ~ 170 K) & U SUF fhichd IR B! 9id & fold AlfShIgs Wic Wic,
PIad-heR fAfY, iR forfewra smgaivTa favawor SiRft gl &1 IudT fasar |
O fobfeahd T[0T (B = 0.353(4) 3R y = 1.213(5)) SIfed dad g WRER foharsft &I ERd
TR ©, STa(P JAHATSIRM U &R 3D IRIT-UHR B TaRTAS G- &1 J(r) = r+°
& ¥ H cial g1 YWY TY F, CryasTe, @1 CroTes) H 2065 ki/m® BT IEHT
e Hielfhicars Tt Tl (MAE) T T § |

P TG, 89 AFIGATS AT WRIFIUCT Cry.zTe, @T Cra.yeTe,) BT HHTTT IR o, Ol
e BRIANCH TaER 3R Aolgd Hiciiheagd et grT fagfied g1 50 K
2, 78 TH ORI C - ST AHHUT G=1TdT 8, 3R 50 K ¥ 150 K & o9, gae 1 &on o
IAR-TGIT TH AH IR fT a1 I B & | ST 3feRe WHIE AgY-alewhrd
AT (hert /ps = 1.89) SR THRIT 81 U8 O WY Whe T & SR U Hg@qu
SFETAITY BId UHTT (AHE) 3R (U ApIER T AT & HRUT euldioidhd gid
TUTd (THE) USRI &edl g1 fhfewa oragr faxawor # Sifed dawia e forang urg
s, Ford cieft g2t &t Tl SeXaRM () = r+73 & U H &ffid it 8 | ST ol Ui
b-318f & 1Y A WAl g, 3R I TR dT0HA (Te ~ 316 K) & URT -ASmax ~ 2.51 J/kgK
DI HfYHaH Terdt uRad 39! AACIHARS &l BT SR SRl 8 |

B SRNIHA SfeRE BRIEIUT Cry.g6Te, (@ CrsTes) BT 4 31890 @xd g, off fobfcdhd
Ul B = 0.4739(4), y = 1.2812(3), 3R & = 3.7037(5) UeRid H=al g1 HIcIcure
T H AR R WReA1ef § Idd Iea@-1d THE 3R ASigd Hici s
T & TY-T1Y AHE (AHE) TUTT 1, off STl TR WpelT ¥ I0F gl g
TUCIh AR THTG, FoRH Tc & U -ASmax ~ 2.77 J/kg-K 1T T, 3 HHR & dTIHH TR
YN & forg THIfdd ST 21

3id H g9 Sn- s’cwwmld aTa CraTes (AT Sno.0sCrsTes) H YURGSIGfAC] B WIS Hd &,
S T ~ 3.5 K (GOR& ST HehHUl THI) BT WOl Ao EI?{&THW%I g A%
JR&Sfaefad, gad, 3R SAUIAISIHd 81d YHTd BT T AHTH T8- 3K Udhe HRdl
g, Safd RUA-RSifes DFT TTUMTE dedhd 3R JURG S aede & el SeT- e SaTedD
SR ARSI CR- I
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Chapter 1
Introduction

The exploration of layered materials has grown significantly in recent years, driven by their
unique electronic, optical, and mechanical properties, which open up exciting opportunities
in nanotechnology. Starting with graphene [2], a single layer of carbon atoms organized in
a hexagonal lattice, researchers discovered remarkable features such as high electrical con-
ductivity, mechanical strength, and flexibility. Following graphene, other 2D materials like
hexagonal boron nitride (hBN) [3] and transition metal dichalcogenides (TMDCs), such
as MoS, [4] and WS, [5], gained attention for their diverse physical properties. hBN is an
insulator with a wide bandgap, making it ideal as a substrate or encapsulation layer for the
graphene-based devices. TMDCs, on the other hand, exhibit layer-dependent bandgaps
and unique optoelectronic properties, making them highly suitable for applications in tran-
sistors, photodetectors, and flexible electronics [6].

In recent years, magnetic materials with reduced dimensionality have garnered sig-
nificant attention for their capability to exhibit ferromagnetic order even in the two-
dimensional (2D) limit. These materials present exciting opportunities for both fundamen-
tal studies and technological advancements, particularly in applications such as magnetic
refrigeration, spintronics, and quantum computing [7—14]. Van der Waals (vdW) ferro-
magnets have become a central focus of study due to their unique magnetic properties in
the 2D regime [15-18] and pronounced magnetocrystalline anisotropy [19]. In Heisenberg-
type ferromagnetic systems, thermal fluctuations dominate in the 2D limit, suppressing
intrinsic long-range magnetic ordering at finite temperatures [20]. However, the incorpo-
ration of single-ion anisotropy or exchange anisotropy introduces an energy barrier that
mitigates the thermal fluctuations, thereby stabilizing the long-range magnetic ordering in
2D ferromagnetic systems [21].

Figure 1.1 shows the time-line of theoretical and experimental advancements in the
exploration of 2D magnetism. Theoretical work on 2D magnets began way back with
foundational models like the Ising (1940) and Heisenberg (1946) models, providing early
insights into the magnetic interactions in 2D systems. The Dzyaloshinskii-Moriya inter-

action (DMI) (1957) introduced crucial antisymmetric interactions for understanding the
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Figure 1.1: Time-line of theoretical and experimental developments in 2D magnetism.
Image reprinted from Ref.[1]

non-collinear spin structures, followed by the XY model (1973) which describes the mag-
netic vortices, and the Kitaev model (2006) which explores the exotic quantum states
in 2D lattices. The experimental studies of 2D magnetism can be categorized into four
key phases: the exploration of quasi-2D bulk magnetic materials in the 1960s, the ex-
amination of magnetic thin films of elemental materials during the 1980s, the study of
defect-engineered graphene monolayers in the 2000s, and the recent breakthroughs in in-
trinsic 2D van der Waals magnetic crystals and moiré superlattices, which began to emerge
around 2016.

Experimental evidence of 2D magnetism has been reported in various van der Waals
(vdW) materials, including Crls (T¢ = 45 K) [21], CryGesTeg (Te ~ 61 K) [22], CraSisTeg
(Te =~ 32 K) [23, 24], FesGeTey (Te ~ 215 K) [17, 25], FePS3 (Tny =~ 118 K) [26], and
FePS; (Ty ~ 78 K) [27]. But, most of these materials exhibit Curie or Néel temperatures
well below the room temperature, limiting their viability in technological applications.
Among these systems, a notable exception is MnP (T¢ =~ 303 K), which demonstrates
room-temperature 2D ferromagnetism in the bulk phase [28]. Therefore, the investiga-
tion for new layered materials with room temperature ferromagnetism and possess strong
magnetocrystalline anisotropy is essential for potential technological applications.

Theoretical investigations indicate that chromium-based layered tellurides, Cry,,Tes
(0 < x < 1), are potential candidates for realizing the room-temperature 2D ferromagnetism
in bulk phase [29]. These compounds generally consist of alternating CrTe, layers and
intercalated Cr layers, where the excess Cr-ion layers are stacked along the z-axis [30].
The concentration of intercalated Cr significantly influences the crystal structure, magnetic
order, and transport behavior of these materials [31]. For example, Cry;,Tes with x >
0.8 adopts a hexagonal NiAs-type structure [32], while Cry33Te; (CroTes) and Cry5Teq

(Cr3Tey) exhibit trigonal or monoclinic symmetries [30]. Similarly, Crjo5Tey (CrsTeg)



undergoes a phase transition from trigonal structure at high to monoclinic structure at low
temperature [33]. Further, the observation of topological Hall effect (THE) in these systems
suggests the existence of nontrivial spin textures, such as skyrmions or bi-skyrmions [34,
35], or complex magnetic configurations like noncoplanar or noncollinear structures [36, 37].
Additionally, the anomalous Hall effect (AHE) in these systems has been attributed to
skew-scattering mechanism [38]. The saturation magnetization of Cry,,Tey ranges between
1.7 and 2.8 up, which is below the anticipated 3 up for Cr® ions. This discrepancy likely
arises due to the fact of spin canting, the delocalized nature of d-electrons, or presence of
mixed valence states [39]. Research on the critical behavior and magnetocaloric properties
of Cry4,Tey systems has revealed that the type of exchange interactions depend on the Cr
concentration. For instance, trigonal CrTes (T¢ &~ 320 K) and Cry 95Tes (Te =~ 230 K),
along with monoclinic Cry5Tey (Te & 310 K) exhibit 3D Ising-type interactions [40, 41].
In contrast, bulk and thin-films of trigonal Cry ¢Tey (T & 338 K) display 3D Heisenberg-
type and mean-field-type behavior, respectively [42]. Furthermore, thin-film hexagonal
CryTes (T =~ 201 K) shows the 2D Heisenberg type interactions [43].

The aim of this PhD thesis is to design and synthesize high quality single crystals
of various layered ferromagnets with long-range magnetic interactions near the room tem-
perature for potential next generation spintronics, high-density data storage devices, and
magnetic refrigeration technology. In this regard, my PhD work focuses on synthesizing
high-quality single crystals of Cr,Te, layered systems and study the anomalous and topo-
logical Hall effects, magnetocrystalline anisotropy, critical behavior, and magnetocaloric
effects.

The first chapter of this thesis provides a comprehensive review of layered magnetic
materials, exploring their fundamental magnetic properties. It delves into the basics of
magnetism, exchange interactions, spin-orbit coupling, and the role of magnetic anisotropy
in these systems. Further, the chapter discusses the key concepts such as the critical behav-
ior analysis and the magnetocaloric effect, particularly in the context of phase transitions.
Next, it includes a discussion on various types of Hall effects such as the anomalous and the
topological Hall effects, highlighting their relation to the topological properties of materi-
als. The fundamental concepts discussed in this chapter sets the stage for understanding
the experimental findings appearing in the subsequent chapters.

The second chapter presents a thorough description of the experimental techniques
used for my phD thesis work. It describes techniques used for growing the single crystals,
such as the chemical vapor transport (CVT) and the self-flux method. Structural analysis
was conducted using X-ray diffraction (XRD), while elemental composition and mapping
were examined through energy dispersive X-ray spectroscopy (EDXS). Magnetic measure-
ments were performed using vibrating sample magnetometer (VSM), and electrical as well
as magneto-transport properties were investigated using the Quantum Design DynaCool

Physical Property Measurement System (PPMS) equiped with 9 Tesla DC magnet.



The third chapter describes the successful growth of high-quality single crystals
of CryTes (Crys3Tey) via chemical vapor transport and its critical behavior near the
ferromagnetic-paramagnetic (FM-PM) transition at 170 K. Using the Kouvel-Fisher method,
critical exponents 8 = 0.353(4) and v = 1.213(5) were derived, indicating complex mag-
netic interactions between the 3D-Ising and 3D-Heisenberg models. Renormalization group
theory suggests 3D-Ising-type interactions, decaying as J(r) = r~4%. Notably, CryTes
exhibits the highest uniaxial magnetocrystalline anisotropy (MAE) value among Cr,Te,
systems, with K, = 2065 kJ/m3.

The fourth chapter presents the electrical transport, Hall effect, and magnetic prop-
erties of monoclinic ferromagnet Cry 76Tey (Cryg3Tes), identifying it as a soft itinerant fer-
romagnet with strong magnetocrystalline anisotropy. Below 50 K, an antiferromagnetic-
like transition occurs, while between 50 K and 150 K, fluctuating in-plane and out-of-
plane magnetic moments form a non-coplanar spin structure. The Rhodes-Wohlfarth ratio
% = 1.89 (> 1) confirms itinerant ferromagnetism. Skew-scattering drives a large anoma-
lous Hall effect, and the non-coplanar spin structure induces a topological Hall effect,
further analyzed via first-principles calculations.

The fifth chapter investigates the structural, magnetic, and thermodynamic proper-
ties of room-temperature monoclinic ferromagnet Cry sgTey (Cra76Tey). Critical behavior
near the Curie temperature (7 = 316 K) was analyzed using modified Arrott plots,
Kouvel-Fisher methods, and Monte Carlo simulations, yielding exponents consistent with

~47]. Temperature-dependent

3D-Ising-type long-range exchange interactions [J(r) ~ r
magnetocrystalline anisotropy energy density (K,) was revealed, with density functional
theory (DFT) confirming an easy-axis along the b-axis. A maximum entropy change of
—ASM ~ 251 J/kg-K was observed near T¢.

The sixth chapter focuses on Crgg3Te (CrsTes), where substantial topological Hall
and anomalous Hall effects are observed, driven by non-coplanar spin structures and
skew-scattering, respectively. Critical exponents § = 0.4739(4), v = 1.2812(3), and
d = 3.7037(5) suggest complex magnetic interactions, confirmed by universal rescaling
of —AS,,(T,H) curves. The Takahashi’s self-consistent renormalization (SCR) theory
confirms that CrggsTe exhibits itinerant ferromagnetism.

The seventh chapter describes the successful induction of superconductivity in the
layered ferromagnet CrsTe, through Sn intercalation, achieving an onset transition tem-
perature of T, ~ 3.5 K. Sng 0sCr3Te, is identified as a type-1I superconductor with a lower
critical field H., = 58 +4 Oe and an upper critical field H.o = 209 + 10 Oe. A spe-
cific heat jump around 7, with a 33% volume fraction confirms bulk superconductivity.
Spin-polarized DFT calculations reveal orbital contributions near the Fermi level, and Sn
intercalation tunes the topological Hall effect originating from the skyrmion lattice. This
study is the first to demonstrate superconductivity in a skyrmion lattice, introducing a

new class of topological quantum materials.



1.1 Magnetism in Materials

The magnetic behavior of materials primarily arises due to two key factors: the spin of
electrons and the orbits around the atomic nucleus in which the electrons circulate. The
main contributors to the magnetism in solids include (1) the spin angular momentum of
electrons, (2) the orbital angular momentum, and (3) the exchange interactions between

electron spins which are governed by the Hund’s rules.

1.1.1 The Magnetic Moment of Free Atoms

1. Hund’s Rules and Electron Configuration

Hund’s rules are essential for determining the magnetic ground state of multi-electron

atoms. They are:

o First Rule (Spin-Spin Coupling): The spins of the electrons remain parallel to

each other to the extent possible.

« Second Rule (Orbital-Orbital Coupling): The first electron in the shell will go

into the maximum value of [, i.e, maximum of |l,|.

o Third Rule (Spin-Orbit Coupling): For atoms with less than half-filled orbitals,
the total angular momentum J is determined by J = |L — S|. Conversely, for orbitals
that are more than half-filled, J is calculated as J = L + S.

2. Electron Spin Magnetic Moment

Electrons possess an intrinsic spin momentum, generating a corresponding magnetic mo-

ment. The spin magnetic moment is given by:

(& —

g (1.1)

Hs = 795 2m.

Magnetic moment of spin, fi,, is given by expression involving the electron spin g-
factor (gs), which is approximately 2, the electron charge (e), the electron mass (m.),
and spin angular momentum of the electron (g) The negative sign in expression reflects
the fact that the magnetic moment is oriented opposite to the spin direction, due to the

electron’s negative charge.



3. Orbital Angular Magnetic Moment

Magnetism is also affected by the electrons’ orbital motion around the nucleus. The mag-

netic moment due to orbital angular momentum, jiy, is expressed by:

°r (1.2)

L= _Qme
where L is the orbital angular momentum. In certain atoms, particularly those of
transition metal and rare-earth elements, the orbital contribution is significant due to weak

quenching effects in solid-state environments.

4. Total Magnetic Moment in an Atom

For multi-electron atoms, the total magnetic moment arises from both spin and orbital
contributions. The total angular momentum J results from the vector combination of spin

—, —

(S) and orbital (L) angular momenta:

—

J=|L+5] (1.3)

The corresponding total magnetic moment i; of an atom is given by:

(& —

J (1.4)

Hyg = —gJ om,

The Landé g-factor, g;, is determined by the following formula:

JJ+1)+S(S+1)—L(L+1)
2J(J+1)

gy =1+ (1.5)

5. Exchange Interactions

In solids, magnetism also depends on the interaction between atomic magnetic moments,
primarily through the exchange interactions. The Heisenberg model describes the interac-

tion between two neighboring spins S; and §j as:

H=-3J;5-5 (1.6)

Here J;; presents the exchange integral between spins S; and S_’; If Ji; > 0, the
interaction is ferromagnetic, favoring parallel alignment of spins; if J;; < 0, the interaction
is antiferromagnetic, favoring antiparallel alignment.

In the study of magnetism, exchange interactions play a critical role in determining
how atomic spins align, leading to various magnetic orders such as ferromagnetism, antifer-

romagnetism, and more complex magnetic phases. These interactions arise from quantum



mechanical effects, particularly follow the Pauli exclusion principle and Heisenberg ex-
change in governing the spin coupling in materials.Various mechanisms such as direct,
super, double, supersuper, extended super, multi-intermediate double exchange, itinerant
electron exchange, and the RKKY interaction influence the magnetic properties of mate-
rials based on their electronic structure and crystal symmetries. Identifying the dominant
exchange mechanism can be challenging, especially for materials with 3d electrons, which

may exhibit both localized and delocalized characteristics.

6. Spin-Orbit Coupling

Spin-orbit coupling (SOC) is essential for the stabilization of magnetism in layered materi-
als. In layered systems, conventional isotropic exchange interactions are often inadequate
to sustain the long range magnetic ordering at nonzero temperatures. On the other hand,
the SOC creates magnetic anisotropy by locking the electron’s spin and orbital angular
momenta, which breaks the isotropic Heisenberg exchange. The SOC contribution can be

expressed by the Hamiltonian,

Hgoc = AL - S, (1.7)

where A is the spin-orbit coupling constant. This term aligns the magnetic moment
along specific crystallographic directions, establishing the magnetic anisotropy necessary
for the stabilization of 2D magnetism.

SOC also introduces antisymmetric exchange terms, such as the Dzyaloshinskii-

Moriya (DM) interaction, expressed as [44, 45]:
[:[DM = Zﬁzg - (Si x S)), (1.8)

where li-j, the DM vector which depends on the strength of SOC in non-centrosymmetric
systems, favoring orthogonal spin configurations between neighboring sites. DM interaction
plays a key role in stabilizing non-collinear spin textures in 2D systems.

Additionally, SOC contributes to single-ion magnetocrystalline anisotropy which is a

local anisotropy effect described by:
Han = ZAZ(SZ)27 (19)

where A; is the anisotropy constant for site ?. The single-ion anisotropy together with
the DM interaction is crucial for maintaining the long range magnetic order in 2D mate-
rials, which would otherwise be disrupted by thermal fluctuations. Thus, SOC introduces
essential anisotropy and exchange interactions that enable long-range magnetic ordering
in two-dimensional systems.

In 2D magnets, SOC-induced anisotropic interactions modify the isotropic Heisenberg



model to produce the anisotropies such as the uniaxial (Ising-like) and easy-plane (XY-

like), that align spins along preferred orientations.

1.1.2 Magnetic Anisotropy

Magnetic anisotropy is a critical feature in 2D magnetic materials to determine the stability
and directionality of magnetic ordering. In low-dimensional systems, magnetic anisotropy
refers to the energy difference associated with aligning magnetic moments in specific di-
rections relative to the crystal structure. This property is vital in counteracting thermal
fluctuations that could otherwise disrupt magnetic order, as discussed in the Mermin-
Wagner Theorem [20]. The theorem further asserts that in 2D systems, spontaneous long-
range magnetic ordering is typically suppressed at finite temperatures unless anisotropic
interactions are present to stabilize it. The subsequent sections outline the various types
of magnetic anisotropy, each influencing the behavior and potential applications of 2D

magnetic materials.

1. Magnetocrystalline Anisotropy (MCA)

MCA occurs due to the interaction between the crystal lattice and spins. This interaction
favors specific crystallographic directions for the alignment of magnetic moments, governed
by spin-orbit coupling (SOC). The magnetocrystalline Anisotropy energy can be described
by [46, 47]:

Fyica = Ky sin? 6 (1.10)

where Ky is the magnetic anisotropy and 6 denotes the angle between the mag-
netic moment and the preferred axis of alignment. Materials such as Crlz and FezGeTe,
demonstrate high magnetocrystalline anisotropy, stabilizing their magnetic ordering even
in monolayer form. The strength of magnetic anisotropy often depends on the crystal sym-
metry and the SOC strength in the material. For instance, the out-of-plane magnetization
(perpendicular anisotropy) is typically observed when K > 0, while in-plane magnetization

is favored when K < 0.

2. Shape Anisotropy

Shape anisotropy originates from the material’s geometry, especially it is significant in
nanoscale systems. The shape anisotropy energy can be described by [48, 49]:
1 2
Eshape = *NMS

5 (1.11)

where M, denotes saturation magnetization, and N represents the shape-dependent
demagnetization factor. In 2D layers, shape anisotropy typically promotes in-plane align-

ment of magnetic moments to minimize the magnetostatic energy. However, in materials



with pronounced magnetocrystalline anisotropy, shape anisotropy can result in perpendic-
ular magnetic anisotropy (PMA), which is crucial for data storage and spintronic devices

because it affects coercivity and remanent magnetization.

3. Surface Anisotropy

Surface anisotropy is vital in 2D materials because of their large surface-to-volume ratio.
This type of anisotropy arises from broken symmetry at the material’s surface or interface,
introducing an additional energy term that influences the directionality of magnetization

[48]. The surface anisotropy energy can be expressed as:
Esurface = —KS COS2 0 (]_]_2)

where K is the surface anisotropy constant. This effect is particularly pronounced in
layered 2D structures and heterostructures, where interface engineering can modify or en-
hance the overall magnetic anisotropy. In systems such as Cr-based multilayer heterostruc-
tures, tailored interfacial effects enable tunable magnetic responses that are invaluable for

creating stable, high-performance 2D magnetic devices.

4. Exchange Anisotropy (Exchange Bias)

Exchange anisotropy or exchange bias occurs when a ferromagnetic material is coupled to
an antiferromagnetic layer by inducing a unidirectional anisotropy [50, 51]. The exchange

anisotropy energy can be expressed by
Eux = —JoSr - Sa (1.13)

The exchange coupling constant, J.,, governs the interaction between the spin orien-
tations of the ferromagnetic (Sp) and antiferromagnetic (S4) layers, potentially resulting
in a shift in the hysteresis loop of the ferromagnet after field-cooling. Exchange anisotropy
is particularly useful for magnetic storage applications as it allows for controlled magnetic

domain stabilization in 2D systems, thereby supporting higher-density data storage.

1.2 Theoretical Models on Magnetic Moment Inter-

actions

Theoretical models of interacting magnetic moments are rooted in statistical mechanics,
providing fundamental insights into the phase transitions, spin ordering, and critical phe-
nomena in the magnetic systems. The most prominent models include Ising Model, XY

Model, and Heisenberg Model, each differing in the degrees of freedom of spin orientations.
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Figure 1.2: Schematic representation of spin alignment for 1D, 2D, and 3D spin dimen-
sionality. Image is adapted from [53].

1.2.1 Ising Model

Ising model describes magnetic systems with spins confined to "up" or "down" states along
the z-axis, as demonstrated in Fig. 1.2 (a). It accounts the nearest-neighbor spin interac-
tions through an exchange integral J, effectively characterizing ferromagnetism and phase
transitions in one-, two-, and three-dimensional lattices [52].

Hamiltonian of the Ising Model:
HIsing == —J Z SZS] — hZSz (114)
(i.5) i

In this model, S; denotes the spin at site ¢, which can take values of 1, representing
"up" or "down" spin orientations. The exchange coupling constant .J defines the interaction
strength. J > 0 promotes the ferromagnetic ordering, while J < 0 favors the antiferro-
magnetism. h is the normalised field applied along the z-axis. The notation (i, j) indicates
summation over the nearest-neighbor pairs, representing the interactions between spins at

adjacent lattice sites.

1.2.2 XY Model

XY Model extends the Ising Model by allowing spins to rotate freely in a plane (usually
the zy-plane), while still being constrained to two dimensions, as shown in Fig. 1.2 (b).
This model is particularly relevant for studying systems with planar anisotropy, such as
thin magnetic films. The XY Model is known for exhibiting a Kosterlitz-Thouless (KT)
transition in two dimensions, where the system goes from a quasi-ordered phase at low

temperatures to a disordered phase at higher temperatures [54, 55].

10



Hamiltonian of the XY Model:

Hxy = —J Y cos(0; — 0;) — h>_ cos(6;) (1.15)
(i.5) i

Here, 6; represents the angle of the spin at site ¢ within the xy-plane, indicating its

orientation. The constant J denotes the exchange interaction strength between adjacent

spins. Additionally, h represents an external magnetic field applied within the plane,

influencing the spin alignments.

1.2.3 Heisenberg Model

Heisenberg model is the most general of these three models, allowing the spins to point
in any direction in three-dimensional space, as presented in Fig. 1.2 (¢). This model is
applicable to the systems where no preferred direction of spins is required such as isotropic
ferromagnets and antiferromagnets. The Heisenberg model can describe both ferromag-
netic and antiferromagnetic interactions and is crucial for understanding the magnetic
materials that are exhibiting three-dimensional spin degree of freedom [1, 53].

Hamiltonian of the Heisenberg Model:

HHeisenberg =—J Z Sz : Sj - Zh : S@ (116)
(,3) i

Here, S; denotes the spin vector at site ¢, with components (S¥,SY, S7), describing the
spin’s orientation in three-dimensional space. The parameter .J is the isotropic exchange
coupling constant, where J > 0 corresponds to ferromagnetic interactions, favouring paral-
lel alignment and J < 0 corresponds to antiferromagnetic interactions, favoring anti parallel
alignment. Additionally, h denotes an external magnetic field vector which influences the

orientation of the spins.

1.3 Magnetic Phase Transitions

Magnetic phase transitions are classified based on the nature of changes in the order pa-
rameter. Each type of transition exhibits distinct characteristics in terms of magnetization,

latent heat, susceptibility, and critical behavior.

1.3.1 First Order Magnetic Transition

In a first-order magnetic transition, the magnetization M changes discontinuously at the
transition temperature T, involving an abrupt shift from one magnetic state to another,
such as ferromagnetic (FM) to paramagnetic (PM) order. This discontinuity in the or-

der parameter is associated with a latent heat L, reflecting an energy change during the

11



transition [56, 57):
M(T — T%) # M(T — T5). (1.17)

This kind of transition does not follow power-law behavior, and critical exponents are
not applicable. First-order transitions often exhibit coexistence between two phases (e.g.,

FM and PM) near T and are less sensitive to fluctuations.

1.3.2 Second Order Magnetic Transition

In contrast, second-order transitions, or continuous transitions, involve a gradual change
in magnetization as the temperature approaches T, leading to a continuous vanishing of

the order parameter [56, 57):
M(T) x (Te —T)? for T < Tg. (1.18)

These transitions are characterized by critical behavior, where susceptibility y and

correlation length & diverge as T — T:
X(T)x |T=Tc|™7, &T)x|T—Tc|™. (1.19)

The divergence of £ implies long-range correlations in the system, which is the basis

for the universality of critical exponents.

1.4 Critical Behavior Analysis

Magnetic phase transitions and critical behavior analysis are vital for understanding the
various magnetic interactions in the systems, providing insights into magnetic ordering,
fluctuations, and interactions near phase boundaries. These transitions, triggered by vari-
ations in temperature, external magnetic fields, or other perturbations, are typically clas-
sified as first-order or second-order (continuous) transitions. In second-order transitions,
the correlation length diverges as the system approaches the critical temperature (1), as
illustrated in Fig.1.3, resulting in significant changes in physical properties such as magne-
tization, specific heat, and susceptibility. These phenomena are extensively studied using

the scaling laws and critical exponents [56, 58].

1.4.1 Theoretical Formalism of Critical Behaviour Analysis

1. Order Parameter and Phase Transition

The magnetization (M), acts as the order parameter, reflecting the extent of magnetic

alignment in the system. As the temperature approaches the Curie temperature T from

12
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Figure 1.3: Schematic of correlation length (£) vs. temperature near a phase transition.
At the critical temperature (Tcyitical), € diverges, separating the ordered ferromagnetic
(T < Ttritica) and disordered paramagnetic (T > Tcyitical) Phases. Torger and Thisorder
indicate approximate phase boundaries.

below, the magnetization diminishes, ultimately reaching zero at T' = T, where the system
transitions into the paramagnetic phase. In the critical region near Ty, the order parameter

exhibits a power-law behavior:
M(T) x (Te —T)?, T <Teg (1.20)
Here, (5 is the critical exponent for the magnetization.

2. Magnetic Susceptibility

The magnetic susceptibility () quantifies the system’s response to an external applied
magnetic field H. Near the Curie temperature T, x tends to diverge, following a critical

behavior that can be expressed as:
W(T) o |T = To| (1.21)

where ~ is the critical exponent for susceptibility, reflecting the alignment of spins

below and above T in response to H.
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3. Specific Heat

The specific heat (C) near the transition provides insight into energy fluctuations within

the system. For a second-order phase transition, the specific heat peaks at T and follows:
C(T) < |T —Te|™ (1.22)
where « is the critical exponent for specific heat.

4. Correlation Length

The correlation length &, indicating the spatial extent of correlated spins, diverges as
T — Tc:
&(T) o< |7 = Te|™ (1.23)

here v denotes the critical exponent associated with the correlation length. This

divergence at Ty underscores the universality of critical behavior.

5. Scaling Laws and Hypothesis

The scaling hypothesis posits that near T the free energy F' can be represented as:

F(t, H) = [t fs <|ﬂfﬂ> (1.24)

where t = (T — T¢)/T¢ is the reduced temperature, and fy is a scaling function for

T >Te and T' < Te. The scaling relations derived in this method as,
y=p0-1), a+28+~v=2, vd=2-a« (1.25)
These relations aid in categorizing the phase transitions within the universality classes.

6. Widom Scaling Law and Hyperscaling Relation
According to the Widom scaling law, the critical exponents satisfy:

§=1+2 (1.26)

8

The hyperscaling relation connects the dimensionality d of the system with the critical

exponents by
dv=2—« (1.27)

This relation highlights the universal nature of phase transitions.
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1.4.2 Experimental Analysis of Critical Behavior

This section describes the methods used to analyze the experimental data near T for the

critical exponents.

1. Modified Arrott Plot (MAP) Analysis

In the modified Arrott plot (MAP) method, magnetization (M) and magnetic field (H)
data around the Curie temperature (T¢) are plotted to determine the critical exponents /3
and 7.

The Modified Arrott plot is constructed by plotting M'/? versus (H/M)'/7 at various

temperatures near T, as expressed in the equation [59, 60],

18 HA\ Y/
M = — + 1.2
¢ (M) b (1.28)

where a and b are temperature-dependent constants. If the values of § and v are

accurate, the resulting plots should yield straight lines intersecting at T¢.

2. Kouvel-Fisher Method

The Kouvel-Fisher (KF) method provides a more precise way to extract the critical ex-

ponents by examining the temperature dependent magnetization (M) and susceptibility

(x)-

For magnetization (M), the relation is given by [61],

din M
dT

For susceptibility (), the relation is given by,

x (T —Tg)~ V8 (1.29)

dlIny
dr

These equations can be linearized by plotting M/# versus T and x'/” versus T, where

x (T —Teg) (1.30)

the slopes of these lines yield the values of g and ~, respectively.

3. Iterative Refinement Process

To refine the critical exponents, an iterative method is applied starting with some initial
guess. Through repeated cycles of correction and plotting in the Modified Arrott and KF

methods, we verify the following:

1. Modified Arrott Plot Consistency: Ensuring straight lines with the selected
and 7.
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2. Kouvel-Fisher Linear Fit: Verifying that the slopes from KF plots yield stable

values for § and 7.

3. Scaling Laws Verification: Checking that the critical exponents satisfy Widom’s

scaling relation and hyperscaling.

This iterative method refines the exponents until they consistently match both the
Modified Arrott plot and KF analysis, as well as the scaling laws, confirming their accuracy

and alignment with the appropriate universality class.

Table 1.1: Critical exponents for various theoretical models

Model Dimension (D) a 54 ol o v
3D Ising Model 3 0.110 | 0.326 | 1.237 | 4.789 | 0.630
2D Ising Model 2 0 0.125 | 1.75 15 1.0
3D Heisenberg Model 3 -0.115 | 0.365 | 1.386 | 4.8 | 0.705
2D Heisenberg Model 2 0 0.231 | 1.40 | 6.0 | 0.670
3D XY Model 3 -0.007 | 0.345 | 1.316 | 4.81 | 0.671
2D XY Model 2 0 0.230 | 1.44 | 6.26 | 0.670
Mean-field Theory Any D >4 0 0.5 1.0 3.0 0.5

1.5 Magnetocaloric Effect

The magnetocaloric effect (MCE) refers to temperature or entropy changes in a magnetic
material under varying magnetic fields. MCE plays a key role in magnetic refrigeration
technology. The MCE is explained through the isothermal and adiabatic processes [62, 63],

as shown in Figure 1.4.

1.5.1 Isothermal Process

In the isothermal process, the application or removal of a magnetic field H occurs while
maintaining a constant temperature 7. Under the magnetic field, the magnetic moments
of the system try to align in the field direction, reducing the material’s magnetic entropy

S. This decrease in entropy can be expressed as:

AS #0 where Sy > S (1.31)

Here, S5 is the entropy in the disordered state (in the absence of magnetic field), and
S1 is the entropy in the ordered state (under the magnetic field). This isothermal process

causes the magnetic entropy AS,,(T, H), given by [64, 62]:

AS, (T, H) = /OH <%]\T4>HdH (1.32)
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Figure 1.4: Schematic representation of the magnetocaloric effect. (a) In isothermal pro-
cess, a magnetic field induces a change in entropy AS # 0 at a constant temperature,
resulting in a shift in the material’s magnetic order. (b) In adiabatic process, the temper-
ature change AT,q # 0 occurs while maintaining constant entropy as the field is applied
or removed.

This equation is derived from the Maxwell relation, (%)T = (%—%)H, which connects

magnetic entropy and magnetization changes.
For practical measurements at small intervals of magnetic field and temperature, the change
in magnetic entropy can be approximated as:
Hy

AS, (T, H) ~ /

H;

(M(T, ")

— M(T, H)

TM) dH, (1.33)

T;
Here, H; and Hj are the initial and final magnetic fields, and 7T; refers to the tem-

perature at the corresponding field.

1.5.2 Adiabatic Process

In the adiabatic process, the magnetic field is either introduced or removed without heat
exchange with the surroundings, ensuring no change in total entropy (AS = 0). As the
magnetic field is introduced, the alignment of magnetic moments leads to a decrease in the
system’s entropy, which results in an increase in temperature 7' to maintain the overall

entropy balance. The change in temperature during this process (AT,q), is described by,
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ATad 7£ 0 where T, > 15 (134)

Here, T7 is the temperature in the ordered state (aligned moments), and T3 is the
temperature in the disordered state (after the field has been removed). This temperature

variation can be expressed as:

AT, = _Cﬂzj[ﬂASm(T’ H) (1.35)
where C'(T, H) is the specific heat capacity of the material under the magnetic field
H. The adiabatic MCE process is essential in magneto-refrigeration, as it leads to cooling
upon removal of the field.
Figure 1.4 illustrates the two key processes driving the magnetocaloric effect (MCE).
In Fig. 1.4 (a), the isothermal process illustrates how an external magnetic field H aligns
the magnetic moments, transitioning the system from a high-entropy state S, to a low-
entropy state Si, resulting in heating or cooling of the system, depending on whether the
field is increased or decreased.
Fig. 1.4 (b), the adiabatic process shows the alignment of magnetic moments under
H without heat exchange and preserving the entropy constant. This alignment causes the
system’s temperature to rise from 75 to T} and the temperature difference AT,q = T1 — 15

is a critical parameter for the magneto-refrigeration applications.

1.6 Hall Effect

The Hall effect phenomenon occurs when a current passes through a conductor or semi-
conductor in a perpendicular magnetic field, causing charge carriers to accumulate on one
side due to the Lorentz force [65]. This results in a transverse electric field, producing a
Hall voltage (V) across the material, as shown in Fig. 1.5(a).

The Hall effect arises when a longitudinal current .J, flows through a material under
a magnetic field, creating a transverse electric field F,. This relationship can be expressed

in terms of the Hall resistivity p;, in tensor form as:
Ey = puydy (1.36)

Here p,, represents the off-diagonal component of the resistivity tensor p;; and o, is

Hall conductivity. These quantities are related through the following expressions [66, 65],

—Paxy
PO 1.37
Al ey (1:37)
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Figure 1.5: (a) Measurement setup for Hall effect. In (a), V is the Hall voltage, I is the
current, and B is the magnetic field (b) Ordinary Hall Effect (OHE): Hall resistivity (pg)
varies linearly with (B) in non-magnetic materials. (c) Anomalous Hall Effect (AHE):
Hall resistivity (py) depends on both (B) and magnetization (M). (d) Topological Hall
Effect (THE): Hall resistivity (py) reflects contributions from topological spin textures,
producing a distinctive cusp in the Hall resistivity.

oy = —— 1.38
e 3%
For the case where 0., < 0,,, this can be approximated as:
~ _Ouxy
Py ~ o2 (1.39)
Contributions to the Hall Effect
The Hall effect can have contributions from the ordinary (poi'¥), anomalous (p2H), and

topological Hall effects (pfyHE) For systems with small Hall angles, the total Hall resistivity

is the sum of the individual contributions [67].

P = 04 A 4 I (1.40)
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1.6.1 Ordinary Hall Effect (OHE)

A thin conductor of thickness d, carrying an electric current I along the z-axis, develops a
transverse potential difference across the y-axis when exposed to a magnetic field B directed
along the z-axis. The Lorentz force causes charge carriers to accumulate asymmetrically,
producing the potential difference. The Hall resistivity as a function of the magnetic field
is shown in Fig. 1.5(b).

To derive the Hall voltage Vg, the forces acting on a charge carrier with charge ¢
and drift velocity vy4 are considered. The electric force F ' = qEH, where EH is the Hall
electric field generated by the separation of charges, acts in opposition to the magnetic
force Fg = q(vy X é), which arises from the interaction of the charge carrier’s motion with
the magnetic field. At equilibrium, these forces balance (Fg + Fz = 0) [65], allowing the
Hall electric field and, consequently, the Hall voltage to be determined.

VH = EHUJ == UdBU) (141)

The drift velocity vy relates to the current I and charge carrier density n through the

following relation,

I
"~ ngA

where A = d X w represents the cross-sectional area, and substituting v, into the

Va (1.42)

equation for Vy:

Vg = <I> Bw (1.43)

ngA

Simplifying further, we get the Hall voltage across the conductor,

_IB

Ve — ——
" nqd

(1.44)

The Hall coefficient Ry relates the electric field Fpy, current density J and magnetic
field B by

Ey  Vygd
=—=— 1.4
=55~ 1p (1.45)
By substituting Vg in Eqn.1.45, we get the Hall coefficient,
1
Ry = — (1.46)
nq

The Hall coefficient Ry provides insight into the dominant charge carriers responsible
for electrical transport in a system. Ry > 0 indicates hole-carriers, while negative Ry < 0

signifies electrons.
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The ordinary Hall effect is widely used in material characterization and devices. It
enables direct measurement of carrier density (n) through the Hall coefficient (Rpy), serves
as the basis for Hall sensors to measure magnetic fields, and identifies charge carrier types

(electrons or holes) via the sign of Vi or Ry.

1.6.2 Anomalous Hall Effect (AHE)

The AHE in materials stems from spin-orbit interaction and time-reversal symmetry break-
ing, while the OHE arises from the Lorentz force in an external magnetic field. The AHE
is intrinsic to ferromagnets and can occur without an external field, contributing to the
total Hall resistivity alongside the OHE.

The Hall resistivity p,, in a ferromagnet can be expressed as [68, 69]:

Py = Doy + Py (1.47)

pay = RoH + R,M (1.48)

OHE H

Pay  varies linearly with the applied magnetic field H, while pﬁy E depends on the

material’s magnetization M.

AHE
zy

ing skew-scattering, side-jump, or intrinsic effects:

The anomalous Hall conductivity o may arise from different mechanisms, includ-

AHE __ _skew side int
Oy = Ony + 00+ 00, (1.49)

1. Skew-Scattering Mechanism

Skew scattering is an extrinsic mechanism in which the spin-orbit interaction induces asym-
metric scattering of charge carriers by impurities, leading to an imbalance in scattering
probabilities along opposite polarities. This asymmetry produces a net transverse displace-
ment of charge carriers, giving rise to a Hall voltage, as illustrated in Fig. 1.6 (a). Skew

skew

scattering contributes to the anomalous Hall conductivity (AHC) 0y, directly propor-

tional to the longitudinal conductivity [68].

T X Oy (1.50)

2. Side-Jump Mechanism

The side-jump mechanism is another extrinsic effect and arises due to the shift in the elec-
tron’s trajectory perpendicular to both the electric field and its velocity during scattering

events, as shown in Fig. 1.6 (b). Unlike skew-scattering, the side-jump scattering does not
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Figure 1.6: Mechanisms of anomalous Hall effect (AHE). (a) Skew scattering: Due to
spin-orbit interaction, electrons scatter asymmetrically, leading to the development of a
transverse Hall voltage. (b) Side jump: Upon scattering with impurities or lattice vibra-
tions, electrons experience a lateral shift, generating a Hall current without the application
of any net force. Image is adapted from Ref.[70].

depend on the electron’s longitudinal velocity and thus contributes a Hall current without
affecting the net longitudinal conductivity.
The side-jump mechanism contributing to the anomalous Hall conductivity afcjy is not
influenced by o0,, and exhibits a distinct scaling behavior [68, 71, 72]:
o3, o2, (1.51)
This mechanism occurs due to the electron displacement during scattering, which is

a consequence of spin-orbit interaction with impurities. Side-jump effects can play a major

role in materials with pronounced spin-orbit coupling.

3. Intrinsic Contribution

The intrinsic contribution to the AHE stems from the electronic band structure. In ma-
terials with strong spin-orbit coupling, the non-zero Berry curvature in momentum space
acts like a fictitious magnetic field, deflecting charge carriers transversely to generate the
anomalous Hall current.

The intrinsic AHC (0}¥) is related to the Berry curvature [2(k)] summed over all the
occupied states in momentum space [68, 73]:

ot = —¢? /BZ <2d:)3f(k)9(k) (1.52)

Here, e represents the electron charge, f(k) is the Fermi-Dirac distribution function.
The intrinsic contribution, often temperature-independent, dominates in materials with

substantial Berry curvature linked to topologically non-trivial band structures.
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1.6.3 Topological Hall Effect (THE)

The Topological Hall Effect (THE) is a unique phenomenon observed in magnetic systems
with chiral spin textures, such as skyrmions. These chiral spin configurations induce a
Berry phase in conduction electrons, which acts as a fictitious magnetic field in real space,
leading to a transverse Hall voltage. Unlike the ordinary Hall effect (OHE), which arises
from the Lorentz force, and the anomalous Hall effect (AHE), which is driven by spin-orbit
coupling, THE originates from the real-space Berry curvature created by non-trivial spin

arrangements.

Mechanism of Topological Hall Effect

In the presence of a chiral spin structure, the conduction electrons interact with the non-
collinear spin arrangement, acquiring a real-space Berry curvature. This Berry curvature

is directly associated with the scalar spin chirality (x;;x), defined as:
Xijk = Si - (S; x Sy), (1.53)

where S;, S;, and S; are spin vectors on neighboring lattice sites. The scalar spin
chirality acts as a source of an emergent magnetic field that generates the topological Hall

signal.

Quantifying Topological Hall Resistivity

The topological Hall resistivity (pg{E) is a measurable quantity obtained by subtracting

the contributions of OHE and AHE from the total Hall resistivity (p,,). Mathematically,

it is expressed as:

THE OHE ,  AHE
P = pay — P4+ pBI] (1.54)
where pO'F and p)'® are the ordinary and anomalous Hall resistivities, respectively

67).

Emergent Magnetic Field

The origin of THE lies in the emergent magnetic field (Bey) produced by the spatially
varying magnetic texture, such as a skyrmion lattice. This field arises from the Berry

phase induced by the non-coplanarity of spins and can be described as:
h On On
Bom=-n-{—x—|, 1.55
e <8x 8 8y> (1.55)

where h is the reduced Planck constant, e is the electron charge, and n represents

the unit vector along the local magnetization direction. The term g—‘; X g—z quantifies the
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non-coplanarity of the spin texture. The topological Hall resistivity is directly proportional

to this emergent magnetic field:
Pay = RoBem, (1.56)

where Ry is the ordinary Hall coefficient [74].

Non-Trivial Spin Textures Leading to THE
1. Bloch-Type Skyrmions

Bloch-type skyrmions are observed in non-centrosymmetric materials with strong spin-
orbit coupling and broken inversion symmetry. These structures are stabilized by the bulk
Dzyaloshinskii-Moriya interaction (DMI), as shown in Fig. 1.7 (a). The spin texture of
Bloch skyrmions exhibits a swirling pattern around a central core, forming a topologically
protected state. Variations such as antiskyrmions, characterized by elongated spin textures,

are also prevalent in these systems [75, 76].

2. Néel-Type Skyrmions

Néel-type skyrmions are commonly found in thin films and layered materials with broken
structural inversion symmetry, where interfacial DMI dominates. The spin configuration
radiates inward or outward from the skyrmion core, forming a distinct radial pattern, as
shown in Fig. 1.7 (b). These skyrmions are particularly attractive for spintronic applica-

tions due to their efficient manipulation via spin-orbit torques [77].

3. Geometrically Frustrated Systems

Fig. 1.7(c) illustrates the geometric frustration observed in triangular and kagome lattices,
where competing exchange interactions result in non-coplanar spin textures. These textures
induce scalar spin chirality, expressed as x;jx = S; - (S; X Si), where S;, S;, and Sy
are spin vectors at adjacent lattice sites. This scalar spin chirality introduces a Berry
phase for conduction electrons, functioning as an emergent magnetic field that contributes
to the topological Hall effect (THE). Materials such as MnGe and Gd,PdSi; exemplify
this phenomenon, showcasing the intricate interplay between geometric frustration and

topological transport properties [78, 79].

4. Magnetic Bubbles and Biskyrmions

Magnetic bubbles and biskyrmions are non-trivial spin textures stabilized by the interplay
of exchange interactions [Fig. 1.7(d)], magnetocrystalline anisotropy, and dipole-dipole in-
teractions. Biskyrmions, consisting of two coupled skyrmionic cores, represent a unique

topological state. These textures have been observed in materials like MnNiGa and FeGe,
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(a) Noncentrosymetry: (b) Interface symmetry (c) Geometrical frustration: (d) Competition of
Bloch skyrmion; breaking: Noncoplanar magnetism; magnetic interactions:
Antiskyrmon; Néel skyrmion; Scalar spin chirality; AFM, Ferrimagnet;
Noncollinear magnetism;
Bubble; Biskyrmion;

Stntebebstly
,“:\\::" o 4”4"

Figure 1.7: Various non-trivial spin textures contributing to THE in magnetic sys-
tems. (a) Noncentrosymmetric systems support Bloch-type and antiskyrmions via bulk
Dzyaloshinskii-Moriya interaction (DMI). (b) Interface symmetry breaking favors Néel-
type skyrmions through interfacial DMI. (c) Geometrical frustration induces noncoplanar
magnetism with scalar spin chirality. (d) Competing magnetic interactions produce bubbles
and biskyrmions, stabilized by magnetocrystalline anisotropy or/and dipole interactions.
Image taken from [82]

showcasing their potential to generate topological Hall signals and expand the understand-

ing of complex magnetic systems [80, 81, 38|.
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Chapter 2

Experimental Section

2.1 Single Crystal Growth

Single crystals are materials in which the atomic arrangement is highly ordered and extends
without interruption throughout the entire volume of the crystal. Unlike polycrystalline
materials, where multiple small crystals or grains are randomly oriented, single crystals
have a continuous and uniform lattice structure in all three dimensions. This unique
character makes the single crystals invaluable for studying intrinsic physical, electronic,
and magnetic properties because measurements can be performed along different crystallo-
graphic axes, revealing directional dependencies that are often obscured in polycrystalline
or amorphous materials.

Single crystal growth can be achieved using a variety of methods, each tailored to
the specific characteristics of the material and the desired crystal properties. The most
common techniques are the chemical vapor transport (CVT) method, the self-flux method,
the Bridgman-Stockbarger process, the Czochralski method, and flux growth, each of which
offers unique advantages suited to particular crystal growth challenges. In this research,
two prominent techniques—the self-flux method and the chemical vapor transport method
were employed to grow the single crystals. Both methods have their distinct benefits and
are ideal for different types of materials and growth requirements. The research presented
in this thesis focuses on the single crystals: (a) Crys3Tes (or CraTes) [1], (b) CryssTes (or
CrazTes) [2, 3], (¢) CrygsTes (or CrsTeg) [4], and (d) SngosCrsTey [5].

2.1.1 Flux Growth Method

The self-flux method is an effective technique for growing high-quality single crystals,
particularly of the metallic and intermetallic systems. In this method, the material of
interest is dissolved in its molten form in a flux, which acts as a solvent at high temperatures
[6, 7]. As the solution cools, crystals of the desired material precipitate out of the flux

when the solution becomes supersaturated. This method works well for compounds that
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Figure 2.1: Illustration of various single crystal growth techniques such as self-flux method
and the chemical vapor transport (CVT) method. (a) Schematic of the self-flux method
process, where the growth material is centrifuged to separate the flux from the single crys-
tals. (b) Furnace used for the self-flux process, and (c) centrifuge equipment for separating
flux from the single crystals. (d) Schematic of the CVT process, where the crystal growth
occurs by transporting material from the hot zone to the cold zone using iodine (Iy) as a
transport agent. (e) Tube furnace used for the CVT method.

melt congruently and have good solubility in the molten state.

Detailed procedure involved in this method:

Precursor: The elemental components of the desired material are combined with a flux
in a crucible to lower the melting point and aid dissolution. Common crucible materials
include alumina (AlyOj3), boron nitride (BN), graphite, or metals sach as tantalum (Ta) or
platinum (Pt) [8, 9]. The crucible along with the mixture is sealed inside a quartz ampoule
to avoid the contamination. Then, the whole set-up is placed in a high temperature furnace
for heating. The mixture is heated until the components are fully dissolved, followed by
controlled cooling to encourage nucleation and crystal growth. Finally, the ampoule is
inverted and subjected to centrifugation to separate the formed crystals from the residual
flux (see Fig. 2.1 (a)).

Heating: The temperature is progressively raised beyond the melting point of the mix-
ture to allow the components to combine and form a uniform liquid phase. The specific
temperature and heating duration are determined according to the material-flux system’s
phase diagram to ensure all components dissolve completely.

Controlled Cooling: Once the mixture is fully in the solution form, the temperature
is gradually reduced at a controlled rate to promote the crystal nucleation and growth.

Controlled cooling is crucial in this step, as it allows large, defect-free crystals to form.
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The cooling rate is typically optimized to be slow enough for proper crystallization, but
fast enough to avoid premature solidification of the entire melt.

Centrifugation and Separation: After the completion of crystal growth process, the
ampoule together with crucible is flipped and centrifuged to separate the remaining liquid
flux from the solidified single crystals [Fig. 2.1 (c¢)]. Centrifugation is employed at higher
speeds to ensure efficient separation, with the denser single crystals remaining at the
bottom of the crucible, while the liquid flux is spun off and collected at the other side of
crucible. This step is critical for obtaining pure crystals without residual flux material.

Advantages:

o The self-flux method allows for the growth of high-purity, large single crystals with

minimal defects, making it an excellent choice for intermetallic compounds and alloys.

« It enables the precise control of stoichiometry, and by careful selection of the flux
material, it is possible to control the crystallization process to achieve high-quality

crystals.

o This method also allows for the growth of crystals at relatively low temperatures,

reducing the risk of decomposition or volatilization of the sample material.

2.1.2 Chemical Vapor Transport (CVT) Method

The chemical vapor transport (CVT) Method is another highly effective technique for
growing single crystals, particularly for compounds that either decompose or have very
high melting points [10, 11]. Instead of dissolving the material in a molten flux, the CVT
method relies on the transport of material in vapor form through the use of a transport
agent, such as iodine (Iy), bromine (Brg), or chlorine (Cly), to achieve crystallization. This
method is ideal for growing large crystals of metal, semiconductors, and other materials
where the solid-vapor equilibrium is utilized.

During the CVT process, the material reacts with the transport agent at elevated
temperatures, forming volatile compounds that migrate to a cooler region within a sealed
ampoule. Upon reaching the cooler zone, these compounds decompose, depositing the
material as single crystals. Depending on the specific reaction and transport agent, the
method can involve either heat absorption (endothermic) or heat release (exothermic). In
endothermic reactions, the absorption of heat facilitates the vaporization of the material
and its transport, necessitating precise temperature control to maintain efficiency and avoid
issues such as excessive cooling. Conversely, exothermic reactions release heat during the
deposition process, potentially enhancing crystal growth by creating localized heating in
the deposition zone. Careful optimization of these thermal processes is crucial for achieving
high-quality crystals with desired size and morphology.

Detailed procedure involved in this method:
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Precursor: The starting material, usually in the powdered form, is placed at one end of
a sealed quartz ampoule along with a small amount of transport agent (e.g., iodine). The
ampoule is sealed under vacuum to prevent contamination and unwanted reactions with
atmospheric gases [Fig. 2.1 (d)].

Temperature Gradient: The sealed ampoule is placed inside a two-zone furnace [Fig.
2.1 (e)], which provides a controlled temperature gradient. The starting material is kept
in the source-zone, while the desired crystals form in the sink-zone. The temperature
difference between these two zones drives the transport of the material in vapor form.
Vapor Transport: The transport agent reacts with the material in the source zone to
form volatile compounds (e.g., metal iodides in the case of iodine). These volatile species
diffuse along the ampoule towards the sink zone, where the temperature is lower. Upon
reaching the cold zone, the volatile compounds decompose, and the transported material
is deposited as single crystals.

Crystal Growth: Over the time, single crystals grow in the cold zone as material con-
tinues to be transported. The size and quality of the crystals depend on factors such as
the temperature gradient, the concentration of the transport agent, and the duration of
the process. Typically, the growth period lasts several days to weeks, depending on the
system.

Advantages:

e The CVT method is effective for synthesizing high-quality crystals of materials with
high melting points or those that decompose before melting. It is widely employed

for growing semiconductor compounds and transition metal dichalcogenides..

o The process allows for the precise control of the growth environment, ensuring that

large and well-faceted crystals can be grown.

e CVT can also produce crystals of complex stoichiometry, as the transport mechanism

can help selectively deposit certain elements at lower temperatures.

2.2 Characterization Techniques

2.2.1 Energy Dispersive X-ray Analysis (EDS)

Energy Dispersive X-ray Spectroscopy (EDS), often paired with Scanning Electron Mi-
croscopy (SEM) is a technique used to analyze the elemental composition of materials
at a microscopic scale. EDS provides localized compositional information by detecting
characteristic X-rays emitted from the sample.

Basic Principle of EDS

EDS functions based on X-ray emission triggered by the interaction of a high-energy elec-

tron beam with the sample. The process involves the following steps:
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Figure 2.2: Energy Dispersive X-ray Spectroscopy (EDS) results obtained from the Quanta
FEG-250 FE-SEM equipped with an EDS detector, showing the elemental mapping of
Chromium (Cr) and Tellurium (Te) in the sample, along with their respective atomic
percentages.

Excitation: A focused very high energy electron beam strikes the sample, exciting the
inner-shell electrons of the atoms, and creats vacancies.

X-ray Emission: Electrons from higher energy levels fill the vacancies at low energy levels
by releasing X-rays with energies equal to the energy difference between the two shells.
Detection and Analysis: The emitted X-rays are collected by the EDS detector, which
measures the energy and intensity of the x-rays. Each element has a unique set of charac-
teristic X-ray energies, allowing for identification. The resulting data is processed to create
an energy spectrum that displays the intensity of X-rays as a function of their energy.
Interpretation and Quantitative Analysis of EDS Spectrum

The EDS spectrum provides a graphical representation of the detected X-rays, where each
peak corresponds to a specific element in the sample. The position of the peaks identifies
the elements, while their heights or areas indicate their relative abundance. To achieve
accurate quantification, background noise in the spectrum is subtracted, and the peak
intensities are compared to reference standards with known compositions. This process
enables the determination of both the weight and atomic percentages of the elements. As
illustrated in Fig. 2.2, the EDS spectrum for a sample highlights the characteristic X-ray
peaks corresponding to Chromium (Cr) and Tellurium (Te), providing a clear visualization

of the elemental composition and relative proportions of these elements.

Experimental Set up

Fig. 2.3(a) schematically illustrates the FE-SEM set-up. The electron gun at the top
generates a focused electron beam via field emission. The beam is accelerated toward

the sample, passing through magnetic lenses and scanning coils that focus and direct it
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Figure 2.3: (a) Schematic diagram of different parts of a scanning electron microscope
(SEM). (b) EDS attached to FE-SEM used for sample characterization at SNBNCBS.

across the sample surface. Electron-sample interactions produce various signals, including
secondary electrons, backscattered electrons, and characteristic X-rays, which are detected
by corresponding detectors.

Secondary Electron Detector (SED): Provides high-resolution images of the sample
surface, capturing fine details of the surface morphology.

Backscatter Electron Detector (BSED): Offers contrast based on atomic number
differences, useful for compositional analysis.

X-ray Detector (for EDS): Detects X-rays emitted due to electron transitions between
atomic energy levels, allowing for elemental composition analysis.

In this study, we utilized the Quanta FEG-250 FE-SEM, equipped with an Energy
Dispersive X-ray Spectroscopy (EDS) attachment [Fig. 2.3(b)], at S. N. Bose National
Centre for Basic Sciences (SNBNCBS) to conduct elemental analysis of the synthesized
crystals. The system enables precise compositional analysis by detecting characteristic
X-rays emitted when the electron beam interacts with the atoms of the sample. This
feature allowed us to accurately determine the elemental composition, including weight
and atomic percentages, of the samples. The high spatial resolution of the FE-SEM,
combined with the elemental mapping capability of the EDS, provided detailed insights
into the microstructure and distribution of elements within the crystals. To minimize
charging effects that could distort both imaging and EDS measurements, the samples were
mounted on conductive carbon tape. The analysis was conducted in high vacuum mode,

ensuring optimal resolution and enhanced accuracy in elemental detection.
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2.2.2 X-ray Diffraction (XRD)

The crystal structure and symmetry of the synthesized materials were determined using
X-ray diffraction (XRD), a technique grounded in Bragg’s law, 2d sinf = nA [12]. In this
equation, d represents the interplanar spacing between Bragg planes, € is the angle of
incidence, and X is the wavelength of the X-ray source, as illustrated in Fig. 2.4 (a). By
applying Bragg’s relation, one can precisely calculate the lattice constants and infer the
crystal symmetry.

X-ray X-ray
(a) (b)  source detector

Incident X-ray éncident slit
beam

Figure 2.4: (a) Schematic representation of Bragg’s law, illustrating the diffraction of X-
rays by crystal planes, where ‘d’ is the interplanar spacing and ‘@’ is the angle of incidence.
(b) Diagram of the X-ray diffraction (XRD) experimental setup showing key components
such as the X-ray source, incident slit, receiving slit, axial slit, and detector system used
to measure diffraction patterns. (c) The actual image of the XRD instrument used in this
study (Rigaku SmartLab) to perform structural characterization of the crystal samples.

XRD Instrumentation

In Fig. 2.4 (b), the essential components of the X-ray diffraction setup are illustrated.
This includes:

X-ray Source: The X-rays are generated using a high-energy source, typically a rotating
anode or sealed tube that emits X-rays by bombarding a target material (commonly Cu,
producing Cu K, radiation with a wavelength of 1.54 A).

Incident Slits: The incident slit system (including Soller slits and parallel slits) controls
the beam’s width and divergence. This ensures that the X-ray beam hitting the sample
has well-defined geometry, minimizing scattered or divergent radiation and improving the
resolution of the diffraction pattern [13].

Sample Stage: The sample is positioned at the center of the goniometer. It is aligned
such that the X-rays hit the sample at different angles (26), allowing for the capture of
diffraction peaks from different crystallographic planes. The sample stage can be rotated
to vary the incident angle of the X-rays during the measurement.

Soller Slits: These slits reduce the angular divergence of the beam in both the incident
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and diffracted paths. This enhances the resolution of the diffraction data, providing sharper
and more precise diffraction peaks.

Axial and Receiving Slits: These slits ensure that only X-rays diffracted at specific
angles reach the detector, further reducing background noise and improving signal-to-noise
ratio.

Detector: Intensity of diffracted X-rays is measured as a function of the diffraction angle
260 by the detector. Advanced XRD systems commonly employ high-sensitivity detectors,
such as solid-state or position-sensitive types, to efficiently collect data over a broad angular
range.

Goniometer: The goniometer is a crucial component of the XRD setup, designed to
precisely control the angular movement of both the sample and the detector. It enables
the alignment and rotation of the sample to vary the incident angle of the X-ray beam
and ensures that the detector moves synchronously to measure the diffracted intensity at
different 260 angles.

The setup in Fig. 2.4 (b) represents a standard powder XRD configuration, optimized for

phase identification, structural analysis, and crystallite size determination.
Rigaku SmartLab XRD System

In this study, weperformed X-ray diffraction (XRD) measurements using a Rigaku Smart-
Lab diffractometer (9 kW), which employed Cu-K, radiation (A = 1.54 A) as depicted
in Fig. 2.4 (c¢). In this setup, electrons emitted from a tungsten cathode are accelerated
by applying a voltage between 20 and 45 kV across the cathode and anode, while the
electron current is maintained between 10 and 200 mA. The resulting electron beam, with
a power of up to 9 kW, bombards the copper anode, producing Cu K, X-rays. To de-
tect the diffracted X-rays, a hybrid photon counting (HPC) detector is utilized [14]. It
is important to note that this diffractometer operates using a -6 goniometer, where the
sample remains stationary while both the X-ray tube and the detector rotate to collect the

diffraction pattern.

2.2.3 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is a powerful technique used to analyze the
structural, crystallographic, and morphological properties of materials at nanometer to
atomic resolution. Unlike Energy Dispersive Spectroscopy (EDS), which provides elemental
composition, TEM excels in imaging lattice structures, defects, and interfaces with high
spatial resolution.

Working Principle of TEM

Transmission Electron Microscopy (TEM) operates by transmitting a high-energy electron

beam (typically 100-300 keV) through an ultrathin sample. As the electron beam interacts
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Figure 2.5: (a) Schematic diagram illustrating the working principle and components of
a transmission electron microscope (TEM). (b) TECNAI TEM instrument used in the
current study. (c) High-resolution TEM (HRTEM) image of Cr3Tes showing lattice fringes
corresponding to the (400) plane with an interplanar spacing of 2 nm. (d) Selected Area
Electron Diffraction (SAED) pattern of CrszTeys, confirming the crystalline nature of the
material.

with the atoms in the sample, various signals, such as transmitted electrons, scattered
electrons, and diffraction patterns, are produced. These signals are magnified using a
series of electromagnetic lenses to generate high-resolution images and diffraction patterns
that reveal the structural, crystallographic, and compositional details of the material.
The transmitted electrons create an image of the sample’s structure, while the scattered
electrons are used for diffraction analysis. Adjustments in the electron optics allow the
operator to switch between imaging and diffraction modes seamlessly.

Components of TEM

The main components of a TEM, as shown in Fig. 2.5(a), are as follows:

1. Electron Gun: Generates a focused beam of electrons, typically through thermionic

or field emission mechanisms.

2. Anode: Accelerates the electron beam to high energies required for penetrating the

sample.

3. Condenser Lenses: Focus the electron beam onto a specific region of the sample

while controlling its intensity and convergence.

4. Sample Stage: Holds the ultrathin sample, enabling precise positioning, tilting,

and rotation to study different orientations.
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5. Objective Lens: Produces the initial magnified image or diffraction pattern of the

sample by focusing the transmitted and scattered electrons.

6. Intermediate Lens: Provides additional magnification and allows switching be-

tween imaging and diffraction modes.

7. Projector Lens: Projects the magnified image or diffraction pattern onto the view-

ing screen or camera.

8. Fluorescent Screen/Detector: Captures the final image or diffraction pattern.

Modern systems often use CCD or CMOS cameras for digital imaging.

The TECNAI TEM instrument (Fig. 2.5(b)) was utilized for structural characteriza-
tion of CrzTey. The high-resolution TEM (HRTEM) image (Fig. 2.5(c)) reveals distinct
lattice fringes corresponding to the (400) plane with an interplanar spacing of 2 nm, con-
firming the high crystallinity of the sample.

The Selected Area Electron Diffraction (SAED) pattern (Fig. 2.5(d)) displays sharp
diffraction spots, validating the crystalline nature of CrsTey. These results provide critical
insights into the structural properties of CrsTey, which are essential for understanding its

physical and magnetic behavior.

2.3 Vibrating Sample Magnetometer (VSM)

Vibrating Sample Magnetometer (VSM) is a widely used scientific instrument that employs
Faraday’s law of induction [15] to measure the magnetic properties of material. According
to the Faraday’s law, an electromotive force (emf) is generated in a conducting coil when
exposed to a time-varying magnetic field. The induced emf (¢) is related to the rate of

change of magnetic flux (®p) passing through the coil:

_dPp

== (2.1)

€ =

d®p
dt

indicates the direction of the induced current, which, according to Lenz’s law, opposes the

where represents the rate of change of magnetic flux with time. The negative sign
change in magnetic flux.

In the VSM setup, the sample is attached to a non-magnetic rod connected to a
vibration unit. It is positioned between two electromagnets that apply a uniform external
magnetic field to align the sample’s magnetic dipoles. The vibration unit oscillates the
sample sinusoidally at a high frequency, causing the magnetic flux from the sample’s dipole
moment to vary over time. This time-varying flux induces a voltage in the search coils

placed near the sample, as shown in Fig. 2.6 (a). The voltage V. generated in the pickup
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Figure 2.6: (a) Schematic diagram of a VSM setup showing key components such as the
vibration unit, electromagnets, search coils, preamplifier, lock-in amplifier, and tempera-
ture sensor. The sample is vibrated between the electromagnets, generating an oscillating
magnetic field, which induces a voltage in the pickup coils via Faraday’s law of induction.
(b) VSM option available with the Quantum Design physical property measurement sys-
tem (PPMS), capable of measuring magnetic moments with high precision under varying
temperature and magnetic field conditions.

coils corresponds to the time derivative of the magnetic flux, indicating its proportionality
to the flux variation rate:
ddp
Veoit = —— 2.2
Tt (22)
This can be rewritten in terms of the sample’s vertical displacement z:
dd B dz
Vgl = —— + — 2.3
N PRT (2:3)
For a sample oscillating sinusoidally with frequency f and amplitude A, the induced

voltage becomes:

Veoit = 2w fCmASIn(27 ft) (2.4)

Here, C' represents the coupling constant, m denotes the sample’s magnetic moment,
and A is the oscillation amplitude. By analyzing the induced voltage, the magnetic moment
of the sample under the applied magnetic field can be determined.

For our study, magnetization measurements were performed using the VSM module of the
Quantum Design PPMS, with magnetic fields up to 9 T and a temperature range from 2 K
to 300 K, as depicted in Fig. 2.6 (b). During the measurements, the sample was oscillated
at a frequency of f = 40 Hz with an amplitude of 1-3 mm. This setup allows for the

detection of very low magnetic moments, down to the order of 107% emu. Additionally,
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Figure 2.7: (a) Schematic of a four-probe resistivity measurement geometry. The inset
shows linear and Van der Pauw configurations for four-probe measurements. (b) Photo of
the PPMS at SNBNCBS, used for resistivity measurements of single crystals under vary-
ing temperatures and magnetic fields. (c)-(d) Oxford resistivity setup. The components
numbered in the white bubbles are listed on the right.

using the VSM oven option, measurements at elevated temperatures (400-1000 K) can be

performed.

2.4 Electrical Resistivity

To understand the electrical transport properties of the as-grown single crystals, we per-
formed the resistivity measurements. By observing the temperature-dependent resistivity
data, we can identify the nature of the samples, such as metallic, insulating, superconduct-
ing, or semiconducting. In this thesis, all of the discussed topological materials are found
to be good conductors with resistance in the order of m). Fig. 2.7 illustrates the experi-
mental setups used for the electrical resistivity and magneto-transport measurements.

Four-Probe Measurement Geometry: The schematic in panel 2.7 (a) illustrates the
four-probe method, which is widely used for resistivity measurements due to its precision
in eliminating contact resistance. In this technique, a known current (I) is applied through

the outer probes, while the voltage (V) is measured across the inner probes. The inset
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shows two common configurations:

o The Linear Four-Probe Method is a technique used to measure the resistivity of
materials by eliminating the contact resistance between the probes and the sample.
In this method, four probes are placed symmetrically along the surface of the sample,
with the outer probes injecting a known current and the inner probes measuring the
voltage drop. The resistivity (p) is determined from the current (/) and the measured

voltage (V') using the equation

3
~
~| =<

")

where ¢ is the sample thickness. This approach ensures high accuracy by spatially
separating the current injection and voltage measurement, effectively minimizing the

influence of contact resistance.

o The Van der Pauw Method is a widely used technique for measuring the resis-
tivity of arbitrarily shaped, thin, or homogeneous samples. In this method [16], four
electrical contacts are placed at arbitrary points on the sample’s perimeter, and the
resistivity is determined by applying a current between two contacts and measur-
ing the voltage between the other two contacts. The resistivity (p) is calculated by

solving the Van der Pauw equation

6—7FR12,34/9 + e—ﬂR14,23/p -1

where Ry234 and Ry493 are the measured resistances. This method is effective for
samples with complex geometries and does not require the sample to be of a specific

shape, making it ideal for thin films or irregularly shaped materials.

Silver paint is used to make the four-probe connections. This method is particularly

effective for studying temperature and field-dependent resistivity.

Experimental Set-up

(a) Quantum Design Physical Property Measurement System (PPMS): The
PPMS, shown in Fig. 2.7(b), is a sophisticated, commercial measurement system available
at SNBNCBS. This system enables the measurement of resistivity and magneto-transport
properties, including the Hall effect and magnetoresistance, over a broad range of temper-
atures (2 K to 300 K) under magnetic fields up to 9 T. The system is fully automated,
allowing for temperature and magnetic field sweeps to study transport phenomena such
as the anomalous Hall effect (AHE), topological Hall effect (THE), and magnetoresistance

(MR) under various experimental conditions.
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(b) Oxford Resistivity Setup: The oxford system is a custom equipment designed as a
to measure temperature-dependent resistivity and magneto-transport properties, providing

flexibility for custom experiments. The key components include:

o Turbo Pump: Ensures a high-vacuum environment within the sample chamber, re-

ducing oxidation or contamination and improving the accuracy of measurements.

« Cryostat: Provides low-temperature conditions, essential for exploring resistivity and

magneto-transport properties across a wide temperature range.

o Sample Chamber: Where the sample is placed for measurement. Both the current

and voltage signals are controlled and monitored in this isolated environment.

o Lock-In Amplifier: Enhances the signal-to-noise ratio, ensuring precise voltage detec-
tion even in low-signal environments, a key feature when measuring minute changes

in magneto-transport properties.
» Resistance Box (Rg): Regulates the current flowing through the sample.

o Preamplifier: Amplifies weak signals from the sample before sending them for mea-

surement.

o Digital Multimeter: Measures current, voltage, and resistance with high precision,

displaying the results on the monitor.

o Temperature Controller: Allows for the accurate regulation of temperature, ensuring
that resistivity and transport data can be recorded across a wide range of tempera-

tures.

Temperature-dependent resistivity measurements between 4 and 300 K were con-
ducted using the oxford resistivity setup [Fig. 2.7(c)-(d)]. For field- and temperature-
dependent resistivity, the Quantum Design PPMS [Fig. 2.7(b)] with the ETO option was
utilized, providing a magnetic field range of up to 9 T and temperatures from 2 to 300 K.

2.5 Specific Heat Measurements

Specific heat measurement is crucial for investigating the bulk nature of phase transitions
in materials. It typically exhibits anomalies at phase transition temperatures, making it
an invaluable tool for characterizing such transitions. The total specific heat (C') in solids

can be expressed as:

C= C1el + Cph + Cmag» (25)
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Figure 2.8: (a) Schematic representation of the specific heat measurement setup in a
Quantum Design PPMS. (b) The specific heat puck used in the PPMS, designed for precise
thermal relaxation measurements.

where C¢, Cpp, and Cpag represent the electronic, phononic, and magnetic contribu-
tions, respectively. The temperature-dependent behavior of specific heat is often described
using the Debye and Einstein models of lattice vibrations.

In the Quantum Design PPMS, specific heat is measured by mounting the sample
onto a specialized platform and analyzing its thermal response using a thermal relaxation

method. The measurement process is outlined below, as show in Fig.2.8.

Sample Mounting and Thermal Contact

The sample is mounted on the measurement platform using a thin layer of Apiezon-N
grease. This grease ensures effective thermal contact between the sample and the platform,

allowing for efficient heat transfer during the measurement process.

Platform Components

The measurement platform is equipped with several key components:
o Heater: Provides a controlled, known amount of heat to the platform and sample.

o Thermometer: Monitors the temperature changes of the sample during both the

heating and cooling phases.

The platform is suspended by thin wires that serve dual purposes:
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e Thermal Isolation: These wires minimize heat loss to the surrounding environ-

ment, ensuring accurate measurement of heat changes within the system.

o Electrical Connectivity: They provide electrical connections between the heater,

thermometer, and the PPMS control system.

Vacuum Environment

The specific heat measurement is conducted under vacuum conditions to minimize heat
transfer through convection and reduce thermal losses. This setup improves the accuracy

and sensitivity of the measurements.

Thermal Relaxation Method

The thermal relaxation method consists of two distinct phases:

o Heating Phase: A constant, precisely known amount of heat is supplied to both

the platform and the sample, causing their temperatures to rise.

+ Relaxation Phase: After the heat input stops, the sample and platform undergo
cooling. The cooling process follows an exponential decay curve, characterized by a

thermal relaxation time constant.

Using the thermal relaxation time constant and the known heat input, the specific
heat (C),) of the sample can be determined. To enhance measurement accuracy, the heat
capacity of the platform and Apiezon-N grease (referred to as "addenda") is measured

separately and subtracted from the total heat capacity of the system.
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Chapter 3

3D-Ising-type Magnetic Interactions
Stabilized by the Extremely Large
Uniaxial Magnetocrystalline

Anisotropy in Layered Ferromagnetic
CroTeq

3.1 Introduction

The discovery of intrinsic long-range ferromagnetism in two-dimensional (2D) layered ma-
terials has ignited considerable research interest due to their potential technological ap-
plications in low-power spintronic devices [1-6]. On the other hand, the Mermin-Wagner
theorem proposes certain limitations to have long-range ferromagnetic interactions in the
2D magnets due to thermal fluctuations at finite temperatures [7]. In this regard, the
magnetocrystalline anisotropy energy (MAE) becomes crucial to overcome the thermal
fluctuations and for the realization of 2D long-range ferromagnetism in layered materi-
als. Recent investigations have focused on enhancing the long-range magnetic ordering in
several 2D layered magnets such as Crl; [8], CroGeyTeg [9], and CrySisTeg [10]. Neverthe-
less, the peculiar magnetic behavior observed in chromium-based tellurides (Cr,Te,) have
drawn significant research attention [11-13].

Under different synthesis conditions and chromium concentrations, Cr,Te, exhibits
diverse crystal structures owing to the Cr vacancies. For instance, CrTe, Cr;Teg, and
Cr;Teg exhibit hexagonal crystal structure [14-16], CrsTe, and CrsTeg show monoclinic
phase [17-19], and CryTes and CrTey show trigonal crystal structure [20, 21]. Thus, the

This chapter is based on the publication: Shubham Purwar et al., Materials Today Physics,
46, 101522 (2024)
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crystal structure of Cr, Te, is highly sensitive to the Cr concentration present in the system,
viz. CrsTeg shows monoclinic phase for 38.5 - 40.4 % of Cr, while it shows trigonal structure
for 38 - 37.5 % of Cr [22]. Moreover, the Cr concentration significantly affects the magnetic
properties as well. Though most of the Cr,Te, systems show ferromagnetic (FM) ordering,
CrTes (Crgg7Te2) exhibits an antiferromagnetic ordering [23], their Curie temperatures are
highly sensitive to the Cr concentration. For instance, CrsTeg (Cry 95Tes) shows FM order
below T ~ 230 K [13, 24], Cr3Tey (Cry5Tey) shows FM order below Te ~ 316 K [17],
Cr;Teg (Cry 75Tes) shows FM order below T = 361 K [14], CrTe, shows FM order below
Te =~ 310 K [20], and CryTes (Cry 33 Tes) shows FM order below T &~ 180 K [21]. Not only
the Curie temperature, the magnetic exchange interactions below the Curie temperature
are also sensitive to the Cr concentrations. For instance, below T, CrsTeg shows 3D-Ising
type magnetic interactions, CryTe; shows 3D-Heisenberg type magnetic interactions [11],
and CrTe shows quasi-2D-Heisenberg type magnetic interactions [16].

Although the ground state magnetism of CryTes single crystals has been discussed
earlier [25], no study is available on CryTe;z discussing the magnetic exchange interactions
across the Curie temperature. Furthermore, CryTes thin films have exhibited an anomalous
Hall effect [26, 27|, while the topological Hall effect has been observed in hetero-junction
devices [28]. Thus, a better understanding of the magnetic interactions in CryTes is crucial
to unravel the potential technological applications of these systems.

In this contribution, we discuss the magnetocrystalline anisotropy, critical behavior,
and magnetocaloric effect in CryoTez. The critical behavior around the Curie temperature
(T¢) has been studied using various techniques such as the modified Arrott plot (MAP),
the Kouvel-Fisher method (KF), and critical isothermal analysis (CI). Interestingly, the
derived critical exponents 5 = 0.353(4) and v = 1.213(5) suggest complex magnetic in-
teractions falling in between the 3D Ising and 3D Heisenberg models across the T, On
the other hand, the renormalization group theory suggests 3D-Ising type magnetic inter-
actions stabilized by the extremely large magnetocrystalline anisotropy. We performed
first-principles calculations to establish the origin of extremely large out-of-plane magnetic
anisotropy. Our calculations predict a noncollinear ferromagnetic phase with a canted
spin structure that results from the magnetic frustration [29], in the ground state with
dominant ferromagnetic ordering along the c-axis, while an antiferromagnetic ordering is
found in the ab-plane, leading to extremely large magnetocrystalline anisotropy. Further,
a maximum entropy change of -AST* ~ 2.08 J/kg — K is estimated around T for the

fields applied parallel to the c-axis.
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3.2 Experimental and First-principles Calculation De-

tails

High-quality single crystals of CryTes were grown using the chemical vapor transport
(CVT) technique by taking 3 : 4 molar ratio of Chromium (Cr, 99.99%, Alfa Aesar) and
Tellurium (Te, 99.999%, Alfa Aesar) powders and employing iodine as the transport agent.
The growth process involved a three-week thermal heat treatment in a two-zone horizontal
tube furnace, with the source-zone maintained at 1000 °C and the growth-zone kept at

2 were looking shiny and flat [see

820 °C [30]. The as-grown single crystals, sized 3x2 mm
the inset of Fig. 3.1(c)]. Surface morphology and elemental compositions were studied by
using the scanning electron microscope (SEM) and energy dispersive x-ray spectroscopy
(EDXS). We find that the as-prepared single crystals have a Cr to Te ratio of 0.663(6):1,
leading to the exact chemical formula of Cr;g9Tes. Powder x-ray diffraction (XRD) anal-
ysis was conducted using a Rigaku X-ray diffractometer (SmartLab, 9kW) with Cu K,
radiation (wavelength = 1.5406 A). Magnetic properties studies, M (T) and M(H), were
performed using the physical property measurement system (PPMS; 9 Tesla DynaCool,
Quantum Design). The magnetization isotherms M (H) were systematically measured with
2 K interval around the Curie temperature to facilitate the critical behavior analysis.
Density functional theory (DFT) calculations on CryTes were performed using the
generalized gradient approximation (GGA) of Perdew, Burke and Ernzerhof (PBE) ex-
change and correlation functionals [31] as implemented in the Quantum Espresso (QE)
simulation package [32]. Brillouin zone sampling was done over a 12x12x6 Monkhorst-
Pack k-grid. The electronic wave function is expanded using the plane waves up to a cutoff
energy of 40 Ry. To accurately determine the spin moment distribution, our approach
involved incorporating scalar-relativistic and relativistic pseudopotentials to account the
within the self-consistent field (SCF) calculations. We explored both collinear and non-
collinear spin structures, the latter involving optimization of the spin angle with respect

to the energy.

3.3 Results and Discussion

3.3.1 Structural analysis

The unit cell of CryTes is schematically shown in the top-panel of Fig. 3.1(a), in which
distinct chromium atoms are labeled by Cr(1), Cr(2), and Cr(3). The intercalated Cr(1)
atoms reside within the van der Waals gap created by two CrTe, layers, exhibiting ordered
vacancies. Cr(2) and Cr(3) are within the CrTey layers, but only Cr(3) has the nearest
neighboring Cr(1) atoms along the c-axis. On the other hand, Cr(1) has two Cr(3) nearest
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Figure 3.1: (a) Schematic representations of the CryTes crystal structure, obtained from
the Rietveld refinement. (b) XRD pattern of CroTes crushed crystals measured at 300 K
overlapped with the Rietveld refinement. (¢) XRD pattern of CryTes single crystal. Insets
in (c) show EDXS data demonstrating the actual chemical composition of as-prepared
crystals and the photographic image of a typical CryTes single crystal. (d) Elemental
mapping of CryTes for Cr and Te using EDXS. (e) Scanning electron microscopic (SEM)
image of CryTes single crystal.

neighbours along the c-axis but has no nearest neighbors in the ab-plane. The bottom-panel
of Fig. 3.1(a) depicts projected crystal structure of CryTes onto the ab-plane, showing the
intertwined honeycomb lattice with Cr(2), Cr(3), and Te atoms. Fig. 3.1(b) displays the
X-ray diffraction (XRD) pattern of the crushed single crystals measured at room temper-
ature. The XRD data confirms the trigonal crystal structure of CryTes having the space
group of P31c (163). The derived lattice parameters using the Rietveld refinement, a = b
= 6.7989(7) A, ¢ = 12.1074(7) A, and the angles & = 3 = 90°, v = 120°, are close to the
previous reports [33, 22, 18]. Fig. 3.1(c) displays the XRD pattern taken on the CryTes sin-
gle crystal, indicating that the crystal growth is parallel to the (00/) Bragg’s plane. Using
the Rietveld refinement, bond lengths of Cr;-Crs, Cry-Crs, Cry-Cry, and Cr3-Crs are deter-
mined as 3.0269 A, 3.9254 A, 6.7990 A, and 3.9254 A, respectively. Additionally, the bond
angles of Cry-Te-Crs, Cri-Te;-Cry, and Cry-Te;-Crz are found as 91.213°, 129.596°, and
67.542°, respectively. Fig. 3.1(d) exhibits the elemental mapping of Cr and Te, confirming
the uniform chemical composition of the studied crystal within the measured surface range
of 50x45 (um)?. Fig. 3.1(e) shows scanning electron microscopy (SEM) image of CryTes,
displaying a very flat surface morphology. Thus, the EDXS and SEM data confirm the
homogeneity and high-quality of the studied single crystals.
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Figure 3.2: (a) Temperature-dependent magnetization M (T") measured for H || ¢ and
H || ab in the ZFC and FC modes under an applied of H =0.3 T. In (a), the blue-curve
displays first derivative of magnetization with respect to temperature, %, showing a dip
at the T ~ 170 K. (b) Magnetization isotherms [M (H )] measured at 5 K for H || ¢ and
H || ab orientations.

3.3.2 Magnetic Properties

Temperature-dependent magnetization [M(T)] of CryoTes measured at H = 0.3 T for both
the H || c and H || ab orientations are shown in Fig. 3.2(a) taken in field-cooled (FC) and
zero-field-cooled (ZFC) modes. From Fig. 3.2(a), we observe a ferromagnetic-like magnetic
transition at around T ~ 170 K. The same is confirmed from the overlapped dM /dT data
in which a dip is noticed at around 170 K. Most interestingly, we observe an out-of-
plane (H || ¢) saturation magnetization (1.8 pp/Cr) that is almost 20 times higher than
the in-plane (H || ab) saturation magnetization (0.08 pp/Cr), indicating an extremely
large magnetic anisotropy in this system with an easy-axis of magnetization parallel to
the c-axis. To further confirm the magnetic anisotropy, we measured magnetization as a
function of the field [M(H)] for both orientations as shown in Fig. 3.2(b) at 5 K of the
sample temperature. From Fig. 3.2(b), we clearly notice a spontaneous magnetization of
1.8 up/Cr for H || ¢ around the zero applied field with negligible coercivity, suggesting
CryTes to be an out-of-plane soft-ferromagnet. On the other hand, for H || ab, the lower
magnetic fields sustain a canted FM state between neighboring Cr(2) and Cr(3) atoms.
We performed density functional theory (DFT) calculations to reveal the ground
state magnetic structure of CryTes. Initially we focused on examining the magnetic cou-
pling among various types of Cr atoms, including the collinear ferromagnetic (FM) and
non-collinear FM configurations as shown in Figs. 3.3(a) and 3.3(b), respectively. The

DFT calculations are done by including the spin-orbit coupling (SOC) effect. Our cal-
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Figure 3.3: Schematic representations of the collinear ferromagnetic (FM) (a) and non-
collinear ferromagnetic (b) configurations. (c) Relative total energy (AE), with respect
to the ground state energy, plotted as a function of unit cell volume for both magnetic
configurations, obtained using the DFT calculations. (d) Schematic diagram of the canting
spin angles of Cr(1), Cr(2), and Cr(3) atoms with respect to the c-axis. (e) Relative total
energy (AE), with respect to the ground state energy, plotted as a function of spin angles
for Cr(1), Cr(2) and Cr(3) atoms.

culations suggest that the noncollinear ferromagnetic configuration [see Fig. 3.3(c)] has a
lower ground state energy by about 35 meV compared to the collinear FM configuration,
thus the former is a more stable magnetic ground state than the latter in CryTez. Distinct
spin canting angles were observed for Cr(1), Cr(2), and Cr(3) deviating from the c-axis
as schematically shown in Fig. 3.3(d). This investigation suggests substantial difference in
the canted spin angles, between the intercalated Cr(1) atoms and Cr(2) or Cr(3) of CrTe,
layer [21]. Further, Cr(1) and Cr(2) display spin canting in the second quadrant, while
Cr(3) exhibits spin canting in the first quadrant, as depicted in Fig. 3.3(d). Fig. 3.3(e)
depicts the plots of relative total energy (AE) vs. spin canting angle, suggesting 62.35°,
6.279°, and -4.124° are the canted-spin angles of Cr(1), Cr(2), and Cr(3) atoms, respectively
in the magnetic ground state. Therefore, the predicted canted angles indicate a dominant

ferromagnetic ordering for the spins of Cr(2) & Cr(3) of CrTe; layer and a dominant an-
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tiferromagnetic ordering for the intercalated Cr(1) atoms. As a result, the noncollinear
FM ground state in CryTes is stabilized by the magnetic frustration due to a competi-
tion between the in-plane AFM and the out-of-plane FM orders. These observations are
consistent with predictions on similar systems [34, 21].

Next, with the help of magnetization isotherms [M(H)] measured at 5 K for both
H || cand H || ab [see Fig. 3.4(a)], we qualitatively estimated the magnetocrystalline
anisotropy energy (MAE) K, in our studied CryTes sample by measuring the area (Yellow-

shaded region) between H || ¢ and H || ab curves, using the relation [19],

Ku=po [ [HAM) ~ Hay(M)] dM (3.1)

Here, po is the vacuum permeability, M, represents saturation magnetization. H,
and H,, represent magnetic field applied along the out-of-plane and in-plane directions,
respectively.

The derived value of K, = 2065 kJ/m? in this method is found to be the highest
ever known MAE from any Cr,Te, type systems. Moreover, this value is much larger
than the K, values reported on many other 2D magnetic systems such as CrySisTeg /
CryGeyTeg) (=~ 65 kJ/m? / ~20 kJ/m?) [35], Fe,GeTey (250 kJ/m?) [36], CrBrs / Crlz (=
86 kJ/m?® /~ 300 kJ/m?) [37], and FezGeTe, (1460 kJ/m?) [38]. Thus, for the first-time
we report an extremely large MAE from our studied CryTes. Note here that we estimated
the MAE value by linearly extrapolating the high-field region of the M (H) data for H || ab
[see Fig. 3.4(a)] to find the overlapping filed position (12.8 T) with H || ¢. Therefore,
the MAE value K, = 2065 kJ/m? is the minimum value that we could estimate in this
method. The actual K, value would be higher than what we estimated, if one is able to
perform M (H) measurements at very high applied magnetic fields and find the overlapping
field position directly from the measurements. Nevertheless, we could also estimate the
magnetocrystalline anisotropy energy using the DFT calculations. In agreement with the
experimental value, we find an extremely large MAE for the noncollinear FM state of 8230
kJ/m3. Whereas for the collinear FM state we find realatively very low MAE of 32 kJ/m3.

3.3.3 Itinerant Ferromagnetism

To identify the nature of ferromagnetism in CryTes we employed Takahashi’s self-consistent
renormalization (SCR) theory which takes into account the conservation of zero-point spin
fluctuations and thermal spin fluctuations [39]. According to SCR theory, the magnetiza-
tion M and the magnetic field H at T¢ should obey the below relation,

M* = 46171 [%] <Z> (3.2)

Here, T 4 is the dispersion of the spin fluctuation spectrum in wave-vector space. T 4,
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Figure 3.4: (a) Magnetization isotherms [M(H )] measured at 5 K for H || ¢ and H || ab.
The yellow shaded area represents the magnetocrystalline anisotropy energy (MAE). (b)
Plot of M* vs. H/M

M, and H are in K, pup/Cr, and Oe units, respectively. Fig. 3.4(b) shows the plot of M* vs.
H/M, fitted by Eq. 3.2. Such a linear behavior is observed in many itinerant ferromagnets
such as MnSi [40], LaCoyPs [41], SmCoAsO [42]. From the fitting of Eq. 3.2, we obtained
a slope of 9.4778x107% (up/Cr)®/Oe. Using the slope and T¢ & 170 K, we derived T4 ~
868 K for H || c.

Further, following the SCR theory, T¢ can be expressed by,

Te = (60c) 34 Py )/ (3.3)

Here, ¢ = 0.3353, Pg is the spontaneous magnetization in pug/Cr, Tg is the energy
width of the dynamical spin fluctuation spectrum in K. Using the value of T¢, Pg, and
T4, we obtain the characteristic temperature Ty = 4502 K for our CryTes single crystal.
According to the SCR theory of spin fluctuation, the ratio T /Ty is an important param-
eter as it characterizes the degree of localization or itineracy of the spin moment. The
magnetic materials are found to exhibit itinerant character for T¢/Ty < 1, while they
show localized magnetism for T /Ty &~ 1. In our case of CryTes single crystal, the ratio
Te /Ty is estimated to be 0.04 which is much smaller than 1, indicating the itinerant nature

of the ferromagnetism in CryTes.

3.3.4 Critical Behaviour Analysis

Investigating the magnetic interactions across the paramagnetic to ferromagnetic transition
involves the critical exponents analysis of magnetization isotherms [M (H)] around T¢. The
M (H) data measured for H || ¢ between 150 and 190 K with an interval of 2 K are depicted
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Figure 3.5: (a) Isothermal magnetization M (H) measured between 150 and 190 K with
an interval of 2 K for H || c¢. (b) Arrot plots of M? vs. (H/M) for the Landau mean-field
model. Modified Arrott plots of MY# vs. (H/M)Y" for (c) 3D-Heisenberg model, (d) 3D-
XY model, (e) 3D-Ising model, and (f) Tricritical mean-field model. In the figures, the
blue-colored data is taken at the To ~ 170 K.

in Fig. 3.5(a). Fig. 3.5(b) shows Arrott plots of M? vs. (H/M) for the Landau mean-field
model. Arrott plots typically display a positive slope of parallel lines in the high-field
region, indicative of a second-order magnetic transition [43]. However, our findings show
deviation from the linear behavior, particularly below T¢. This deviation suggests that
the Landau mean-field theory (5 = 0.5, = 1) is not applicable to CryTez. Consequently,
a modified Arrott plot (MAP) is necessary to determine the critical exponents by following

the below equation,

(H/M)Y" = ax (T —T,)/T. +bx MYP (3.4)

where (H/M) is the inverse susceptibility, M is the magnetization, T is Curie tem-
perature, 3 and ~ are the critical exponents, and a and b are constants.

Scaling hypothesis of the critical phenomena theory [44] suggests that the second-
order phase transitions near T are governed by the critical exponents and magnetic equa-
tions of the state. The divergence of the correlation length around Te, ¢ = ([(T —
Te)/Te]| ™", gives rise to universal scaling laws. This results in specific critical exponents

B for spontaneous magnetization Mj, below T¢, v for the inverse susceptibility x, I above
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T¢, and § for magnetization isotherms M (H) at T¢ which are mathematically represented

in the magnetic equations involving these critical exponents,

M, (T) = My(—¢)? for e < 0,T < T¢, (3.5)
Xo 1 (T) = (ho/mg)e”, for e > 0,T > Tg (3.6)
M = DHY? fore=0,T =T, (3.7)

Table 3.1: Comparison of critical exponents of CryTes with similar 2D magnetic materials
and different theoretical models.

Composition Technique T. 15} v ) Reference
CryTes MAP 170.21(1) 0.360(2) 1.221(3) 4.392(6) This work
CryTe; KF method 170.07(6) 0.353(4) 1.213(5) 4.436(2) This work
CryTes  Critical isotherm 170 4.275  This work
Theory 3D Ising 0.325 1.241 4.82 [45]
Theory 3D XY 0.345 1.316 1381 [45]
Theory 3D Heisenberg 0.365 1.386 4.80 [45]
Theory Landau mean-field 0.5 1 3 [43]
Theory Tricritical 0.25 1 5 [46]
CrsTeg KF method 230.6(3) 0.315(7) 1.81(2) 6.35 [47]
CrsTey KF method  320.335(5) 0.365(5) 1.212(9) 4.580(4) [48]
CryTe; KF method 319.06(9) 0.387(9) 1.2885(2) 4.32 [11]
CrsTeg KF method 338.17(1) 0.405(1) 1.200(1) 3.962(9) [15]

where e = (T —T¢)/T¢ is the reduced temperature, My, hg/mg, and D are the critical
amplitudes [49]. Attempts were made to derive the critical exponents and T through MAP
technique by plotting M'/# vs. (H/M)'/" based on various theoretical models around T¢
such as the 3D-Heisenberg model, 3D-XY model, 3D-Ising model, and tricritical mean-
field model [50, 45, 46] as shown in Figs. 3.5(c), 3.5(d), 3.5(e), and 3.5(f), respectively.
However, none of these models produced the anticipated parallel lines. To further confirm
that none of these models can adequately describe the magnetic interactions of this system,
in Fig. 3.6 we plotted the normalized slopes (NS), NS = S(T')/S(T¢), as a function
of temperature at higher magnetic fields derived from the data shown in Figs. 3.5(b)-
3.5(f) for various models. Here, S(T) is the slope defined by d(M'?)/d((H/M)'") at a
given temperature 7. For any adequate model, the normalized slopes should be equal to

one [47, 48]. However, from Fig. 3.6 it is evident that none of the models show NS=1

60



=
AN
l

—- Mean field

—— Tricritical mean field
—— 3D Heisenberg
—— 3D Ising

—- 3D XY

=
N
l

____________________________________

Normalized slopes
o —
06 o
] |

I
o
|

| | | | |
150 160 170 180 190

Temperature (K)

Figure 3.6: Temperature dependent normalized slopes [NS=S(T)/S(T¢)] plotted as a func-
tion of temperature, for various models, derived from the data shown in Figs. 3.5(b) - 3.5(f).
See the text for more details.

at temperatures other than 7. Therefore, none of the standard models, Landau mean-
field, 3D-Heisenberg, 3D-XY, 3D-Ising, and tricritical mean-field model, can describe the
magnetic interactions in CryTes precisely.

Thus, to accurately determine the critical exponents near T, an iterative modified
Arrott plot (MAP) technique was employed on the data shown in Fig. 3.5(a) [51, 52].
In this method, we start with trial values of § and v substituted into Eq. 3.4 to derive
the MAP data as shown in Fig. 3.7(a). The linear extrapolation of the MAP data from
the high field region provides (My,)'/? and (x5')Y/" as intercepts on the y and z-axis of
the (M)Y# vs. (H/M)'Y7 plot [see Fig. 3.7(a)]. As obtained M,, and x;' are plotted as
a function of temperature as shown in Fig. 3.7(c). Next, M, (T) and x,'(T) are fitted
using Eqgs. 3.5 and 3.6 to determine new 3 and ~ values. Using these updated g and ~
exponents, a new MAP is created by plotting (M)Y? vs. (H/M)Y/7. This procedure is
iteratively repeated, involving fitting the modified Arrott plots, updating the polynomials
(Egs. 3.5 and 3.6), and recalculating the exponents, until the values of § and ~ converge
(Bns1 = Bn and v,11 — Yn, here n is the iteration number). After this iterative exercise,
Fig. 3.7(a) shows parallel straight lines with 5 = 0.367 and v = 1.263 in which the straight
line corresponding to the T passes through the origin. Further, from the converged MAP,
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Figure 3.7: (a) Modified Arrott plot (MAP) of MY? vs. (H/M)"/7 at high-field regions
with critical exponents, § = 0.367 and v = 1.263. (b) Isothermal magnetization M (H)
data taken at T¢ = 170 K (c¢) Temperature dependent spontaneous magnetization My, (T)
(left axis) and inverse initial susceptibility xo*(7") (right axis). (d) Kouvel-Fisher plot:
temperature dependence of My, (T)[dM,,(T)/dT]™* (left axis) and xo*(T)[dxo* (T)/dT] ™"
(right axis). (e) Scaling plot of normalized magnetization vs. normalized field. (f) Renor-
malized magnetization (m) and field (h) are plotted in the form of m?® vs. h/m below and
above T¢. Inset in (e) shows the same plot of (e) in log-log scale.

the M, (T) and ;' (T) are plotted in Fig. 3.7(c) from which the fittings with Eqgs. 3.5 and
3.6 derive the critical exponents 5 = 0.360(2) with T¢ = 170.21(1) K and v = 1.221(3)
with T = 170.16(4) K. These T values closely match the Te of 170 K estimated from
M(T) data [see Fig. 3.2(a)].

To verify the accuracy and reliability of the critical exponents determined by the
modified Arrott plot method, we employed the Kouvel-Fisher (KF) method [53], using the

equations,
M(T)[dM.y,(T)/dT) ™ = (T — Tc) /B, (3.8)

Xo | (D)ldxg (T)/dT| ™" = (T = Tc) /7, (3.9)

Thus, Fig. 3.7(d) exhibits KF plots fitted using the Eqgs. 3.8 and 3.9 both below
and above T¢. In this way, we obatined the critical exponents f = 0.353(4) with T =
170.16(2) K and v = 1.213(5) with T¢ = 170.07(6) K, respectively. Notably, these values
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are very close to the critical exponents obtained from the MAP method, affirming the
reliability, self-consistency, and intrinsic nature of the critical exponents. Furthermore,
using the Widom scaling relation, § = 1 + (v/3) [54], we estimate § = 4.392(6) and ¢
= 4.436(2) from the MAP and KF plots, respectively. Crucially, these ¢ values, obtained
from different methods converge to 6 = 4.275(10) derived through the critical isotherm
(CI) method using Eq. 3.7 [see Fig. 3.7(b)]. The experimentally derived critical exponents
are summarized in Table 6.1 along with critical exponents of different theoretical models
and other Cr,Te, systems.

Further, in the critical asymptotic region of magnetic materials, the scaling equation

of magnetic state is expressed by [44],
M(H,e) =’ fL(H/e"™) (3.10)
This equation can also be expressed as,

m = fi(h) (3.11)

where m = e M (H,¢) denotes the normalized magnetization and h = He (#+7)
represents the normalized field. When the values of 8 and v obtained from both the MAP
and KF methods are accurately chosen, the scaled magnetization m and h are expected
to mainly fall into to two distinct branches of universal curves outlined by the Egs. 3.10
and 3.11. These branches correspond to temperatures below and above T as evident in
Figs. 3.7(e) and 3.7(f).

The compiled critical exponents in Table 6.1, compared with theoretical predictions
across various models, reveal complex magnetic interactions across the Curie temperature
in CryTes. Specifically, the value of § (T < T¢) obtained from the MAP technique is very
close to the 3D-Heisenberg type interactions, while the value of v (T' > T¢) is very close to
the 3D-Ising type interactions. However, the value of § obtained at T does not fall into
any of the existing standard models of 3D-Heisenberg, 3D-XY, or 3D-Ising (See Table 6.1).
The deviation of the magnetic interactions may stem from various factors such as long-
range Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions [45], extended interactions

beyond nearest neighbors [55], dipole-dipole interaction [56], or strong magnetocrystalline

Table 3.2: Obtained critical parameters from renormalization group theory

{d: n} ol 64 o 4]

31} 1.213 0.362 1.888 4.305
{3:2} 1.213 0.395 1.827 4.116
{3: 3} 1.213 0.415 1.791 3.964
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anisotropy (MAE) [57-59]. Thus, it is necessary to understand the range of magnetic
interactions and spin dimensionality of CrsTes. For a homogeneous magnet, the magnetic
phase transition’s universality class depends on the exchange interaction J(r) and following
the renormalization group (RG) theory the interactions decay with distance as J(r) =
d+o)

= Here, d is the spacial dimensionality and o is a positive constant. The relation

between the critical exponent v and o can be expressed by [49, 60,

B 4(n+2) . 8(n—4)(n+2)

7_1+d(n—|—8)A + (n+ 82

2(7Tn + 20)G(d/2) 9
maim_a) T UAT

(3.12)

*

where Ao = o —d/2, G(d/2) = 3 —0.25 % (d/2)?. n and d are the spin and spatial
dimensionality of the system [60]. For o > 2, the short-range Heisenberg model is valid
for describing a 3D-isotropic magnet with magnetic interactions J(r) decaying faster than
r—°. Conversely, for 0 < 3/2, the system follows the long-range mean-field model with
magnetic interactions J(r) decaying slower than r=%° [61]. For 3/2 < o < 2 the system
falls into a distinct category characterized by the critical exponents that vary according to
the specific value of 0. According to Eq. 3.12, it is found that {d : n} = {3 : 1} and v =
1.213 give the critical exponents § = 0.362, 0 = 1.89, and ¢ = 4.395 which are close to our
experimental observations. The other exponents (v, a, ) can be derived from the following
scaling equations, v = v/o, a = 2—vx*d, f = (2—a—=)/2, where v and « are the exponents
of correlation length. This is done for various sets of {d : n} values, as shown in Table
6.2. Thus, the exchange interactions in CryTes decay as J(r) = r~ (@) = =489 The spin
dimensionality n = 1 and the spacial dimensionality d = 3 as derived from the RG theory
suggests 3D-Ising type magnetic interactions, stabilized by the robust uniaxial anisotropy
present in the system. This behavior mirrors the observations in other Cr,Te, systems [47,
62]. Therefore, in CryTez the magnetism primarily arises from the intralayer coupling [63],
as evidenced by the 3.9254 A bond length between adjacent Cr atoms within the plane,
indicative of a relatively weak direct exchange interaction [25]. Moreover, the Cr2-Tel-Cr3
bond angle within the layer, measuring approximately 91.213°, indicates super-exchange
interactions that favor ferromagnetism [64, 65]. Further the strong hybridization between
Cr 3d and Te 5p orbitals potentially establishes an indirect exchange between the Cr
moments mediated by neighboring Te atoms [66].

Finally, before concluding this section, we would like to mention that during the course
of our manuscript preparation a preprint discussing the magnetocrystalline anisotropy and
magnetic interactions of Cry 77 Tes (claimed as CryTes) single crystals has appeared [67].
Though, our results of out-of-plane magnetization matches well with the Ref. [67], the

in-plane magnetization is slightly different. Moreover, based on the magnetocaloric effect
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Figure 3.8: Temperature dependent magnetic entropy change -AS,, at different applied
magnetic fields.

(MCE) analysis, Ref. [67] suggests a 2D-Ising type magnetic interactions in their studied
composition of Cry 77 Tes despite the experimentally obtained § = 0.2435 and v = 1.6509
are quite far from the theoretically predicted values (f = 0.125 and v = 1.75) for a 2D-
Ising type magnet. Whereas, our studies demonstrate a complex magnetic interactions
falling in between the 3D-Ising and 3D-Heisenberg models. We suggest that the difference
in the type of magnetic interactions between our study and Ref. [67] is possibly related to

the differing Cr concentrations.

3.3.5 Magnetocaloric Effect

The magnetocaloric effect that is inherent to ferromagnetic system, induces heating or
cooling when the system is adiabatically subjected to the external magnetic fields [68].
This phenomenon results in a magnetic entropy change -AS,,(T, H) in the presence of

magnetic fields, expressed by the formula,

H H oM
AS (T, H) = / (95 am - / (oM —)ud (3.13)

o

32) = (%)

within small discrete fields and temperature intervals, AS,, (T, H) can be expressed as

According to the Maxwell’s relation, ( . For the magnetization measured

M(Ty, H)dH — [ M(T;, H)dH

AS, (T, H) = o T T

(3.14)
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Fig. 3.8 displays the temperature dependence of derived -AS,, (T, H) for H || ¢ at
different magnetic field strength. These curves showcase a peak change in entropy around
Te, presenting a broad peak pattern. At 6 T of applied field -AS,, (T, H) reaches maximum
of approximately 2.08 J kg™! K~! for H || ¢. The observed -AS,, (T, H) values at 6 T are
comparable to those obtained from other 2D magnetic materials such as CroGesTeg (2.64
J kg™t K1) [35] and CrsTeg (2.38 J kg™! K1) [13], larger than Fes_,GeTe, (1.14 J kg™!
K™') [69] and Crl; (1.56 J kg=! K™!) [70], and smaller than CrBs (7.2 J kg=! K1) [71]
and CrySizTeg (5.05 J kg™ K1) [35].

3.4 Conclusions

We have successfully grown high-quality single crystals of CryTes using the chemical vapor
transport method. Our investigation on the critical behavior of CryTes across the ferromag-
netic to paramagnetic (FM-PM) transition temperature of 170 K, reveals crucial insights
into the magnetic exchange interactions. Specifically, the Kouvel-Fisher (KF) method de-
rives the critical exponents, § = 0.353(4) and v=1.213(5), suggesting complex magnetic
interactions falling in between the 3D-Ising and the 3D-Heisenberg models. Further, the
renormalization group theory analysis indicates a 3D-Ising-type magnetic interactions de-

—489 " Importantly, the uniaxial magnetocrystalline

caying with the distance as J(r) = r
anisotropy (MAE) of K, = 2065 kJ/m? is the highest ever known experimental value in
Cr,Te, type systems. We suggest that the 3D-Ising type magnetic interactions in CryTe;
are stabilized by the extremely large uniaxial MAE. Further, the DF'T calculations predict
large MAE of K, = 8230 kJ/m?, leading to a ground state noncollinear ferromagnetic
structure with dominant out-of-plane ferromagnetic and dominant in-plane antiferromag-
netic Cr-spin arrangements. The self-consistent renormalization theory (SCR) suggests
CryTes to be an out-of-plane itinerant ferromagnet. Investigating the magnetic entropy

max

change, -AST/**, as a function of temperature provided insights on the magnetocalaric
effect in this system. These findings collectively lay a robust groundwork for advancing

the magnetocaloric and spintronic technologies.
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Chapter 4

Investigation of the Anomalous and
Topological Hall Effects in Layered

Monoclinic Ferromagnet Cry 7¢Tey

4.1 Introduction

Two-dimensional (2D) magnetic materials with topological properties [1-3] have sparked
significant research attention recently due to their potential applications in spintronics
and magnetic storage devices [4-6]. Importantly, these are the van der Waals (vdW) mag-
nets possessing peculiar magnetic properties with strong magnetocrystalline anisotropy
(MCA) [7-9]. In general, the Heisenberg-type ferromagnet does not exist with long-range
magnetic ordering at a finite temperature in the 2D limit due to dominant thermal fluctu-
ations [10]. However, the strong magnetic anisotropy that usually present in the low-
dimensional materials can stabilize the long-range magnetic ordering to become a 2D
Ising-type ferromagnet [11]. Till date many 2D ferromagnets have been discovered ex-
perimentally [12, 13], but only a few of them can show the topological signatures such as
the topological Hall effect (THE) or skyrmion lattice. For instance, the recent microscopic
studies on CryGegTeg [14], Fe3GeTey [15], and Fe;GeTey [16, 17] demonstrated topological
magnetic structure in the form of skymion bubbles in their low-dimensional form.

On the other hand, soon after predicting the layered Cr,Te,-type systems as potential
candidates to realize the 2D ferromagnetism in their bulk form [18, 19], a variety of Cr,Te,
compounds were grown including CrTe [20], CroTes [21], CrsTey [22], and CrsTeg [23].
Interestingly, all these systems are formed by the alternative stacking of Cr-full (CrTe,-
layer) and Cr-vacant (intercalated Cr-layer) layers along either a-axis or c-axis [24]. Thus,
the Cr concentration plays a critical role in forming the crystal structure, magnetic, and

transport properties. The compounds like CrsTeg, CroTes, and CrsTey are reported to

This chapter is based on the publication: Shubham Purwar et al., Physical Review Materials,
07, 094204 (2023)
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crystallize in monoclinic or trigonal structures, whereas Cr;_,Te (x < 0.1) crystallizes
in the hexagonal NiAs-type structures [25]. The electronic band structure calculations
performed on CrTe, CryTes, and CrsTe, suggest a strong out-of-plane Cr 3d e, orbital,
d,2 — d 2, overlapping along the c-axis to have relatively smaller nearest neighbor Cr — C'r
distance [24]. In addition, CrsTeg [23], CrioTes [26], Crog;Te [27] are known to show
topological properties in the hexagonal phase.

In this work, we systematically investigate the electrical transport, Hall effect, and
magnetic properties of monoclinic Cry 76Tes which is very close to the stoichiometric com-
position of CrzTes;. We observe that the easy-axis of magnetization is parallel to the
bc-plane, leading to strong magnetocrystalline anisotropy. Below 50 K, the system shows
antiferromagnetic-like transition. In addition, we find fluctuating Cr magnetic moments
between in-plane and out-of-plane directions within the temperature range of 50 and 150
K. Electrical resistivity data suggest Cry76Tes to metallic throughout the measured tem-
perature range with a kink at around 50 K due to AFM ordering. Our studies clearly point
Cra76Tey to an itinerant ferromagnet. Magnetotransport measurements demonstrate large
anomalous Hall effect (AHE) and topological Hall effect (THE) in this system. First-
principles calculations point to an intrinsic AHE due to non-zero Berry curvature near
the Fermi level, while experimentally it is found to be an extrinsic AHE due to the skew-

scattering [28].

4.2 Experimental details

High quality single crystals of Cry 76Tes were grown by the chemical vapor transport (CVT)
technique with iodine as a transport agent as per the procedure described earlier [29].
Excess lodine present on the crystals was removed by washing with ethanol several times
and dried under vacuum. The as-grown single crystals were large in size (3 x 2 mm?),
were looking shiny, and easily cleavable in the bc-plane. Photographic image of typical
single crystals is shown in the inset of Fig. 4.1(a). Crystal structural and phase purity of
the single crystals were identified by the X-ray diffraction (XRD) technique using Rigaku
X-ray diffractometer (SmartLab, 9kW) with Cu K, radiation of wavelength 1.54059 A.
Compositional analysis of the single crystals was done using the energy dispersive X-
ray spectroscopy (EDS of EDAX). Magnetic and transport studies were carried out on
the physical property measurement system (9 Tesla-PPMS, DynaCool, Quantum Design).
Electrical resistivity and Hall measurements were performed in the standard four-probe
method. To eliminate the longitudinal magnetoresistance contribution due to voltage probe

misalignment, the Hall resistance was calculated as p,,(H)=[p,.(+H) — p,.(—H)]/2.
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4.3 Density Functional Theory Calculations

We have performed density functional theory (DFT) calculations using the Quantum
Espresso package [30, 31]. We used fully relativistic pseudopotentials in order to include
the spin-orbit interaction. Generalized gradient approximation was considered based on
Perdew-Burke-Ernzerhof implementation [32] within the projector augmented wave (PAW)
basis [33]. For wave function and charge density expansions, cutoff values of 50 Ry and 300
Ry were chosen, respectively. For the self-consistent calculation, a 7x7x7 Monkhorst-Pack
grid was used [34]. In order to consider the van der Waals forces, Semi-empirical Grimme’s
DFT-D2 correction [35] was included. We further constructed tight-binding model based
on the maximally localized Wannier functions using the wannier90 code [36], with Cr 3d,
Cr 3s, Te 5Hp, and Te 5s orbitals as the basis. Then utilizing the as obtained tight-binding
model, we calculated Berry curvature along the high symmetry directions using Kubo for-
mula [37] encoded in wannier90 code [36]. We have calculated intrinsic anomalous Hall
conductivity (AHC) by integrating the z-component of Berry curvature over the entire BZ

using WannierTools code [38].

4.4 Results and Discussion

4.4.1 Structural Analysis

Fig. 4.1(a) shows the XRD pattern of Cry7¢Tey single crystal with intensity peaks of
(I 0 0) Bragg plane, indicating that the crystal growth plane is along the a-axis. Inset
in Fig. 4.1(a) shows the photographic image of Crs76Tes single crystal. Fig. 4.1(b) shows
XRD pattern of crushed Crg 76Tey single crystals measured at room temperature. All peaks
in the XRD pattern can be attributed to the monoclinic crystal structure of C'12/ml
space group (No.12) without any impurity phases, consistent with the crystal phase of
CrsTey [39]. Rietveld refinement confirms the monoclinic structure with lattice parameters
a=13.9655(2) A, v=3.9354(4)A, ¢=6.8651(7) A, a==90°, and y=118.326(7)°. These
values are in good agreement with previous reports on similar systems [40, 41]. Fig. 4.1(c)
shows schematic crystal structure of Cry 76Tey projected onto the ac-plane (top panel) and
ab-plane (bottom panel). Crl atoms are located in the Cr-vacant layer with an occupancy
of 0.189/u.c, whereas Cr2 atoms are located in the Cr-full layer with an occupancy of
0.5/u.c. The intercalated Cr atoms (Crl) are sandwiched within the van der Waals gap
created by the two CrTe, layers, as shown in Fig. 4.1(c). The EDS measurements suggest
an actual chemical composition of Cry76Tes. The studied sample of Cry76Tey is close to
the nominal composition of CrsTes. Moreover, both Cry7Tes and CrzTey show the same
monoclinic crystal structure with a space group of C'12/m1. We made two attempts to

grow these crystals. We examined the chemical composition of nearly ten samples across
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Figure 4.1: (a) XRD pattern from Cry76Tey single crystals. Inset in (a) shows the pho-
tographic image of the single crystals. (b) X-ray diffraction pattern from the crushed
Cra 76 Teyq single crystals, overlapped with Rietveld refinement. (¢) Schematic crystal struc-
ture of Cry76Tes obtained from the Rietveld refinement.

the two batches. The chemical composition is varied between Cry75Tey to Cro77Tey over
ten samples. The crystal that we chose for further measurements was Crg76Tey, as it
is in between them. We think, the slight difference in the chemical composition of our
grown single crystals from the nominal composition is mainly influenced by the growth
conditions like the quantity of transport agent (Iodine), temperature gradience inside the

furnace, quartz-ample dimensions, etc.

4.4.2 Magnetic Measurements and Analysis

To explore the magnetic properties of Cry 76Tey, magnetization as a function of temperature
[M(T')] was measured as shown in Fig. 4.2(a) at a field of 1000 Oe applied parallel to the be-
plane (H || bc) and a-axis (H || a) for both zero-field-cooled (ZFC) and field-cooled (FC)
modes. We observe that Cryz¢Tey exhibits paramagnetic (PM) to ferromagnetic (FM)
transition at a Curie temperature (T¢) of 310 K, which is close to the Curie temperature

of CrsTey (T-=316 K). Decrease in the sample temperature results into a decrease in the
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Figure 4.2: (a) Temperature dependent magnetization M (7") measured under ZFC and
FC modes with a magnetic field H=1000 Oe for H || a and H || bc. (b) Variation of
magnetization AM=(Mpgc-Mp¢) plotted as a function of temperature. Inset in (b) shows
first derivative of magnetization with respect to the temperature (dM/dT) of the data
shown in (a) for H || a. (c) and (d) Field dependent magnetization M (H) measured at
different temperatures for H || @ and H || be, respectively.

magnetization for both H || bc and H || a at around 50 K, possibly due to spin-canting
emerged from the coupling between in-plane (bc-plane) AFM order and out-of-plane (a-
axis) FM orders [42, 43]. Also, the in-plane saturated magnetic moment of 1.78 pp/Cr
is almost 4 times higher than the out-of-plane saturated magnetic moment of 0.43 pp/Cr
at 2 K with an applied field of 1000 Oe, clearly demonstrating strong magnetocrystalline
anisotropy in Crs7¢Tes. From the magnetization difference between ZFC and FC, AM =
Mpc — Mzpe, shown in Fig. 4.2(b), we notice significant magnetization fluctuations as the
maximum of AM varies between in-plane and out-of-plane directions in going from 50 K
to 150 K [44].

The magnetic state of Cry76Tey is further explored by measuring the magnetization

isotherms [M(H)| for H || a and H || bc at various sample temperatures as shown in
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Figure 4.3: (a) Temperature dependent longitudinal resistivity p,.(T). Top-inset in (a)
shows low temperature resistivity fitted by p(T) = po + bT? and bottom-inset in (a) shows
schematic diagram of linear-four-probe contacts. (b) Hall measuring geometry is shown
schematically. (c) Hall resistivity (p,.) plotted as a function of magnetic field measured
at various temperatures. In (c), Red curves represent the experimental data of total Hall
resistivity (p,.), black curves represent the contributions from the normal and anomalous
Hall resistivities (p™ + p?), and Blue curves represent the topological Hall resistivity (py,).
See the text for more details.

Figs. 4.2(c) and 4.2(d), respectively. Consistent with M (7T") data, the magnetization sat-
uration occurs at an applied field of 0.7 T and 1.4 T for H || bc and H || a, respectively,
suggesting bc-plane to be the easy-magnetization plane. Also, Cry76Tey is a soft ferromag-
net as it has a negligible coercivity [see Fig. 4.4(a)]. The observed saturation magnetisation
(M) 2.586 pp/Cr and 2.55 up/Cr for H || a and H || be, respectively, are smaller than
the stand alone Cr atom (3 ug), indicating correlated magnetic states in Crg 76Tes. These

observations are in good agreement with report on Crg76Tey [45].

4.4.3 Magneto-transport Analysis

Next, coming to the main results of this contribution, Fig. 4.3(a) exhibits temperature
dependent longitudinal electrical resistivity (p,.) of CrazgTes. p..(T) suggests metallic
nature throughout the measured temperature range [46]. However, a kink at around 50
K is noticed in the resistivity, related to the AFM ordering [see Fig. 4.2(a)]. Bottom
inset of Fig. 4.3(a) depicts schematic diagram of linear-four-probe measuring geometry
and the top inset elucidates the quadratic nature of low temperature resistivity up to
50 K as it can be explained well by the Fermi liquid (FL) theory, p(T) = po + aT?
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Figure 4.4: Data taken on CryzTey at T = 110K: (a) Magnetization isotherms M (H).
The inset shows a zoomed-in view of M(H), highlighting the coercivity H, ~ 170 Oe.
(b) Field-dependent total Hall resistivity p,.. (c) py./H vs. M/H, where the red curve
represents the data and the black line indicates the linear fit in the higher-field region. The
inset shows the data for the entire field range. (d) Fitting of normal and anomalous Hall
resistivities overlaid on the total Hall resistivity. (e) Extracted topological Hall resistivity
from the total Hall resistivity. (f) Extracted normal and anomalous Hall resistivities, along
with a linear fit (red line), used to determine the anomalous Hall resistivity at zero fields

[pA(0)].

where pg is the temperature independent residual resistivity. Schematic diagram of Hall
measuring geometry is shown in Fig. 4.3(b). The Hall resistivity, p,., is measured with
current along the y-axis and magnetic field applied along the z-axis to get the Hall voltage
along the z-axis. Thus, Fig. 4.3(c) shows field dependent Hall resistivity p,. (black curve)
measured at various sample temperatures. The total Hall resistivity, as shown in Fig.
4.4(b), (p,.) may have contributions from the normal Hall effect (p") and the anomalous
Hall effect (p). Thus, the total Hall resistivity can be expressed by the empirical formula,
py(H) = pN(H) + p*(H) = poRoH + poRsM, where Ry and Rg are the normal and
anomalous Hall coefficients, respectively. These coefficients can be obtained by performing
a linear fit using the relation % = Ro+Rs3, as illustrated in Fig.4.4(c). Having obtained
the normal and anomalous Hall coefficients, we can now fit the total Hall resistivity using
the equation, p,.(H) = poRoH + poRsM. The fitting should be nearly perfect if there
is no additional Hall contribution. However, as evident from Fig. 4.4(d), the fit (green
curve) deviates from the experimental data (blue curve), indicating the presence of an

additional contribution. To account for this, the total Hall resistivity is further expressed
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Figure 4.5: Temperature dependence of (a) Normal Hall coefficient R, (left axis) and
charge carrier density n (right axis). (b) Anomalous Hall scaling coefficient Sy plotted
as a function of temperature. (c) Anomalous Hall resistivity (p7,) and Hall conductivity
(05:). (d) Plot of p), vs. p... Dashed line in (d) is linear fitting with equation shown on
the figure.

as: py(H) = pN(H)+p*(H)+p" (H), where pT (H) denotes the topological Hall resistivity.
This contribution is extracted using the relation: pT(H) = p,.(H) — [p™ (H) + p*(H)], as
shown in Fig.4.4(e) and discussed in previous studies[47-49].

Fig. 4.5(a) depicts the normal Hall coefficient (Ry) and the charge carrier density (n)
derived using the formula, (Ry = 1/n|e|), plotted as a function of temperature. We clearly
notice from Fig. 4.5(a) that as the temperature decreases the carrier density increases up
to 110 K. However, below 110 K, the carrier density decreases with temperature and gets
saturated below 50 K. Fig. 4.5(b) (left axis) presents the anomalous Hall resistivity (p;.)
at zero field obtained by linearly intersecting the field axis [see Fig. 4.3(c)]. Maximum

anomalous Hall resistivity is noticed at around 110 K. Anomalous Hall conductivity, afz,
Pyz

derived using the formula o7, = > is shown in the right axis of Fig. 4.5(c), again

P tPZ,
to find the maximum Hall conductivity of o;,=27 Q~'em™" at around 110 K. Fig. 4.5(b)
A
shows anomalous scaling coefficient Sy = 2%~ plotted as a function of temperature. The
Mpz,
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Figure 4.6: (a) Schematic monoclinic unit cell of Cry76Tes. (b) Electronic band structure
of Cry 76 Tey calculated with inclusion of spin-orbit coupling (SOC). In (b) the Weyl points
near the Fermi level are encircled. (c¢) z-component of the Berry curvature, Q7 calculated
at the Fermi level. Inset in (c¢) shows zoomed-in view of * for the A — I' segment. (d)
Anomalous Hall conductivity, o,,, plotted as a function of energy. (e) High symmetry
points defined on the Brillouin zone of monoclinic primitive unit cell.

values of Sy are inline with the itinerant ferromagnetic systems of Sy=0.01-0.2 V! [50].
In general, anomalous Hall effect can occur in solids either intrinsically originated from
the nonzero-Berry curvature in the momentum space [51, 52] or extrinsically due to side-
jump/scew-scattering mechanisms [28, 51, 53]. Therefore, to elucidate the mechanism of
AHE in Cry76Teys, we plotted p‘;z vS. p.. as shown in Fig. 4.5(d). From Fig. 4.5(d) it is
evident that p’y“z linearly changes with p,, [p,, = apl for m =1.03£0.02] up to 110 K and
then deviates on further increasing the sample temperature [54]. In the case of itinerant
ferromagnetic system, the Hall resistivity can be expressed by the relation p,, = ap,.+ %,
where o and 3 are the screw-scattering and side-jump terms, respectively [55, 46, 56]. That
means, in the case of skew-scattering p’;z linearly depends on p,,, while p;‘z quadratically
depends on p,, in the case of side-jump. Since the Hall resistivity (p,,) linearly depends
on p,,, the skew-scattering could be the most suitable mechanism of AHE observed in this
system [57, 58]. Note that the intrinsic Berry curvature contribution to the AHR also
quadratically dependents on p,, [54]. To make a point, it looks that 110 K is the critical
temperature of the properties discussed in Figs. 4.5(a)-(d). However, as per the dM/dT
data shown in the inset of Fig. 4.2(b), we think that the critical temperature could be ~

125 K instead of 110 K as we can see significant change in magnetization across ~ 125 K.
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Our experimental findings on the AHE have been examined using the density func-
tional theory calculations as presented in Fig. 4.6. For the calculations, we considered
primitive unit cell of CrzTey, consisting of three Cr (one Crl and two Cr2 type) and four
Te atoms. The magnetic spins of Cr atoms were considered along the z-direction. Our cal-
culations suggest a ferromagnetic ground state with average magnetic moments of 3.23up3
and 3.15up per Crl and Cr2 atoms, respectively, slightly higher than the experimental
average value of 2.568 up/Cr. In Fig. 4.6(b), we present bulk electronic band structure
of CrsTey. The system is found to be metallic with several bands crossing the Fermi level
(Er). Several band crossing points are found near Er along Cy — Y3, Dy — A, A —T and
Loy — T k-paths, but slightly away from the high symmetry points. Next, we explore the
Berry curvature (Q2) calculated using the formula Q(k) = V(k) x A(k) (where A(k) is the
Berry connection). Variation of the z-component of Berry curvature (%) at Ep along the
high symmetry k-path is shown in Fig. 4.6(c). We can notice from Fig. 4.6(c) that Q" is
strongly enhanced along the A —I' (k,)direction. Further, Fig. 4.6(d) shows the anoma-
lous Hall conductivity (AHC), o,,, of CrsTe, calculated as a function of energy using the
Eqn. 4.1.

e? dk
= — k)Qr(k)——= 4.1
70 = [ HE 90500 55 (4.1
Where, f(e,(k)) is the Fermi-Dirac distribution function.

Our calculations suggest an intrinsic AHC of ¢,,~260 Q™! cm™*

near Er, much larger
than the experimental value of 05‘2:27 Q7! em™!. Such a small AHC suggests dominant
impurity scattering contribution to the total anomalous Hall effect of Cr3Tey [59], i.e., the
skew-scattering contribution in the dirty limit [60]. However, despite the system is in the
dirty limit, the total AHC should be at least comparable to the value of intrinsic AHC
(260 Q= em™!) as it has contributions from both intrinsic Berry-curvature and extrinsic
skew-scattering. In contrast, experimentally, we find a much smaller AHC compared to
theoretical calculations. Note here that the calculations performed on the stoichiometric
CrsTey predict a large intrinsic AHC near Er due to the presence of several band crossing
points (Weyl points). But the intrinsic AHC rapidly decreases as we move away from
Ep. This is particularly true when Ep is shifted to lower binding energies [see Fig. 4.6(d)].
Therefore, a genuine reason behind the discrepancy of AHC between experiment and theory
could be that the experiments are performed on a slightly off-stoichiometric composition
of Cry76Tes with 8% Cr deficiency per formula unit, shifting the Fermi level towards the
lower binding energy. Maximum topological Hall resistivity (p? ,.) is plotted as a function
of temperature in Fig. 4.7(a) by the black-colored data points. Also, green-colored data
points in Fig. 4.7(a) represent the magnetocrystalline anisotropy constant K, calculated

using the Eqn. 4.2.
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Figure 4.7: (a) Maximum value of pl  and magnetocrystalline anisotropy (K,) plotted
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above which the topological Hall effect disappears for H || a. (c¢) Schematic representation
of Cr spin configuration for H < H (left) and H > H,. See the text for more details.

K=o [ [Hi(M) ~ H(MD] dM (4.2)

Here, M, represents saturation magnetization. Hy. and H, represent H || bc and
H || a, respectively.

From Fig. 4.7(a), we can notice that the topological Hall resistivity is highest within
the temperature range of 50 and 150 K. Also, most importantly, the temperature de-
pendance of K, resembles pl . In Fig. 4.7(b), the black-colored data points illustrate
temperature dependent saturation field (H) beyond which the system becomes ferromag-
netic [extracted from Fig. 4.2(c)] and the red-colored data points illustrate temperature
dependent field (Hy) beyond which p], becomes zero [extracted from Fig. 4.3(c)]. Inter-
estingly, both fields Hy and Hy perfectly overlap at all measured temperatures. This can
be understood using the schematics shown in Fig. 4.7(c). Means, at a given temperature

up to the saturation field (H < Hy), the system possess non-coplanar spin structure and
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hence shows the topological Hall effect [61]. However, for the applied field beyond magnetic
saturation (H > H,), the system becomes ferromagnetic and thus THE disappears.

Further, the maximum topological Hall resistivity p. =~ 1.1 puf-cm over a broad
temperature range of (50K < T < 150K) observed in this vdW ferromagnetic Cra 76 Tey
is in the same order of magnitude found in the chiral semimetals such as MnyPtSn [62],
Gd;PdSis [63], LaMnyGes [64], and in other Cr, Te, based systems [23, 26]. Interestingly, so
far THE is observed in Cr,Te, systems in their hexagonal (trigonal) crystal structure [65,
23, 26] but not in the monoclinic structure that we found in the present study. As discussed
above, the easy-axis of magnetization in Crg 76Tey is found to be in the be-plane and thus
for small applied fields the Cr spins are canted out of the be-plane towards the a-axis for
H || a. In this way, the non-coplanar spin-structure has been generated for sufficiently
smaller fields [65, 66, 64, 67, 23, 26].

Several mechanisms are proposed to understand the topological Hall effect. Such
as the antisymmetric exchange or Dzyaloshinskii-Moriya (DM) interaction in the non-
centrosymmetric systems [68-70] and the uniaxial magnetocrystalline anisotropy in the
centrosymmetric systems [71-74]. In the case of monoclinic Cr3Tey (C21/m1) which is a
centrosymmetric crystal, the chiral-spin structure could be stabilized by the strong MCA.
This analogy is completely supported by our experimentally estimated MCA values at
various temperatures as shown in Fig. 4.7(a). Most importantly, highest p?  value has
been obtained at the highest magnetocrystalline anisotropy of K,=165 kJ/m3. This is
because, in presence of the chiral-spin structure, the itinerant electrons acquire real-space
Berry curvature associated with finite scalar-spin chirality x;;x = S;.(S; % S) which serves

as fictitious magnetic field to generate the topological Hall signal [75-77].

4.5 Conclusions

To summarize, we have grown high quality single crystal of layered ferromagnetic Crs 76Tey
in the monoclinic phase to study the electrical transport, Hall effect, and magnetic prop-
erties. Our studies suggest Cry76Teys to be a soft ferromagnet with a negligible coercivity.
The easy-axis of magnetization is found to be parallel to the be-plane, leading to strong
magnetocrystalline anisotropy. Below 50 K, an antiferromagnetic-like transition is noticed.
Interestingly, in going from 50 K to 150 K the strength of magnetic moments switches be-
tween out-of-plane to in-plane, suggests fluctuating Cr spins. From the electrical resistivity
measurements the system is found to be metallic throughout the measured temperature
range. Also, a kink at around 50 K due to AFM ordering is noticed. Magnetotransport
measurements demonstrate large anomalous Hall effect (AHE) and topological Hall effect
(THE) in this systems. First-principles calculations point to an intrinsic AHE due to
non-zero Berry curvature near the Fermi level, while experimentally it is found to be an

extrinsic AHE due to skew-scattering. Topological Hall effect has been observed due to
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the non-coplanar spin-structure in the presence of strong magnetocrystalline anisotropy.
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Chapter 5

Experimental and Computational
Insights Into the Magnetic
Anisotropy and Magnetic Behaviour
of Layered Room-Temperature

Ferromagnet Crq 33Teo

5.1 Introduction

Two-dimensional (2D) van der Waals (vdW) magnetic materials with intrinsic long-range
ferromagnetic (FM) ordering have recently received immense research interests due to
their potential technological applications in the low-power spintronic devices [1-6]. How-
ever, their technological applications are limited as the ferromagnetic long-range ordering
is destabilized by the dominating thermal fluctuations at higher temperatures [7]. In this
regard, strong magnetic anisotropy is required to stabilize the long-range magnetic ordering
at room temperature to overcome the thermal fluctuations. Recently, several 2D magnetic
materials such as Crlz (T¢ ~ 45 K) [8], CraGesTeg (T =~ 61 K) [9], and CrySisTeg (T ~
32 K) [10] were synthesized with weak inter-layer coupling leading to strong magnetic
anisotropy, but the T¢ of these systems is far below the room temperature (RT). There-
fore, investigating the layered room-temperature 2D ferromagnetic materials with large
magnetocrystalline anisotropy is crucial for potential applications in spintronics and data
storage devices [11-13].

On the other hand, theoretically, it was proposed that the layered binary chromium-

based telluride, Cry,,Tes (0<x<1), are potential candidates to realize the much-anticipated

This chapter is based on the publication: Shubham Purwar et al., Physica Scripta, 99, 085949
(2024)
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room-temperature 2D ferromagnetism in the bulk [14]. Since then, many Cry,Tes based
compounds were grown experimentally to study their peculiar 2D magnetism. Generally,
Cri;,.Tes possess alternative stacking of CrTey (Cr-full) layers intercalated by the Cr-
layers (Cr-vacant) within the van der Waals gap between the two CrTey layers stacked
along the crystal growth axis [15]. Importantly, the intercalated Cr atoms play a vital role
in exhibiting various structural, magnetic, and magnetotransport properties depending on
the amount of intercalated Cr present in the system. For instance, Cry,,Tey with x >
0.8 forms into the hexagonal NiAs-type structure [16], Crj33Tey (CraTes) and CrysTes
(CrsTey) crystallize into trigonal or monoclinic symmetries [17, 15], Cryo5Tes (CrsTeg)
forms into the trigonal phase at higher temperatures and forms into monoclinic phase
at low temperatures [16, 18]. Interestingly, several recent reports on Cry;,Te; systems
reveal exotic physical properties such as the noncollinear spin-textures [19], anomalous
and topological Hall effects (AHE) [20-23], and skyrmion lattice [22, 24]. In addition,
as the FM vdW materials are best suited for magnetic refrigeration due to their large
magnetocaloric effect (MCE), these systems have also attracted a great deal of research
interest from this direction as well [25].

In this contribution, magnetic properties, critical behaviour analysis, and magne-
tocaloric effect have been studied in detail on the high-quality single crystals of monoclinic
CrissTes. We systematically investigated the structural properties of CrqzsTes by per-
forming temperature dependent X-ray diffraction measurements and established a relation
between the magnetic transitions and the crystal lattice. The critical exponents were inves-
tigated by the modified Arrott plot, the Kouvel-Fisher method, and the critical isotherm
analysis. The critical exponents are tested to be self-consistent and obey the rescaling
mechanism around the T;. The Monte-Carlo simulations were conducted to reproduce the
experimentally obtained critical exponents. Since the critical exponents do not fall into any
particular universality class of the magnetic interactions, we employed the renormalization
group (RG) theory. The RG theory suggests 3D-Ising type long-range exchange interac-
tions [J(r)] in Cry.ssTey, decaying with distance (r) as J(r) = r~(4+9) = p=473 Further,
magnetocrystalline anisotropy energy density (K, ) is found to be temperature dependent,
reaching the maximum (180 k-J/m?) at 110 K. The magnetic easy-axis is identified theo-
retically by analyzing the magnetocrystalline anisotropy energy (MAE) using the density
functional theory calculations. Further, we have explored the isothermal magnetic entropy

change -AS,, as a function of the field.

5.2 Experimental and Computational Methods

High-quality single crystals were grown using the chemical vapour transport (CVT) method
with iodine as a transport agent [26]. The exact chemical composition of the as-grown single

crystals was determined to be Cry 3g(2)Tey using the energy dispersive X-ray spectroscopy
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(EDS), indicates a 38% of excess Cr compared to the nominal composition of CrTes. The
as-grown single crystals were large in size (4x4 mm?) and were looking shiny. Powder X-
ray diffraction (XRD) measurements were performed on the crushed single crystals using
Rigaku X-ray diffractometer (SmartLab, 9kW) with Cu K, radiation of wavelength 1.5406
A at various sample temperatures. Magnetic measurements [M (T') and M (H)] were carried
out using the physical property measurement system (9 Tesla-PPMS, DynaCool, Quantum
Design).

We performed density functional theory (DFT) calculations to determine the ground
state magnetic easy axis in Cry sgTey crystal. For this purpose, we used the crystal struc-
ture determined from our experimental data. We employed plane-wave basis set as imple-
mented in QUANTUM-ESPRESSO (QE) simulation package [27], with fully relativistic
pseudopotentials of Perdew-Burke-Ernzerhof (PBE) type exchange and correlations [28].
We utilized a k-point mesh of 3x8x6 with electronic relaxation convergence upto 1E-9Ry
without any external constraints. Spin-orbit coupling (SOC) was included for all the mag-
netocrystalline anisotropy energy (MAE) calculations. We followed the force theorem as
implemented in QE and a two-step process to describe the MAE [29]. Initially, the self-
consistent field (SCF) calculations were performed with scalar-relativistic pseudopotentials
to obtain the charge density and the spin moment distribution in real space. After that
the spin moment is globally rotated to a desired direction and the spin moment-dependent
energy was calculated through non-SCF calculations. The energy difference between two
spin moment directions gives the MAE.

Monte-Carlo simulations using the single-flip Metropolis algorithm was conducted
to investigate the critical behavior of CrjzsTey [30-32]. To capture the characteristic

behaviour, we adapted a discrete 3D Ising-like spin model with the Hamiltonian,

H=-Y" J;SS;— hZSi (5.1)

<i,j>
where, h is the external applied field, J;; is the nearest neighbour (NN) exchange
interaction. S; and S; are the total spin at the i and j™ site, respectively. The value of
Ji; is calculated from the density functional theory (DFT) as discussed in the Monte-Carlo

simulations section.

5.3 Results and Discussion

5.3.1 Structural Properties

Figure 5.1(a) shows powder XRD patterns of the crushed Crj 33Te; single crystals measured
at various sample temperatures. The top-right inset in Fig. 5.1(a) shows the Rietveld re-

finement of the room temperature XRD pattern performed using the Fullprof software [33],
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Figure 5.1: Structural analysis of CryssTey. (a) X-ray diffraction (XRD) measured at
different sample temperatures in the range of 10-300 K. Top-right inset in (a) shows XRD
pattern measured at T=300 K overlapped with Rietveld refinement. The middle inset in (a)
shows a schematic diagram of the crystal structure derived from the Rietveld refinement.
(b) Energy dispersive X-ray spectroscopy data showing the actual chemical composition
by the atomic percentage. Insets in (b) present X-ray diffraction pattern and photographic
image of CrjssTey single crystal. (c), (d), and (e) show temperature dependent lattice
parameters a, b, and c, respectively.

confirming the monoclinic crystal structure with a space group of C2/m (12) without any
impurity phases. At room temperature, the lattice parameters were found to be a =
13.9655(2) A, b = 3.9354(4) A, ¢ = 6.8651(7) A, a = B = 90°, and v = 118.326(7)°.
The layered crystal structure of CryssTey is schematically shown in the middle inset of
Fig. 5.1(a).

in such a way that the intercalated Cr(1) atoms are sandwiched between two Cr(2)Tey

There are two types of Cr [Cr(1) and Cr(2)] atoms present in the unit cell

layers. Fig. 5.1(b) shows EDS spectra of as-grown single crystals, confirming the actual
chemical composition of Cry 3sTey (see the table at the top-right inset). The middle inset
in Fig. 5.1(b) shows photographic image of several Cry 3sTes single crystals. The top-left
inset in Fig. 5.1(b) depicts the XRD pattern taken on a CrjssTes single crystal, showing
the intensity of (2 0 0) Bragg’s plane, confirming that the crystal growth is along the a-
axis. Figs. 5.1(c), 5.1(d), and 5.1(e) depict the temperature dependent lattice parameters

of a, b, and ¢, respectively. Although we do not observe any low-temperature structural
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phase transition in Cr; 3gTes as no splitting in the Bragg’s peaks is noticed down to 10 K.
However, we could observe a monotonic decrease in the lattice constant a with decreasing
temperature. On the other hand, we observe unusual behavior of the lattice constants b
and ¢ with temperature. Specifically, down to 100 K, both b and ¢ monotonically increase
with decreasing temperature. But below 100 K, b and ¢ decrease with decreasing tem-
perature to have a minimum at 50 K and again increase with decreasing temperature to
peak out at 35 K. Worth to mention here that at around 180+20 K we find a noticeable
change in the lattice constants a, b and ¢. Such an unusual lattice constants behavior

with temperature plausibly due to the magneto-volume effect in these type of systems
CerTeQ [34, 35]

5.3.2 Magnetic Properties

Magnetization of CrjssTes plotted as a function of temperature [M(7T)], measured at a
magnetic field (H) of 100 Oe, applied perpendicular (H || bc) and parallel (H || a) to the a-
axis is shown in Figs. 5.2(a) and 5.2(b), respectively taken in the field-cooled (FC) and zero-
field-cooled (ZFC) modes. Figs. 5.2(c)-(d) and Figs. 5.2(e)-(f) are same as Figs. 5.2(a)-(b)
except that the former data are measured at H = 500 Oe and the latter data are measured
at H = 5000 Oe. From Fig. 5.2, we observe a high-temperature paramagnetic (PM) to a
low-temperature ferromagnetic (FM) transition at around a Curie temperature of T¢ ~
315+0.5 K, which is close to the previously reported value of 316 K on a similar system [36].
In the ferromagnetic state, we observe a significant thermal irreversibility between ZFC and
FC modes for the low applied fields [see Figs. 5.2(a) and 5.2(b)], indicating the presence
of magnetocrystalline anisotropy (MCA) in the system [37, 38]. In addition, we notice
another magnetic transition at around 50 K for H || bc and H || a. While the magnetic
transition for H || bc looks more like a spin-canting effect, the magnetic transition for
H || a is an antiferromagnetic type. Such complex low-temperature directional-dependent
magnetic transitions can be attributed to the competition between FM and canted-AFM
phases [39-41]. Further, with increasing applied magnetic field, the spin-canting type
in-plane (bc-plane) magnetic transition gradually dissipates [see Figs. 5.2(b) and 5.2(c)]
and becomes a clean AFM-type at higher applied fields. Similarly, the out-of-plane (a-
axis) AFM transition gradually dissipates with increasing applied field and completely
disappears at H = 5000 Oe. In support of the magneto-volume effect in these systems [34,
35], we could clearly find a change in magnetization M(7T") (FC data) at around 7; = 180
K where we also observe a noticeable change in the lattice constants [see Figs. 5.1(c)-(d)].

Previous neutron diffraction studies on Cr; 5Te, suggested a mixed spin-state of Cr?+
(Crl) and Cr¥®* (Cr2), leading to a canted spin structure due to the ferromagnetic compo-
nents of Crl and Cr2 tilted by 30° and 38°, respectively, about the a-axis and the antifer-
romagnetic (AF) components of Crl and Cr2 are aligned in the be-plane [42]. Therefore,
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Figure 5.2: Temperature dependent magnetization M (7T") measured under zero-field-cooling
(ZFC) and field-cooling (FC) modes at different applied magnetic fields (H). (a)-(f) show
the M (T) measured at various fields for H || bc and H || a. Insets in (a) and (b) show
the fittings with Curie-Weiss law. Here T is the Curie temperature, Ty is the Néel
temperature, Tog is the spin-canting related transition, and 7; is lattice related transition.
Blue curves in (e) and (f) represent dM /dT in which the peak-dip corresponds to the Curie
temperature (T¢). (g) Magnetocrystalline anisotropy energy density (K,) is plotted as a
function of temperature. (h) Magnetization isotherms M (H) measured at T = 5 K for
H || bc and H || a. Inset in (h) shows the zoomed-in image demonstrating the magnetic
anisotropy between H || bc and H || a.

the competition between FM and AFM phases could be playing a vital role in garnering
the multiple magnetic transitions, in addition to the canted spin structure, in these sys-
tems [43, 44]. The inverse susceptibility (1/x) plotted as a function of temperature, as
shown in the inset of Figs. 5.2(a) and 5.2(b), for both field directions follow the Curie-
Weiss law x(T') = C/(T' — T,). Here x is magnetic susceptibility, C' is the Curie constant,
and T}, is the Curie-Weiss temperature. From the fittings we obtained T, that are greater
than Ty for both directions, indicating a predominant FM exchange interactions in this
system. We further calculated the effective magnetic moment in the paramagnetic region
using the relation pi.r =~ 2.84v/MC' [45], where M is a molar-mass (in gram). The calcu-
lated effective moment (yicss) is 4.531 pp for H || @ and 4.403 pp for H || be. The values of
pess lies between the theoretical predictions of 3.87 pup for Cr** and 4.90 pp for Cr**, the
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mixed valence state existing in this system is consistent with previous reports [39, 42, 46].

Further, the magnetocrystalline anisotropy energy density K, can be obtained using
the Eqn. 5.2. Fig. 5.2(g) depicts K, plotted as a function of temperature. We can observe
that K, monotonically increases with decreasing temperature from 320 K down to 110 K.
But below 110 K, due to the additional magnetic transition as noticed in Fig. 5.2, K, de-
creases with decreasing temperature. Usually during the disorder to order magnetic transi-
tion (PM-FM), the Cr;,,Tes-based systems exhibit a negative volume thermal-expansion
leading to strong magnetoelastic coupling [47]. The same could be true in our studied
system of Cry3sTey as well, as we observe fluctuating lattice constants below 110 K [see
Figs. 5.1(c-e)]. Nevertheless, the obtained K, = 120 kJ/m? at 2 K in Cry 33Te, is much
higher than the K, values of some of the other 2D magnetic systems such as CrBrs (~ 86
kJ/m? at 5 K) [48], CraGeyTeg (=~ 20 kJ/m3 at 2 K) [49], and CrySiyTeg (= 65 kJ/m? at 2
K) [49]. Further, the large K, =~ 180 kJ/m? at 110 K with a Curie temperature of 315 K
observed in Cry 35Tes poses potential room-temperature technological applications in mag-
netic storage devices [50], spin valves [51], magnetic tunnel junctions [51], and spin-transfer

torque devices [52].

K=o [ (Hi(M) ~ H,()]aM (5:2)

Fig. 5.2(h) depicts the magnetization isotherms M (H) measured for H | bc and
H || a at T=5 K, respectively, suggesting the bc-plane as the easy-plane of magnetization.
Further, since we do not observe significant hysteresis in the M (H) curves, Cry 3sTey can
act as a soft ferromagnet. The in-plane and out-of-plane saturation magnetization (Mg)
are found to be 2.55 up and 2.586 5, respectively, which are smaller compared to the free-
Crion (3.0 pp). This discrepancy may be ascribed to the itinerant nature of Cry 35Tey [53].
To check the degree of itinerancy in Cr; 3sTey, we employed the itinerant magnetism model
by Rhodes and Wohlfarth [54, 55]. In this method, one estimates the Rhodes-Wohlfarth
ratio (RWR), M./Mg. Here Mg is the saturation magnetization and M. is the ground state
magnetic moment which is calculated using the equation M.(M, + 2) = ugf ;- In this way,
we estimated RWR=1.89 for H || a and RWR = 1.82 for H || be. It is known that for the
localized magnetic systems RW R = 1 and for the itinerant systems RWR > 1 [54, 55].
Since estimated RWR values of Cry3sTes are greater than one, it must be an itinerant
magnetic system.

To further elucidate the magnetic structure of Cry 3sTes, we performed DFT calcula-
tions as shown in Fig. 5.3. We calculated the magnetocrystalline anisotropy energy (MAE)
of CryssTey for three different spin structures projected onto the ac-, be-, and ab-planes
as described in the Figs. 5.3(a), 5.3(b), and 5.3(c), respectively. In Fig. 5.3(d), the
blue-, red- and black-curves show the MAE plotted for the spin configurations shown in
Figs. 5.3(a), 5.3(b), and 5.3(c), respectively. From Fig. 5.3(d), it is clear that the spin
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Figure 5.3: The magnetocrystalline anisotropy energy (MAE) of Cry 3sTes: The spin di-
rection of Cr atoms, denoted as S(6), is defined as § = 0° along the Z-axis. The inclined
spin direction (6 # 0) projects onto the XY-plane, with the projection measured from
the X-axis at an angle (¢). ¢ = 0° aligns with the X-axis. For § # 0, the spin moment
direction with ¢ = 0° is confined to the XZ-plane, and for § # 0 and ¢ = 90°, the spin
rotation is restricted to the YZ-plane. XY-plane spin rotation occurs at § = 90° with ¢
# 0. The spin rotation (S) of Cr atoms in Crj g3Tey is described in three planes (a) XZ
(ac)-plane, (b) YZ (bc)-plane, and (c) XY (ab)-plane. (d) MAE per Cr atom for Cry 33Tey
concerning spin rotation in three different planes. (e) MAE plotted in polar graph for a
better visualization.

configuration shown Fig. 5.3(c) has the minimum MAE at § = ¢ = 90°. That means, the
ground state magentic easy-axis of CrjsgTey is parallel to the b-axis, which is precisely
predicted compared to the experimental observation of be-plane. It is further interesting
to note that the projected spin configurations onto the ab- and ac-planes have the same
magnetocrystalline anisotropy energy along the ¢- and a-axes. Further, maximum energy
is found at 6 = 45° for all the spin configurations and the highest MAE is found for the
spin configuration shown in Figs. 5.3(c). Fig. 5.3(e) depicts the angle-dependent MAE
plotted in the polar graph for a better visualization. From Fig. 5.3(e) we can notice that
the magnetocrystalline anisotropy energy of the spin configuration shown in Fig. 5.3(a) has
the four-fold symmetry, while the MAE of the spin configurations shown in Figs. 5.3(b)
and 5.3(c) have the two-fold symmetry.

5.3.3 Ceritical Analysis

To understand the nature and dimensionality of the ferromagnetism in Cry 33Tes, we in-
vestigated the critical exponents 3, d, v which are coupled to the spontaneous magnetiza-
tion (Mgp) below T, inverse initial susceptibility xo'(7) above T¢ , and magnetization
isotherms [M (H )] at T, respectively. In this regard, magnetization isotherms M (H) mea-
sured within the temperature of 290 to 338 K with a step size of 2 K for both H || bc and
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Figure 5.4: Isothermal magnetization M (H) measured between 290 and 338 K at an
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Modified Arrott plot (Arrott-Noaks plot) of MY# vs (H/M)Y" for (d) 3D Heisenberg
model, (e) 3D XY model, and (f) 3D Ising model done for the easy-plane of magnetization
(be-plane).

H || a are shown in Figs. 5.4(a) and 5.4(b), respectively. Fig. 5.4(c) shows Arrott plots
(M? vs H/M) obtained from the M(H) data. Usually Arrott plots show a set of parallel
lines of various temperatures in the high field region [56]. At T, positive slope of the
Arrott plot suggest second-order magnetic transition, while the negative slope of the Ar-
rott plot suggest first-order magnetic transition [57]. Since the Arrot plot slope at T¢ is
positive in Fig. 5.4(c), the ferromagnetic transition observed in Cry 33Te, is a second-order
phase transition. On the other hand, the scaling hypothesis suggests that the second-order
phase transition around 7T can be described by a set of critical exponents and equations
of the magnetic state [58]. Moreover, in the vicinity of second-order phase transition,
the divergence of correlation length ¢ = (o[(T - T.)/T. " leads to the universal scaling

laws [58, 59]. The mathematical equations involving the critical exponents are given by,

M, (T) = My(—€)?, for €< 0,T <T. (5.3)

Xo (T) = (ho/mo)e”, for €>0,T >T, (5.4)
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M = DHY for e=0,T="T, (5.5)

where e = (T — T¢)/T¢ is the reduced temperature, My, hg/mg, and D are the critical
amplitudes [59]. To obtain the critical exponents 3, v, and ¢ as well as the exact value of
T¢, we first tried the modified Arrott plot (MAP) technique and plotted M8 vs. (H/M)/”
following different models around T¢. Fig. 5.4(d) shows MAP for 3D Heisenberg model
(8 = 0.365,7 = 1.386) [60], Fig. 5.4(e) shows MAP for 3D XY model (8 = 0.345,7 =
1.316) [61], and Fig. 5.4(f) shows MAP for 3D Ising model (5 = 0.325,7 = 1.241) [60].
Some other models like 2D-Ising model (5 = 0.125,7 = 1.75) [62] and Tricritical mean
field model (8 = 0.25,v = 1) [63] were also studied (not shown). It can be seen that none
of these models can produce the required parallel lines in the high field region to properly

explain the magnetic interactions present in Cry 3gTes.
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Figure 5.5: (a) Modified Arrott plot of M'/# vs (H/M)Y” done at high field values with
critical parameters, § = 0.423 and v = 1.168, (b) Temperature dependent spontaneous
magnetization M, (T) (left axis) and inverse initial susceptibility xq'(T) (right axis). Solid
curves in (b) are the fits by Eqns. 5.3 and 5.4. (c¢) Kouvel-Fisher plots as a function of
temperature, M,(T)[dM,(T)/dT)~* (left axis) and xo ' (T)[dxy ' (T)/dT]~" (right axis).
Solid lines in (c) are the fits by Eqns. 5.6 and 5.7, (d) Isothermal magnetization M (H)
plot at Tz = 316 K. Inset shows the plot in log — log scale, fitted with the Eqn. 5.5.

Therefore, we used modified Arrott plot (MAP) technique iteratively and plotted
MY8 vs. (H/M)Y” as shown in Fig. 5.5(a). This method produces the required parallel

lines of all the measured temperatures. Thus, x;'(7) and M,(T) are the intercepts on
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the z-axis and y-axis of these linear plots, respectively [64, 65]. The critical exponents
obtained in this method are given by 5=0.423 and y=1.168. Fig. 5.5(b) depicts M, and
Xo! plotted as a function of temperature derived from Fig. 5.5(a). From the Eqns. 5.3
and 5.4 we estimate the critical exponents § = 0.421(5) with T = 315.65(9) K and v =
1.136(4) with T = 315.8(4) K. The estimated T values are very close to the value of
315+0.5 K obtained from the M (T') data [see Fig. 5.2]. Further, the critical exponents can

be found more accurately using the Kouvel-Fisher (KF) plots [66], involving the equations,

Mp(T)[dMp(T) /dT] ™ = (T = T2) /3, (5.6)

Xo (D)ldxg (T)/dT| ™ = (T = T.) /7, (5.7)

Fig. 5.5(c) depicts the KF plots fitted with the Eqns. 5.6 and 5.7 below and above
Te. The derived critical exponents in the KF method are given by 5 = 0.429(5) with T¢
= 315.84(2) K and v = 1.123(4) with T = 315.87(5) K, respectively. The values of f3,
v, and T¢ obtained from the KF method are in good agreement with the values obtained
from the MAP method, confirming that critical exponents are reliable and intrinsic.

In addition, the exponent § has been calculated using the Widom scaling relation, §
=1+ (v/B) [67]. We estimate § = 3.700(6) and ¢ = 3.617(8) from the MAP and the KF
plots, respectively. Importantly, the § values obtained from both MAP and KF methods are
close to the value § = 3.662(6) obtained from the critical isotherm (CI) method following
the Eqn. 5.5 as shown in Fig. 5.5(d). Therefore, the critical exponents derived by different
approaches are self-consistent and reasonably accurate within the experimental precision.
Reliability of the derived critical exponents and the critical temperature has been examined
by the scaling theory. For the magnetic materials, in the critical asymptotic region, the

scaling equation of state is given by [58],
M(H, €)=’ fL(H/e"™) (5.8)

or

m = fx(h) (5.9)

where m = ¢ ®M(H,¢) is normalized magnetization and h = He ¥+ is the nor-
malized field. Now, if the g and ~ values derived from the MAP and KF methods are
appropriately chosen, the scaled magnetization m and field A should fall onto two different
branches of the universal curves following the Eqns. 5.8 and 5.9. One branch is for T < T
and another branch is for 7' > T, as shown in Figs. 5.6(a) and 5.6(b). This suggests that
the magnetic interactions get properly re-normalized in the vicinity of 7. In addition, the

scaling equation of state can also be expressed by,
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where k is the scaling constant. Thus, all the experimental data collapse into a single

(5.10)

curve following the Eqn. 5.10 as shown in Fig. 5.6(c). In Fig. 5.6(c), T¢ is located at the
zero point of the x-axis. Therefore, the scaling hypothesis reaffirms the reliability of the
derived critical exponents.

The obtained critical exponent 5 = 0.429(5) is in between the 3D Heisenberg-type
(8 = 0.365) and the Landau mean-field-type (5 = 0.5) magnetic interactions, whereas
v=1.123(4) is close to the 3D Ising model (y=1.241). This indicates that Cr; 33Tey does not
fall into any particular universality class of the ferromagnetism, consistent with the complex
magnetic interactions reported in previous studies on the similar systems [68, 69], except
for that the reported S values are closer to the 3D Heisenberg-type. On the other hand,
the renormalization group (RG) theory suggests that the long-range exchange interactions
decay with the distance r as J(r) = r~(@*9) and short-range exchange interactions decay
as J(r) = e7"/" respectively [59, 62]. Here, d is the spatial dimensionality, o is a positive
constant, and b is a spatial scaling factor. The relation between the critical exponent ~

and o can be expressed by,

4(n+2) 8(n—4)(n+2) 2(7Tn+20)G(d/2)
=1+- A

T et T s T mrsm— g
where Ao = o —d/2, G(d/2) = 3 —0.25 % (d/2)?. n and d are the spin and spatial

dimensionality of the system. RG theory analysis proposes that the spin interaction is

+ 1]Ac? (5.11)

either short or long-range depending on o >2 or o <2, respectively. By considering
the experimental v value of 1.123 from the KF method, following the RG theory, we
have calculated the range of exchange interaction ¢ and critical exponent [ following the

equations, v =y/o, a« =2 —vxd, f = (2—a—[3)/2, where v and « are the exponents of
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Table 5.1: Comparison of the critical exponents of Cry3sTey with different theoretical
models.

Composition Technique Crystal Structure B vy 0 Reference
Cry.38Teq MAP Monoclinic 0.421(5) 1.136(4) This work
KF method Monoclinic 0.429(5) 1.123(4) This work
Critical Isotherm Monoclinic 3.662(6) This work
Monte-Carlo Simulation 0.413(1) 1.175(2) This work
Theory Landau mean field 0.5 1 3 [56]
Theory 3D Heisenberg 0.365 1.386 4.80 [60]
Theory 3D Ising 0.325 1.241 4.82 [60]

correlation length. This is done for various sets of d : n values. We find that the critical
exponents derived using d:n = 3:1 matches well with the values obtained from the
KF method. From this, we suggest that Cry 3sTes is close to the 3D-Ising type exchange
interactions with long-range order decaying as J(r) = r~(@+) = =47 for ¢ = 3 and
o=1.73.

In Cryy,Tes; systems, the crystal structure features an alternating arrangement of a
fully occupied CrTes-layer and a Cr-vacant layer along its growth direction. Tuning the
z value not only influences the crystal symmetry, but also changes the spin configuration
of the system [70, 53, 71-75]. Therefore, several studies exist on the critical analysis of
Cryy,Tey systems and found differing exchange interactions for different Cr concentrations
and crystal structures. For instance, the trigonal CrTey, trigonal Cry 95Tes, the monoclinic
Cry 5Tey exhibit 3D Ising-type magnetic interactions [53, 76, 77, 68], bulk and thin-film of
trigonal Cry¢Tes follow 3D Heisenberg and mean-field type interactions, respectively [73,

78], thin-film hexagonal CryTes displays 2D Heisenberg type interactions [79].

5.3.4 Monte-Carlo Simulations

In order to be sure on the universality class of Cry 3sTes, derived using the RG theory with
the help of experimental critical exponents, we performed Monte-Carlo simulations on
Cry 3sTes for the 3D-Ising model. In Fig. 5.7(a), we observe the energy-volume optimiza-
tion for both FM and AFM configurations. The energy curve for FM exhibits the lowest
energy compared to the AFM curve, indicating that the system possesses a ferromagnetic
ground state, consistent with the experimental findings as shown in the main text. The
derived ground-state energies of FM and AFM are -60623.565062 Ry and -60623.564555
Ry, respectively. The magnetic coupling constant (J) is determined by calculating the

difference between these two ground-state energies, using the Eqn. 5.12 [80].
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Figure 5.7: (a) The energy-volume curve for ferromagnetic and antiferromagnetic config-
urations of Crj sgTey at room temperature, (b) Temperature dependent magnetization for
different lattice sizes (L), (¢) Magnetic susceptibility per spin plotted as a function of tem-
perature, (d) Magnetic specific heat plotted as a function of temperature. in — In plot of
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The spin components S; and S; refer to the Cry and Cry magnetic moments, as in this
system, there are two types of Cr ions present with Cr*T (Cry) and Cr®" (Cry). Cr?* has
a total spin value of 2, while Cr3* has 1.5. Using these spin values, we calculated the mag-
netic coupling constant (J) to be 2.29 meV. This value obtained from the first-principles
calculations is subsequently utilized in the Monte Carlo simulation to solve the Ising-Model
Hamiltonian. Figs. 5.7(b), 5.7(c), and 5.7(d) show the simulated temperature-dependent
magnetization [M (T)], susceptibility [x(7)], and magnetic specific heat [C,,(T")] data fol-
lowing the Eqns. 5.13, 5.14, and 5.15, respectively. Importantly, the M (7T) data exhibit
an ascending magnetization trend as the system is cooled and shows a paramagnetic to
a ferromagnetic transition at a critical temperature of Ty ~319 K. This critical temper-
ature is very close to the experimental value of 316 K. From the magnetic susceptibility
and magnetic specific heat data, depicted in Figs. 5.7(c) and 5.7(d), the peaks observed
at 319 K again remarkably support the critical temperature obtained from the simulated
magnetization. Further with the help of simulated magnetic data, we determined the
critical exponents v = 0.7922+0.024, 5 = 0.4133+ 0.0013, and v = 1.1758+0.0029, con-
sistent with the experimental values. Critical exponents of Cry 33Tes obtained by various
techniques such as MAP, KF, critical isotherm analysis, and Monte-Carlo simulations are
tabulated in Tab 6.1. The critical exponents from various standard models such as the

Landau meanfield, 3D Ising, and 3D Heisenberg are also listed in Tab 6.1.

1
M =< NZSZ' > (5.13)
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< MP>— <M >?

X T (5.14)
Cpp = = x >kB_T2< B> (5.15)
The critical behavior of the observable quantities is determined by [81]:
M ~ |t]? (5.16)
X~ [t (5.17)
Cm ~ [t (5.18)

In this context, a, 3, and v represent the critical exponents associated with specific

quantities, and t is defined as

T—Tco
Tc

While infinite systems exhibit singularities in thermal quantities at the critical tem-

(5.19)

perature, real-world systems are finite in size. As a result, the thermal quantities are deter-
mined by finite-size scaling laws, and their values evolve asymptotically for sufficiently large
system sizes. Thus, the exponents are calculated using the following equations, guided by

finite-size scaling principles [81]:

X(L) = L7 f (tL'") (5.20)
dM 15

Ao L)) ~ (5:21)
d(ln M) o 1/v g 1/v

A0k T) ~ LYY 1, (LYY (5.22)

Where fy, fa, far, and f); are the finite-size scaling functions.

To eliminate the singularity at the phase transition point, we employed the finite-size
scaling method. The determination of critical exponents is crucial for understanding the
material’s critical behavior, and these exponents were obtained using equations 5.20-5.22.
Initially, we constructed In-In plots Fig. 5.7 (e, f, g) for these quantities. To generate these
curves, we evaluated the corresponding values for various lattice sizes: L = 10, 12, 14,
16, 18, and 20. By analyzing the slope of these In-In plots, we derived the values of the
critical exponents v, (3, and . Specifically, we found these exponents to be 0.7922 +0.024,
0.4133 + 0.0013, and 1.1758 £ 0.0029, respectively.
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Figure 5.8: Calculated magnetic entropy change -AS,,, as a function of temperature under
different magnetic fields for (a) H || a and (b) H || bc . (c¢) Magnetic entropy change
(-AS,,) plotted as a function of field at different sample temperatures for (¢) H || a and
(d) H || be.

5.3.5 Magnetocaloric Effect

With the help of magnetization isotherms [M(T")] shown in Figs. 5.4(a) and 5.4(b), we
investigated the magnetocaloric effect (MCE) around the T in Cry 3sTes for H || be and
H || a orientations due to potential applications in the magneto-refrigeration technology.
Magnetocaloric effect is an intrinsic property of a ferromagnetic system which causes heat-
ing or cooling effect, adiabatically, under the influence of external magnetic fields [82].
Thus, a magnetic entropy change -AS,, (7T, H) is induced in the presence of magnetic fields

which is represented by,

H H
AS (T, H) = / (85 rdH = / oM —)udH (5.23)
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here (%)T = (%—Aﬁ) g follows the Maxwell’s relation. In case of magnetization mea-

sured at small discrete fields and temperature intervals, AS,, (T, H) could be written as

Jo' M(Tiyy, H)dH — [" M(T;, H)dH
T — T,

AS,(T,H) = (5.24)

Figs. 5.8(a) and 5.8(b) depict -AS,,(T, H), taken in the temperature range of 5-
330 K at various magnetic fields varied up to 7 T, respectively for H || a and H || bc
orientations. The -AS,, (T, H) curves exhibit a maximum (normal MCE) around the PM-
FM magnetic transition (T ~ 315 K) and a minimum (inverse MCE) around the FM-AFM
transition of Ty ~ 50 K [83]. Further, the value of -AS,,(T, H) increases monotonically
with field for both orientations as shown in Figs. 5.8(c) and 5.8(d), at all the measured
temperatures down to 50 K. But below 50 K, -AS,,(T") various non-monotonically with
field, which is consistent with -AS,,(H) shown in Figs. 5.8(a) and 5.8(b). As discussed in
the structural properties section, the non-monotonic changes of lattice distortion induced
by the magneto-volume effect might be playing the crucial role in the non-monotonic
changes of -AS,,(T). Further, under the field of 7 T around 7T¢, the maximum value of -
AS,,(T, H) is about 2.08 J kg=! K=! for H || a and is about 2.51 J kg=! K~! for H || be.
These -AS,, (T, H) values taken at 7 T are comparable to the values obtained from the
other 2D magnetic systems such as CroGeyTeg (2.64 J kg™! K1) [49] and CrsTeg (2.38 J
kg™! K1) [37] and larger than the values of Fes_,GeTey (1.14 J kg=! K1) [84] and Crl;
(1.56J kg=! K1) [85]. However, significantly smaller than the values of CrBrz (7.2 J kg™*
K1) [86] and CrySiyTeg (5.05 J kg™! K1) [49].

5.4 Summary

In summary, we studied the magnetocrystalline anisotropy, critical behaviour, and mag-
netocaloric effect in the layered room-temperature monoclinic ferromagnet Crq 3gTes. Our
systematic investigation on the structural properties of Cry 33Tes as a function of temper-
ature establishes a relation between the magnetic transitions and the crystal lattice. The
derived critical exponents 8 = 0.429(5) (T ~ 315.84(2) K), v = 1.123(4) (T ~ 315.87(5)
K) using the KF method, and § = 3.662(6) using the CI analysis at T¢ = 316 K are
self-consistent and obey the rescaling analysis. The renormalization group (RG) theory
suggests that the derived critical exponents of Cry 3sTey exhibit a three-dimensional (3D)
Ising-like long-range exchange interactions [.J(r)], decaying as J(r) = r~(@+9) = p=473 The
RG theory suggests 3D-Ising type magnetic interactions in this system which is further con-
firmed by the Monte-Carlo simulations. Further, the magnetocrystalline anisotropy energy
density (K,) is found to be temperature dependent and reaches a maximum (180 kJ/m?)
at 110 K. Maximum entropy change -AS/"**~2.51 J/ kg-K is found near the T¢ for H || be.

The density functional theory predicts b-axis as the magnetic easy-axis by analyzing the
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magnetocrystalline anisotropy energy values for different spin configurations.
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Chapter 6

Intricate Magnetic Interactions and
Topological Hall Effect Observed in
Itinerant Room-temperature Layered

Ferromagnet Cr(g3Te

6.1 Introduction

Investigation of the low dimensional magnetic materials with ferromagnetic ordering at
room temperature and strong magnetocrystalline anisotropy has gained a lot of research
interests in recent days due to their potential applications in magnetic refrigeration and
spintronic devices [1-6]. Hence, the van der Waals (vdW) ferromagnets are of great research
interest from the fundamental science and advanced technology point of view due to their
peculiar two-dimensional (2D) magnetic properties [7-10] and strong magnetocrystalline
anisotropy [11]. Usually, the Heisenberg-type ferromagnet does not exist with intrinsic
long-range magnetic ordering at finite temperature in the 2D limit due to dominant thermal
fluctuations [12]. Nevertheless, the single domain anisotropy or the exchange anisotropy
can overcome the thermal fluctuation and allow the long-range magnetic ordering in 2D
ferromagnets [13]. In this way, the 2D ferromagnetism has been found experimentally in
many vdW materials such as CroGeyTeg (T =~ 61 K) [14], CraSisTeg (T ~ 32 K) [15, 16,
Fe;GeTey (Te =~ 215 K) [9, 17], and Crls (T = 45 K) [13], but the long-range FM order-
ing temperature is far below the room temperature, limiting their usage in technological
applications. Since a very few systems such as MnP (T¢ ~ 303 K) show room temperature
2D ferromagnetism in the bulk phase [18], searching for new room-temperature layered FM

materials coupled with large magnetocrystalline anisotropy is crucial for realizing potential

This chapter is based on the publication: Shubham Purwar et al., Acta Materialia, 271, 119898
(2024)
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technological applications.

Furthermore, the FM vdW materials posses another peculiar property such as the
magnetocaloric effect (MCE). The magnetocaloric effect (MCE) at room temperature in the
FM vdW materials with maximum entropy change -AS]"** is of recent research interest due
to their technological applications in the environmental friendly magnetic refrigerators [19].
There exists quite a few 2D FM systems showing significant -AS}}** such as Fes_,GeTe,
(1.1 J/kg— K at 5T) [20], Cr5Teg (1.6 J/kg — K at 5 T) [21], CrySisTeg (5.05 J/kg — K
at 5 T), and CryGeoTeg (2.64 J/kg — K at 5 T) [22].

Theoretical studies suggest that the layered Cr,Te, systems are the potential candi-
dates to realize the much-anticipated room-temperature 2D ferromagnetism in bulk [23].
Since then, a variety of Cr,Te, compounds have been grown experimentally and stud-
ied for their peculiar 2D ferromagnetism, including CrTe [24], CryTes [25], CrzTey [26],
CryTe; [27-29], and CrsTeg [30, 31]. Generally, Cr,Te, compounds possess alternating
stacks of CrTe, layers intercalated by the Cr layers (excess) along the z-axis [32]. The in-
tercalated Cr concentration plays an important role in the formation of these compounds’
crystal structure, magnetic structure, and transport properties [33-36]. The topological
Hall effect observed in Cr,Te, systems implies the presence of non-trivial spin texture such
as skyrmions and bi-skyrmions [37, 38] or the noncoplanar magnetic structures [39—41].

On the other hand, though there exist a couple of studies on the hexagonal Cry_,Te
type systems, discussing the magnetic, transport, and Hall effect properties [42, 43], no
systematic study is available on the magnetocrystalline anisotropy (MCA) and magneto-
entropy scaling analysis which offer a better understanding on the topological Hall effect
and magnetic exchange interactions, respectively. Importantly, the magnetic exchange
interactions are profoundly influenced by the MCA, manifesting the Heisenberg, XY, Ising,
or complex magnets [44-46]. In addition, the strong MCA is crucial for engineering the
non-coplanar spin-structure that leads to generating the skyrmion lattice [47, 48]. On the
other hand, the magneto-entropy scaling analysis deduces the critical exponents, defining
the strength and the type of magnetic interactions present in the system [21, 22, 49, 50].

Therefore, this study reports the anisotropic magnetic properties, anomalous and
topological Hall effects, and magnetocaloric effect in the hexagonal Cr( g3Te single crystal.
CrossTe is an interesting system as it falls in between the van der Waals trigonal (vdW)
CrTes [51] and non-vdW hexagonal CrTe [52], despite all three being layered systems. As
the intercalated Cr atoms play a vital role in shaping the magnetic and magnetotrans-
port properties, Crgg3Te could be a potential candidate to show the topological Hall effect
(THE) originating from the noncoplanar spin structure of the intercalated Cr spins. More-
over, it is one of the few Cr,Te, type systems showing room temperature ferromagnetism,
idle for room temperature technological applications such as magnetic storage devices [53],
spin valves [54], magnetic tunnel junctions [54], and spin-transfer torque devices [55].

Although an earlier study on the similar composition of hexagonal Crgg33Te (CrsTeg) per-
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formed critical analysis but lacked details on the relation between the anisotropic magnetic
properties and the topological Hall effect [56]. Another study performed magnetotransport
measurements on a different crystal structure of monoclinic thin film Crggz3Te, yet lacks
the discussion on the relation between MCA and THE [39]. Therefore, this study aims to
unravel the relation between the magnetocrystalline anisotropy, the topological Hall effect,
and the magnetic exchange interactions in the hexagonal CrygszTe. Further, the re-scaled
magnetoentropy change, -AS,, (T, H), exhibits a remarkable convergence onto a universal
curve, suggesting a second-order magnetic transition in this systems [57, 58]. Extracted
critical exponents from the field-dependent magnetoentropy change highlight the interplay

between the 3D-Ising and the meanfield-type exchange interactions.

6.2 Experimental details

High-quality single crystals of Crggs3Te were grown using the chemical vapor transport
(CVT) method with iodine as a transport agent. We thoroughly mixed Cr (99.99%, Alfa
Aesar) and Te (99.99%, Alfa Aesar) powders in a 5 : 5 ratio, and a small quantity of iodine
(3 mg/cc) was added to the powder mixture. The mixture was sealed in a quartz tube
under argon gas and placed in a gradient two-zone horizontal tube furnace for about 15
days. Omne end of the tube was heated at 1000°C (source) and the other end was kept
at 820°C (sink), following a previously established procedure [59]. The obtained single

2 and looking shiny. A representative

crystals were large, measuring up to 5 X 5 mm
photographic image of a typical single crystal is shown in the inset of Fig. 6.1(b).

The crystal structure of as-grown Crgg3Te single crystals was examined by the x-ray
diffraction (XRD) technique using the Rigaku x-ray diffractometer (SmartLab, 9 kW) with
Cu K, radiation of wavelength of A =1.5406 A. We employed scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDXS) techniques to explore surface
morphology and elemental compositions. Magnetic and transport properties were stud-
ied by the physical property measurement system (9 Tesla-PPMS, DynaCool, Quantum
Design). Electrical resistivity and Hall measurements were conducted using the conven-
tional four-probe technique. To eliminate the influence of longitudinal magnetoresistance,
caused mainly by the voltage probe misalignment, the Hall resistivity was determined as
Pey(H) = [poy(+H) — pzy(—H)]/2. In addition, Raman spectra were captured using a
micro-Raman spectrometer (LabRam HR Evolution HORIBA France SAS) equipped with

a 532 nm laser.
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Figure 6.1: (a) Powder x-ray diffraction (XRD) of the crushed CrggszTe single crystals
overlapped with Rietveld refinement. (b) XRD pattern of CrggzTe single crystal. The
left inset of (b) shows the photographic image of a typical CrggsTe single crystal. The
right inset of (b) shows the rocking curve of (0 0 2) Bragg’s reflection with FWHM of
0.08°. (c¢) Schematics of the CrTe hexagonal crystal structure projected onto the be-plane
and ab-plane. (d) Energy dispersive X-ray spectroscopy (EDXS) spectra of Crgg3Te single
crystal. Top-insets of (d) show the elemental mapping of Cr and Te. (e) Scanning electron
microscopy (SEM) image of CrggsTe single crystal. (f) Raman spectra of CrggsTe single
crystal.

6.3 Results and Discussion

6.3.1 Structural Properties

Figure 6.1(a) displays the XRD pattern of crushed Crg3Te single crystals taken at room
temperature, confirming the hexagonal crystal structure with P63/mmc space group. No
additional impurity phases were detected. Rietveld refinement, overlapped on the XRD
data, yields lattice parameters a = b = 3.9808(4) A and ¢ = 6.2122(3) A, which are very
close to the previous reports on similar systems [60, 42]. Fig. 6.1(b) depicts the XRD
pattern of CrggzTe single crystal, showing the intensity of (0 0 [) Bragg plane, suggest-
ing that the crystal growth axis is along the c-axis. The rocking curve of (0 0 2) plane
shown in the right-inset of Fig. 6.1(b) displays a single sharp peak with a full width at
half maximum (FWHM) of Af = 0.08°, confirming the high quality of single crystals [61].
The crystal structure of Crqg3Te, as schematically presented in the top-panel of Fig. 6.1(c),
reveals stacking of CrTe, layers along the c-axis arrangement without significant vdWs gap
between two CrTe, layers. This arrangement differs from other Cr,Te,-based systems in
which a significant vdW gap is present [40, 51]. From the crystal structure projected onto

the ab-plane, as shown in the bottom-inset of Fig. 6.1(c), we can observe an intertwined
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honeycomb lattice consisting of Cr and Te atoms. Fig. 6.1(d) depicts the EDXS spectra,
revealing the Cr:Te atomic ratio of 0.83:1, consistent with the chemical composition of
Crg.s3Te obtained from the powder XRD refinement. The EDXS mappings shown in the
insets of Fig. 6.1(d) confirm the uniform distribution of Cr and Te elements in the stud-
ied single crystal. The obtained sample composition of CrggsTe hints at the 17% of Cr
vacancies. These vacancies seem critical in maintaining the NiAs-type hexagonal crystal
structure [32, 42, 62]. Fig. 6.1(e) presents the SEM image of Crgg3Te single crystal with
terraces of the different layers, demonstrating the layered nature of the system. The Raman
spectra of CrggsTe as shown in Fig. 6.1(f) unveil two prominent phonon peaks, positioned
at approximately 123.5 cm™! and 139.79 ecm~!. These peaks correspond to the distinct
vibrational modes, the out-of-plane A;, and the in-plane E,, of the Cr,Te, system [63, 62].

6.3.2 Magnetic Properties

Magnetization Measurements

To explore the magnetic properties of Crgg3Te, we performed magnetization measurements
as a function of temperature [M(T')] and field [M(H)]. The magnetic field was applied
parallel to both the zy-plane [H || zy] and the z-axis [H || z]. Figs. 6.2(a) and 6.2(b) exhibit
the in-plane (H || zy) and out-of-plane (H || z) M(T) curves obtained under magnetic fields
of 0.02 T and 0.4 T, respectively. As we can notice, the system undergoes a paramagnetic-
to-ferromagnetic (PM-FM) transition at a Curie temperature (T) of approximately 338
K, very close to the previously reported value on a similar system [42]. The bifurcation in
the M (T') curves at T between ZFC and FC, as observed in Fig. 6.2(a), can be ascribed to
the magnetic ordering, which is thermally irreversible at lower fields (0.02 T) due to canted
magnetic moments [64, 65]. This interpretation is supported by the M (T) data taken at
0.4 T of the applied field [see Fig. 6.2(b)], in which we can see the absence of bifurcation
between ZFC and FC data at the T due to complete alignment of the canted moments
along the field direction. Further, at an applied field of 0.02 T, a sharp downturn in the
ZFC M(T) data is noticed at around 15 K, which disappears at 0.4 T, suggesting a possible
spin-glass type transition below 15 K [66] at lower fields. Nevertheless, we notice significant
magnetization anisotropy between in-plane and out-of-plane orientations at both applied
fields.

Figs. 6.2(c) and 6.2(d) depict the magnetization isotherms, M (H ), measured at differ-
ent temperatures for H || zy and H || z orientations, respectively. The M (H) data suggest
CrggsTe to be a soft-ferromagnet with negligible coercivity. The magnetic anisotropy ob-
served from the M(T) data is further verified by the magnetization isotherms by plotting
in-plane and out-of-plane M (H) at 3 K, as shown in the inset of Fig. 6.2(d). The mag-
netic anisotropy observed in these systems plausibly stems from the non-coplanar magnetic

structure resulting from the Cr vacancies [39, 40]. From Figs. 6.2(c) and 6.2(d), it is clear
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Figure 6.2: Temperature-dependent magnetization [M(T")] of Crgs3Te taken in zero-field-
cooled (ZFC) and field-cooled (FC) modes with magnetic fields H = 0.02 T (a) and 0.4 T
(b) for H || zy and H || z. Magnetization isotherms [M(H )| measured at various sample
temperatures for (¢) H || zy and (d) H || 2. (e) Plot of M* vs H/M. (f) Temperature-
dependent AM (Mpc — Mzpc) derived for H || zy and H || .

that CrggsTe has an easy-axis parallel to the zy-plane. This observation is substantiated
by the magnetization saturation occurring at an applied field of 0.5 T for H || zy. In
comparison, 1.9 T is needed for the same with H || z when measured at 3 K. Note here
that an easy-axis of magnetization parallel to the z-axis was found from a similar system of
Crgg7Te which has 4.6% of higher Cr compared to our studied Crgg3Te, again confirming
that the magnetic structure is highly sensitive to the Cr concentration present in these
systems [67, 37]. The saturation magnetization (M) for both in-plane and out-of-plane
orientations is determined as 2.95 pup/Cr and 2.86 pup/Cr, respectively. This is notably
smaller than the calculated ordered moment of Cr (3.4 up/Cr) from the band structure
calculations due to the itinerant nature of the Cr-d electrons [68, 32].

Next, to estimate the degree of itinerant ferromagnetism in CrggsTe, we employed
Takahashi’s self-consistent renormalization (SCR) theory around T¢ [69]. According to

the SCR theory, the magnetization M and the magnetic field H at T are related by,

=g B

Here, Ty denotes the dispersion of the spin fluctuation spectrum in the wave-vector
space. Fig. 6.2(e) shows the M* vs. H/M for H || xy, fitted nicely by the linear Eq. 6.1. This
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linear relationship is generally observed in itinerant ferromagnetic systems like LaCoyP4
(Te /Ty =~ 0.14) [70], FeyGeTey (T/Th ~ 0.16) [71], SmCoAsO (T¢ /Ty ~ 0.12) [72], and
CryTes (Tc/Ty =~ 0.063) [28]. The fit yields a slope of 7.2168x107° [up/Cr]®/Oe. Using
the slope and T values, we estimate T4 to be approximately 701 K for H || zy. As per
the SCR theory, the Tx can be described by,

Te = (60¢) /M35 Ty (6.2)

Here, ¢ =0.3353, Mg, represents the spontancous magnetization, and T, denotes the
energy width of the dynamical spin fluctuation spectrum. Using the values of T, M, and
Ty, we deduce the characteristic temperature Ty = 4963 K for Crgg3Te. Further, the SCR
spin fluctuation theory suggests that the ratio T¢/T( defines the degree of itineracy in the
ferromagnets. Such as, the spin moments are localized for T¢/Ty ~1 and delocalized for
Te/To < 1 [73]. In Crgg3Te single crystals, we estimate T /Ty ~ 0.07 (< 1), confirming
the itinerant ferromagnetic behavior.

Fig. 6.2(f) depicts AM(Mpc-Mzpe) plotted as a function of temperature for both
H || z and H || zy. From Fig. 6.2(f) it is evident that the out-of-plane magnetization does
not change much between ZFC and FC modes, while the AM of in-plane magnetization
is very sensitive at around Tx. More importantly, AM rapidly increases with decreasing
temperature below 40 K. This kind of magnetic behavior could stem from multiple factors,
including the inherent magnetic anisotropy of these systems [42, 30] or the noncoplanar

magnetic structure resulting from the Cr vacancies [39, 40].

Magnetocrystalline Anisotropy

With the help of magnetization isotherms [M (H)] as shown in the Figs. 6.3(a) and 6.3(b),
we studied the magnetocrystalline anisotropy (MCA) energy density (K,) using the ex-

pression [38],

K=o [ [Foy(M) — H.(M)]dM (63)

Here M, denotes the saturation magnetization. H,, and H, represent the fields ap-
plied along zy and z directions, respectively. Fig. 6.3(c) depicts the temperature-dependent
K, derived from the experimental data. We find K, = 78.11 kJ/m? at T = 310 K, gradu-
ally decreasing with increasing temperature and reaching 23.73 kJ/m? at T (338 K). On
the other hand, the estimated K, &~ 390 kJ/m? at 40 K [see Fig. 6.6(d)] is much larger than
the K, values reported on many 2D magnetic systems such as CrBrs [74], CroGeyTeg [22],
and CroSisTeg [22] and comparable to the K, values of Crl [74] and Fe,GeTe, [75, 71].
Though FezGeTey shows a large magnetocrystalline anisotropy of 1460 kJ/m? at 2 K [76],
its Curie temperature is much below the room temperature (T¢ = 220 K) [76]. Thus,

Crg.g3Te having a large K,, value of & 390 kJ/m?® with a Curie temperature of 338 K seems
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Figure 6.3: Magnetization isotherms measured around T¢ for (a) H || zy and (b) H ||
z. (¢) Temperature-dependent in-plane magnetocrystalline anisotropy energy density K,.
The bottom inset in (c¢) presents saturation magnetization (M) and the top inset shows
saturation magnetic field (H,) estimated below T¢. (d) Ratios of [M,/M,(310 K)]"(n+1)/2
(right-axis) overlaid with magnetocrystalline anisotropy (left-axis) for n = 1, 2, and 4.

to be a promising candidate from the technological applications point of view. See Table 6.1
for a list of 2D materials and their respective magnetocrystalline anisotropy energies (K,,).

Since the magnetic anisotropy expectation value < K™ > is directly proportional to
M 1/2 a5 per the classical theory of magnetism [77, 78], we plotted []\]4\4$:(§3)]"("“)/2
for n = 1, 2, and 4. Here, n = 1 represents intrinsic anisotropy, n = 2 represents uniax-
ial anisotropy, and n = 4 represents cubic anisotropy, giving rise to the exponents 1, 3,
and 10, respectively. In Fig. 6.3(d), we plotted [M,(T)/M,(310)], [M,(T)/M4(310)]3, and
[M,(T)/M,(310)]'° ratios as a function of temperature. Most importantly, in Fig. 6.3(d),
the overlapped K, (T) of Fig. 6.3(c) matches very well with [M(T')/M(310)]® ratio, con-
firming the dominant uniaxial anisotropy in this system that is strongly temperature de-
pendent. The temperature-dependent K, originates from the fluctuating local spin clusters

activated from the thermal energy [77, 78].

Magnetocaloric Effect

To investigate the magnetocaloric effect (MCE), we analyzed the field-dependent isotherms
M (H) acquired at different temperatures [see Figs. 6.3(a) and 6.3(b)] in the vicinity of
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Table 6.1: Magnetocrystalline anisotropy energies (K,) of different layered materials.

Composition ~ K, (in kJ/m?) Ref.
CrggsTe 390 This work
Crgg7Te 270 [42]
CrggoTe 165 40]
Crro 65 Te 04 21]
CrogTe 174 [41]

CrBr; 86 [74]
Cil, 300 [74]
CryGeyTeg 20 [22]
CrySiy Teg 65 [22]
Fe,GeTe, 250 [75]
Fe3GeTe, 1460 [76]

Table 6.2: Critical exponents of CrggsTe single crystal compared with several theoretical
models (MEC = Magnetic Entropy Change).

Composition  Technique o] y ) p q Ref.

Cro.ss Te MEC  04739(4) 1.2812(3) 3.7037(5) 0.70 1.27 This work
Landau mean field Theory 0.5 1 3 0.667 1.333 [80]
3D Heisenberg ~ Theory 0.365 1.386 4.80 0.637 1.208 [44]
3D Ising Theory 0.325 1.241 4.82 0.569 1.207 [44]

Tc for both H || zy and H || z orientations. The magnetocaloric effect is an intrinsic
property of a ferromagnetic system, resulting from adiabatic heating or cooling under
external magnetic fields [79]. This effect leads to the generation of magnetic entropy

change AS,, (T, H), which can be quantified using the formula,

H 98 H 9M
ASWTH) = [ (Gt =[G udl (6.4)
where (93)r = (%%)y based on Maxwell’s relation. For the magnetization data

acquired at smaller discrete field and temperature intervals, the magnetic entropy change
AS,, (T, H) can be expressed as

Jo! M(Tyya, H)dH — Ji" M(T,, H)dH
Tiya—T;

Figs. 6.4(a) and 6.4(b) show - AS,,(T, H) plotted as a function temperature under

various magnetic fields up to 5 T taken with a step size of 1 T for both H || zy and H || z

AS, (T, H) = (6.5)
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Figure 6.4: Magnetic entropy change -AS,, plotted as a function of temperature at different
magnetic fields for (a) H || z and (b) H || 2y. (c¢) Field-dependent maximum magnetic
entropy change (-AS]**) (left axis) and relative cooling power (RCP) (right axis). (d)
Normalized magnetic entropy change as a function of rescaled temperature 6 for various
applied fields. (e) T, vs HYA. (f) Exponent p plotted as a function of temperature. (g)
Rotational magnetic entropy change (-AS) plotted as a function of temperature.

orientations, respectively. All - AS,, (T, H) curves show a maximum change in entropy
with a broad peak at around T as can be seen from Figs. 6.4(a) and 6.4(b). Further, we
observe that the value of - AS™* (T H) increase monotonically with field for H || zy [see
Fig. 6.4(c)]. Under an applied field of 5 T, the maximum of -AS,, (T, H) is about 2.78 J
kg™! K~! for H || zy and is about 2.58 J kg™! K~! for H || z. These -AS,,(T, H) values
taken at 5 T are comparable to the other 2D ferromagnetic systems such as CryGeyTeg (2.64
J kg™ K1) [22] and CrsTes (2.38 J kg™! K™') [21], larger than the values of Fez_,GeTe,
(1.14 J kg=! K=1) [81] and Crl; (1.56J kg=! K1) [82], and smaller than the values of CrBj
(7.2 J kg=! K1) [83] and CrySipTeg (5.05 J kg™! K1) [22].

To estimate the relative cooling power (RCP) as shown in Fig. 6.4(c), we employed
the relation RCP = -AS”* x 0Tpwmn, where -AS* is the maximum entropy change
near T and 6T rw g is the full width at half maximum of the peak [84]. The calculated
RCP in CrggsTe is 88.29 J kg1 at around T with an applied field of 5 T parallel to the
zy-plane. The RCP value of CrggsTe obtained in this study is comparable to the RCP
value obtained in the other 2D systems such as CroGeyTeg (87 J kg™1)[22], but smaller than
the values obtained from CrsTeg (131.2 J kg™!) [21], Crlz (122.6 J kg™') [82], CrySisTeg
(114 J kg™ ') [22], Fesz_,GeTey(113 J kg™!) [81], and CrBr3(191.5 J kg™ 1) [83].

In addition, both -AS"** and RCP are related by the power law of magnetic field as
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given below [84, 85],
—AST — g P (6.6)

RCP = bHY (6.7)

where p and q are the exponents. At T = T, they can be written as

p:1+§;i (6.8)
qzl—l—(ls (6.9)

Where 3, v, and 0 are critical exponents, which can be found using alternative
theoretical models such as isothermal analysis, these exponents obtained from the magnetic
entropy analysis, however, are more dependable without the use of initial exponents. In
addition, the exponent ¢ has been calculated using the Widom scaling relation, 6 = 1
+ (v/B) [86]. The fit of ~AS™* by the Eq. 6.6 yields p = 0.70. Similarly, the field
dependence of RCP is fitted by Eq. 6.7, yielding ¢ = 1.27. Based on Eq. 6.8 and Eq. 6.9,
the derived critical exponents are § = 0.4739(4), v = 1.2812(3), and 0 = 3.7037(5). Note
that no single conventional universality class can describe the derived critical exponents.
The critical exponents suggest a crossover between the mean-field model (5 = 0.5) and the
3D-Ising model (7 = 1.241). Thus, our study indicates complex magnetic interactions in
the Crg.g3Te system.

Next, we performed the scaling analysis of MCE following the procedure given by
Franco et. al. [85, 87]. The scaling analysis of - AS,, (T, H) is constructed by normalizing
the - AS,,(T, H) curves with respect to the maximum of -ASmaz [A5nl:M)] - The reduced

ASmaz
temperature (f+) is defined by choosing two reference temperatures (7,4 < T¢ and T,9 >
Tc), satisfying the condition, AS’Z@{;TC) = ASrg%éf” = h. Here, h is a scaling constant

with values within the 0 < h < 1 range. Then, the rescaled temperature ¢+ can be written

as

0. =Tc—-T)/(Tn —Tc), T <T¢c (6.10)
0+ = (T—Tc)/(TTQ—Tc),T>TC (611)
Following the MCE scaling analysis, all the curves of AAS*?,L”;w plotted as a function of

reduced temperature 6 at various magnetic fields collapse into a single curve as shown in
Fig. 6.4(d), confirming the second-order magnetic phase transition in CrggzTe [57, 58, 88].
Moreover, it can be seen that the universal curve of MCE is independent of the applied
magnetic field and temperature, as it is generally determined by the intrinsic magnetization

of the system [85]. Further, the reference temperatures 7}; and T} linearly depend on H'/4
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for A = 8 + v as shown in Fig. 6.4(e). Fig. 6.4(f) displays the temperature dependence of
p. The p(T) curve follows universal behavior across T¢ as it reaches the value 1 for T <
Te [89]. On the other hand, well above T, p reaches the value of two due to the Curie-
Weiss law [89]. At T = T¢, p(T) has a minimum value of 0.7, in line with the universal
law of p(T) [57]. Overall, the temperature dependence of p perfectly follows the universal
behavior of a second-order phase transition [85]. The rotational magnetic entropy changes
(ASE) can be calculated using the formula ASE(T, H) = AS,.(T, Hy) - AS,(T, H.).
Fig. 6.4(g) depicts the temperature dependence of - ASE(T, H). From Fig. 6.4(g), we can
find a maximum of -ASE(T, H) at around T¢ when derived at a field interval of 0.2 T.
The maxima of -ASE(T, H) shifts to lower temperatures with increasing field intervals,
and for 2 T of field interval, no maxima is found down to 315 K. This behavior is generally

found in systems with strong magnetic anisotropy [21].

6.3.3 Electrical and Magnetotransport Properties

Figure 6.5(a) displays temperature-dependent longitudinal resistivity p,, of CrggsTe single
crystal, revealing the metallic nature throughout the measured temperature range [90]. A
change in the resistivity curve is noticed at around 245 K, while the exact origin is not very
clear to us, but we noticed a small cusp in the dM /dT (not shown) at around 245 K from the
FC data measured with 0.02 T [see Fig. 6.2(a)]. The top inset of Fig. 6.5(a) elucidates the
quadratic temperature dependence of p,,, fitted by p(T) = pg + aT?, indicating dominant
electron-electron scattering at low temperatures. This observation is in agreement with
the theoretical studies on weak itinerant ferromagnetic metals in which a T? dependence
of p, was predicted at low temperatures [91]. The bottom inset of Fig. 6.5(a) depicts the
linear four-probe geometry used for measuring the longitudinal resistivity. The transverse
resistivity p,, (Hall resistivity) as a function of the applied field (H) is shown in Fig. 6.5(c)
measured at various sample temperatures. The Hall resistivity, p,,, was measured with
the current applied along the z-axis, the magnetic field applied along the z-axis, and the
resulting Hall voltage was detected along the y-axis as demonstrated in Fig. 6.5(b). Thus,
the red-colored curves shown in the panels of Fig. 6.5(c) exhibit the raw data of field-
dependent Hall resistivity p,, recorded at various sample temperatures, and the black-

colored curves are the fittings to the total Hall resistivity using the formula [92],

pay(H) = pN(H) + p*(H) = poRoH + p1oR;M (6.12)

Here, p"v and p? are the normal Hall and anomalous Hall contributions to the total
Hall resistivity, respectively. Ry is the normal Hall coefficient, Ry is the anomalous Hall
coefficient, and M is the isothermal magnetization. The normal and anomalous Hall
coefficients can be determined by a linear fit at the high field region following the relation
% = Ry + %. However, as can be seen from the panels of Fig. 6.5(c), the fitting of p,,
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Figure 6.5: (a) Temperature-dependent longitudinal electrical resistivity p,.. The top
inset of (a) displays low-temperature resistivity fitted by p(T) = po + aT? and the bottom
inset of (a) shows a schematic of linear four-probe geometry. (b) Schematic diagram of the
Hall measurement geometry. (c) Transverse resistivity p,, (Hall resistivity), p., plotted
as a function of the magnetic field measured at various temperatures. In (c), the red
curves represent total Hall resistivity (raw data), the black curves are the fittings using
the equation py + pa, and the green curves represent the topological Hall resistivity (pr).
See the text for more details.

with Eq. 6.12 is not perfect due to the topological Hall contribution. Thus, by including the
topological Hall effect (THE) contribution, the total Hall resistivity can be expressed by
pay(H) = poRoH + 11 Rs M + p” and the topological Hall resistivity (p”) is extracted using
the relation p” = p,,(H) — (noRoH + poRsM) [93, 40]. In Fig. 6.5(c), the green-colored
curves represent the topological Hall resistivity.

Figure 6.6(a) depicts the charge-carrier density (n) plotted as a function of temper-
ature, estimated from the normal Hall coefficient Ry following the relation n = 1/(Ryq).
Here ¢ is the hole-carrier charge. The derived carrier concentration n decreases with in-
creasing temperature up to 40 K. However, above 40 K, it increases monotonously with
temperature. In Cr,Te, systems, the competition between the FM and AFM phases plays
a vital role in the magnetotransport properties [42, 39, 40]. Similarly, in Fig. 6.2(f), the in-
plane AM (T') changes abruptly around T=: 40 K, plausibly originating the non-monotonic

changes of carrier concentration around 40 K. Next, the anomalous Hall conductivity

(AHC), oy, obtained using the relation o,, = pzp e is presented in Fig. 6.6(b). o, in-
Ty T

creases with increasing temperature up to 40 K. Beyond 40 K, it monotonically decreases

with increasing temperature. A maximum o,, = 52 Q@ 'em™! is found at around 40 K.

In general, the anomalous Hall conductivity can intrinsically arise from the electronic

128



1T 1T T T 1
0 50 100 150 200 250 0 50 100 150 200 250

T (K) T (K)
(c) 15- - (d) 800 - 400
=~ 15 : = | 300
g £ T~40K § 600 2
S 094 g<xf>5<><><><><> 2 L 200 &
F ; “o | w2400- 3
e 06 - R 100
<O
0.3- 200 -0
1 1 1 1 1 ! I ] ] I | !
120 140 160 180 200 220 0 50 100 150 200 250
Pxx (HO-CM) T (K)

Figure 6.6: Temperature dependence of (a) derived calculated carrier density n. (b)
Anomalous Hall conductivity o2}, (c) Plot of pZ, vs. p, with linear fitting up to 40K. (d)

Maximum value of topological Hall resistivity pfy””‘” (left axis) and magneto-crystalline

anisotropy density, K, (right axis), plotted as a function of temperature.

structure-originated non-zero Berry curvature [92, 94] or extrinsically due to magnetism-
originated side-jump/skew-scattering mechanisms [95, 92].

To understand the nature of AHE in Crgg3Te we plotted p,, vs. p,, in Fig. 6.6(c).
The Hall resistivity for an itinerant ferromagnetic metal is generally expressed by the
formula p,, = ap. + Bp2,, where a and 3 represent the skew-scattering and side-jump
coeflicients, respectively [92, 96]. From Fig. 6.6(c), a linear dependence of p,, on p,, is
evident up to 40 K, beyond which a deviation occurs with increasing temperature. This
observation hints at the skew-scattering mechanism that originated anomalous Hall effect
in Cr g3 Te, consistent with the other Cr,Te, systems [40, 90, 97]. Furthermore, Fig. 6.6(d)

depicts the maximum amplitude of topological Hall resistivity (pfém“‘”) (left axis) plotted

T max
Ty

value of approximately 620 nQ2-cm at around 40 K, consistent with AM(T) (H | =zy)
of Fig. 6.2(f). The right axis of Fig. 6.6(d) displays the magnetocrystalline anisotropy

as a function of temperature. p increases with temperature and reaches a maximum

energy constant, K, calculated using Eq. 6.3. It is worth mentioning here that the critical
point of 40 K observed from pfy, pt,, and K, (see Fig. 6.6) originates from a canted

antiferromagnetic transition noticed at around 40 K (from M (T") measured with 2 T, not
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shown), which is consistent with the other Cr,Te, based systems [62, 65].

Several theories have been proposed to elucidate the origin of the chiral spin texture
that can manifest the topological Hall effect. These theories include the Dzyaloshinskii-
Moriya interaction (DMI) in noncentrosymmetric systems under a strong spin-orbit cou-
pling [98-101, 93], geometrically frustrated magnetic interactions [102], and noncopla-
nar spin structure stabilized by the magnetocrystalline anisotropy (MCA) [48, 40]. On
the other hand, the intricate magnetism observed in Cr,Te, type systems results from
a complex interplay of magnetic interactions, including direct, super-exchange, and dou-
ble exchange mechanisms, noncollinear magnetism, and a mixed valence state of the Cr
ions [39, 56, 103]. The derived critical exponents, which deviate from any single universal-
ity class (as discussed above), strongly suggest the presence of robust magnetocrystalline
anisotropy (MCA) in CrggzTe. Consequently, the large MCA can stabilize the requisite
chiral spin structure [104, 47]. Thus, in the presence of chiral-spin structure, the itinerant
electrons acquire real-space Berry curvature, leading to a non-zero scalar-spin chirality
Xijk = Si(S; x Sk) # 0 to produce the topological Hall effect [102, 100]. The analogy
of chiral-spin structure stabilized by the large MCA is consistent with our experimental
data shown in Fig. 6.6(d) (right-axis), where the temperature-dependent topological Hall
resistivity (pfy) replicates the temperature dependence of MCA energy density K, having

the maximum pfy at the maximum K, ~ 390 kJ/m? at 40 K.

6.4 Summary

We investigated the intricate magnetism, electrical, and magnetotransport properties in
the hexagonal itinerant ferromagnet CrygszTe. The magnetotransport study reveals a sub-
stantial topological Hall effect, originating from the noncoplanar spin structure in the
presence of strong magnetic anisotropy and the skew-scattering-induced anomalous Hall
effect. We observe a remarkable cooling efficacy of -AS™% ~ 2.77 J kg 'K~ and RCP =~
88.29 J/kg at an applied field of 5 Tesla. By utilizing the magneto-entropy scaling analysis,
we extracted the critical exponents § = 0.4739(4), v = 1.2812(3), and § = 3.7037(5), which
do not follow any single universality class, suggesting a complex magnetic interaction in
CrogsTe. Re-scaled -AS,,(T, H) curves fall into a single universal curve, confirming the
second-order magnetic transition. The spin-fluctuation parameter, derived from the criti-
cal magnetization isotherms based on the SCR theory, confirms the itinerant ferromagnetic

nature of CrggsTe.
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Chapter 7

Sng osCr3Tes: A Skyrmion

Superconductor

7.1 Introduction

Superconductivity observed with a topological quantum phase is a much-anticipated phe-
nomenon as it opens a new window of potential technological applications in supercon-
ducting electronics, such as topological quantum computations [1]. Thus, designing new
materials and their experimental realization is an essential scientific sequence for garnering
futuristic quantum technological applications. Several proposals exist for achieving topo-
logical superconductivity, such as the hereto-structure of a superconductor and a topologi-
cal insulator or a doped topological insulator. In topological superconductors, the Cooper
pairs are trapped at the vertices of the interface in the form of Majorana fermions due to
the proximity effect [2-5] or at the junction of a superconductor and a magnet deposited on
the surface of a topological insulator [6]. Nevertheless, several experimental studies were
carried out to realize the superconductivity in the presence of quantum topology [7-9].

In addition, superconductivity has been found in many van der Waals (vdW) materials
such as NaSnoAs, (T, = 1.3 K) [10], Na;_,SnsPs (7. = 2 K) [11], NbSe, (7. = 6 K) [12],
and RegSesCly (T, = 8 K) [13]. Further, there exists another class of vdW materials in
which the superconductivity is induced by the metal-ion intercalation, such as A, BisSes (A
= Sr, Cu) [14, 15], Sng 5TaSe, [16], Sn,NbSe, [17], and Cu,TiSe, [18]. In these systems, the
intercalated metal ions act as charge carrier donors, increasing the carrier density near the
Fermi level and, thus, the superconductivity. Most importantly, all these intercalated vdW
superconductors are nonmagnetic and do not have chiral spin structure in their pristine
phase.

On the other hand, the layered Cr,Te, based systems are potential candidates to

have chiral spin structures originating the topological skyrmion lattice [19-25]. Notably,

This chapter is based on the publication: Shubham Purwar et al., Applied Materials Today,
39, 102328 (2024)
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these systems are formed by the alternative stacking of Cr-full (CrTey-layer) and Cr-vacant
(intercalated Cr-layer) layers along the crystal growth axis [26]. Therefore, the intercalated
Cr concentration is critical in forming the magnetic and topological properties. As the
van der Waals gap separates CrTe, layers, introducing the alien atoms within the vdW
gap is quite feasible. We chose to intercalate Sn within the vdW gap of CrTes-layers to
induce the superconductivity in a topological ferromagnet, CrzTey [22]. This way, the
intriguing exotic quantum phases, ferromagnetism, and superconductivity can be achieved
in a topological skyrmion lattice. It is worth mentioning here that no study is available
to date demonstrating the superconducting phase within a skyrmion lattice. Further,
such an experimental observation is quite challenging as the ground state properties like
ferromagnetism and superconductivity are found to be competing, if not coexisting, unless
the ferromagnetism is weak [27-29].

In this study, we successfully intercalated Sn within the van der Waals gap of topolog-
ical Cr3Tey to induce superconductivity. We could simultaneously identify all three quan-
tum phases, superconductivity, magnetism, and the topological Hall effect in Sng 06CrsTey,.
The pristine CrsTey shows a topological Hall resistivity (pfy) of 240 n{) — e¢m, but the Sn
intercalation significantly reduces it to 16 n{) — em. In addition, despite the magnetism
and Meissner effects being anisotropic, the superconductivity observed from the in-plane
electrical resistivity (py.) is nearly isotropic between H || bc and H || a, suggesting sepa-
rate channels of conduction electrons responsible for the superconductivity and magnetism
of this system, which is supported by our spin-resolved DFT calculations. We identify two
orders of higher carrier density in superconducting Sng 0sCrsTe, than the parent CryTey. A
jump in the specific heat is noticed around the T, with a volume fraction of 33%, confirm-
ing the bulk superconductivity in Sng0sCrsTes. Importantly, for the first time, this study
demonstrates superconductivity in a skyrmion lattice, offering a new class of topological

quantum materials.

7.2 Methodology

7.2.1 Experimental Details

Single crystals of Sn intercalated Crs3Te; were grown by the Sn-flux method by mixing
high purity elements of Cr (5N, Alfa Aesar) and Te (5N, Alfa Aesar) powders as per the
stoichiometric ratio in an alumina crucible, added with Sn (99.998%, Alfa Aesar) shots,
and sealed the crucible inside a quartz ampoule under argon atmosphere. A schematic
diagram of the single crystal growth heat treatment is shown in Fig. 7.4(b). Plate-
like single crystals with a typical size of 3x2 mm? with a thickness of 0.15 mm were
collected after the reaction. Single crystals of CrsTe, were grown by the chemical vapor

transport (CVT) technique with iodine as a transport agent as per the procedure described
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earlier [30]. Structural and elemental characterizations were performed using an X-ray
diffractometer (Rigaku-9kW, Cu K, of 1.54059 A wavelength at Room temperature) and
energy dispersive spectroscopy (EDS) techniques, respectively. Temperature-dependent
electrical transport, Hall effect, and magnetization measurements were performed using
the 9 Tesla physical property measurement system (PPMS, Quantum Design, DynaCool).
Electrical resistivity and Hall effect measurements were performed in the standard four-
probe method. Temperature-dependent heat capacity measurements were taken using
the relaxation method using the Quantum Design-PPMS system. The high-resolution
transmission electron microscopy (HRTEM) was done in an FEI, TECNAI TF 20, S-
TWIN microscope operated at 200 KV. The samples were prepared by drop-casting onto a
carbon-coated copper grid of a 3 mm diameter. Raman spectra were captured by using a
micro-Raman spectrometer (LabRam HR Evolution HORIBA France SAS) equipped with

a 532 nm laser.

7.2.2 DFT Calculations

Spin-polarized DFT calculations have been carried out on CrsTes and SngosCrzTes (one
unit cell consists of 1 Sn, 6 Cr, and 8 Te atoms) based on the projector augmented wave
(PAW) method [31] as implemented in the Quantum Espresso package [32, 33]. For the
exchange-correlation interaction, we considered the Perdew-Burke-Ernzerhof [34] form of
the generalized gradient approximation (GGA). To consider the van der Waals forces,
semi-empirical Grimme’s DFT-D2 correction [35] was considered. To optimize the atomic
positions, a cutoff value of 1072 Ry/Bohr was chosen for the Hellmann-Feynmann forces.
A plane wave cutoff of 50 Ry was employed. 4 x 16 x 8 and 8 x 32 x 16 k-mesh with

['-centered were used for the self-consistency and DOS calculations, respectively.

7.3 Results and Discussion

7.3.1 Structural Properties

The exact chemical composition of the Sn intercalated and the parent single crystals was
found to be Sng 0gCrq.74Tes and Cry76Tey, respectively, using the EDS measurements. For
convenience, we use the nominal composition formula of Cr3Tey. Fig. 7.1(a) shows the
XRD pattern of the crushed CrsTey single crystals measured at room temperature. All
peaks in the XRD pattern can be attributed to the monoclinic crystal structure of the
C2/m space group (No.12). This is consistent with the crystal structure of Cr3Te, [36—
38]. Rietveld refinement further confirms the monoclinic structure with lattice param-
eters, a=13.9655(2) A, v=3.9354(4) A, ¢=6.8651(7) A, a=5=90°, and v = 118.326(7)°
with x?=2.95. Similarly, Fig. 7.1(b) shows the XRD pattern of the crushed Sng osCrsTe,
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Figure 7.1: (a) and (b) XRD patterns of the crushed single crystals of Cr3Te, and
Sng 06CrsTey, respectively, overlapped with Rietveld refinement. (c¢) Schematic image of
the monoclinic crystal structure of CrsTe,s. (d) XRD patterns of CrsTey (bottom panel)
and Sng osCrsTey (top panel) single crystals. Top-middle inset in (c¢) shows zoomed-in (4
0 0) Bragg’s peak demonstrating the lattice shift between the parent and the Sn interca-
lated samples. Optical images of typical single crystals are shown in the left-side insets
of (d). (e) HRTEM image taken on Cr3Te, crystallite, demonstrating the lattice planes
corresponding to the (4 0 0) plane. (f) Zoomed-in HRTEM image from (e), displaying the
interplanar distance of 0.305 nm. (g) (4 0 0) lattice plane intensity plot confirming the
interplanar distance. (h)-(j) Same as (e)-(g) but from SngosCrzTey crystallite. (k) Raman
spectra measured on CrzTey and Sng osCrsTey single crystals. (1) EDS spectra measured
on four different Sng osCrsTe, crystallites, confirming the uniform chemical composition.
Atomic weight percentages of respective elements are tabulated in the inset of (1).

single crystals measured at room temperature. Again, all peaks in the XRD pattern
can be attributed to the monoclinic crystal structure of the C2/m space group without
any Sn impurity phases. Rietveld refinement further confirms the monoclinic structure
with lattice parameters, a=14.0551(4) A, v=3.9494(3) A, ¢=6.8839(5) A, a=£=90°, and
v = 118.376(7)° with x*=3.35. We can see that the Sn intercalation slightly increases
the a-axis lattice parameter, while the change in lattice parameters of b and c is negligi-
ble. Fig. 7.1(c) depicts the schematic crystal structure of CrsTe, in which the alternative
staking of Cr(1) and Cr(2) layers is demonstrated along the a-axis.

The XRD patterns taken on the single crystal of CrsTey and Sng gsCrsTey are shown
in the bottom and top panels of Fig. 7.1(d), respectively, which are consistent with the

monoclinic space group of C2/m, suggesting that the crystal growth axis is parallel to
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the a-axis [37, 38, 22]. Inset in Fig 7.1(d) shows the overlapped (4 0 0) reflections from
Cr3Tey and SngggCrsTey in which the peak position is shifted towards the lower 26 for
Sng.06Cr3Tes; compared to CrgTey. The XRD peak shifting to a lower 26 value indicates
an expansion of the interplanar spacing along the a-axis due to Sn intercalation [16, 17].
Fig. 7.1(e) shows the HRTEM image taken on Cr3zTe, crystallite, demonstrating the lattice
planes corresponding to the (4 0 0) plane. Fig. 7.1(f) depicts the zoomed-in HRTEM image
of Fig. 7.1(e), displaying the interplanar distance of 0.305 nm which is in agreement with
the interplanar spacing of 0.307 nm [(4 0 0)] derived from the Rietveld refinement. This is
further confirmed from the lattice plane intensity plot as shown in Fig. 7.1(g). Figs. 7.1(h)-
(j) depicts information of (4 0 0) plane as similar as shown in Figs. 7.1(e)-(g) but from
a SngeCrzTey crystallite. From Figs. 7.1(i) and 7.1(j), we can clearly notice that Sn
intercalation increases the (4 0 0) interplanar spacing of about 0.016 nm compared to the
parent system. This is in good agrement with the XRD peak shifting to lower 26 angle
with Sn intercalation [see inset in Fig. 7.1(d)].

Next, from the Raman spectra as shown in Fig. 7.1(k), we mainly observe two promi-
nent phonon peaks, positioned at approximately 123.5 cm~! and 139.79 cm~!. These peaks
correspond to the distinct vibrational modes such as the out-of-plane A;, and the in-plane
E,, of a typical Cr,Te, system [39, 40]. This observation confirms that the intercalated Sn
atoms take the positions in the Cr(2)-intercalated layer [see Fig. 7.1(c)]. Importantly, we
do not observe any additional Raman modes corresponding to the Sn impurity which shall
be at around 202.5 cm~! [41]. Further, to be more accurate on the chemical composition,
particularly, of the Sn intercalated system, we performed EDS measurements on several
crystallites of SngogCrzTey as shown Fig. 7.1(1). From Fig. 7.1(1), it is evident that the
chemical composition is uniform across all the measured crystallites within the error-bars

(Sng.o63(2) Cra.7a(1) Tey).

7.3.2 Magnetic Properties

Magnetization [M(T')], plotted as a function of temperature for SngosCrsTe, both field-
cooled (FC) and zero-field-cooled (ZFC) modes, measured with a magnetic field of 50 Oe
applied parallel to a-axis (H || a) is shown in Fig. 7.2(a) and the field applied parallel to
be-plane (H || be) is shown in Fig. 7.2(b). The Meissner effect is clearly visible from the
ZFC data of H || a, as shown in the inset of Fig. 7.2(a), at an onset transition temperature
of 3.5 K, below which the magnetization becomes negative due to diamagnetism in the
superconducting phase. In addition to the Meissner effect at 3.5 K, we also identify a sharp
decrease in magnetization from FC and ZFC modes at around 100 K, possibly due to a
canted antiferromagnetic (AFM) transition [42]. In contrast to H || a, the magnetization
measured for H || bc shows a different character as demonstrated in Fig. 7.2(b). Firstly,

we do not observe the Meissner effect below 3.5 K from the ZFC data, and secondly, only
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Figure 7.2: Magnetic properties of Sng osCrzTey single crystal. (a) Temperature dependent
magnetization [M(T")] measured with H = 50 Oe for H || a. Inset of (a) shows the
susceptibility near the superconducting region. (b) Same as (a) but measured for H|| bc.
Inset of (b) shows overlapped M (T") measured with 10 and 50 Oe. (c) and (d) Show low
field Isothermal magnetization [M(H)] curves, demonstrating the Meissner effect within
the temperature range of 1.8-3.6 K. H.; and H., in (d) represent lower and upper critical
fields, respectively. (e) M(H) curve measured at 2 and 5 K for H || a. Top-left inset in
(e) shows M (H) curves measured at 5 K from CrzTe, and SnggsCrzTey single crystals for
H || a. Bottom-right inset of (e) shows zoomed-in M(H), demonstrating the Meissner
effect in presence of significant coercive field. (f) M(H) curve measured at 2 and 5 K
for H || bc. Top-left inset in (f) shows M(H) curves measured at 5 K from Cr;Te, and
Sng 06CrsTey single crystals for H || be. Bottom-right inset of (f) shows zoomed-in M (H),
demonstrating the absence of Meissner effect for H || bc.

the ZFC data shows a AFM transition at around 100 K, but not the FC data. In fact, the
saturated magnetization derived from the FC data (Mg ~4.65 emu/g) at 2 K for H || be
is almost 20 times higher than the saturation magnetization (Mg ~0.23 emu/g) of H || a,
indicating a large magnetic anisotropy present in the system [43]. This, further implies that
the be-plane is the easy magnetization plane with stronger magnetic exchange interactions,
suppressing the superconducting state in the bc plane. In support of this, the M (T') data
measured with an applied field of 10 Oe for H || be [see the inset of Fig. 7.2(b)] shows a
slight decrease in magnetization precisely at the onset temperature of 3.5 K, suggesting the
coexistence of both magnetism and superconductivity in the bc-plane though the stronger
ferromagnetic exchange interactions dominate the Meissner effect.

Isothermal magnetization curves [M(H)| across the superconducting transition tem-

perature for H || a are shown in Fig. 7.2(c). Fig. 7.2(d) shows the zoomed-in data of
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Fig. 7.2(c) taken for positive applied fields. From Fig. 7.2(d), we notice that at lower
fields, the negative magnetization increases linearly with the field up to a lower critical
field of H.;. However, beyond a certain field, the negative magnetization starts decreas-
ing with increasing field and approaches zero magnetization at an upper critical field of
H.,. This observation is consistent at all measured temperatures up to 3.4 K, indicating
Sng 06CrsTey to a type-1I superconductor [44]. Interestingly, at 3.4 K, despite the magneti-
zation initially decreasing with increasing field like in a typical superconductor, unusually,
it is always positive. This could be due to the coexistence of magnetism and supercon-
ductivity [45]. Figs. 7.2(e) and 7.2(f) show the magnetization isotherms measured at 2
and 5 K for both H || a and H || be, respectively. These data show that the out-of-plane
magnetization (a-axis) linearly increases with the field up to 3 T and then saturates to
2.2 up/Cr. The bottom-right inset of Fig. 7.2(e) measured at 2 K again demonstrates the
superconducting state at lower fields together with a significant coercivity of 150 Oe.

The top-left inset of Fig. 7.2(e) shows the magnetization isotherms [M (H )] measured
at 5 K from both parent and the superconducting Sng osCrsTey for H || a. From this data,
we can see that the magnetization of CrsTe, saturates faster than that of Sng sCrzTes. On
the other, the in-plane magnetization (bc-plane) of SnggsCrsTe, spontaneously saturates
to 2 up/Cr under the applied magnetic field as shown in Fig. 7.2(f), indicating that the
be-plane is the easy-plane of magnetization similar to the parent system [46, 47]. The
bottom-right inset of Fig. 7.2(f) shows the M(H) data measured at 2 K, demonstrating
an absence of a superconducting state in the bc-plane even at very low applied fields. The
top-left inset of Fig. 7.2(f) shows magnetization isotherms [M(H)] measured at 5 K from
both Cr3Tey and the superconducting SngosCrsTey for H || be. This data shows that the
Sn intercalation has no effect on the in-plane magnetization of CrsTe, except for a slight

reduction in the saturated magnetic moment.

7.3.3 Electrical Properties

In-plane (pye) electrical resistivity of SngsCrsTey plotted as a function of temperature is
shown in Fig. 7.3(a). At around 100 K, we identify a hump in the resistivity curve due to
the AFM transition. The high-temperature resistivity between 100 and 300 K is linearly
dependent on the temperature, as the black-dashed-line fitting demonstrates. The top-left
inset of Fig. 7.3(a) demonstrates a drop in resistivity to zero at an onset superconduct-
ing transition temperature of 7, ~ 3.5 K. The bottom-right inset of Fig. 7.3(a) suggests
Fermi-liquid type electrical resistivity at very low temperatures (< 40 K), as the resistiv-
ity quadratically depends on the temperature. In addition, the large residual resistivity
ratio (RRR) of ”;Z—O}f% 164 confirms the high quality of the studied samples. Fig. 7.3(b)
shows the electrical resistivity measured by varying the field strength. In Fig. 7.3(b), a

gradual decrease in the onset T, is noticed with increasing the field. Interestingly, despite
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Figure 7.3: Electrical transport properties of Sng0sCrsTey single crystal. (a) Temperature
dependent in-plane electrical resistivity (py.(7")). Top inset of (a) shows onset supercon-
ducting transition of T, ~ 3.5 K. Bottom inset of (a) represents Fermi-liquid fitting at low
temperature region. (b) py.(T") measured under various magnetic field within temperature
range of 1.8-5 K for H || a. (¢) pp(T) measured within temperature range of 1.8-5 K for
H || a and H || be at an applied field of 50 Oe. (d) pp.(H) measured as a function of field
for H || a and H || bc at 2 K.

the anisotropic magnetization, the superconducting transition temperature is found to be
unchanged between H || a and H || bc as py.(T") shows equal onset 7, of 3.5 K when mea-
sured with 50 Oe [see Fig. 7.3(c)]. Fig. 7.3(d) depicts py. plotted as a function magnetic
field for H || a and H || be at 2 K. We observe that the upper critical field of H.o~300
Oe is higher for H || bc compared to H.o~200 Oe for H || a.

Critical fields (H.; and H.) and critical temperatures (7,) estimated from Fig. 7.2(d)
are plotted in Fig. 7.4(a). The data of H.(T) is reasonably fitted using the Ginzburg-
Landau equation of quadratic field dependence on the temperature [48], H.1 (7)) = H.1(0)[1—
(T/T.)?]. From the fitting, we obtained a lower critical field of H.;(0) = 58 &+ 4 Oe
at zero temperature. On the other hand, the upper critical field of H.(T) is reason-
ably fitted using the modified Ginzburg-Landau model which takes the form H.(T) =

147



(a) 0 0O H,, --- GL fittin (b)
200" % H:; - ModiﬁedgGLﬁtting Single Crystal Growth
@ ‘ P Heat Treatment
o . o
= 160 - Q_
T 2 o 24h
o “\‘ Normal State 1050 |_____
& Ted- % Z 900 f---- S 12h
o Vortex State E _________ (1L - SO T,
e AR i G e e s o
E 83 : )
Y e = 400 B S Smaaia s deieis 3
40 4 ~ <5 3 : i ) c
""" K ] S e R et et I
Superconducting State iy ! s 1 1
e e 4h 6h - 75h 50h
00 05 10 15 20 25 3.0 35 40 Time (Hours)
Tconset (K)
(C) 1.0 4 sl E (d) 130 4
i | - 0.005 T 125 -
08 el -©-002T <
x ©- 02T
g 0.6- 17T o 1204
= ' © 0T
S 04« E 1154 05T
0-2 -1 VI o 1]0 — G - 3.5 T
= = 70T
0.0 4 105 -
T T T T T T T T T T
60 90 120 150 180 210 80 90 100 110
T (K) T (K)

Figure 7.4: (a) Temperature dependence of lower critical field H.; and upper critical field
H., along with schematic diagram of shaded superconducting, vortex, and normal state
regions, (b) Heat treatment diagram for the growth of SngesCrzTe, single crystals, (c)
Magnetization and (d) Specific heat as a function of temperature, measured under various
magnetic fields with H || a for SngosCrsTes. Both magnetization and specific heat data
indicate that the magnetic transition at 98 K is of the canted antiferromagnetic (AFM)
type, as the magnetic transition temperature decreases with increasing field.

He(0)[(1 — #2)/(1 + t?)], where t = T'/T.. From this fitting, we obtained an upper critical
field of H.5(0) = 205+10 Oe at zero temperature. The Ginzburg-Landau coherence length,
£(0) = 1264.8490 A, is estimated using the relation Hey(0) = ¢o/27€(0)?, where ¢y is the
flux quanta. The mean critical field H. is quantified to 109 + 9 Oe using the relation,
H. = vH.Hee. Now, by knowing the upper critical field H.»(0) and mean critical field H,
one can estimate the GL parameter (k) using the relation, Hep(0) = v/2kH.. Thus, the
obtained x = 1.33 in this study is well above the threshold value of %, again confirming
the type-II superconductivity of this system. With the help of GL coherence length (£(0))
and GL parameter (k), we further estimated the London penetration depth (A1) equal to
1682.1£120 A at zero temperature, using the relation A;(0) = x£(0). This value is much

larger than any other ferromagnetic superconductor. The mean-free path (1) of the charge
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Figure 7.5: Specific heat C(T') measurements on Sng 0sCrzTey single crystal. (a) Temper-
ature dependent C(7T"). Top-right inset of (a) shows zoomed-in C'(T") taken around the T..
Bottom-left inset of (a) shows C'(T') measured under magnetic applied fields. (b) C(7T) data
fitting using the relation C(T)/T =, + BT? + §T* to extract the Sommerfeld coefficient
in the normal state. (c) Depicts AC/T plotted as a function of temperature.

carriers is estimated using the relation | = hkp/27pgne?, where kp is approximated to
(372n)'/3 by considering a spherical Fermi surface. Inserting the values, py = 1.78 x 1078Q-
m and n = 1.09 x 10%* m =3, we obtained [ = 813.4 A. Thus, as | << £(0), SngosCrsTe,
falls in to the dirty-limit of superconductivity [49].

7.3.4 Specific Heat Capacity

To confirm the bulk superconductivity of Sng ¢sCrsTey, we performed specific heat [C(T)]
measurements within the temperature range of 2-150 K as shown in Fig. 7.5(a). A specific
heat jump at an onset transition temperature 7T, ~ 3.5 K is noticed from the top-left
inset of Fig. 7.5(a), which is in agreement with the magnetic and transport data shown
in Fig. 7.2(a) and Fig. 7.3, respectively. The bottom-right inset of Fig. 7.5(a) depicts the
specific heat data measured under various magnetic fields for H || a. The T, and the height
of the specific heat jump decrease with increasing the field, and the superconductivity is
completely suppressed at an applied field of 300 Oe. In addition, we also observe a specific
heat jump around the magnetic transition of 98 K. In Fig. 7.4(b), we provided field-
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dependent C(T, H) data from which the magnetic transition at 98 K is concluded to be
an AFM-type. From Fig. 7.5(a), we observe the Debye-type increase in heat capacity
with temperature up to 150 K, and beyond 150 K it reaches the Dulong-Petit limit. In
agreement to this observation, the calculated heat capacity C' = 176.1 J mole™! K1,
following the Dulong-Petit law [C' = 3nR], is close to the experimental heat capacity value
at 150 K (C' = 165 J mole™* K=1). Here n = 7.06 is the number of atoms per formula unit
(SngsCr3Tey) and R = 8.3144598 J mole™! K~! is the universal gas constant.

Further, we could reasonably fit the normal state heat capacity data, taken at zero
fields, following the relation C(T) = ~, T+ 8T+ §T° [see Fig. 7.5(b)]. Here, the first term
(7.T') represents the electronic contribution, and the second and third terms (87 + §7°)
represent the phonon contribution to the total heat capacity. From the fitting, we derived
a Sommerfeld coefficient () of the electronic specific heat in the normal state -, = 33+3
mJ mole™" K=2 and the coefficients related to the phonon contribution (Debye constants)
f = 8+0.2 mJ mole™* K™% and § = 0.14+0.04 mJ mole™! K=5. We also estimated the
Sommerfeld coefficient in the superconducting state s = 11 mJ mole™! K2 [see Fig. 7.5(c)]
using the BCS equation of the weak-coupling limit, AC/T. = [C(H = 0 Oe) — C(H =
300 Oe)]/T. = 1.43 x ~y,. Finally, the superconducting volume fraction is estimated using
the relation 2= x 100 ~ 33 44% [50], which is much larger than the Sn concentration (8%)
present in SngggCrzTes. Thus, the large SC volume fraction rules out the Sn impurity

phase superconductivity.

7.3.5 Topological Hall Effect

The parent CrzTe, is known to show significant topological Hall effect (THE) originated by
the skyrmion lattice [51, 52, 22|. In order to uncover the presence of THE in the supercon-
ducting Sng gsCrsTey, we performed Hall measurements on both Crs3Tes and Sng gsCrsTey
as shown in Fig. 7.6. Figs. 7.6(a) and 7.6(b) show the field dependent total Hall resistivity
py=(H) of Cr3Tey measured at 1.8 K and 5 K, respectively. Similarly, Figs. 7.6(c) and 7.6(d)
show p,.(H) of Sng ¢sCr3Te, measured at 1.8 K and 5 K, respectively. p,, is measured with
current along the y-axis and magnetic field applied along the z-axis to get the Hall voltage
along the z-axis. The total Hall resistivity (p,.) may have contributions from the normal
Hall effect (p") and the anomalous Hall effect (p*). Thus, the total Hall resistivity can
be expressed by the empirical formula, p,,(H) = pN(H) + p*(H) = poRoH + poRsM,
where Ry and Rg are the normal and anomalous Hall coefficients, respectively. The fitting
(black curves) should be nearly perfect if there is no topological Hall contribution. How-
ever, from Figs. 7.6 (a)-(d), we can notice that the fitting is not perfect. Therefore, the
topological Hall resistivity also contributes to the total Hall resistivity, which is expressed
by py.(H) = pN(H) + pA(H) + pT (H). Thus, the topological Hall contribution is extracted
using the relation, p” (H) = p,.(H) — [pV(H) + p*(H)] [53-55] which are shown in the
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Figure 7.6: (a) and (b) Hall resistivity (p,.) plotted as a function of field for CrsTey
measured at 1.8 and 5 K, respectively. (c¢) and (d) are same as (a) and (b) but measured
on SngsCrzTey (b). The black-curves are fits to the data. Insets in (a)-(d) show the
topological Hall resistivity platted as a function of field (see the text for more details).

insets of Figs. 7.6 (a)-(d).

Further, as can be seen from the insets of Figs. 7.6 (a) and (b), at 2 K, a maximum
topological Hall resistivity of pZZ ~ 240 nf) — cm is found in Cr3Tey at a critical field of
0.7 T, while p"yrz ~ 16 n{) — c¢m is observed from Sng ¢sCr3Te, around at the same critical
field of 0.8 T. On the other hand, at 5 K, the maximum topological Hall resistivity of
& nf) — em is observed in SngosCrsTes; at a critical field of 0.3 T whereas in CrsTe; we
observe a slight increase in pfz to 345 nfl—cm. An inverted topological Hall signal between
CrsTes and SngCrsTey [see the insets of Figs. 7.6(a) and 7.6(c)] hints at the helicity
switching of the skyrmion lattice [56, 57]. These observations demonstrates a tuning of
topological properties in Cr3Tey by the Sn intercalation. Importantly, we successfully
demonstrate the topological Hall effect in the presence of superconducting state, implying
the coexistence of exotic quantum phases skyrmion lattice and superconductivity. Next,
the carrier concentration (n) of CrsTey and Sng osCrsTey is calculated by using the formula

n = 1/(Ry|q|), where ¢ is the carrier charge. We obtained the carrier concentration (n) of
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Figure 7.7: Crystal structure of parent CrzTes (a) and SnggsCrzTey (b) projected onto the
ab-plane. Magenta, green, yellow and black spheres represent Crl, Cr2, Te, and Sn atoms,
respectively. (c) High symmetry points defined on the monoclinic Brillouin zone. (d)
Yellow solid and maroon dashed lines denote the density of states (DOS) for the parent
Cr3Tey and SngggCrsTey systems, respectively. Spin polarised band structures for the
parent CrszTey (e) and Sn intercalated CrzTe, (f). Brown and black colours in (e) and (f)
denote the bands for the up and down spins, respectively. (g) Fermi surfaces of CrsTey
plotted for the spin-up and spin-down channels. (h) Fermi surfaces of Sn intercalated
CrsTey plotted for the spin-up and spin-down channels. The color scale in (g) and (h)
represent the Fermi velocity.

4.07x10%" cm™3 and 2.86x10% ¢cm ™2 from CrsTey and SngosCrsTe, at 2 K, respectively.
On the other hand, at 5 K, these values are given by 5.01x10%! cm ™2 and 1.10x10% cm™3
from CrsTey and Sng osCrsTey, respectively. This clearly indicates that the Sn intercalation
enhances the carrier density in Cr3Tey by an order of two. The hole carrier density of CrzTey
estimated in this study is consistent with previous reports [58, 59].

Several mechanisms are proposed to understand the topological Hall effect in quan-
tum materials. Such as the Dzyaloshinskii-Moriya (DM) interaction in the noncentrosym-
metric systems [60-62] or the uniaxial magnetocrystalline anisotropy (MCA) in the cen-
trosymmetric systems [63-66]. In our present case of the centrosymmetric CrsTey, the
chiral-spin structure is stabilized by the strong MCA as already reported earlier by the
same authors [22]. The chiral-spin structure is crucial to obtain the THE as the itinerant
electrons acquire a real-space Berry curvature associated with finite scalar-spin chirality

Xijk = Si.(S; x Sk) which serves as fictitious magnetic field to generate the topological
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Hall signal [67-69]. An array of chiral-spin structures can form a lattice structure called
the skyrmion lattice. Our findings of topological Hall effect in CrzTey and SnggsCrzTey
are consistent with earlier studies on Cr,Te,-type systems demonstrating the presence of
skyrmion lattice [20, 19, 70, 25].

7.3.6 Electronic Band Structure

Our experimental results of increased charge carrier density with Sn intercalation are qual-
itatively supported by the density functional theory (DFT) calculations. For the DFT
calculations, we considered the conventional unit cell of CrsTey, consisting of 6 Cr atoms
(2 Crl-type and 4 Cr2-type) and 8 Te atoms per unit cell as shown in Fig. 7.7(a). For the
Sn intercalated CrsTey, we considered one Sn atom per primitive unit cell [see Fig. 7.7(b)].
From the DFT calculations, we find that CrsTey is a ferromagnetic metal with an av-
erage magnetic moment of 3.32 pp/Cr. With the intercalation of Sn, the metallicity
and ferromagnetic nature persist, but the average magnetic moment slightly reduces to
3.29up5/Cr. These values are slightly higher than the experimental values of 2.56 pg/Cr
for CrgTey [36, 71] and 2.10 pup/Cr for SnggsCrsTe, when measured at 2 K. Fig. 7.7(d)
shows the total density of states (DOS) plotted for CrzTe, and 8% Sn intercalated CrzTey.
We observe that the density of states (DOS) of Sng 06CrzTey, near the Fermi level, are sig-
nificantly increased compared to the DOS of Cr3Tes. This behaviour is consistent with the
experimental observation of enhanced charge carrier density with Sn intercalation. More-
over, the calculated Fermi energy of Er = 9.4650 eV for CrsTe, increases to 10.9425 eV by
the Sn intercalation. That means, the Fermi energy is shifted by about 1.5 eV towards the
higher kinetic energy due to a significant change in the low-energy electronic structure of
CrsTe, with the Sn intercalation. We also performed DFT+U calculations [72] for different
values of U ranging up to U = 3 eV [see Fig. 7.8 (a-h)]. Interestingly, for all the values of
U up to 1 eV, the calculations show enhanced DOS near the Fermi energy in Sng osCrsTey
compared to Cr3Tey [see Fig. 7.8 (i)]. However, for U = 2 €V and higher we do not find a
significant difference in the DOS near Er between Sng osCrsTey and CrsTey.

From the spin-resolved PDOS (see Fig. 7.8 (j-m)), we identify that the Cr 3d orbitals
dominate the spin-up DOS near the Fermi level, while they have a negligible contribution
to the spin-down DOS. Specifically, we notice that the spin-up DOS is dominated by d,,
dy2_,2, and d,, orbitals in the vicinity of Fermi level. However, by the Sn intercalation, we
notice a decrease in the spin-up DOS and drastic increase (about two times) in the spin-
down DOS of d,2_,2 and d.,. On the other hand, the change in d,, DOS is almost negligible
by the Sn intercalation. This clearly indicates that the orbitals, d,2_,2 and d,, are critical
for the superconductivity in SngosCrsTes. Having understood the orbital contribution
near the Fermi level, we then went on to examine the band dispersions [see Figs. 7.7(e)
and 7.7(f)] and Fermi surfaces [see Figs. 7.7(g) and 7.7(h)]. It is evident from the
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Figure 7.8: (a-h) Density of states of parent Crs3Te, (yellow solid line) and 6% Sn-
intercalated CrzTe, (maroon dashed line) calculated at different values of the Hubbard
(U) parameter, (i) DOS at Er as a function of U. Yellow circles and maroon squares
represent the parent CrsTey and SnggsCrzTey systems, respectively, (j-m) Projected den-
sity of states (PDOS) from the parent CrszTe, for Cr-d orbitals (a) and Te-p orbitals (b).
PDOS of the Sn intercalated system for Cr-d orbitals (c), and for p orbitals of Te and Sn
atoms (d). The negative values indicate down-spin states, while the positive values show
the up-spin states.

band dispersions that the Sn intercalation not only shifts the Fermi level to higher kinetic
energies but significantly alters the band structure near the Fermi level. Particularly, from
a closer look at the spin-down Fermi surface of CrsTey, we notice an almost equal size of
the hole (kp = 0.12 au) and electron(kr = 0.16 au) pockets at the Brillouin zone center
and zone corner, respectively [see Fig. 7.7(g)]. This observation hints at a possibility of
Fermi surface nesting as observed from the unconventional superconductors such as in the
Fe-based [73-75] and Cu-based [76, 77] systems in their magnetic state. Moreover, by
the Sn intercalation, the size of the electron pocket increases at the zone corner, while
the hole pockets are barely visible at the zone center [see Fig. 7.7(h)]. Thus, the reduced
Fermi surface nesting is demonstrated in the superconducting state of Sng gsCrszTey, again
consistent with BaFe,_,Co,Ass superconductor in which the highest T, was obtained when

the size of the hole pockets at the zone center is significantly reduced [78].
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7.4 Conclusions

In conclusion, we successfully induced superconductivity in the topological vdWs ferro-
magnetic CrzTe, by Sn intercalation at an onset transition temperature of 7. ~ 3.5 K.
We conclude that SngosCrsTeys is a type-I1 superconductor with a lower critical field of
H. =58 4 Oe and an upper critical field of H., = 209 + 10 Oe. A jump in the specific
heat noticed around the T, with a volume fraction of 33% confirms the bulk superconductiv-
ity in SngggCrszTes. Spin-polarized DF'T calculations on CrsTes and Sng gsCrsTey provide
a better understanding on the orbital contributions near the Fermi level. Tuning of topo-
logical Hall effect originating from the skyrmion lattice is noticed with Sn intercalation in
CrsTey. Most importantly, for the first time, this study demonstrates superconductivity

in a skyrmion lattice, offering a new class of topological quantum materials.
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Chapter 8

Summary of works

Chapter:1

This thesis comprehensively explores the magnetic, transport, and structural properties of
layered chromium telluride systems. It begins with fundamental concepts of magnetism,
emphasizing exchange interactions, spin-orbit coupling, magnetic anisotropy, and critical
phenomena near phase transitions. The magnetocaloric effect’s relevance to magnetic
and spintronic applications is highlighted. The introduction also lays the groundwork for
understanding the anomalous Hall effect (AHE) and topological Hall effect (THE) in terms

of Berry curvature and nontrivial spin textures, themes examined in detail later.

Chapter:2

High-quality single crystals of Cr,Te, compounds were synthesized via chemical vapor
transport (CVT) and self-flux methods. Structural and compositional integrity were ver-
ified through X-ray diffraction (XRD) and energy dispersive X-ray spectroscopy (EDXS).
Magnetic and transport properties were systematically studied using a vibrating sample

magnetometer (VSM) and a Physical Property Measurement System (PPMS).

Chapter:3

In this study, our investigation on the critical behavior of CryTes across the ferromagnetic
to paramagnetic (FM-PM) transition temperature of 170 K reveals crucial insights into the
magnetic exchange interactions. Specifically, the Kouvel-Fisher (KF) method derives the
critical exponents, § = 0.353(4) and v = 1.213(5), suggesting complex magnetic interac-
tions falling in between the 3D-Ising and 3D-Heisenberg models. Furthermore, the renor-
malization group theory analysis indicates a 3D-Ising-type magnetic interaction decaying

—4.89

with distance as J(r) = r . Importantly, the uniaxial magnetocrystalline anisotropy
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(MAE) of K, = 2065 kJ/m? is the highest ever known experimental value in Cr,Te, sys-
tems. We suggest that the 3D-Ising-type magnetic interactions in CryTes are stabilized
by the extremely large uniaxial MAE. Further, density functional theory (DFT) calcula-
tions predict a large MAE of K, = 8230 kJ/m?, leading to a ground-state noncollinear
ferromagnetic structure with dominant out-of-plane ferromagnetic and dominant in-plane
antiferromagnetic Cr-spin arrangements. The self-consistent renormalization (SCR) theory
suggests CroTes to be an out-of-plane itinerant ferromagnet. Investigating the magnetic
entropy change, —AST, as a function of temperature provided insights into the mag-
netocaloric effect in this system. These findings collectively lay a robust groundwork for

advancing magnetocaloric and spintronic technologies.

Chapter:4

Building on this, We have grown high-quality single crystals of layered ferromagnetic
Crg.76Tey in the monoclinic phase to study the electrical transport, Hall effect, and mag-
netic properties. Our studies suggest Cro76Tey to be a soft ferromagnet with negligible
coercivity. The easy axis of magnetization is found to be parallel to the bc plane, leading to
strong magnetocrystalline anisotropy. Below 50 K, an antiferromagnetic-like (AFM-like)
transition is observed. Interestingly, in going from 50 K to 150 K, the strength of the
magnetic moment switches between out-of-plane and in-plane configurations, suggesting
fluctuating Cr spins. From the electrical resistivity measurements, the system is found to
be metallic throughout the measured temperature range, with a noticeable kink around 50
K due to AFM ordering. Magnetotransport measurements demonstrate large anomalous
Hall effect (AHE) and topological Hall effect (THE) in this system. First-principles cal-
culations indicate an intrinsic AHE arising from nonzero Berry curvature near the Fermi
level, while experimental results suggest the AHE is extrinsic, driven by skew scattering.
The topological Hall effect is attributed to the noncoplanar spin structure stabilized by

strong magnetocrystalline anisotropy.

Chapter:5

The study then transitions to Cry 35Tes, We studied the magnetocrystalline anisotropy, crit-
ical behavior, and magnetocaloric effect in the layered room-temperature monoclinic fer-
romagnet Cry ggTes. Our systematic investigation of the structural properties of Cry 3gTes
as a function of temperature establishes a relationship between the magnetic transitions
and the crystal lattice. The derived critical exponents 5 = 0.429(5) (T¢ ~ 315.84(2) K),
v =1.123(4) (Te = 315.87(5) K) using the Kouvel-Fisher (KF) method, and ¢ = 3.662(6)
using the critical isothermal (CI) analysis at T = 316 K are self-consistent and obey the

rescaling analysis. The renormalization group (RG) theory suggests that the derived crit-
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ical exponents of Cry ssTey exhibit three-dimensional (3D) Ising-like long-range exchange
interactions [J(r)], decaying as J(r) = r~(4+9) = =47 The RG theory suggests 3D-Ising-
type magnetic interactions in this system, which are further confirmed by Monte Carlo
simulations. Further, the magnetocrystalline anisotropy energy density (K,) is found to
be temperature-dependent and reaches a maximum of 180 kJ/m? at 110 K. The maxi-
mum entropy change, —ASYT? ~ 2.51 J/kg-K, is observed near Ty for H || be. Density
functional theory (DFT) predicts the b-axis as the magnetic easy axis by analyzing the

magnetocrystalline anisotropy energy values for different spin configurations.

Chapter:6

The magnetotransport properties of CrggsTe were then studied, We investigated the in-
tricate magnetism, electrical, and magnetotransport properties in the hexagonal itinerant
ferromagnet Crgg3Te. The magnetotransport study reveals a substantial topological Hall
effect (THE), originating from the noncoplanar spin structure in the presence of strong
magnetic anisotropy and the skew-scattering-induced anomalous Hall effect (AHE). We
observe a remarkable cooling efficacy of —AST™ ~ 2.77 J kg=! K~ and RCP =~ 88.29
J/kg at an applied field of 5 T. By utilizing the magneto-entropy scaling analysis, we ex-
tracted the critical exponents 5 = 0.4739(4), v = 1.2812(3), and § = 3.7037(5), which
do not follow any single universality class, suggesting a complex magnetic interaction in
CrogsTe. Re-scaled —ASy (T, H) curves fall into a single universal curve, confirming the
second-order magnetic transition. The spin-fluctuation parameter, derived from the crit-
ical magnetization isotherms based on the self-consistent renormalization (SCR) theory,

confirms the itinerant ferromagnetic nature of CrggsTe.

Chapter:7

The thesis concludes with an exploration of superconductivity induced in CrzTes through
Sn intercalation. This led to the discovery of a superconducting transition at 3.5 K, with
specific heat measurements confirming bulk superconductivity. Interestingly, this system
also demonstrated coexistence of superconductivity and skyrmion-like spin textures, po-
tentially enabling novel quantum phases. The interplay between magnetism and supercon-
ductivity in these materials represents a culmination of the themes explored throughout
this thesis.

Future Plan

This thesis paves the way for several promising research avenues aimed at deepening our

understanding of 2D magnetic materials and their magneto-transport properties. Key
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aspects of future work include:

Neutron differaction studies in Cr; sTe,

Criy5Tes exhibits complex magnetism due to Cr intercalation between CrTey layers. By
varying d, we have demonstrated tunable Curie temperatures exceeding room temperature,
structural transitions across trigonal, monoclinic, and hexagonal phases, and a rotation of
magnetic anisotropy from out-of-plane to in-plane orientations. Additionally, a spin dimen-
sionality shift from Ising to Heisenberg behavior was identified through critical behavior
analysis. Magnetotransport studies have revealed intriguing anomalous and topological
Hall effects, linked to spin-orbit coupling and magnetic anisotropy. The canting angle
of Cr spins changes with intercalation, significantly influencing transport properties. To
uncover the precise magnetic structure and interlayer interactions, neutron scattering mea-

surements will be performed.

Fe,Se, Polycrystalline System

Polycrystalline Fe,Se, was synthesized, revealing metal-to-insulator transitions accompa-
nied by structural distortions. These findings indicate the material’s potential as a 2D
ferrimagnet with rich electronic and magnetic phases. A manuscript detailing these stud-

ies is currently under preparation.

Exploration of Other 2D Magnetic Materials

Growth of additional 2D magnetic materials, including CrSiTez, NbFeTe,, and Feq o5ZrSs,
opens new opportunities to investigate their magnetic and magnetotransport properties.
Preliminary work on these systems will focus on detailed structural, magnetic, and elec-
tronic characterization to elucidate their unique magnetic phenomena and potential for

spintronic applications.
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