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ABSTRACT

Full Name . [Fares Subait Hadi Obad ]

Thesis Title . [Magnetic Properties of Selected Transition-Metal-Based Van Der

Waals Materials]
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Date of Degree : [May 2023]

In this study, we synthesized and investigated the magnetic properties of several
members of van der Waals transition metal based chalcogenides. The general chemical
formula of these materials is MY X3, where M is a transition-metal (Cr or V),(Y is Sn or
Sb), and X is a chalcogen (S, Se, and Te). The ac-susceptibility measurements revealed
that CrSnSs, CrShSz, and CrShSes, exhibit magnetic order transition at Tc =119 K, 115 K
and 71 K, respectively. It is also observed that the transition temperature gradually
increases with increasing the atomic mass (and the ionic radius) of the chalcogen
element.

Two samples; namely CrSnSs and CrShSs exhibit the highest transition temperatures
among the known Cr-based chalcogenides, hence were further investigated. We used
XRD powder analysis to study the structure of these two compounds and analysed by
Fullproof Software. The magnetic properties of these two compounds were studied in
detail using the results of ac-susceptibility measurements and isothermal magnetization.
Furthermore, we investigated the critical behavior and magnetocaloric effect in CrSnSs
and CrShSz compounds. The critical exponents f and y were determined using a modified

Arrott plot and confirmed by the Kouvel-Fisher plot. In contrast, the critical exponent ¢

XiX



was obtained by a critical isotherms analysis at Tc which is in agreement with the value
obtained from the Widom relation. The reliability of the obtained critical exponent (5, y,
and o) values was confirmed by the universal scaling behavior analysis. An examination
of the material's critical behavior revealed that it does not exhibit the behavior of a single
universality class, indicating a complex competition of different magnetic interactions.
The magnetocaloric effect, including the change in magnetic entropy(AS,,), the change in
adiabatic temperature (AT,,), the specific heat change (ACp), and the relative cooling
power (RCP) has been deduced from the isothermal magnetization, M(H, T) data. The
examination of the magnetocaloric effect revealed that CrSnSs and CrShSs compounds
have a moderate value of RCP below 150K, suggesting that they are good candidates for

magnetocaloric refrigerator below 150K.
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CHAPTER 1

INTRODUCTION

Ferromagnetism (FM) is a physical phenomenon that is characterised by a
magnetic ground state in a magnetic field. Normal magnets have a permanent magnetic
moment even in the absence of an external magnetic field below a certain critical
temperature (the Curie temperature Tc). Ferromagnetic materials are widely used in
technology: from early usage in the compass and electric motors to modern usage in
computers and data storage devices. Spintronics is a new emerging field in research that
is expected to re-shape the future of all semiconducting technology. It is based on the
ability to manipulate the magnetic spins and the charge of the electrons in the new
semiconducting devices.

Since the discovery of graphene, 2-dimensional materials are becoming an exciting
area of research in basic and applied sciences. These materials are known as van der
Waals materials with strong in-plane covalent bonds. The layers are weakly coupled
through van der Waals bonding (see Fig. 1)[1]. Various properties, such as electric and
magnetic, are directly influenced by these strong in plane and weak part of plane
couplings. Recently, ferromagnetism in van der Waals materials have been re-discovered
in thin ferromagnets of Cr.Ge,Tes, Crlz, and VSez [2]. This discovery renewed the hope

that magnetic van der Waals materials may lead to a better understanding of 2D intrinsic



ferromagnetism, and that may facilitate their usage in spintronics and other technological

applications [3]-[10].

Transition metal trichalcogenides (TMTs) are promising candidates for van der
Waals materials. The general chemical formula of TMTs given as MTXs where M
represents a transition-metal (V, Cr, Fe, Mn), T represents either group IV (Si, Ge, Sn,
Ni) or group V (P, Sh, As, Bi) elements and X represent the chalcogens elements (S, Se,
Te) [11]-[14]. The structure and magnetic properties of these compounds are presented in
the following section and in the literature review chapter 2.

In this thesis, we investigated selected transition metal members of the van der
Waals series, in particular the MY X3 series, where M is Cr or V, Y is Sn or Sb, and X is a
chalcogen S, Se, and Te. In order to understand the nature of the magnetic phase
transition, we studied the critical behavior of the phase transition. Scaling and
universality class behavior analysis provided additional support for the critical behavior
of these materials. The modified Arrott plots, Kouvel-Fisher analysis, and critical
isotherm analysis provided the base for a detailed critical behavior analysis. As an

additional exercise, we investigated the magnetocaloric effect in the MY X3 series.



Objectives of Thesis

® Prepare polycrystalline samples of the van der Waals Ferromagnetic MY X3

series.

® |nvestigate the optimal preparation conditions to obtain single crystals with stable

structures of the MY X3 series.

® Study in detail the critical behavior and obtain the critical exponents (5, y, and o)

of the phase transition to understand the nature of the magnetic phase transition.

® Study the magnetocaloric effect in the MY Xz series.



1.1 Van der Waal Materials

A layered material that possesses anisotropic bonds, strong covalent bonds in the
electron volt-per-atom range within the plane, and weak van der Waals bonds in the
meV/atom range perpendicular to the planar direction is referred to as a van der Waal
(vdW) material (see figure 1). Graphite is an excellent illustration of a vdW material that
only consists of one component. Strong covalent bonds are formed between atoms that
are located within the plane. The interaction between layers is known as the van der
Waals interaction, and it is a thousand times weaker than the interaction within layers.
Because of this, we are able to peel away individual layers in order to investigate the
unusual properties of layered materials. This type of naturally formed vdW surface is, in
principle, defect-free and incredibly stable under the conditions of the surrounding

environment.

In recent times, a lot of focus has been placed on the isotropic magnetic
properties that vdW layered materials. The native structure of the vdW interaction along
the c-axis results in a stark contrast between the in-plane spin-spin interaction and the
interlayer interaction. Both interactions are characterized by their distinct properties. Not
only is the magnetic ordering produced by the exchange interaction between magnetic
moments in the same plane, but also the vdW interlayer interaction between layers

significantly contributes to the production of ferromagnetic order. [1].
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Figure 1: The Layered van der Waals Materials



1.2 Magnetism

The study of magnetism in solids is interesting and rewarding, to say the least. It
is a purely quantum phenomenon that cannot be explained by classical physics. Although
the origin of various forms of magnetic states and how they are created at a microscopic
level is not fully understood, categorizing these magnetic states simplify the magnetic
picture. Traditionally, there are five most fundamental forms of magnetic behavior:

diamagnetism, paramagnetism, ferromagnetism, antiferromagnetism, and ferrimagnetism.

It was previously established that the behavior originates from permanent,
microscopic magnetic moments possessed by some or all of the ions in the solid; the
difference between the behaviors lies in the internal arrangement of these moments along
with the existence of some basic exchange interactions. The periodic table provides basic

clues about the overall magnetic moments associated with atoms or ions.

During the seventies of last century; a surge of theoretical and experimental activity
involving two related magnetic systems: amorphous solids, in which no two atomic sites
are identical, and disordered solids, in which different atoms occupy the sites of a regular
crystal lattice irregularly. New types of magnetic order have been identified, some of
which exist only in the absence of long-range order, while others are exclusive to regular
crystal lattices. New types of magnetic order have been identified, some of which exist
only in the absence of long-range order, while others are exclusive to regular crystal
lattices. Since the original five types of magnetic behavior, the subject has expanded to
encompass nearly three times as many, and the terminology has been multiplied

proportionally. Mictomagnetism (later known as spin-glass), metamagnetism,



asperomagnetism, speromagnetism, sperimagnetism, spin glass, cluster glass, and a dozen
more are just some of the names for magnetism that are currently in use. Theoretical
investigation during that period, laid the ground for the recently discovered topological

magnetic materials. Obviously, the field gives an outsider a confusing impression [15].

Two ideas underpin the interpretation of magnetic effects in solids. The first is that
ions in a solid can be associated with a discrete magnetic moment. An externally applied
magnetic field produces induced moments but also spontaneous moments can exist even
in the absence of applied magnetic field. The second idea is that these microscopic
moments interact with each other through quantum mechanical exchange interaction
rather than the ordinary dipole-dipole forces experienced between bar magnets for
example. The dipole-dipole forces are far too weak to be significant. The various forms
of magnetic order in solids can be attributed to the fact that the so-called exchange forces
between magnetic ions are dependent not only on their distance apart but also on their

orientation [15].



1.3 Magnetization and Magnetic Susceptibility

The fundamental object in magnetism is the magnetic moment (). The magnetic
moment of a system measures the strength and the direction of its magnetism. In atoms,
the magnetic moment is the summation of the orbital magnetic moment of an electron
and the intrinsic magnetic moment due to the spin of an electron. In solid materials, the
magnetic moment density in a magnetic material is called magnetization (M). We can

express the magnetization according to the volume or mass of solid material.

M,==% (1.1)

(1.2)

where V and m are the volume or mass of solid material, the response linear of solid
material to an external magnetic field (H) is called Magnetic susceptibility (x).

Magnetic susceptibility, denoted by the symbol (), is a physical quantity that is
used to describe the properties of a material when it is placed in an external magnetic
field. The term "magnetic susceptibility” refers to the ratio of a material's magnetization

when it is subject to a magnetic field, to the intensity of the field:
M=yH (1.3)

According to the magnetic susceptibility values, three distinct categories can be assigned

to every material [16]



- Diamagnetic materials: <0
- Paramagnetic materials: 0< y <1
- Ferromagnetic materials: x> 1

The values of magnetic susceptibility are most frequently expressed with

reference to the volume susceptibility (), ), mass susceptibility (X;nass), ahd molar

susceptibility (Xmo1)- )- The equations defining to these terms are provided below:

Xv =% (1.4)
Xmass = % (1.5)
Xmol = Xmass X molar mass (1.6)

where p represents the density of the solid material and the molar mass is in unit g/mol of

the solid material [17], [18].



Table 1: Magnetic Units

Symbol | Sl unit CGS unit conversion factor
Magnetic 0 Am? emu 1 Am? = 10%mu
moment
Volume M, (M) |A/m emu/cm3 1 Am= 103
Magnetization emu/cm?®
Mass Mpass | AM?IKg emu/g 1 Am?/Kg = 1 emu/g
Magnetization (o)
volume Xv Dimensionless | Dimensionless | magnetic field.
susceptibility
mass Xmass | MY/Kg cmi/g 1m?/Kg=10%4m emu/
susceptibility emu/ Oe.g Oe.g
molar Ymor | M3/mol cm®/mol
susceptibility emu/ mol

10




1.3.1 Several Methods are Used for Magnetic Susceptibility Measurements:

a- Older methods are based on the force effects of a magnetic field.

Older methods are based on the force effects of a magnetic field on a magnetized
specimen, such as Faraday’s and Guoy’s methods [16]. French physicist Louis Georges
Gouy developed the simplest method for testing transition metal complex magnetic
susceptibilities. In 1889, He showed that the force is proportional to the material's volume
sensitivity to a homogeneous external magnetic field. Gouy postulated that balance
measurements for tubes of material hung in a magnetic field may estimate volume
susceptibility using this method. [19]. The Faraday method is one way to measure low-
volume V samples' magnetic susceptibility. The sample is placed between the two polar
components of a Faraday balance and the magnetic force F exerted by an inhomogeneous

field is measured.[20], [21].

b- Inductive methods

Inductive methods are another option. These methods use a change in coil
inductance when a magnetically conductive specimen is embedded. An example of these
methods is the vibrating sample magnetometer (VSM). Additionally, the correlation

between magnetization and induction can be applied:

[ =2 (1.7)

L
The amount of current (1) that is induced in a circuit is proportional to the amount of

flux (&) that is passing through it and the inductance of the circuit (L).
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Magnetic properties can be measured using a vibrating-sample magnetometer
(VSM), also known as a Foner magnetometer. VSM was developed in 1955 by Simon
Foner of MIT Lincoln Laboratory and was first reported in 1959. Assuming the sample is
magnetic, placing it in a constant magnetic field will cause its magnetization to align with
the field. Most commonly, a piezoelectric material is used for this purpose. The magnetic
field produced by the sample's magnetic dipole moment changes over time as it is
subjected to oscillating vertical motion. The alternating magnetic field generates an
electric current in the VSM's pickup coils. The higher the induced current, the stronger
the magnetization of the sample. Therefore, a hysteresis curve is typically recorded, and

the sample's magnetic properties are then inferred.

Modern methods measuring magnetization by induction is Superconducting
Quantum Interference Device (SQUID magnetometer). The SQUID magnetometer takes
advantage of the quantum interference effect, which enables magnetic measurement to be
performed with such sensitivity that magnetic quantum units can be detected. Another

modern method is magnetic resonance [22].

Magnetic susceptibility (x) 1is an exciting quantity to measure for magnetically
ordered samples by determining how it varies with temperature and applied magnetic
field. Assume a piece of some material is cooled to a low temperature in a zero-field
environment, and magnetic susceptibility is measured as temperature decreases. If the
magnetic susceptibility increases rapidly as the temperature decreases, there is most
likely a phase transition in the temperature region where the moment changes. A feature

of magnetic susceptibilities, such as a peak, dip, or change in slope, may provide

12



additional information about the nature of the magnetic order. However, no single

measurement will provide all the information required to characterize a sample fully [23].

1.3.2 Conventional Magnetic Measurements

The experimentalist has a wide variety of options available to them in terms of
measurement methods. In this context, "conventional measurements” refers to those
measurements that are carried out using commercial equipment and are common
throughout the relevant body of academic research. However, there are three primary
measurements that are used to gather the vast majority of the magnetic information that
available. These three are ac magnetic susceptibility measurements, static magnetic
moment, and neutron scattering. Each method complements the others and offers slightly
distinct insights into the magnetic properties of the sample under consideration, whether
on a macroscopic or microscopic scale. The data provided by traditional measurement
methods are invaluable because they are typically well-understood within the prevailing
theoretical framework. This information is typically easy to interpret, allowing for quick
and precise comparisons of various substances. When results from standard experiments
do not match what can be deduced from current theories, it is a sign that there is some
physics going on that we do not fully understand. The static magnetic moment
(Magnetization Measurements) and an attempt to understand the dynamic magnetic

susceptibility (AC Susceptibility) of systems are made in this work.

13



1.3.3 Static Magnetic Moment (DC-Magnetic Susceptibility)

The most common technique for determining a material’'s magnetic properties is to

measure its static magnetic moment or magnetization (DC magnetic measurements).

The equilibrium value of magnitization in a sample can be calculated using DC
magnetic measurements. By applying a constant magnetic field to the sample and then
measuring the resulting magnetic moment, a DC magnetization curve M(H) can be
generated [24]. For this purpose, VSM has become a widely employed method. The DC-
Magnetic Susceptibility, or static magnetic susceptibility, is typically defined as in Eq
(1.3). Static magnetization measurements can be used to determine the paramagnetic
moment per magnetic ion (via static susceptibility), saturation moment per ion, material
ordering temperature, and anisotropy in a single crystal sample. At temperatures below
Tc, the bias field modifies the domain structure of ferromagnetic materials, resulting in
the presence of a bulk moment in the sample. For temperatures above Tc in ordered
materials or any T in disordered materials, the bias field opposes thermal randomization,

resulting in a paramagnetic state with zero moments [23].

1.3.4 AC-Magnetic Susceptibility

A time-varying magnetic field, known as the AC field, is applied to the sample in
the process of AC-Magnetic Susceptibility Measurement (also known as the dynamic
measurement of magnetic susceptibility). AC measurements provide information about
the dynamics of magnetization that can't be obtained from DC measurements. This is due

to the fact that the induced sample moment varies with time. Using a conventional AC

14



susceptometer, the measured signal is derived from an induced voltage in the pickup

coils. This enables measurement to be performed without the need for sample motion.

Unlike static moment measurements, data collection does not require the application
of an external field. However, the AC field frequency is limited to less than 102 kHz. The
alternating field's amplitude can range from 0.1 to 10 Oe. AC susceptibility
measurements have been helpful in determining critical indices associated with the first-
order or second-order para-to-ferromagnetic phase transition. One significant
disadvantage of this technique is the limitation in the applied value of the AC field and

frequency [23], [24].

In the limit of low frequencies, where a comparison with dc measurements is
possible and the applied ac field H,. = H,,coswt , the time-dependent magnetization

can be expressed by:
am
Mac = — Hgc cos(wt) (1.8)

where w is the driving frequency, H,.is the amplitude of the applied field, and the
susceptibility y of the sample is represented by (dM/dH,.), which is the slope of the
M(H) curve.

When the frequency is in the high limit, the magnetic moment of the sample is no
longer able to keep up with the driving field and instead begins to fall behind. This effect
is picked up by the detecting circuitry, which results in the measurement of two

quantities: the magnitude of susceptibility, which is denoted by the symbol (), and the
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phase shift caused by the sample lag, which is marked by the symbol (¢) relative to the
driving signal.

AC-susceptibility consists of an in-phase component denoted by the symbol ( x'),
which is also referred as the real component, and an out-of-phase component, denoted by

the symbol( y" ), which is referred to as the imaginary component:

x=x+ix" (1.9)

The magnitude and the phase shift are related to y’ and y" by the following relations:

x' = xcoso x=x?+x"?
L G B "
x' = xsing @ = arctan (7) (1.10)

The imaginary component (y'') indicates dissipative processes occurring in the
sample, which have unique causes in each substance. Different measurement procedures
provide access to various types of information, and the most common measurements are

[24], [25]:

ey Vvs. Temperature
ey vs. AC field amplitude
e yvs. DC field bias

e y vs. Driving frequency

AC-Susceptometer

AC-Susceptometer is often configured with two primary coils that are coiled

coaxially over two secondary coils, or pickup coils, that are wound in opposite directions
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and electrically coupled in series see (Figure 2). The primary coil, also known as the
excitation coil, is supposed to generate an almost uniform alternating magnetic field.
Because the pickup coils are wound in opposition to one another, the total magnetic flux
induced should ideally be zero in the absence of a sample and external sources. This is
because one of the coils generates a current that is of the same magnitude but flow in the
opposite direction, which indicates that an equilibrium state has been achieved. The
equilibrium state is broken when the sample is placed in the center of one of the pickup
coils, and the measured root-mean-square (rms) voltage sensed across the secondary coils

is given by:

v(t) = -2 (1.11)

which is time-dependent because of the ac field and is related to the sample response.

This magnetization-dependent induced voltage is defined as follows:
am
v(t) = —LlI— (1.12)

where [ is the length of the primary coil and L is the mutual inductance per solenoid
primary turn. According to M = y H and the applied ac field H,. = H,,coswt we get:
Vrms = 2Ll Hyps X, this is the voltage that was measured at the coil while it was
empty. When a sample is placed inside one of the pickup coils, the voltage balance is
disturbed, and the amount by which it is affected is related to the amplitude of the

sample's ac susceptibility as well as other parameters. Thus

v = (%) VFH, x (1.13)
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where v is the voltage, V is the volume of the sample, « is the calibration constant,

and f and H, are the frequency and magnitude of the applied magnetic field [26].
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Figure 2: Coil Configuration of The Ac-Susceptometer
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1.4 The Curie-Weiss Law
In accordance with the Curie-Weiss law, the following equation can be used to

represent the temperature dependence of the molar magnetic susceptibility (Xm01):

C
Xmol = g (1.14)

where C,, is a molar Curie constant and 8 is a Weiss constant (paramagnetic Curie

temperature)[27].

The molar magnetic susceptibility ( x;mo1 07 Xm ) IS given by:

M
Xm = (1.15)

where M is the magnetic moment of the sample, N is the number of moles of the material

in the sample, and H is the applied external field [28].

The number of moles of the material in sample N is given by :

N = e (1.16)

T mwt of substance

where m is the mass of the substance and mwt is the molecular weight of the substance.

Equation (1.15) can be rewritten as follows:

__ M xmwt of substance

Xm =

(1.17)

H Xm

Using Gaussian-cgs units to determine y,,
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Table 2: Gaussian-cgs Units in Magnetism

Quantity Symbol Gaussian-cgs units

Magnetic moment M emu

The molecular weight of the mwt of substance g/mol

substance

Applied external magnetic field H Oe

Mass m gram

Molar magnetic susceptibility Xm emu/mol or
emu/mol. Oe

According to equation ( 1.18 ) which represents the Curie-Weiss law, a plot of y;;!

vs. T reveals important information about the magnetic properties of a material. A plot

that shows 6 = 0 indicates paramagnetism. A plot that shows & > 0 indicates
ferromagnetism, and a plot that shows 8 < 0 indicates antiferromagnetism see figure 3.

Experimentally, at high temperatures, the molar Curie constant(C,,) can be found
from the linear fit of the plot of x;;! vs. T where :

1
Slope

(emu k/mol) (1.18)

m

The effective magnetic moments ( p.r ) were determined by Curie-Weiss fits of the

molar magnetic susceptibility in the paramagnetic region as the following:

3Kg Cm
berr = [~y (1.19)
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Figure 3: Schematic drawing of The Curie-Weiss Law
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The value of effective magnetic moment( . ) in the unit of Bohr magneton up can

be calculated from the following equation [29], [30]:

3Kg Cm
Hefr = |7 ABM% U (1.20)

where in Gaussian-cgs units :

Ky = 1.380649 x 106 erg/K , N, = 6.022 x 1023 mol"
pg =9.274 x 1071 erg/G

3K
° - =2.828

Ny up

Substitute in equation (1.20), we end up with :

Uerr = 2.828 JVCn Ug (1.21)
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1.5 Critical Behavior

There are many theoretical models that describe the magnetic phase transition of
materials; each one is characterized by several critical exponents. These exponents
describe the order phase transition as it transforms from one phase to the other. The
complete analysis of the magnetization as a function of temperature or applied field
around the phase transition could help to determine these exponents. This method
becomes a useful way to compare the experimental values of the critical exponents with
those expected by the theory. For any order phase transition, the critical exponents (5, v,

and o) are defined generally as the follows:

B = Ma(-1)f (1.22)
y =xa(=0)7 (1.23)
5§ =Ha(M)? (1.24)
t = T;:C (1.25)

where H is the applied magnetic field, M is the magnetization, y is the susceptibility, t is
the reduced temperature, T is temperature, and T, is the critical temperature (where the
phase transition occurs), generally known as Curie temperature for the magnetic phase
transition. Table. 3. shows the values of the critical exponents (CEs) for various
theoretical models, where:

MF is The Mean-Field Theory,

2Dl is The 2-Dimension Ising Model,

3Dl is The 3-Dimension Ising Model ,

3DH is The 3-Dimension Heisenberg Model.
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Table 3: The Critical Exponent of Models

CE MF | 2Dl | 3Dl | 3DH
1 1
B — - 0.33 | 0.69
2 8
7
y 1 - 1.24 | 1.39
4
6 3 15 4.79 3

In order to extract critical exponents from experimental data of magnetization as a
function of an applied field, it is often helpful to use the Arrott plot, which is based on the

Arrott-Noakes equation of state:

1

- i (l.{_l)
HY =a (T —T,MY + bMFY ) (1.26)

when the temperature is close to the critical point, the equation can be further reduced to:

bMF = (E)w —a(T-T.) (1.27)

S 1/y ) . .
One then plots M8 vs. (%) to get a family of curves. We can fit the curve using

the values of the critical exponents for each model; otherwise, we should create a new
modified Arrott plot.

Another method, the Kouvel-Fisher method, can be used to determine the critical
exponents. The x and y intercepts of the fitting lines should be determined initially in this

procedure. These intercepts can be related to M and (y,) ™ respectively as follows:

(o)t
X(T) = —d()(o)‘l/dT (1.28)
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M

Y = Gnar

(1.29)

From the definitions of the critical exponents, X(T) and Y(T) are related to the
slopes 1/p and 1/y, respectively. We can repeat this method until we get the correct choice
of the critical exponents. Then the exponent § can be calculated from the Widom scaling
relation according to the following equation:

§=1+ (1.30)

®I=

Furthermore, we can use the data of M(H) at 7. to calculate the exponent &
independently. Using the definition of ¢ in equation (1.27), the plot of In(M) vs. In(H)
would give a straight line with a slope of 1/ §. In addition, we can study the magnetic

equation of state in the critical region that can be written as

MH,t) = tPf, () (1.31)

where f, for T >T, and f_ for T <T, are regular functions, and t is the reduced
temperature. This equation indicates that Mt=# as a function of Ht=(*¥) yields two

universal curves: one for temperature T >T, and the other for temperature T <T, [31].
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1.6 Magnetocaloric Effect

The magnetocaloric effect (MCE) is a magneto-thermodynamic phenomenon that
was found for the first time in pure Fe by Emil Warburg in 1881 [32]. Debye [33] and
Giauque [34] both independently explained the origins of the MCE. Additionally, they
suggested the first practical use of the MCE: the adiabatic demagnetization technique was
employed to achieve temperatures lower than liquid helium, which had previously been
the lowest experimentally practicable temperature. At the moment, there is a great deal of
interest in making use of the MCE as an alternative technology for refrigeration, from
room temperature all the way up to the temperatures at which hydrogen and helium
liquefaction occur (20-4.2 K). Magnetic refrigeration (MR) offers the possibility of an
energy-efficient and environmentally friendly alternative to the current vapor-cycle

refrigeration technology [32] [33].
The method of the magnetocaloric effect is based on the following principle:

Suppose that wehave a paramagnetic salt whose ions are carrying magnetic
moment (spin). We suppose that these spins interact with the lattice and one another in
such a weak way that they can be thought of as being relatively free. These properties are
realized in some salts of the iron group and of the rare earth. The spins are randomly
distributed when there is no magnetic field present. This random state of spin direction
results in a relatively high entropy for the crystal. If we now activate a magnetic field H
in an isothermal process, the spins will be aligned in the direction that the field is
propagating in. The magnetic field will induce a certain degree of orientation, and the

entropy will decrease in proportion to that degree of orientation. Now, if the field is
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turned off adiabatically, the spins will become randomly oriented again, with no change

to the entropy (The entropy remaining constant). Consequently, the temperature drops see

figure 4 a and b [34].
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Figure 4: a) Scheme of The Magnetic Refrigeration Cycle of a Magnetocaloric./b) Schematic of The Total
Entropy in Zero-Field (H = 0) and in Magnetic Field H = H1 (> 0)
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The term "magnetocaloric effect” (MCE) can refer to either the change in magnetic
entropy, denoted by the symbol (ASy), or the change in adiabatic temperature, denoted
by the symbol (AT,,). Both AS, and AT,, have been deduced from the isothermal

magnetization, M(H, T) data [35]-[37].

Thermodynamic theory predicts that as the magnetic field changes, there will be a
corresponding change in the isothermal magnetic entropy, as shown by the expression
[38]-[40]:

dS(H,T)

Hmax
ASy(H,T) = J;" (257

5 )T dH (1.32)

From Maxwell’s thermodynamic relationship:

(aM;;z,T))H _ (aS(H,T))T (1.33)

0H

Eq. (1.32) can be rewritten as follows:

OM(H,T)

ASM (H, T) _ meax ( pe

0

)H dH (1.34)

where M, S, T, and H are the magnetization of the material, the magnetic entropy, the

temperature of the system, and the applied magnetic field, respectively.

Using data gathered from isothermal magnetization measurements, a numerical
evaluation of the change in magnetic entropy was computed based on the formula (1.34).
Despite the fact that magnetization was measured at small discrete field and temperature
intervals, an approximation of AS,, can be derived from equation (1.34) using the

following formula:
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Miy1(Ti4q,H)— M(T;,
Tiy1-T;

ASy (T, H) = ¥ ) AH (1.35)

where M; and M;,, are the magnetization values measured at temperatures T; and T;,4 in
a field H, respectively.

At a randomly selected temperature T, the adiabatic temperature change (AT,;) can

be approximated as:

_ Hy T AM(H,T)
ATa(T, 8H) = = [} = (H’T)( o )H dH (1.36)

From Maxwell’s thermodynamic relationship equation (1.36) can be further reduced
to [41]:

T

AToa = — Cp(H,T)

ASy, (1.37)

Equation (1.36) shows that a material's magnetocaloric effect (MCE) is significant
when (0M/0T)H is large and Cp(H, T) is small at the same time. This condition holds true
for paramagnetic materials that are close to absolute zero Kelvin, where the magnetic
susceptibility diverges, and the heat capacity nearly vanishes. However, near room
temperature, the heat capacity is often quite high and follows the Dulong-Petit rule C ~

3NR, where R is the molar gas constant, and N is the number of atoms [42].

Another important measure is the relative cooling power (RCP) which is defined
as “the amount of heat transferred between two temperatures.” RCP depends on the
magnitude of the change in the magnetic entropy between the two temperatures, T and

T», and can be calculated according to the formula in Eq 1.38 [43]
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RCP = f£2|A5M| dT (1.38)

According to the Curie-Weiss law for ferromagnetic, large |ASy (T, H)| is expected
at Curie point Tc [44]. The influence of short-range order and spin fluctuations well
above the Tc in an order-disorder magnetic phase transition frequently reduces the

M(H,T)

. . 0 . . .
maximum possible ( ) , effectively decreasing the maximum MCE.
H

Theoretically, a first-order phase transformation should take place at a constant

M(H,T)

0 P . . .
temperature, therefore ( ) may be infinitely large, leading to a massive, giant
H

magnetocaloric effect (GMCF). However, the extraordinary hysteresis that manifests in
some materials during a first-order phase transition may reduce the cooling process's
actual efficiency. On the other hand, the second-order magnetic phase transition materials
typically have a smaller value of AS,, than first-order materials, but their magnetization
shows excellent reversibility for temperature/magnetic field cycling, which is extremely

desirable for the application of magnetic refrigeration technology [38], [39],[45].
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1.6.1 Specific Heat Change (ACp)

The fast and accurate determination of magnetic field—temperature (H, T) phase
diagrams in condensed matter physics are essential for optimal modeling and prediction.
Thermal parameters like specific heat and entropy help us understand microscopic
systems. Over the past decade, many thermodynamic investigations in very high
magnetic fields have investigated specific heat (Cp,) and magnetocaloric effect (MCE).
The heat capacity (C) of a material can be considered a fundamental thermodynamic
variable. It is defined as the amount of energy or heat, denoted by (dg), that is necessary

to raise the temperature of a material by a certain amount (oT) [46], [47] where:

— _%a
c=-2 (1.39)

Using the definition of entropy ( S):

T dS = 8q (1.40)

The specific heat can be expressed as :

Cp=T (asg’;'T))H (1.41)

The following expression can be used to compute the specific heat change (ACp) from the
magnetic contribution to the entropy change (AS,,) produced in the material:

ACp =T (6%)1{ (1.42)
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CHAPTER 2

LITERATURE REVIEW

2.1 The Structure and Magnetic Properties

The unique physical and chemical features of layered phases are what make them
such attractive compounds. These characteristics are rarely seen in three-dimensional
materials. The sequence of layered compounds known as transition metal
dichalcogenides is both significant and well-known. Covalent bonding occurs mostly in
the structural slabs of these compounds. In these, infinite sheets of strongly bonded slabs
composed of two anionic planes enclosing a cationic plane. Because the van der Waals
forces that link the structural slabs together are relatively weak, this type of appealing

physical features (layered phases) can be found [48].

Several new host material families have recently been reported, such as layered
lanthanide oxychlorides, transition-metal thiophosphates, and novel transition-metal
oxysulfides. Of these new host systems, the MTX3 phases have very unusual structural
features as well as interesting physical properties including spontaneous magnetization,
low-dimensional magnetic behavior, and transition-metal site rearrangement upon
intercalation. MTX3 compounds are van der Waals materials where M represents a
transition-metal (V, Cr, Fe, Mn), T represents either group 1V (Si, Ge, Sn, Pb) or group V
(P, Sb, As, Bi) elements and X represent the chalcogens elements (S, Se, Te). They are

likely to have interesting magnetic properties related to 1D, 2D and 3D magnetism,
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which is determined by the structural type of the compound and by the M cations. In
MTX3 compounds, Group IV compounds differ significantly from group V compounds in
that group IV elements replace the group V phosphorus (P) atom inside the (P2Xg)* a
skeleton with (A2Xs)® bipyramid ions, and group IV atoms have one fewer electron than
group V atoms. As a result, group IV compounds are more negatively charged and have
larger nominal metal cation valences (3%) as opposed to (2*) in group V compounds. This
alteration is responsible for significant adjustments in the resulting magnetic and
electrical properties. It may cause increased in-plane negativity and stronger 2-
dimensional behavior, such as stronger anisotropy effects. For example, group V
compounds like MPX3 and MPSs were studied by B L Chittari et-al.[49] and R. Brec et-
al.[48], respectively. Group IV compounds like MAXs were studied by B L Chittari el

at.[50].

Less research has been done on MTX3 compounds with M=Cr than other transition
metal chalcogenides. There are various structure types of the compound CrTXs, which
belongs to a subgroup of the MTX3 group of ternary chalcogenides. Most structures are
formed by CrXs polyhedra (either octahedra or trigonal antiprisms) stacked in various
ways, which can lead to the formation of 1D, 2D, or 3D infinite networks of CrXs
octahedra responsible for the dimensionality and type of magnetic interactions. These
findings suggest that the symmetry and type of CrTXs structure formed are highly
sensitive to the M cation. Recently, it was demonstrated that nonmagnetic Sb could
partially replace Cr, resulting in the formation of a new spinel compound with spin glass

magnetic behavior [51].
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The structure type of CrSbXz (X=Se, S) is closely related to those of GaCrSez and
CeCrSes. V. V. Volkov el at. studied the compounds CrTXz in which T=Sb and X=Se or
S. They used high-resolution electron microscopy (HREM) along the [010] direction to
directly generate the CrSbXs structural model. It consists of edge-sharing CrXs octahedra
forming double rutile chains along the b-axis and separated by columns of Sb atoms,
which are roughly positioned in the pentagonal tunnels of X atoms. The structural model
was refined by the full profile XRD powder Rietveld method. The compound CrSbSs is
orthorhombic with lattice parameters (a = 8.68A,b = 3.62A,c = 12.884). It is
isostructural to CrShSes. Both compounds seem to have properties consistent with 1D
ferromagnetism below the Curie temperature. As mentioned, 1D ferromagnetic properties
for both compounds (CrSbSes, CrShSs) can be expected from magneto-structural
considerations. Due to the absence of a direct metal bond Cr—Cr, the only connection
between the paramagnetic Cr atoms should be the superexchange interaction via the
ligand bridges Cr—Se—Cr. Under these conditions, only quasi-1D ferromagnetic
superexchange coupling is expected to occur in both compounds. This means the
magnetic moment is formed only by 3d electrons, and the magnetic properties will be
governed only by spin exchange interactions. It was discovered that CrSbSs sulfide
exhibited magnetic behavior. The compound exhibits its typical paramagnetic behavior
above Tc. Their magnetization below Tc is field-dependent; it tends to saturate only at
low temperatures. The small hysteresis loop that results from this lack of complete FM

ordering is suggestive of the low-dimensional nature of their magnetism [51].

A wide range of van der Waals materials is found in Transition Metal

Trichalcogenides (TMTs). Recently, B Chittari et-al. used the density functional theory to
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investigate TMTs compound with the MAXs formula where (M= V, Cr, Mn, Fe, Co, Ni;
A= Si, Ge, Sn, and X=S, Se, Te). They found that the structure is almost truncated as in
the bulk form, and the atomic structure for the unit cell has two possible choices, a
rectangular cell represented with red lines and a smaller triangular cell represented by
black dashed lines arranged in a honeycomb (see Fig. 5. ). Also, they found that the
magnetic phase is typical for these van der Waals materials and the configuration of the
magnetic phase has two possible choices which include semiconducting ferromagnetic
(FM) phases or semiconducting antiferromagnetic (AFM) phases depend on the

combination between the transition metal/chalcogen elements [50].

© M=V, Cr, Mn, Fe, Co, Ni
© A=Si, Ge, Sn
O X=8,Se, Te

Figure 5: Schematic Representation of the Atomic Structure of MAXs Compounds
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B L Chittari et-al. surveyed the magnetic properties and electronic structure of
MPX3 (M =V, Cr, Mn, Fe, Co, Ni, Cu, Zn, and X = S, Se, Te). They found that the
structure of bulk crystals consists of individual layers stacked in an ABC sequence that
are held together by van der Waals forces. The magnetic properties were similar to the
result of B Chittari el at [52]. L Webster et-al. and W Zhang el at. studied the CrXs (X =
Cl, Br, and I). The structure was similar to the previous groups. The magnetic phase was
ferromagnetic for X=1 or Br with a critical temperature of 68 and 32.5 K, respectively,
and antiferromagnetic for X=CI with T, = 14K [53], [54]. The crystal structure and the
magnetic properties of bulk CrXTes (X = Si, Ge) were studied by neutron powder
diffraction, X-ray diffraction, magnetization, and susceptibility measurements. The
sample was prepared by heating a stoichiometric mixture of the elements in an evacuated
sealed quartz tube, followed by cooling for ten hours. The hexagonal cell parameters of
the single crystal are:a = b = 6.7578(6)A, c = 20.665(3)A for X=Si and a =b =
6.8275(4)A, c = 20.5619(9)A for X=Ge. The phase structure was a ferromagnetic
semiconductor with a critical temperature T, of 33K and 61K for X= Si, Ge, respectively
[55]-[79]. More investigation of this van der Waals crystal CrXTez (X = Si, Ge) was
done by Xingxing Li et al. based on first-principles calculations incorporating classical
Heisenberg model Monte Carlo simulations. They found that the van der Waals gap
(layers spacing) was (d, ~ 3.3A ) (see Fig. 6.), and the phase structure is well preserved
even after cutting the bulk form into nanosheets with a critical temperature T, at 35.7K
and 57.2K for X= Si and Ge, respectively [80]-[88]. The same series of bulk CrXTez was
studied by H L. Zhuang et-al. But they used X= Sn instead of (X = Si, Ge) based on

hybrid density functional methods of single-layer CrSnTes structure. They found that the
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magnetic phase was semiconducting ferromagnetic with T, = 170K [89]. Another series
of Cr, the layered van der Waals crystal of CrXSes (X = Sn, Ge, Si), was investigated by
Zihan et al. as a monolayer. They found that the phase transition is a ferromagnetic
transition with magnetic moments of 6.0ug per unit cell. Additionally, they are
semiconducting with energy band gaps of 0.76, 0.87, and 1.1 eV for X being Sn, Ge, and
Si, respectively[90]. The spin glass phase was exhibited in CrSnSes below 30K[91].
Depending on Magnetic susceptibility measurements, an antiferromagnetic ordering of
Cr2Sns3Se7 was shown at 12 K, which could be related to a spin glass transition [92].
Based on density functional theory, the magnetic and electronic properties of 2D
ferromagnetic semiconductors of CrGeSs have been explored by W.Wan et-al. [93].
However, many other combinations have been predicted from theory but still need to be

explored experimentally.
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Si, Ge)

Figure 6: Crystal Structure of Bulk CrXTes (X
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2.2 The Critical Behavior

The critical behavior of bulk Crlz was studied by Y Liu et-al. around the
paramagnetic to the ferromagnetic phase transition. They found that the critical
temperature is T, = 60K. They use the Kouvel-Fisher (KF) method to calculate the
Critical exponents 8 and y, whereas for § they used a critical isotherm analysis at T, [94].
The critical behavior of CrXTes ( T, = 31 and 67.9K for X=Si and Ge respectively) was
investigated around the paramagnetic-ferromagnetic phase transition. The Critical
exponents were obtained using various techniques such as the Kouvel-Fisher plot,
modified Arrott plot, and critical isotherm analysis [95], [96]. M. Kh. Hamad et-al.
investigated the critical behavior of CrTe1.xSbx samples using the Kouvel-Fisher plot and

modified Arrott plot (MAP) [97].

Yu Liu et al. reported critical behavior in a quasi-one-dimensional ferromagnetic
CrShSes single crystal. The critical behavior analysis around Tc ~ 70 K gives that the
critical exponents g = 0.26(1), y = 1.32(2), and 6 = 6.17(9) for H Il a, while g = 0.28(2), y
=1.02(1), and ¢ = 4.14(16) for H Il b. From the calculated critical exponents, we can infer
that the anisotropic magnetic coupling in CrSbSes is highly sensitive to the direction of
the applied magnetic field. Furthermore, there are several papers that studied the critical

behavior around the phase transition [98]-[126].
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2.3 The Magnetocaloric Effect

The magnetocaloric effect was originally discovered in 1880 by E. Warburg in
pure Fe. However, the observed adiabatic temperature change AT,; upon
demagnetization is very small and occurs at temperature much higher than room
temperature. This limits the practical using Fe and other 3d transition metals. The
magnetocaloric effects typically show a peak-like behavior near the Curie temperature of
the magnetic material. Rocker & Kohlhaas [127] have studied the magnetocaloric effect
in Co in ten different magnetic fields up to 2.32 T. Potter has studied it in Fe in three
magnetic fields up to 0.8 T [128], and Hashimoto et al. [129] detected it in Ni at 1.78 T.
The maximum AT,,; values measured are 3.25 K at 2.32 T for Co, 2.0 K at 0.8 T for Fe,
and 1.32 K at 1.78 T for Ni. For a given magnetic field, the relative cooling power
[RCP(T)] values are 182 K2 for Co at 2.32 T, 286 K2 for Fe at 3.0 T, and 63 K2 for Ni at
3.0 T. All these RCP(T ) values are much smaller than the Gd RCP(T) value. Gadolinium
(Gd) is the prototype of magnetocaloric material, and considered very efficient room-
temperature magnetic refrigerant [130]. It has the largest measured value of AS,, in the
group of rare earth and their alloy, which was ~13.7 J /Kg K at Tc (~293 K) under a

magnetic field of H =8 T [44].

Rare earth based magnetocaloric materials are very expensive and plagged with
oxidation problems. Alternative materials such as transition metal-based alloys and
intermetallic compounds have been investigated for their possible use in magnetocaloric
effect (AT,4;). Hirschler and Rocker, for example, have directly evaluated the
magnetocaloric effect of the solid solution alloy of Si in Fe, Feo.sss7Sio.0s43 [127]. The

magnetocaloric effect exhibits a roughly typical caret-shaped peak at 3T, with a
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maximum of (AT,4; =5 K measured at 1013 K, which is a little lower than that of pure Fe
(AT,4= 5.2 K at 1042 K). Between 983 and 1043 K, Feo.9357Si0.0643 has a relatively high
cooling power RCP(T ) = ~300 K2. However, these temperatures are very high compared
to room temperature. Znamenskii and Fakidov investigated another solid solution alloy
which was Mno225Cuo.775 [33]. In magnetic fields ranging from 0.13 to 1.38 T, the MCE
in this alloy has been directly measured between 77 and ~130 K. The MCE is positive
for AH greater than 0.42 T down to 77 K, but for smaller magnetic fields, the MCE turns
negative at the experiment's lowest temperature, indicating the occurrence of
antiferromagnetic interactions in Mno.225Cuo.775. With the exception of the negative sign,
the MCE in Mno225Cuo 77sexhibits typical caret behavior, peaking at 95 K (, ATy qx=
0.145 K for AH = 1.38 T) and has a shallow relative cooling power RCP(T ) = ~3.6 K?

between 83 and 108 K.

The magnetocaloric properties of several 3D-based intermetallic compounds, with
relatively large magnetocaloric effect. Some of the promising compounds are: Niz(Mn;-

xNbx)Sn , Mn(As1xPx) , Mnz.yxCryAlC1+x , Ni2(Mn1xVx)Sn , CraTes , (HfogsTao.17)Feo+x ,

and FeRh have been studied. Using direct magnetocaloric effect measurement, Kuhrt et

al. investigated Mn(As1.xPx) in magnetic fields up to 7T [131]. When the magnetic field is
reduced to low levels (below 3 T), the MCE for both x = 0.09 and 0.08 exhibits a double-
peak behavior consistent with an antiferromagnetic ground state and magnetic field-
induced metamagnetism, but when the magnetic field is increased to high levels (below 7
T), the MCE behavior changes to a conventional pattern. For Mn(Aso92Po0s) and

Mn(Aso.91Po.09), the MCE maximum occurs at 225 K and 233 K and in 7T, with AT,
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peaking at about 1.3 K respectively. The relative cooling power RCP(T) for both alloys at

H =7 T is around 70 K2, which is quite a low value

Herbst et al. used the indirect MCE (magnetization measurements) to invesitigate
three (Hfo.g3Tao.17)Fe2Cx alloys, where x = 0.09, 0, and -0.09, at low magnetic fields (0.9
T) [132]. Near room temperature, antiferromagnetic ordering was observed in all three
materials. Their MCE values were also down (-5.6, -16, and -11 mJ/cm? K, respectively),
showing behavior that is quite close to the norm. Relatively low values of RCP(S) (
~178, ~247, and ~254 mJ/cm?® ) were obtained for x = 0.09, 0, and -0.09, respectively. It
was noted by Herbst et al. that the sharpness of the magnetic phase transition at x = -0.02
suggests the possibility of the enormous magnetocaloric effect with —AS,, surpassing 220

mJ/cm?® K, but no quantitative MCE data were provided.

FeRh is the first reported intermetallic substance with an enormous magnetocaloric
effect at or near room temperature [133], [134]. Unusual features of the MCE behavior in
this material include its sign (being negative for a positive AH), its irreversibility, and its
great sensitivity to processing history. Between 296 and 316 Kelvin, the FeRh MCE
exhibits an inverted skyscraper behavior, with a significant relative cooling power,

RCP(T) of -166 K2 between those temperatures.

At 316 K and 2 T magnetic field, the conventional MCE (measured directly) of CrsTes
approaches AT,; =1.1 K. The relative cooling power of CrsTes, which is equal to 41 K?

at this temperature, is quite low.

Recently, since their discovery by Morelli et al., the magnetocaloric characteristics of

the lanthanum-manganese perovskite complexes (Lai.xMx)MnOs, where M = Li, Ba, Na,
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Ca, K, Y, and Sr, have been the subject of extensive research [135]. The magnetocaloric
effect at temperatures between 250 and 350 K for some of these phases is reasonable but
not outstanding magnetocaloric effect values (about one-third of Gd metal at best).
Others have since been discovered with a field change from 0 to 1 T, the AS,, values in

several of these phases are comparable to gadolinium's value [33].

Maximum magnetocaloric effect were found in the lanthanum manganites (Lai-

«Cax)MnOs phases for 0.20 < x < 0.33, with AS,, values from -18.2 to -21.8 mJ/cm® K.

It should be noted that Morelli et al. [135] measured the magnetocaloric effect for
Lao.s7Ca0.33Mn0O3 and found (as estimated from the 1 and 2 T field changes) a much
smaller AS,, value, ~-4.8 mJ/cm?® K, with §Trwnm = 62 K, which is a much wider breadth
of the peak compared with what Guo et al. [44] measured, 0Trwim = 11 K and ASy, = -
32.7 mJlcm® K for a field change of 1.5 T. It was noted that La;xCaxMnOs with
compositions close to x = 0.33 had been proposed as promising candidates for use as

magnetic refrigerants.

In general, the MCE in transition metal-based alloys is lower than that in lanthanide-
based alloys for the same temperature range, according to the limited amount of
experimental data that is currently available. Due to this, they are unlikely candidates for
use as magnetic refrigerant materials below 300 K, but they could be valuable materials
for magnetic refrigerators/heat pumps that reject heat well above room temperature. But
if new 3d-based alloys are discovered with enormous MCEs that are reversible and of a
magnitude comparable to that seen in FeRh, they would be a potential supply of materials

for highly efficient magnetic refrigerants.
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The critical behavior and Anisotropic magnetocaloric effect in a quasi-one-
dimensional ferromagnetic CrSbSes single crystal are reported by Yu Liu et al.[136]. The
scaling investigation of the magnetic entropy change AS,, has confirmed that the PM-FM
transition is second-order in nature and occurs close to Tc = 70 K. The relative cooling
power RCP is 163.1 J kg™ for the easy a axis and 142.1 J kg™ for the hard b axis at Tc
with a magnetic field change of 50 kOe. —ASI*** is 2.16 J kg K™ for the easy a axis
and 2.03 J kgt K for the hard b axis representing the maximum magnetic entropy
change. The critical temperature and Anisotropic magnetocaloric effect in Chromium-

Based Compounds are summarized in the following figure[137]-[143]:

. 3403 U Chromium-Based Compounds - Te(K)
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Figure 7: The Critical Temperature and Anisotropic Magnetocaloric Effect in Chromium-Based
Compounds
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In 1997, two significant developments made commercial and industrial production
of magnetic refrigerators more realistic. The first is that a prototype system for magnetic
refrigeration at nearly room temperature was developed by Zimm et al. at Ames
Laboratory. The second is that Gds(Si.Gez) exhibited a giant MCE, as observed by
Pecharsky and Gschneider. For comparison, the magnetocaloric effect of Gds(Si>Gey) is
about twice as large as that of Gd [ —ASj}** =~ 19] /KgK at Tc (~276 K) under a
magnetic field of H = 5 T]. The AT,,; value of Gds(Si.Ge;) is larger than the
corresponding AT,, values for Gd by > 30% [AT,; = 15.5K at Tc (~276 K) under a

magnetic field of H = 5 T][144].

Several materials with giant/large MCE have been realized in the last three decades,
including MnAs-based compounds manganites (RE, M)MnOs, (RE = lanthanide, M = Ca,
Sr, and Ba) (RE, M)MnOs, RECo> (RE = Er, Ho, and Dy) alloys, MnTX (T = Co, Ni, and
Fe, X = Si, Ge) based compounds, La(Fe, Si)13 and related compounds, Ni-Mn—X (X =
Ga, In, and Sn) based Heusler alloys and a few intermetallic compounds based on rare

earth elements [40].
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

3.1 Sample Preparation

The polycrystalline and several single crystalline layered van der Waals
materials have been prepared. The general formula is MY Xz series where M is transition-
metal (Cr or V), (Y is Sn or Sb), and X is a chalcogen (S, Se, or Te). Stoichiometric ratios
of high purity elements(~99.99%) have been used. The powder of these elements of each
sample was mixed, ground, and then vacuum-sealed in quartz tube under a partial
pressure of argon. Annealing was performed on these tubes according to different

temperature procedures to obtain high-quality samples.

The following tables provide an illustration of the stoichiometric ratios of these

elements for each sample where we prepared 12 samples (compounds).
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Table 4: Concentration of Each Constituent for 2 Grams of Polycrystalline CrSnXs.

Element Wit- CrSnSs CrSnSes CrSnTes MP°C | BP°C
(g/moal)
Cr 51.996 0.38968 0.2552 0.1879 1907 2672
Sn 118.69 0.8895 0.5824 0.4289 231.93 | 2602
S 32.06 0.7208 112.8 | 4447
Se 78.96 1.1624 217 684.8
Te 127.6 1.3832 4496 | 987.8
CrSnSs 266.876
CrSnSes 407.566
CrSnTes 553.486
29 29 29
Table 5: Concentration of Each Constituent for 2 Grams of Polycrystalline CrSbXs.
Element | wt-g/mol CrShSs CrSbSe; CrSbTes MP°C | BP°C
Cr 51.996 0.3853 0.2533 0.1868 1875 2665
Sb 121.75 0.9021 0.5930 0.4375 630 1380
S 32.06 0.7126 119 444.6
Se 78.96 1.1538 217 685
Te 127.6 1.3756 4495 | 989.8
CrShSs 269.926
CrShSes 410.626
CrShTes 556.546
29 29 29
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Table 6: Concentration of Each Constituent for 2 Grams of Polycrystalline VSnXa.

Element wt-g/mol VSnSs VSnSes VSnTes MP°C BP°C
\% 50.9414 0.3833 0.2506 0.1844 1900 3260
Sn 118.69 0.8930 0.5839 0.4297 231.9 2270
S 32.06 0.7237 119 444.6
Se 78.96 1.1654 217 685
Te 127.6 1.3859 449.5 989.8

VSnS3 265.8114

VSnSes 406.5114

VSnTes 552.4314

29 29 29

Table 7: Concentration of Each Constituent for 2 Grams of Polycrystalline VSbXa.

Element

wt-g/mol VSbS3 VSbSe; VSbTes MP°C | BP°C
V 50.9414 0.37893 0.2488 0.1834 1900 | 3260
Sb 121.75 0.9057 0.5945 0.4384 630 | 1380
S 32.06 0.7154 119 | 444.6
Se 78.96 1.1567 217 685
Te 127.6 1.3782 4495 | 989.8
VShSs 268.8714
VShSes 409.5714
VSbTes 555.4914
29 29 29
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3.2  Experimental Techniques:

3.2.1 X-ray Diffraction

All samples have been analyzed by X-ray diffraction (XRD) using a Bruker XRD
D2-Phaser fitted with Cu Ka (A=1.54056 A) beam. FULLPROOF has been used to
analyze the XRD-patterns (10-80° range) using the Rietveld refinements. Bragg's law is

the foundation of X-ray structural analysis which is given by:

Zdhleinehkl =ni (31)
where hkl are the Miller indices, d is the inter-planes spacing, n is an integer, 6 is the

Bragg angle, and A is the X-ray wavelength [145].
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3.2.2 Vibrating Sample Magnetometer ( VSM)

The magnetization isotherms have been measured using our 9-Tesla vibrating
sample magnetometer (VSM) (Fig.8). To generate a signal; the sample is set to vibrate
between two oppositely wound coils placed in a uniform magnetic field produced by a
superconducting magnet. An electrical signal will be induced in the astatic pair of pick-up

coils that connect to the lock-in Amplifier to record the signal.

Vibration
Motor

Sample
Holder

Temperature

Data Analysis

Sarple f
— Lock-in Amplifier
ol | Lo ]

Electromagnet|

Figure 8: Experimental Set-up of Vibrating Sample Magnetometer.
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3.2.3  Ac-Susceptibility Measurement

The ac-susceptometer system we designed and built is rather straightforward,
requiring only a few central elements to function and create an ideal experimental setting.
This section provides a basic overview of the system (Fig. 9.):

e Cryostat

The cryostat used is Janis Model SHI-4T. It hosts the sets of ac-coils, temperature
sensors and local heaters installed on the cold finger of the closed cycle refrigerator
(model RDK-408D2). The operating temperature range is 4-325 kelvin. The setup
consists of four primary components: Compressor (model CSA-71), temperature
controller (model 336), turbo-molecular Pump and (model XDD 1) closed-cycle
refrigeration.

e Lock-in Amplifier(LIA)

The DSP Lock-In Amplifier (LIA) is from Stanford Research Systems (SR830). It
provides an ac-current to the primary susceptometer coils and measure the secondary
output after appropriate amplification and filtering. Due to its ability to differentiate
between the real and imaginary components of the susceptibility, this instrument is
beneficial in measuring AC susceptibility.

e Temperature Controller

We use a LakeShore Model 336 Temperature Controller to adjust the cryostat's

temperature.

e Computer

The collection of data and its subsequent storage are both done by the computer.
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e The design of the sets of coils:

The susceptometer has two coils, each one comprises a primary coil wound around a
secondary coil. Two non-magnetic low temperature plastic tubes were used as a base on
which the wires were wound see Fig. 10. The Parameters of coils are shown in table 8. To
calculate the magnetic field generated by the primary coils, we used the finite coils

approximation formula [146]-[148] given by:

L
B = (Jzmm) Homl (3-2)

where d is the average diameter of the primary coil, I is the current, u, is the vacuum

magnetic permeability, n = N/L is the number of turns per unit length (L is the total

length of the coil, and N is the number of turns in the primary coil). The field current

ratio is then calculated as:

B T
. 0.043 i 0.43 Oe/mA (3.3)
Table 8: Coil Parameters
Secondary Caoil Primary Coil
Coil 1 Coil 2 Coil 1 Coil 2
Wire Diameter 0.152 mm 0.152 mm 0.152 mm 0.152 mm
Number of turns ~ 250 turns ~ 250 turns ~320 turns | ~320 turns
Number of layers 8 layers 8 layers 12 layers 12 layers
Resistivity 1530 20.3 Q

For a typical measurement, we use 5mA, which produce B~2.2 QOe.
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Figure 9: System Set-up for the AC susceptibility Measurements

Figure 10: Real Picture of Coils
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e Maxwell Coil

An additional uniform-magnetic field was needed in our measurements. We
designed a modified set of Maxwell coils to produce a highly uniform magnetic field at
the sample position. The coils configuration consists of three separate coils (Fig. 11): two
Helmholtz coils and a third short cylinder in between. The Helmholtz coils are two
similar coils such that the distance between them equal the radius of a single coil. A third
coil is placed between the Helmholtz coils to strengthen the produced applied magnetic
field and enhance the uniformity of the field at the sample position. This arrangement of

coils is commonly known as Maxwell’s coil.

The original design of Maxwell coils (1873), the three coils are concentric to a
virtual sphere of radius R. The middel coil has radius R, the outer two coils have radius
(4/7)°5R, the spacing between the coils = (3/7)*°R. In our design, we replaced the central

coil with a short cylinder that has the same radius as the Helmholtz coils.

In the original design of Maxwell coil, the radius of the third coil is given as R. In
the following section we present the mathematical analysis for the strength and
uniformity of the field produced by the three sets of coils. In Table 9, the coils'

parameters are displayed.
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Table 9: Maxwell Coil Parameters

Coil 1 Coil 2 Coil 3
Diameter of 0.71 mm 0.56 mm 0.71 mm 0.56 mm 0.56 mm
wire
Layers 15 7 14 10
Turns 457 273 412 318
Total Layers 22 24 24
Total Turns 730 730 1642
R (Ohm) 23.6 20.9 50.7
16mm 8mm
R —
5.6mm
25.5mm
5.1mm
Middle Coil 49.7mm
#3
152mm
35.2mm
24.1mm
62.2mm
) 200mm

Figure 11: Dimensions of Maxwell Coil
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Coil 1 Coil 2
X

R
; > Z
Figure 12: Dimensions of Helmholtz Coil
Magnetic Field Due to Helmholtz coils (BH; ,):
Coil 1:
NR? ] 1
BH1 = X0 { }
2 [R% + (z — d)?]3/2
Coil 2:
NR? I 1
BH2 = K0 { }
2 [R?4+ (z+d)?]3/?
. uONRZI{ 1 1 }
BH,, === [R2+(z+d)?2]3/2 + [R2+(z—d)?]3/2

At the center of a Helmholtz coils, equation (3.4) can be reduced to

B(z)= 8 (IioN) (3.5)

I 5V5\ R
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Figure 13: Dimensions of Maxwell Coil
The magnetic field produced by each coil is given as:
Coil 1:
NR? 1 1
BH1 = 10 { }
2 [R% + (z— d)2]3/2
Coil 2:
NR? 1 1
BH2 = { }
2 [R? + (z + d)?]3/?
Coil 3:
NR? [ 1
BH3 = =2 { }
2 [R? + 22]3/2
_ WoNRZ?I 1 1 1
BHiz3 == {[R2+(z+d)2]3/2 [R2+(z—d)2]3/2  [R2+22]3/2

BH, , 3 : Magnetic field due to coil#1, coil#2 and coil#3
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At the center of Maxwell’s coil, we can use the finite coils approximation formula where

Coil 3:

BH3 = ( onl (3.7)

L
\/ﬁ)”

And the total magnetic field at the center of Maxwell’s coil will be the summbtion of
equation (3.5) and (3.7) where

=~ 0.2 0e/mA (3.8)

Using Mathematica to plot the Magnetic Field Due to coils# 1, 2, and 3

0.015 |-

0.010 |

S

1 L 1 L 1 1 L L 1 1 L L L L 1 L L L
-0.10 -0.05 s 0.05 0.10

Figure 14: The magnetic field produced by the 3 parts of the Maxwell coil along the coil axis.

BH, , 3 : Magnetic field due to coil#1, coil#2 and coil#3
BH, ,: Magnetic field due to Helmholtz coils
BH1: Magnetic field due to coil#1
BH2: Magnetic field due to coil#2

BH3: Magnetic field due to coil#3
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Some values of magnetic field:

Table 10: Values of The Magnetic Field at a Certain Location

z(m) Unit BH1 BH2 BH3 BH, , BH, 5
0 TIA 0.00410368 0.00410368 0.0129 0.00820735 0.0211073
Oe/A 41.0368 41.0368 129.00 82.0735 211.073
Oe/mA | 0.0410368 0.0410368 0.129 0.0820735 0.211073
TIA 0.00573506 0.00202765 0.00923046 0.00776271 0.0169932
d= 4cm Oe/A 57.3506 20.2765 92.3046 77.6271 169.932
Oe/mA | 0.0573506 0.0202765 0.0923046 0.0776271 0.169932
TIA 0.00202765 0.00573506 0.00923046 0.00776271 0.0169932
d=-4cm | Oe/A 20.2765 57.3506 92.3046 77.6271 169.932
Oe/mA | 0.0202765 0.0573506 0.0923046 0.0776271 0.169932
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CHAPTER 4

Survey of The Transition Temperatures of The Prepared

Transition Metal Series

The polycrystalline and several crystalline materials of layered van der Waals
crystal MY Xz series where M is Transition-metal (Cr or V),(Y is Sn or Sb), and X is a
chalcogen (S, Se, and Te) have been tested using the ac-susceptibility measurement. The
figures below show the results of all samples. Some samples reveal a sharp peak
indicating a ferromagnetic phase (CrSnSs, CrShSs, CrShSes). Other samples show a
almost symmetrical peak in their behavior which may refer to antiferromagnetism. The
vanadium (V) samples reveal no peaks and may need more investigation. In the following
chapters we investigated in detail the magnetic behavior of CrSnSz and CrSbSs. In
particular, we report the ac susceptibility, Curie Wise behavior, the critical behavior, the

universal scaling behavior and the magnetocaloric behavior.
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4.1 CrSnXs ( X=S, Se and Te) System:

The real part of the ac-susceptibility of CrSnSs, CrSnSes and CrSnTes are presented
in Figure 15. The figure reveals that the CrSnSes sample exhibit a wide maximum near
175K. This may indicate a non unformly reacting material. The other two samples
showed a sharp transition at about 120K for CrSnSs sample and at 225K for CrSnTes
sample. Both samples also reveal additional shoulders near 79 and 165K for CrSnSzand
CrSnTes, respectively. It is also observed that the transition temperature gradually

increases with increasing atomic mass (and the ionic radius) of the chalcogen element.
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Figure 15: The Dependences of The Real Part of Ac-Susceptibility on The Temperature of CrSnXs
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4.2 CrSbXs ( X=S, Se and Te) System:

In Fig. 16, we present the real part of the ac-susceptibility of chromium antimony
based van der Waals materials, namely: CrShSs, CrSbSes and CrSbTes. The figure
reveals that the CrSbTes sample exhibits a somewhat sharp maximum near 160K. The
other two samples showed a sharp transition at about 70K for CrShSes sample and at 115
K for CrShSz sample. Both samples also reveal very small shoulders near 45 and 90K for
CrShSes and CrShSs, respectively. These shoulders are much less pronounced than what
we observed in CrSnSz and CrSnTes. It is also observed that the transition temperature

gradually increases with increasing atomic mass (and the ionic radius) of the chalcogen

element.
s —e— CrShS,
6.8x10° o —eo— CrShSe,
—o— CrShTe,
~—~
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Figure 16: The Dependences of The Real Part of Ac-Susceptibility on The Temperature of CrSbXs
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4.3 VSnXs ( X=S, Se and Te) System:

In Fig. 17, we present the real part of the ac-susceptibility of Vanadium Tin based
van der Waals materials, namely: VSnSz, VSnSes and VSnTes. The figure reveals that all
samples exhibit a somewhat sharp maximum at 14.8 , 20.9 and 35.7 K for VSnSs,
VSnSes and VSnTes, respectively. It is also observed that the transition temperature
gradually increases with increasing atomic mass (and the ionic radius) of the chalcogen
element. It is interesting to observe that the peaks in VVSn-based samples occur at much

lower temperatures than what we observed in CrSn samples.
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Figure 17: The Dependences of The Real Part of Ac-Susceptibility on The Temperature of VSnXs
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4.4 VSbXs ( X=S, Se and Te) System:

In Fig. 18, we present the real part of the ac-susceptibility of Vanadium Antimony
based van der Waals materials, namely: VSbS3, VShSes and VSbTes. The figure reveals
that all samples exhibit a somewhat sharp maximum at 14.2, 29.9 and 36.1 K for VShSs,
VSbSes and VSbTes, respectively. It is also observed that the transition temperature
gradually increases with increasing atomic mass (and the ionic radius) of the chalcogen
element. It is interesting to observe that the peaks in VSh-based samples occur at much

lower temperatures than what we observed in CrSb samples.
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Figure 18: The Dependences of The Real Part of Ac-Susceptibility on The Temperature of VSbXs
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CHAPTER S

RESULTS AND DISCUSSION FOR CrSnSs

The discovery of graphene renewed research interest in various 2-dimensional
materials and their corresponding properties. These materials are commonly known as
van der Waals materials because the coupling between the layers is weak, while the in-
plane coupling is mainly strong covalent bonding. In particular, the transition metal based
van der Waals materials are of great potential for practical applications. In particular,
their corresponding ferromagnetic properties are being intensively investigated for their
possible use in spintronics and magnetic semiconductors [149]. Various properties of
these materials, such as electrical and magnetic, are also directly influenced by these
strong and weak couplings. Recently, ferromagnetism in van der Waals materials was re-
discovered in Cr.Ge;Tes, CrSbSes, Crls, and VSe; [150]. Transition metal
trichalcogenides (TMTs) van der Waals materials share the general chemical formula
MTX3 where M is magnetic transition element (V, Cr, Mn, Fe, Co or Ni), T represents
either group 1V (Si, Ge, Sn) or group V (P, As, Sb) and X is Chalcogens (S, Se, Te)
[151]. The compound MAX3z is a subgroup of the MTXs, where A is the group IV
element (Si, Ge, Sn) [50]. The general structure of the MAX3 compounds in their bulk
form are single layers as ABC-stacked and are held together mainly by van der Waals
force [50]. The bilayer structure of the compound consists of M** cations and (A2Xg)®
anions. The crystal structure varies depending on how these ions are arranged [151]. The

main difference between MAXsz compounds and MPXs compounds (P is group V
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element) is that the A atoms have one fewer electron compared to P atoms, yielding
compounds with more negativity and larger nominal metal cation valences 3" rather than
2* in the MPXs compounds and the anions (P-Xs)* of group V are replaced by (A2Xg)*
of group IV. This change is responsible for essential modifications in the resulting
electronic and magnetic properties and may lead to more in-plane negativity hence
stronger 2-dimensional behavior such as stronger anisotropy effects [50]. Chittari et al.
DFT calculations for an Ising model predicted that CrSnSs is a metallic ferromagnet with
Tc =116 K [50]. A similar enhancement of Tc has been predicted for CrSnSes and

CoSnSs.

The MAXs3 structures are expected to have a quasi-two-dimensional layered crystal
structure rather than a pseudo-one-dimensional crystal structure, with edge-sharing and
double rutile chains in MPX3 compounds [50][152][153]. The quasi-two-dimensional
layered crystal structure shows a distinctive phase diagram in an applied field. According
to what follows from the Mermin-Wagner theorem, the transition to the ordered state can
only occur at Tc = 0 in a two-dimensional isotropic Heisenberg magnet. This contrasts
with the topological Kosterlitz Thouless transition, which is caused by the unbinding of
vortex-antivortex pairs. It may occur at a critical temperature Tc # 0 K in a two-

dimensional system with XY anisotropy [25].
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5.1 X-ray Diffraction
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Figure 19: Powder X-Ray Diffraction (XRD) Pattern of CrSnSs

The X-ray diffraction pattern of CrSnSs is presented in Fig. 19. using the Cu Ka line
(1=1.54054). Most of the XRD peaks were fitted to an orthorhombic structure. The
minority phases of SnS and SnS; have been detected. To find the lattice parameter, we

use the equation of an orthorhombic structure which is given by:
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—=—+—+— (5.1)

The XRD data has been corrected for the ko2 lines then used to calculate the lattice
parameters using analytical method. Fullproof software has been used to perform

refinement of the lattice parameters, the obtained values are:

a=10.377A,b =10.216 A and c = 10.898 A.
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5.2 Magnetic Ac-Susceptibility (¥ qc)

AC-susceptibility is a very sensitive technique and very useful in studying phase
transition and magnetization dynamics in a variety of magnetic materials. In the
following, we present both components of ac-susceptibility; namely the real and the

imaginary parts that we obtained for the Cr-based van der Waals ferromagnetic samples.
AC-susceptibility measurements (x,.) performed under various DC-ferromagnetic fields

will be presented in another section.

5.2.1 The Real and Imaginary Parts of Ac-Susceptibility (x4c)

The temperature dependence of the real and imaginary parts of magnetic ac-
Susceptibility (x,.) of CrSnSz are shown in Figures 20 and 21. The inset shows the first
derivative of the real part of the susceptibility (x'). The rapid increase in the
susceptibility at Tc ~119K indicates the onset of FM order. The susceptibility derivative
reveals a very sharp ferromagnetic transition at Tc =119K and FWHM ~ 0.2K. The
sudden rise of the ac-susceptibility to a sharp peak indicates a first-order phase transition.
As the temperature decreases below Tc, the susceptibility decreases rapidly. Then it rises
to another maximum value near 90K (Fig. 20). This peculiar behavior is also reflected in
the susceptibility derivative (Fig. 20.), which reveals another maximum at 90 K,
indicating yet another transition to a possible antiferromagnetic state; however, a spin
reorientation of spin cannot be ruled out. Below 90K, the susceptibility continues to drop,
becoming almost constant below 25 K. The imaginary part of ac-susceptibility (y'") has

similar behavior to the real part (y') as shown in figure 21.
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Figure 20: Temperature-dependence of the Real Part of Magnetic Ac-Susceptibility(x'). Inset shows
The First Derivative of (') for CrSnSs
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5.2.2 Effects of The DC-bias Field on The Ac-Susceptibility

The effect of dc-magnetic field bias on the ac-susceptibility can further be used to
investigate the magnetic state. The results are presented in Fig. 22. The applied dc-field
gradually suppresses the sharp peak and shifts it to lower temperatures. As the dc-field
increases, the ac-Susceptibility shows a wide maximum in the temperature range (~85-
110K) such a behavior is commonly seen in ferromagnetic dc-susceptibility. As the
temperature decreases, the drop in the susceptibility reaches a minimum near 30 K. This
drop can be the result of spin reorientation, which may be caused by antiferromagnetic
exchange interaction (see Fig. 22.). As the applied dc-field increases, the width of the
FM transition increases (Fig. 22.), indicating that the material becomes less responsive to
the low H,. (~ 0.33 Oe) , and the ac-susceptibility in large dc-fields (~40 Oe) looks much

similar to the dc-susceptibility (see Fig. 25.).
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Figure 22: Effect of Applied DC Field in-phase ( x') of Ac-Susceptibility for CrSnSs
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The effects of dc-bias field on the transition temperature can be further investigated
by measuring the ac-susceptibility as a function of the dc-field cycled between two
maxima (x 45 Oe) at various temperatures near Tc. The result is presented in Fig. 23. A
maximum in the susceptibility can be seen in the figure when H,,. = 0. This maximum
value has totally vanished by the time the temperature reaches 120K, but it shows a little
peak when the temperature is T = 119 K. This would imply that the onset of the

transition occurs somewhere between (118-119K).
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Figure 23: DC bias Fields Variation of in-phase ( x') of Ac-Susceptibility at Different Temperatures
for CrSnSs.
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5.2.3 The Frequency Dependence of Magnetic Ac-Susceptibility (x,.)

The AC-susceptibility measurements (x,.) obtained for the polycrystalline sample

of CrSnSs are displayed in Figure 24. These data were measured at different frequencies.
As can be seen in Figure 24, the real part of the ac-susceptibility, denoted by (x'), is
independent of frequency. Using the Arrhenius law, one may calculate the activation
energy by observing the shift in the ac-susceptibility peak as a function of frequency.

[25]. The relaxation time ©(T) = 1/f is expressed as:
AE
T(T) = Tty exp (kTT) (5.2)

After a characteristic time (1) , also known as the relaxation time, the magnetization
M of a spin system will reach a new equilibrium state as the applied magnetic field shifts
from H to H + AH. The relaxation process is effected by a number of factors, including
the motion of domain walls, the rotation of magnetic moments and other parameters. So

equation (5.2) converts to:

Inf = % —+Inf, (5.3)

As a result, it would appear that the transition to the ferromagnetic phase is the
immediate process, and the fact that the relevant reorganization of the domain structure is
not a relaxation effect indicates that the moments are unable to follow the oscillating

field. This is in agreement with the results seen in conventional or ferromagnetic
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materials, in which the frequency dependency of susceptibility was only seen in the MHz
range. In addition, the quasi-1D molecular magnets have a frequency dependence,
whereas here, it is absent, suggesting that the materials' structure tends to be quasi-2D

molecular magnetic.
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Figure 24: Frequency-dependence of in-phase ( x') of Ac-Susceptibility for CrSnSa
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5.3 Magnetic Isotherms and The Dc-Susceptibility

The variations of the magnetization with the temperature at a constant magnetic
field Hy. = 200 Oe is presented in Fig. 25. The figure shows a sudden rise in the
magnetization at Tc ~120K, reaching a maximum near 90K, then further drops with a
shoulder near 15K. The derivative of the susceptibility is shown in the insert of Fig. 25.
The derivative shows a very sharp transition indicating a first order FM phase transition.
Further analysis of the order of the phase transition will be presented in the following

sections on critical behavior analysis.

The isothermal magnetization versus different values of the magnetic field is
presented in Fig. 26. At the lowest temperature (T = 4 K), the magnetization nearly
increases linearly, with a slight reduction in the slope near 4 K, then continues to increase
with no sign of saturation. This indicates an antiferromagnetic behavior at a low
temperature. At higher temperatures (~50K), the magnetization rapidly increases,
reaching saturation near one kOe, indicative of a ferromagnetic ordering. Similar
behavior continues up to just below T =~ 120K. At T = 120 K and above, the magnetic
state is in paramagnetic order, and the magnetization increases linearly with the applied
magnetic field. The behavior of the isothermal magnetization changes close to 120 K
implying that the transition from a ferromagnetic to paramagnetic occurs close to 120K,

which is in line with the result obtained for ac-susceptibilities (see Fig. 20.).
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Figure 25: Temperature-dependence Magnetization M(T) measured at Hda. = 200 Oe for CrSnSs.
Inset shows The First Derivative of M(T) for CrSnSs.
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Figure 26: Isothermal Magnetization Curves Measured at selected Temperatures for CrSnSa.
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5.4 The Curie-Weiss Law

The relationship between inverse magnetic susceptibility and temperature is
depicted in figure 27. The figure exhibits a linear behavior above 240K, way above Tc
(~120K). Moreover, the figure reflects typical Ferrimagnetic behavior with positive On.
The linear part of the inverse susceptibility is fitted to the Curie-Weiss relation (in the
paramagnetic temperature range) The Neel temperature is 6n ~80 K, and the molar

Curie constant is C,,, = 1.3 emu. K/mol .

The effective magnetic moment of the Cr-ion is calculated using the relation:

where the constant 2.828 is calculated using /3 Kg/N, u3 = 2.828, ky = 1.380649 x
10~ erg/K, Ny = 6.022 X 1023 mol™! and puz = 9.274 X 1072 erg/G , these are

the Boltzmann constant, Avogadro’s number, and the Bohr magneton, respectively.

The calculated effective magnetic moment (uss) per Cr3* ions in CrSnSs is equal
to 3.2ug. This value for the CrSnSs is significantly lower than the observed value of the
effective magnetic moment of free Cr®* ions (Hefr, cr3+ = 3.85 pug). This reflects a

moderate degree of itinerant ferromagnetism in this material. Moreover, this may also
indicate a complex magnetic ordering (ferro, ferri, and antiferromagnetic) in CrSnSs

below Tc and exhibits an impurity phase in the sample.
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5.5 Critical Behavior

By analyzing the magnetic isotherms M(H) using an Arrott plot (Fig. 28.), we were
able to gain some understanding of the magnetic transitions in CrSnSs. According to
Banerjee, the order of the phase transition can be determined by the slope of the lines in
the Arrott plot. Negative curvatures correspond to a first-order magnetic transition
(FOMT), whereas positive curvatures belong to a second-order magnetic transition
(SOMT). The intercept values were determined using linear fits, allowing the order of

phase transitions to be distinguished.

For the CrSnSs sample, the value of intercept at 118 K, the one closer to spin
reorientation, is found to be negative for the high field area, suggesting the possibility of
a first-order magnetic transition. The Arrott plot analysis of CrSnSs reveals that the
sample undergoes a ferromagnetic-paramagnetic (FM-PM) transition upon first-order

spin reorientation.

The mean-field critical exponents = 0.5 and y = 1.0 are involved in the Arrott plot.
Accordingly, the isotherm at Tc should pass through the origin, and the magnetization
isotherms M? versus H/M should be a collection of parallel straight lines. The Arrott plot
of CrSnSs shows that all curves have a downward curvature and are nonlinear (Fig. 30.),
proving that the mean-field model is inapplicable to CrSnSs. We use the modified Arrott
plot to better understand the PM-FM transition in CrSnS3 because the mean-field model

is unsuccessful.

Figures 31 , 32 and 33 exhibit the modified Arrott plots using possible exponents

from 3D Ising (5 = 0.325,y = 1.24), 3D Heisenberg (f# =0.365,y = 1.386), and tricritical
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mean-field (# = 0.25,y = 1.0) models. The modified Arrott plot should consist of parallel
lines in the high-field zone with the same slope S(T) = dM”Z/d(H/M)*”. The relative slope
(RS) [RS = S(T)/S(Tc)], which compares with the ideal value of unity, is used to choose

the model that best matches the data.

The plot of relative slope (RS) versus temperature (T) for each model is also
presented in (Fig. 29). The highest deviation from unity is observed for the RS of the
tricritical mean-field model. Above Tc, the RS of the tricritical mean-field model is very
close to RS = 1, whereas, below Tc, the RS of the mean-field model is optimal. Since the
standard Arrott plot analysis does not allow us to determine which one of these models is
closer to matching the data of the sample. Therefore, we applied the original technique to
find the critical exponents of the Sample. In this way, we find the fitting of M(H) curves
at the high field where we have straight lines, the slope represents the magnetic

susceptibility, and the y-intercept represents the spontaneous magnetization.

The spontaneous magnetization (Ms) for a first-order PM-FM phase transition is
below the transition temperature (Tc), the initial magnetic susceptibility (x51) is above
Tc, and the field-dependent magnetization (M) at Tc can be described by a set of critical
exponents S, y, and o, respectively. The exponents derived from magnetization

measurements are defined mathematically below:

Ms(T) = Mo (—¢)? (5.5)
Xo' = (ho/mo)(&)7 (5.6)
M =D H3 5.7)
e = T;CTC (5.8)
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where M,, (h,/m,) and D are the critical amplitudes. To obtain the anisotropic critical
exponents £, y, and J, the values of spontaneous magnetization (Ms) and the inverse
initial magnetic susceptibility (y;1) are extracted from isothermal magnetization curves (
Fig. 34.) and shown in Table 11. From the Kouvel-Fisher method where Ms(T )/(dMs(T
)dT) and x5t (T)/( x5! (T)/dT) plotted against temperature should be straight lines with

slopes of 1/f and 1/y, respectively.

Ms(T) _ T _Tc
dMs(T)/dT B B (59)
X' (M _ T T¢ (5.10)

dx;t(T)y/dr vy vy

The linear fit of the plots (Fig. 35.) yield g = 0.236 with Tc = 116.3 K and y = 0.135 with

Tc=121.1K.

The Widom relation gives:

§=1+ (5.11)

®I=

From g and y obtained with the Kouvel-Fisher method, ¢ is calculated to be 1.572.
According to Eg. (5.7), the critical isotherm analysis M(H) at Tc should be a straight line
in the log-log scale with the slope of 1/6 (Fig. 36.). Such fitting yields 6 = 1.621 which is

close to that obtained from The Widom relation.
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The accuracy of the calculated critical exponents can be roughly estimated by means
of a scaling analysis. The magnetic equation of state at the critical area is said to obey a
scaling relation, as proposed by the scaling hypothesis, and this relation can be

represented as:

M(H, &) = &P f,(—

() (5.12)

where fi for T> Tcand f. for T < Tc, respectively, are the regular functions. In terms of
the variable m = ¢?M(H, ¢ and h = ¢ ?*H, renormalized magnetization, and

renormalized field, respectively, equation (4.10) can be simplified to the following form:

m= fy(h) (5.13)

It suggests that for a true scaling relation with the right choices for g, y, and J, the
renormalized m versus h data will fall onto two different universal curves: f+(h) for
temperatures above Tc and f.(h) for temperatures below Tc. In order to create the
renormalized m vs. h plots, we used the values of g, y, and ¢ obtained from the Kouvel-
Fisher plot see (Fig. 37. And Fig. 38.). All experimental data were observed to collapse
onto two distinct branches, one above Tc and the other below Tc, demonstrating

adequate handling of the critical regime.
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Table 11: Values of Spontaneous Magnetization (Ms) and The Initial Magnetic Susceptibility (x5 1)

T Ms T Xt

106 0.55717 124 26410.69

108 0.53022 126 28149.89

110 0.49485 128 29348.3

112 0.44907 130 30383.24

114 0.38905 132 31134.54

T=104K
T=110K
T=114K
T=116K
T=118K
T=120K
T=122K
T=124K
T=128K
T=132K
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5.6 Magnetocaloric Effect

Plots in figures 39 and 40 show the corresponding temperature changes in -ASy,
and AT,, for various magnetic field changes up to (3 T), respectively. Regardless of the
change in magnetic field strength (H) it has been found that this particular compound
exhibits a positive MCE across the whole temperature range that was examined. In most
cases, it has been found that ordinary ferromagnets have positive MCE. Figures 39 and
40 show that both peaks of -AS,, and AT,; occur around Tc, and their magnitudes

increase with increasing AH.

The relative cooling power (RCP) represents the amount of heat that could be
transported in an ideal thermodynamic cycle between the hot and cold parts of the
refrigerator. The calculated RCP values of CrSnSz using the magnitude of the change in
magnetic entropy curves (-AS,, Versus T ) reach maxima at 3T of 1.9 J kg*. In addition,
the field dependence of (—AS;#**) and RCP can be well-fitted using the power-law
relations (—ASy**) =aH™ and RCP =bH™ (see figure 41) [136]. Fitting of
(—ASy*) and RCP give that n = 1.06 and m = 1.64. As is known, the exponents n and m

B-1

are correlated with the critical exponents as: n = 1+m andm = 1+% [138]-[140].
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The measured results of the specific heat change (ACp) versus temperature under
various field variations are shown in Figure 42. These findings were determined by
applying Equation (1.42). The (ACp) shows a sudden transition from a negative to a
positive value somewhere in the vicinity of Tc, with a negative value below Tc and a
positive value above Tc. The negative or positive values of (ACp) that are close to or
above Tc have the potential to significantly influence the total specific heat, which in turn

impacts the magnetic refrigerator's capacity for either cooling or heating.
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5.7 The Resistivity of CrSnSs

The variations of the resistivity of CrSnSz with temperature is shown in Fig. 43. on a
semi-log plot versus 1000/T. At room temperature (300K), the resistivity is about 75 W-
cm and increases with decreasing temperature. The resistivity shows a linear Arrhenius-

type behavior. This indicates a semiconducting behavior with a band gap of ~0.2 eV.

10000
— 1000
— 100

Q

10
3 3.5 4 4.5 5

1000/T (K1)

Figure 43: The Variation of The Resistivity of CrSnSs with Temperature
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CHAPTER 6

RESULTS AND DISCUSSION FOR CrSbSs

The emergence of cutting-edge technologies driven by diverse needs has led to a
wide range of materials synthesized in many different dimensions. In spintronic
applications, for instance, two-dimensional (2D) materials, have displayed great potential
due to their peculiar physical properties [154]. Therefore, many attempts have been
conducted to control magnetism in low-dimensional semiconducting materials. Several
2D magnetic semiconductors have been suggested to maintain their ferromagnet
properties at an atomic-layer level [153]. However, the studies are still preliminary
because their Curie temperatures (Tc) are insufficient for practical applications [155].
Therefore, it is an essential challenge for materials scientists to improve functional
semiconductor systems with curie temperatures (Tc) exceeding room temperature

comfortably.

The occurrence of interesting magnetic properties in the new phases motivated us to
examine the low dimensional chromium ternary chalcogenides (CrMXs, with M being a
non-transition metal, X = S, Se). They are expected to possess
interesting magnetic properties related to 1D - 3D magnetism because Cr belong to
3d transition element [152]. These properties are obtained by a structural kind of the
compound and by the M cations. In this case, structures are formed by CrXe polyhedral

stacked in different ways [152]. In principle, it may lead to the formation of either 3D,
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2D, or 1D infinite network of CrXe octahedral, which is accounted for the dimensionality
and the category of magnetic interactions. Moreover, Cr-based materials play an
important  role in  superconductivity in  reduced dimensional  systems.
When M = Sb and X = S, CrMXz becomes CrShSz compounds. Bulk CrShSz is a quasi-
layered material: the neighboring two CrSbSz layers are linked by weak Sb-S bonds
which display a pseudo-one-dimensional crystal structure, with CrXg octahedral forming
infinite, edge-sharing, and double chains. In addition, M atoms link to the relative angle,
and neighboring chains between double chains will be changed for different M atoms

[153], [156]. Accordingly, the compounds are likely to have 1D ferromagnetic properties.
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6.1 X-ray Diffraction

The powder X-ray diffraction pattern of CrShSs recorded with Cu Ka line
(1=1.5405A4) radiation is shown in Figure 44. The black solid circles are experimental
data, the red line is the fitted curve, and the blue line is the difference between them. The
lattice parameter of the sample was determined using Fullproof Software and calculation.
The crystal system (which is defined as orthorhombic and belong to the space group
pnma no. 62) are analyzed by indexing the peaks based on the value of the peaks from
Fullproof software. The graph shows that the model does not account for some
experimental peaks. These peaks can be due to other phases that may be present in the

sample.

The results of the lattice parameters are presented in the following Table (12). The

values obtained are compared with the published values as shown below:

Table 12: Comparison Between Lattice Parameters Obtained From Fullproof, Calculation, and The
Published Values.

SIN a(A) b (A) c(A)
1 Published values 8.879 3.661 12.847
2 Fullproof 8.86479 3.6647 12.83302
2 Calculation 8.722 3.665 12.672
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Figure 44: Powder X-ray Diffraction Pattern of CrSbSs. Red line shows the fitted curve. Black
crosses are measured data, Blue line indicates the difference between measured and calculated

values, and Magenta Ticks indicate the Bragg Reflection Positions.
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6.2 Magnetic Ac-Susceptibility (¥ 4c)

Dynamic magnetic susceptibility technique, often known as AC-susceptibility
technique or simply AC-susceptibility (x,.) is sensitive and a relatively less used tool for
identifying new materials. In particular, for studies of phase transitions and magnetic
relaxation, (x,.) is a powerful addition to observations in static (DC) magnetic field

measurements.

The differential dM/dH response of the sample's magnetization (M) to an oscillating
magnetic field (H) is defined as AC-susceptibility (x,.). Most frequently, operating
frequencies f range from 1 Hz to 10 KHz. In addition to the oscillating magnetic field, it

is also possible to apply a DC bias field.

In the following, we present both components of ac-susceptibility; namely the real

and the imaginary parts that we obtained for the Cr-based van der Waals ferromagnetic
samples. AC-susceptibility measurements (x,.) performed under various DC-

ferromagnetic fields will be presented in another section.

6.2.1 The Real and Imaginary Parts of Ac-Susceptibility (xqc)

Figures 45 and 46 demonstrate the temperature variation of the in-phase (x' ) and
the out-of-phase (y” ) components of ac magnetic susceptibility from 10 K to 320 K at
fixed Hac = 0.33 Oe and Hgc = 0. The reorientation of domain magnetization and the

alteration of domain wall motion in the oscillating magnetic field control how (' )
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behaves. The domain magnetization reorientation is insignificant in low ac magnetic
field, so the domain wall motion mainly governs the magnetization. The domain structure
originates from the magneto-crystalline anisotropy and is affected by the defects of the
crystal lattice. The peak in the (y” ) plot reflects energy absorption linked to domain
wall motion and rotation, suggesting that these losses are significant in the current
situation at temperatures below Tc. Figures 44 and 45 show that a sharp kink in both
components was observed at the Curie temperature Tc. By taking the first derivative of
both components, we can accurately determine the Curie temperature Tc and show the
inflection point, which is T, = 115 K and FWHM ~ 2.5 K (see inset in figures 45 and
46). A sudden drop in both components indicates that the FM-PM magnetic phase
transition is a first-order magnetic transition. As the temperature decreases below Tc, the
susceptibility decreases rapidly. Then it reaches another maximum value near 90 K. This
peculiar behavior is also reflected in the susceptibility derivative, which reveals another

maximum at 90 K, indicating yet another transition to a possibly antiferromagnetic state.
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6.2.2 Effects of The DC-biased Field on The Ac-Susceptibility

The effect of dc-magnetic field bias on the ac-susceptibility can further be used to
investigate the magnetic state. By applying a dc bias field (Hdc), the response of the ac
susceptibility diminishes with significant modification in its behavior, which can be seen
in Fig. 47. The magnitude of y’ is strongly suppresses the sharp peak and slightly shifts it
to lower temperatures by applying the dc bias field. As can be seen in figure 46, the
magnetic phase changes from a paramagnetic phase to a ferromagnetic phase about T, =
115 K, this state of affairs persists until approximately T ~ 80 K with behavior
commonly seen in ferromagnetic dc-susceptibility. The susceptibility begins to fall below
T ~ 80 K, possibly due to spin reorientation generated by antiferromagnetic exchange
interaction. As the applied dc-field increases, the width of the FM transition increases
(Fig. 47.), indicating that the materials become less responsive to the low H,. (~ 0.33

Oe).
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Figure 47: Temperature Variation of in-phase(x’) of Ac-Susceptibility for CrShSz at Different
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The effects of the dc-bias field on the transition temperature can be further
investigated by measuring the ac-susceptibility as a function of the dc-field cycled
between two maxima (£ 45 Oe) at various temperatures near Tc. Figure 48 shows the
result. According to the figure, the susceptibility reaches its maximum at ( Hoc = 0 ). It
totally disappears at 117 K, with a tiny peak at T = 115 K. This indicates that the

transition occurred between these two points (115-116K).
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Figure 48: DC Bias Fields Variation of in-phase ( x') of AC-Susceptibility at Different Temperatures
for CrShSs.
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6.2.3 The Frequency Dependence of Magnetic Ac-Susceptibility (x4c)

The temperature change of the in-phase (') of ac magnetic susceptibility at various
frequencies over a wide temperature range is depicted in Figure 49. This is the result
when the values of Hac = 0.33 Oe and Hqc = 0. The magnetization M of a spin system will
relax to a new equilibrium state after a characteristic time (t), called the relaxation time,

as the applied magnetic field shifts from H to H + AH.

The real part of ac-susceptibility (') as depicted in Figure 49, is frequency
dependent. Since the moments can follow the oscillating field, it appears that the relevant
reconfiguration of the domain structure is a relaxing effect. Furthermore, the frequency
dependence of the ac magnetic susceptibility supports the pseudo-one-dimensional
structure of the CrShSz sample, in which the magnetic-moment-bearing Cr sublattice
forms double chains. Furthermore, peak shifts in the ac-susceptibility (') as a function
of frequency follow the Arrhenius law, which can be used to calculate the activation

energy.
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Figure 49: a) Frequency Dependent on in-phase ( x') of AC-Susceptibility for CrSbSa.
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6.2.4 The activation energy

Using the Arrhenius law, one may calculate the activation energy by observing the
shift in the ac-susceptibility peak as a function of frequency (see Fig. 49b and c.) [25].

The relaxation time 7(T) = 1/f is expressed as:
AE
T(T) = Tty exp (kTT) (6.1)

After a characteristic time (t) , also known as the relaxation time, the magnetization
M of a spin system will reach a new equilibrium state as the applied magnetic field shifts
from H to H + AH. The relaxation process is effected by a number of factors, including
the motion of domain walls, the rotation of magnetic moments and other parameters. So

equation (6.1) converts to:

—-AE 1

Inf=—=4+1Inf, (6.2)
kp T
/ N
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Figure 49: b),c) Activation Energy
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6.3 Magnetic Isotherms and The Dc-Susceptibility

The variations of the magnetization with the temperature at a constant magnetic
field H;. = 200 Oe is presented in Fig. 50. It is evident that the CrSbS3 sample
undergoes paramagnetic (PM) to ferromagnetic transition. A rapid increase in M(T ) at Tc
~115K indicates an onset of FM—type order. Inset in figure 50 shows the first derivative
of M(T) to determine the critical temperature (inflection point) where the critical
temperature T, = 115 K. The temperature dependence of the magnetization M(T)
reaches a maximum near 85K, then gradually decreases at low temperatures indicating
that a spin re-orientation occurs below 85K. A sharp peak at the critical temperature

T, = 115 K can be described as a first-order magnetic transition.

Isothermal magnetization was measured at various temperatures to further explore
the complex magnetic behavior. Figure 51 displays few of the results. When temperatures
decrease below 118 K, the shape of the M(H) curves changes from the straight lines
expected for a PM state to significantly bent curves indicative of an FM ordering.
Nevertheless, the shape of the M(H) curve at low temperatures is very similar to those
that are predicted for antiferromagnetic order (AFM). Figure 52 shows the dc-magnetic

susceptibility (x4.) versus temperature at constant Hge = 200 Oe.
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6.4 The Curie-Weiss Law

The relationship between inverse magnetic susceptibility and temperature is
depicted in figure 52. Figure 52 shows how the Curie-Weiss law describes the
experimental curve over the whole range of PM temperatures. The figure reflects typical
ferrimagnetic behavior with negative On. The linear part of the inverse susceptibility is
fitted to the Curie-Weiss relation (The paramagnetic temperature range). The Neel

temperature is 8y =~ —30 K, and the molar Curie constant is (C,,, = 0.86 emu. K/mol) .

For the effective magnetic moment of the Cr-ion, the following equation was used

to determine the effective magnetic moment of the Cr3* ions (Herr, cr3+) In the

temperature range of application of the Curie-Weiss law:

Where /3 Kz/N,u% =2.828 in which Kz=1.380649 x 10" 6erg/K |,
N, =6.022 x 1023 mol™ , up =9.274 x 1072 erg/G are the Boltzmann constant,

Avogadro’s number, and the Bohr magneton, respectively.

It is found that the effective magnetic moment of Cr3* ions (Herf, cr3+) In CrSbSzis
2.61ug. This value is smaller than the observed value of the effective magnetic moment
of free Cr* ions (Herf, cr3+ = 3.85pug). This fact also indicates a complex magnetic
ordering (ferro, ferri, and antiferromagnetic) in CrSbSs below Tc and exhibits an impurity

phase in the sample.
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6.5 Critical Behavior

Arrott plot analysis of M(H) curves (Fig. 54.) was performed to get an understanding
of the nature of the magnetic transitions in CrShSz. Banerjee argues that the slope in the
Arrott plot reveals the order of the phase transition: negative curvatures correlate to a
first-order transition, while positive curvatures imply a second-order transition. The
intercept values were used to differentiate the order of phase transitions and these
calculated using linear fits. For CrSbSs, the possibility of a first-order magnetic transition
is indicated by the fact that the value of the y-intercept at 115 K, the one closer to spin
reorientation, is negative for the high field region. We may deduce that the sample
undergoes an FM-PM change upon first-order spin re-orientation by analyzing the Arrott

plot.

In the Mean-field model, the critical exponents f = 0.5 and y = 1 are used in the
Arrott plot. Consequently, the M? against H/M magnetization isotherms should be a
series of parallel straight lines, and the Tc magnetization isotherm should be a straight
line through the origin. We can observe that the mean-field model is not applicable to
CrShSs because all of the curves in the Arrott plot are nonlinear and have a downward
curvature (see Fig. 55.). Because of the inadequacy of the mean-field model, we resort to

the modified Arrott plot in order to learn more about the PM-FM transition in CrSbSs.

Exponents from the 3D Ising model (8 = 0.325, y = 1.24), 3D Heisenberg model (5
=0.365, y = 1.386), and tricritical mean-field model (# = 0.25, y = 1.0) are shown in
Figures 56 , 57 and 58 to illustrate the updated Arrott plots. In the high-field region, the

modified Arrott plot should consist of a series of parallel lines with the same slope S(T) =
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dM"B/d(H/M)'. The relative slope (RS) [RS = S(T)/S(Tc)] helps us decide which model
offers the best fit for the data. The best model will have a Relative slope (RS) that tends
toward unity. Figure 59 displays the RS versus T values for several models. It is noted
that the RS of the tricritical mean-field model shows the largest deviation from unity
below Tc. The RS of the tricritical mean-field model is close to RS = 1, mostly above Tc,
while that of the 3D Heisenberg model is the best below Tc. Since the standard Arrott
plot analysis does not allow us to determine which one of these models is closer to
describing the critical behavior in the sample therefore, we applied the original technique
to find the critical point of the samples using the Kouvel-Fisher method. In this way, we
find the fitting of M(H) curves at the high field where we have straight lines in which the
slope represents the magnetic susceptibility, and the y-intercept represents the

spontaneous magnetization.

For a first-order PM-FM phase transition, the spontaneous magnetization (Ms)
occurs at temperatures lower than the transition temperature (Tc), the inverse initial
magnetic susceptibility (y;1) occurs at temperatures higher than the (Tc), and the field-
dependent magnetization (M) at Tc can be described by a set of critical exponents
consisting of S, y, and ¢ and, respectively. The mathematical definitions of the exponents

from magnetization measurement are given below:

Ms(T) = M, (_S)B (6.4)
Xo" = (ho/my)(e)7Y (6.5)
M = D H3 (6.6)
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(6.7)

where My, (h,/m,) and D are the critical amplitudes.

As discussed before, the order of phase transition is the first order. So, to obtain the
anisotropic critical exponents £, v, and ¢, the values of spontaneous magnetization (Ms)
and the inverse initial magnetic susceptibility (y;) are extracted from isothermal
magnetization curves (Fig. 60.) and shown in Table (13). From the Kouvel-Fisher method
where Ms(T)/(dMs(T)/dT) and x5! (T)/( x5* (T)/dT) plotted against temperature should

be straight lines with slopes 1/ and 1/y, respectively.

Ms(T)

_T Tc
dMs(T)/dT ~— B

3

(6.8)

Xo! (T) T T¢
o () _T_Tc 6.9
dxo' (T)/dT vy vy (6.9)

The linear fits of the plots (Fig. 61.) yield # =0.263 with Tc=113.3 Kand y = 0.171 with

Tc=1153 K.
The Widom relation gives:

§=1+ (6.10)

==

The value of ¢ is determined to be 1.65 based on the results of the Kouvel-Fisher
method applied to obtain £ and y. The critical isotherm analysis M(H) at Tc should be a

straight line on the log-log scale with a slope of 1/4, according to Eq. (6.6)(see Fig. 62.).
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This type of fitting gives a value of § = 1.71, which is comparable to the value

obtained from the Widom relation.

The accuracy of the calculated critical exponents can be estimated via scaling
analysis. Assuming that the magnetic equation of state in the critical area follows a

scaling relation, we get the following:

M(H, &) = P f,(—

() (6.11)

where f. for T > Tcand f. for T < T, respectively, are the regular functions. In terms of
the renormalized magnetization (m) where m = ¢”M(H, ¢) and the renormalized field (h)

where h = ¢ #"H, Eq.(4.20) reduces to a simple form:

m= fy(h) (6.12)

It proposes that for a correct scaling relation with the right choices for g, y, and 9, the
renormalized m versus h data will fall onto two different universal curves: f+(h) for
temperatures above Tc and f.(h) for temperatures below Tc. We have created the
renormalized m vs. h plots using the values of g, y, and ¢ derived from the Kouvel-Fisher
model (Fig. 63. And Fig. 64.). All experimental data are easily noticed to collapse onto
two distinct branches, one above Tc and the other below T¢, confirming proper treatment

of the critical regime.
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Table 13: Values of Spontaneous Magnetization (Ms) and The Initial Magnetic Susceptibility (x5 1)

T Ms T o
102 1.01617 116 12996.47125
104 0.97521 118 16060.41177
106 0.91479 120 18015.56586
108 0.84114 122 19210.39859
110 0.74806 124 20271.16699
112 0.59586 126 20715.18257
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Figure 54: Magnetization-Field Curves M(H) for Different Temperatures Around Tc for CrSbSs.
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Figure 56: The Isotherms of M vs. (H/M)* with Parameters of 3D Ising Model for CrSbSs.
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6.6 Magnetocaloric Effect

Figures 65 and 66 show the resulting temperature variations of -AS,, and AT,
for various magnetic field changes up to 3 T, respectively. Regardless of the magnetic
field change (AH), it is noted that this compound exhibits positive MCE across the whole
tested temperature range. Conventional ferromagnets have been found to generally
display positive MCE. As can be concluded from Figures 65 and 66, both -AS,, and AT,4

exhibit a peak at Tc with a magnitude that systematically increases with increasing (AH).

The most important property is the capacity to generate beneficial cooling, which may
be measured by a parameter calculated from the temperature dependence of the
isothermal magnetic entropy change and referred to the relative cooling power (RCP). In
an ideal thermodynamic cycle, RCP is a measurement of the amount of heat that is

transported between cold and hot parts of the refrigerator.

The calculated RCP value of CrSbSs using the magnitude of the change in magnetic
entropy curves (-AS,, Versus T ) reaches maxima at 3T of 3.65 J kg™. In addition, the
field dependence of (—ASy**) and RCP can be well-fitted by using the power-law
relations (—ASj** = aH™ and RCP =bH™ ) as noted in figure 67. Fitting of

(—ASy*) and RCP give that n = 0.81and m = 1.61. As is known, the exponents n and m

are correlated with the critical exponents as: n = 1+% andm = 1+§ .

The expected results of the specific heat change (ACp) vs. temperature under various
field variations are represented in Figure 68. These outcomes were calculated by applying

Equation (1.42). The (ACp) reveals a sudden transition from a negative to a positive value
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at around Tc¢, with a value that is negative below Tc and positive above Tc. The negative
or positive values of (ACp) close to or above Tc can significantly alter the total specific

heat, which modifies the magnetic refrigerator's cooling or heating performance.
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Figure 65: Magnetic Entropy Change (-ASy) as a Function of Temperature at Magnetic
Field Changesof AH 1,1.5,2,2.5and 3 T for CrSbSs.
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Figure 66: Adiabatic Temperature Change (AT ,4) curvesof AH1,1.5,2,2.5and 3 T for CrSbSa.
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6.7 Frustration index

In magnetism, the frustration index is a measure of the degree of frustration in a
magnetic system. It is defined as the ratio of the Curie Weiss temperature, Ocw, to the
ordering temperature, T". The Curie Weiss temperature is a measure of the energy
difference between the ferromagnetic and paramagnetic states, while the ordering

temperature is the temperature at which the magnetic system orders.

A high frustration index indicates that the magnetic system is strongly frustrated,
and that it is difficult for the system to find a ground state that minimizes the energy of all
of the spins. This can lead to a variety of unusual magnetic properties, such as spin glass

behavior, heavy fermion behavior, and unconventional superconductivity.

The frustration index can be used to classify magnetic systems and to predict their

behavior. It is a valuable tool for understanding the physics of frustrated magnets.

The frustration index can be calculated using the following equation [157]:
BCW
f=2 (6.13)

where:

o 0., isthe Weiss temperature

o T" isthe ordering temperature
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Figure 69: a) Frustrated index for CrSnSs and CrSnSs. b) Spontaneous Magnetization at different
Temperature

Figure 69 shows that the frustrated index of CrSnSs is double that of CrSbS3. As a

result, the spontaneous magnetization of CrSnSs is reduced to half its value relative to

CrSbSs.
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CHAPTER 7

CONCLUSION

In this thesis, we investigated the critical magnetic behavior, magnetocaloric effect,
and structural properties of a set of transition-metal based chalcogenides samples with the
general formula MY X3 where M is Transition-metal (Cr or V),(Y is Sn or Sb) and X is a
chalcogen (S, Se, and Te). It was observed that the transition temperature gradually
increases with increasing atomic mass (and the ionic radius) of the chalcogen element.

Three of these samples revealed magnetic order phase transition according to ac-
susceptibility measurements. We chose only two samples (CrSnSz, CrSbSs) to study the
magnetic behavior in detail. The Paramegnetic-Ferromagnetic transition in (CrSnS3 and
CrShSs) is found to be a first-order magnetic transition at a critical temperature close to
119 K and 115 K, respectively. Reliable values of critical exponents (5, y) were obtained
from the Kouvel-Fisher method, and ¢ was generated by critical isotherm analysis. Using
these exponents, the field dependence of M(T, H) curves splits into two universal
branches below and above Tc. The frustration index was calculated where the frustrated
index of CrSnSs is double that of CrSbS3. As a result, the spontaneous magnetization of

CrSnSs is reduced to half its value relative to CrShSs.
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The maximum values of the parameters of the magnetocaloric effect were obtained at 3T
around Tc from isothermal magnetization data. The maximum change in magnetic
entropy AS;** = 0.15 and 0.34 J/Kg.K for CrSnSs and CrShSs. respectively. The
maximum change in the adiabatic temperature AT;;** = 0.19K and 0.43K for CrSnSz
and CrShSs, respectively. The maximum relative cooling power RCP = 1.95 and 3.79 J
Kg?® for CrSnSsand CrShSs, respectively, which is much smaller than that of CrShSes.
In addition, The (ACp) of both samples revealed a sudden transition from a negative to a
positive value around Tc, with a value that is negative below Tc and positive above Tc.
The current goal is to find cheap and efficient magnetocaloric materials that can operate
around room temperature. So the materiales need to improve their behaviour maybe using

substitution. For example CrixMnxY Xz , MnZnSb.
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