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Abstract

In this project, we have explored the approach of introducing high entropy in MnsSn
alloys by replacing Mn with 5 elements such that the e/a ratio of these elements is
equal to the number of valence electrons in Mn. The e/a ratio of V,Cr,Mn,Fe,
and Co taken in equiatomic ratios was found to be equal to 7, which is equal
to number of valence electrons in Mn.Thus an alloy with stoichiometric compo-
sition V2CrpoMngoFeg2Cog o was chosen to prepare high entropy Mn. We started
by establishing an underlying base for our project by preparing high entropy Fe
(CrpoMng oFeq 2Cog2Nig2) and establishing its results reported in the literature.
Following this we prepared high entropy Mn and characterized it, which was the
first main objective of the project. Later we aimed on synthesizing and character-
izing high entropy MnzSn and FezSn by replacing Mn and Fe with five elements
repectievely. For this two approaches were followed, One was preparing the alloy
by melting all the elements together with Sn and annealing at 1000°C which was
reported for the preparation of high entropy alloys. Second approach was by follow-
ing the conventional Mn3zSn and FezSn preparation by melting high entropy sample
with Sn and annealing it at 800°C. X-ray diffraction characterization was carried
out to understand the phases present in the resultant sample. Following this four
probe resistivity measurements were done to understand the structural and magnetic

transitions in the sample to understand its behavior with temperature.
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Chapter 1

Introduction

1.1 MHgX

Mn3X compounds where X= Ge, Sn, Ga, Ir, Rh, and Pt are compounds in which
the magnetic Mn atoms forming AB-stacked kagome lattices have received a high
attention since the observation of the anomalous hall effect has been reported in
Mn3Ge and MnsSn [2]. The planes of Mn moments are arranged in a Kagome type
lattice as a result of which these materials exhibit a noncollinear antiferromagnetic
order, because of geometrical frustration, with respect to these Kagome planes, it
was found that both the anomalous Hall conductivity (AHC) and the spin Hall con-
ductivity (SHC) are anisotropic for any of these materials [3].

From a technological point of view these emergent transport properties of Mn3X
compounds are very attractive in the development of antiferromagnetic spintronics
and memory devices [4]. Consequently, there have been several experimental and
theoretical studies focused on determination of the magnetic ground state of Mn3X
compounds. Yasukochi and Ohoyama were the first to identify weak ferromagnetism
in Mn3Sn and Mn3Ge. Later, the first neutron diffraction studies of these two com-
pounds led to determination of the noncollinear 120° structure. Consecutive powder
neutron diffraction experiments on MnzGa, Mn3Ge, and Mn3Sn also determined that

the antiferromagnetic order and the induced magnetic moment are restricted to the
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plane perpendicular to the ¢ axis of the compound. Recent studies revealed that of
the possible triangular magnetic structures, the ground state of these Mn3X com-
pounds is the antichiral “inverse triangular” structure. Novel techniques have been
proposed for imaging and writing of magnetic domains in MnsSn [5]. In this project

will focus on Mn3Sn and explore the high entropy approach in it.

1.2 MnsSn

Mn3Sn a kagome antiferromagnet is an intermetallic compound which crystallizes
in a hexagonal structure with space group P63/mmc as shown in Fig. 1.1. Tt is a
topological Weyl semimetal which has been an active study topic since the discovery
of the large anomalous Hall effect, large Nernst effect at room temperature, magnetic

Weyl fermions, magnetic inverse spin Hall effects [1].

\

[0001)

(2)

Figure 1.1: MnsSn structure [1]

Kagome Lattice

MngSn crystallizes in a hexagonal lattice with a kagome antiferromagnetic struc-
ture. This lattice consists of corner-sharing triangles and is characterized by a large
degree of geometric frustration, while two of the three spins can be antiparallel, the
third one is frustrated and aligns at 120° with respect to the other spin resulting in
weak ferromagnetism as shown in Fig. 1.1(b). In every unit cell of MngSn, man-
ganese atoms form a frustrated kagomé lattice with tin atoms occupying the center
positions and Mn occupying the corners of the lattice [6]. This lattice structure

leads to frustration because there’s no way for all the spins to align in a single,
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low-energy configuration due to competing interactions between neighboring spins.
These materials have gained significant interest for potential applications in quan-

tum computing and spintronics due to their unique magnetic properties.

1.2.1 Properties of Mn3Sn

Mn3Sn has two interesting properties, that is temperature dependence of magneti-

zation and resistivity.

o
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Figure 1.2: Temperature dependence of magnetization in MnzSn

Temperature dependence of magnetization

Mn3Sn is an antiferromagnet having Neel temperature above 400K. It was seen that
as the sample is cooled the compound undergoes a magnetic transition at T;= 290K
as shown in Fig. 1.2. This transition corresponds to the magnetostructural phase
transition from the triangular antiferromagnet structure to the modulated phases.

Initially, no difference between ZFC and FCW was observed implying that the struc-
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ture T is still antiferromagnetic. Below 215K the magnetization was observed to
increase again due to anisotropy change of double helix magnetic structure. With
further decrease in temperature, a slight drop in magnetization is observed around
40K in the ZFC curve, this indicates the glassy ferromagnetic like state reported for
the alloy [7].

Temperature dependence of resistivity

The resistivity of MnsSn shows metallic like behavior with electric current applied.
As the temperature was increased a kink was observed at magnetic transition tem-
perature Ty. The inset shows the hysteresis of p near T; upon warming and cooling,

which indicates a first-order phase transition[7].

T =5K T =270 K
E 1 -

1110001
B=00e

120 180 240 300 360
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Figure 1.3: Resistvity dependence on temperature in MnzSn



1.2. MN3SN CHAPTER 1. INTRODUCTION

Effect of doping Mn3Sn

Interesting properties were reported on doping Mn3Sn with transition metals Fe, Cr
at Mn site. It was observed that topological properties of strongly correlated anti-
ferromagnet MnzSn could be tuned via Fe. doping. In [8] the electronic, magnetic,
and topological properties of Mns3_,Fe,Sn were reported by varying the concentra-
tion of x. It was observed that on increasing the concentration of Fe ferromagnetism
was introduced in the system. Resistivity studies showed a metal to insulator-like
transition and resistivity upturns with increase in x at the reported transition tem-
peratures. Large uniaxial magnetocrystalline anisotropy was induced by the Fe
doping along with competing magnetic interactions at low temperature. This gave
nontrivial spin texture, leading to a large topological Hall effect in the doped systems

at low temperatures.

Coexistence of in-plane and out-of-plane exchange bias in correlated kagome antifer-
romagnet Mnz_,Cr,Sn studied in [9]. On increasing the percentage of Cr in MnzSn
and in turn increasing the electron per atom ratio(e/a) coexistence of antiferromag-
net and ferromagnetic phase was observed at low temperature region. Field-cooling
experiments conducted by applying field parallel and perpendicular to the frustrated
Kagome plane displayed loop shifts and enhanced coercivities. The results reported
suggested that the exchange bias along perpendicular kagome plane is primarily
induced by Dzyaloshinskii-Moriya interactions due to the breaking of interfacial
symmetry, while the exchange bias effect along kagome plane is due to the exchange
effects at interface of antiferromagnet and ferromagnet component originating from

the net moment.

On comparing these results to the undoped MnsSn structure we can see how the
triangular antiferromagnet on doping shows enhanced characteristics of ferromag-
netism for different concentrations of Cr and Fe as the e/a ratio changes significantly.
In case of Fe doped MnsSn the resisitvity behaviour showed a change from metal

like behaviour for MnsSn to a metal to insulator like transition for Mns_,Fe,Sn.
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1.3 High Entropy Alloys (HEAs)
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Figure 1.4: Entropy increase in the development of materials

An alloy is formed when a metal is combined with other substances to create a
new metal with enhanced properties. Conventional alloys contain one or two main
elements which may be stronger, harder, tougher, or more malleable than the original
metal. For example, steel is formed by combining iron with another element such as
carbon. This combination showed enhanced strength, hardness, and other desirable
properties compared to pure iron. On observing how the addition of small amount
of an element to the material showed a great change in properties, the concept of

high entropy alloys (HEAs) came through [10].

HEAs contain five or more elements in equiatomic/ non equiatomic ratios, result-
ing in a complex microstructure and high configurational entropy. Development of
these materials showed interesting properties like high ductility, high strength and
corrosion resistance. As we know entropy is a measure of randomness or disorder of
a system,in these alloys we try to increase the disorder by increasing the number of
elements. High configurational entropy arises from the number of ways the atoms

can be arranged in a system.
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To prepare high entropy alloys the following criteria have to be followed [10]:

1. Compositional requirements:
The alloy should have at least five major metal elements, each having an

atomic percentage of 5-35 %.

Nomajor = D, Dat. % < ¢; < 3bat.%

Nminor = O, Cj < 56Lt%

Najor -NUMber of primary elements , ny,inor - numMber secondary elements

and ¢;, ¢; - atomic percentages of major and minor elements respectively.

Addition of minor element is optional according to desired property enhance-

ment.

2. Concept of entropy:

The entropy of a system in a given state can be written as

S = klnW
k =R/Ny
k= Boltzman constant, S= Configurational entropy, W=number of real

microsates corresponding to macrostates and R= molar gas constant.

HEASs need to have configurational entropy larger than 1.61R in their random

solution state.

ASyiz > 1.6R
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1.3.1 Phase structure of HEAs

OOO

OOO
000

(a) (b) (c)

Figure 1.5: Phase structures of HEAs

High entropy alloys can form different categories of phase structures .It can form
intermetallic compounds as shown in Fig.1.5.a which have two or more metallic ele-
ments combined in a specific stoichiometric ratio. Secondly it can form a disordered
atomic or molecular structure namely, amorphous alloy as shown in Fig. 1.5.b.
However, with the deepening of research on HEAs, it has been found that many
HEAs systems do not produce numerous intermetallic compounds and other com-
plex structural phases during solidification[10]. In contrast, HEAs tend to produce

alloy solid solution phases as shown in Fig. 1.5.c with a simple structure .

Solid Solution HEAs

Solid solution phase is a homogeneous mixture of two different kinds of atoms in solid
state forming a single crystal structure. These alloys further crystallize into body
centered cubic(BCC) ,Face centered cubic (FCC) ,Hexagonal closed packed structure
(HCP) , Sigma phase(o) or a combination of of these phases.For instance,elements
used for alloying in HEAs ;Cu, Al, Ni are FCC-type ,Fe, Cr, Mo, V are BCC-type
and Ti, Co are HCP type at ambient temperature.When these elements are mixed
with different combination in different amounts of certain elements fcc, bee or mixed
fecc and bee structures may form.[11] CoCrCuFeNi a high entropy Fe alloy formed
a FCC structure.[12] AlCoCrCuFeNi showed charateristics of both FCC and BCC
structure. It was reported that on increasing Al concentration the crystal structure

tuned from fcc to fce plus bee to fully bee.
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Sigma Phase:

Recent studies have shown that the as-cast solution phases in HEAs may transform
to intermetallic phases [13] when aged at intermediate temperatures. The formation
of sigma phase is frequently observed in aged HEAs. It is a tetragonal intermetallic
phase containing 30 atoms per unit cell [11]. It leads to material hardening, which
could be favorable under certain circumstances. The compositional range of its sta-
bility is governed by e/a ratio and valence electron concentration (VEC).In the case
3d HEAs,the Cantor alloy itself is found to be highly stable in the fcc structure and
undergoes a transition to the o phase when annealed around 700 degree celcius for

longer time periods.

o-free | o-prone. o-free
rature - fan FJun&m
\l CrFe, MnNi_ = ® 0,00 O

lloys —+ ® G000 ¢ Do

T . T v T T hd 1

R Y IR ) R ) B | T Ry
VEC

Figure 1.6: Relationship between the VEC and the presence of o phase after aging
for a number of HEAs

Green and red icons in Fig. 1.6 indicate the absence and presence of o phase after
aging, respectively. The aging condition for the Al,CrFe; s MnNig 5 alloys and the test
alloys is 700 ° C for 20hrs.From here we can conclude that VEC between 6.87 to 8
is more prone to o phase formation. This falls into the range where Fe-Cr, Fe-V,
and Mn-V alloys also exhibit the ¢ phase. It is also the range within which Mn and
binary 3d-Mn alloys form complex cubic A12 (a-Mn) and A13 (8-Mn) phases with

58 and 20 atoms per unit cell, respectively.

9
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1.3.2 Studies on High Entropy alloys

The magnetic and structural properties of equiatomic and off-equiatomic high-
entropy alloys Cragy,MnggFeqnCosgNigg_, were studied [11].The composition depen-
dent transformation from the FCC to ¢ phase with increasing x for off-equiatomic
composition was reported. The FCC-Cantor alloy had the same valence-electron
concentration (e/a: electrons per atom) as FCC-Fe with (e/a)=8 and exhibits
temperature-dependent properties that are actually predicted for FCC-Fe. Low-
field (5 mT) temperature-dependent magnetization measurements M(T ) revealed

features related to the intrinsic magnetic interaction.

A High-Entropy B2 Heusler Alloy (MnFeCoNiCu)75Al5Al was studied [14].The
properties of the resultant high entropy alloy showed systematic evolution with
varying valence electron configurations. It formed mixed FCC-BCC phases with
the BCC phase exhibiting B2 ordering in some cases. It was seen that this high en-
tropy combination forms a stabilized pseudo-CozAl compound with e/a = 7.5 which

is reported to be unstable otherwise.

Magnetic, structural, hardness and thermal expansion properties of the FCC and
BCC phases of (MnFeCoNi)goCugo_,Z,(Z=Al, Ga) high-entropy alloys were studied
[15].In this case, base alloy (MnFeCoNi)goCugy composed of all-3d-transition metals
was taken, and the effect of Al and Ga-substitution as main group elements in place
of Cu was seen. On increasing Al and Ga content in the base alloy, the structure
was seen to be more ordered taking up body-centered positions of the BCC lattice.
Additionally, these structures were known to exhibit similar physical properties like
Invar property with low thermal expansion coefficient with the 3d-transition metal-

alloys having the same valence electron concentration.

From the above literature review we can observe that high entropy alloys formed
on combining with another element enhanced the properties of the resultant sample

leading to its application in many advanced fields of science.

10



Chapter 2

Experimental Techniques

2.1 Introduction

The current chapter categorically details the procedure involved in the synthesis of
high entropy alloys along with the different experimental techniques used for the
characterization of the prepared alloys. To begin with, the diffraction experiments
using x-ray radiations as a source are described, which were performed for structure

analysis. Four probe resistivity method was used to study the transport properties.

The list of compositions prepared in equiatomic ratios and later combined with Sn

is as follows:

1. High Entropy alloys
S1 ngh EHtI'Opy Fe CI'O.QMHO.Q Feo_QCOO.QNiO.Q

S2 | High Entropy Mn | V5CrgoMngoFeg2Coqo

2. High Entropy alloys combined with Sn
83 Mngsn (VO.QCI‘O'QMHO'QFGO.QCO 0.2)3SD

S4 | Mn3Sn (High Entropy Mn)s;Sn
SH Fegsn (Cro_QMno_QFeQ'QCOO'QNiQ'g)gsn
S6 | FesSn (High Entropy Fe)s;Sn

11
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2.2 Sample preparation

2.2.1 Weights

The elements were weighed according to the stoichiometric proportions as shown in

the table below:

H Sample \ Elements \ Calculated (g) \ Normalized (g) \ Sample weight H

Cr 0.1236 0.1811
Mn 0.1306 0.1914
S1 Fe 0.1328 0.1946
Co 0.1401 0.2053 0.9633
Ni 0.1396 0.2063
Total weight 1.0000 0.9787
\Y 0.1868 0.1893
Cr 0.1907 0.1932
S2 Mn 0.2015 0.2042 1.0001
Fe 0.2048 0.2075
Co 0.2161 0.2190
Total weight 1.0000 1.0132
\Y 0.1083 0.1093
Cr 0.1105 0.1155
Mb 0.1168 0.1179
S3 Fe 0.1187 0.1198 1.0004
Co 0.1253 0.1265
Sn 0.4205 0.4245
Total weight 1.0000 1.0097
High entropy Mn 0.8720
S4 Sn 0.6281 1.4977
Total weight 1.5002
Cr 0.1087 0.1093
Mn 0.1149 0.1155
Fe 0.1168 0.1175
S5 Co 0.1232 0.1239 1.0038
Ni 0.1228 0.1235
Sn 0.4136 0.4160
Total weight 1.0000 1.0057
High entropy Fe 0.8780 0.5475
S6 Sn 0.6221 0.3879 0.9253
Total weight 1.5001 0.9354

Table 2.1: Weights of all the samples prepared

12
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2.2.2 Sample cleaning

Iron(Fe), Chromium(Cr), Manganese(Mn) and Vanadium(V) from Alfa Aesar com-
pany having 99.9% purity were cleaned before sample preparation to remove any
oxide layer present on the surface. Fe, Mn, Cr placed in beakers containing a metal
cleaning solution.The beakers were then placed in an ultrasonicator for 15 minutes
to facilitate the removal of surface oxidation. Following this, the metal pieces were
washed in isopropyl alcohol. This process is repeated until the metal appears shiny
and clean. A similar procedure was followed for cleaning vanadium but the ex-
cess oxide was first scrapped off using a blade before placing in the metal cleaning

solution.

2.2.3 Arc melting

Figure 2.1: Arc Furnace

In this process required elements were placed in the copper hearth according to their
vapour pressure and oxidation state [16]. Following this, vacuum cycle was run for
15 minutes and the Argon cycle was run for 10 minutes. These cycles were repeated
3 times to maintain a controlled inert gas atmosphere. Next, an electric current was
passed between two electrodes which generated intense heat, causing the elements
placed in the copper hearth to reach its melting point, resulting in its transformation
from a solid state to a liquid state. Throughout this process, the chiller is kept on to
maintain the cooling of the copper hearth balancing out the excess heat generated.
Once the melting has been achieved, the power to the arc is turned off, allowing

the molten material to cool and solidify. The sample is flipped and this process is

13
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repeated three times to maintain homogeneity of the sample prepared. After all the
melting cycles are done the sample is kept for 30 minutes undisturbed to ensure

internal homogeneous cooling before removing the sample out.

2.2.4 Weight loss and homogeneity check

Weight loss for each sample was calculated and reported as follows 2.1:

Sample | Weight loss(%)
S1 1.57
S2 1.29
S3 0.92
S4 0.17
S5 0.19
S6 1.08

Table 2.2: Weight loss of the samples

Samples with weight loss less than three percent are considered. The samples were
further cut into halves using a diamond cutter and checked for any phase separation

present on the surface.

2.2.5 Vacuum sealing

The sample was put in quartz tubes and sealed. To seal these tubes we need to
create high vacuum so we, First open one valve of the rotary pump to evacuate the
chamber. After closing this pump we open the next valve so that air from the upper
tube system where the sample tubes are loaded is evacuated. Next, we open both
the valves so that the whole system is fully evacuated. During final sealing, we need
a high vacuum, so the diffusion pump is turned on. The oil in the lower chamber of
the diffusion pump gets heated, the vapors rise up and after it reaches a certain level
it cools and settles down back and this continuous process creates a high vacuum

desired to seal the tubes [17].

14
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2.2.6 Annealing

The sealed sample tubes are put in the furnace for a number of days at a certain
temperature depending on the composition of the sample. The ramping rate is set

to 10 ° / min. This annealing is done to ensure the removal of any strain present in

the sample.
Sampl | Temperature | days
S1 1000 °C 3
S2 1000 °C 3
S3 1000 °C 2
S4 800 °C 3
S5 1000 °C 2
S6 800 °C 3

Table 2.3: Annealing temperatures and days

2.2.7 Quenching

Quenching is a process in which the sample is removed from the furnace and directly
placed in water at room temperature or ice water to achieve rapid cooling. This is
done to maintain mechanical properties linked with a crystalline structure or phase
distribution that would be lost upon slow cooling. Samples S1, S2, S3, S5 were
quenched in water at room temperature and samples S4 and S6 were quenched in

ice water.

After annealing the sample is taken out and used as per requirements for further

characterization.

15
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2.3 Characterization

2.3.1 X-ray Diffraction

X-ray diffraction (XRD) is a non-destructive technique used to analyze material
properties like phase composition, preferred crystal orientations, and other struc-
tural parameters [18].In our experiment we have used Rigaku diffractometer to
record data at room temperature using Cu K « radiation (wavelength = 1.54 Arm-
strong). The peaks are produced by constructive interference of a monochromatic
beam of X-rays scattered at specific angles from each set of lattice planes in a sam-
ple. The intensities of each peak are determined by the distribution of atoms within
the lattice. The data recorded was further analysed by doing Rietveld refinement
to identify the phases present by comparing the diffraction pattern obtained with a

reference from literature.

Bragg’s law and diffraction

incident rays scattered rays

Figure 2.2: Bragg’s law: Constructive interference
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2.3. CHARACTERIZATION CHAPTER 2. EXPERIMENTAL TECHNIQUES

Bragg’s Law gives a relationship between the angles of incidence and the wavelengths

of X-rays or neutrons that are diffracted by a crystal lattice.

nA = 2dSinf (2.1)

n : integer representing the order of the diffraction peak.
A :wavelength of the incident radiation
d :is the spacing between atomic planes within the crystal lattice.

0: angle of incidence between the incident radiation and the crystal lattice planes.

The above equation states that constructive interference occurs when the path differ-
ence between the waves diffracted from adjacent atomic planes is an integer multiple
of the wavelength. As a result, diffracted waves reinforce each other, leading to in-

tensity peaks in the diffracted pattern.

2.3.2 Four probe method

A four point probe is typically used to measure the sheet resistance of a thin layer or
substrate in units of ohms per square by forcing current through two outer probes
and reading the voltage across the two inner probes [19] .

Principle: Depending upon the resistance of each sample, a current (I) from the
constant current source is passed through the two current probes and the potential
drop V across the two voltage probes is measured. As negligible current is drawn
by the voltmeter, the resistance R across the sample is measured using Ohm’s law,

(V = IR) .Further, the electrical resistivity is measured using the relation,

p=RA/I

where 1 is the length and A is the area of cross section of the sample.

The resistivity measurements were carried out on thin rectangular cut alloy pieces,
in the temperature range of 30 - 450 K by passing a current of 100mA, using con-

ventional D.C four probe setup in a closed cycle refrigerator.

17



2.4. DATA ANALYSIS CHAPTER 2. EXPERIMENTAL TECHNIQUES

2.4 Data Analysis

The crystal structure solution was obtained through LeBail and Reitveld methods
using FullProf Suite 2024. A hypothetical model was generated based on the crys-
tallographic space group consisting of lattice constants, atomic site occupancies,
fractional coordinates, etc of the data available. These parameters were further iter-
atively refined by the Least Square method based on the minimisation of the residual

S between experimental and calculated patterns.

Sy = sz<yl - yci)2
i
where ;,w; = 1/y;, y; = observed intensity and y.; = calculated intensity

vei = 5 3 Ll Fi6(26, — 20,) PA +
k

where s=scale factor, k=Miller indices(h k 1) ,¢ =Reflection profile Function A=absorption
factor, L= Lorentz polarization and multiplicity factors Pp=preferred orientation
function, Fp=Structure factor for the Kth Bragg reflection, y;;=Background inten-

sity at the ith step.

.2

_ }: omi(ha;+ky,;+lz;) —Bsn2

Fhkl — Njfje (haj+ky; ])e 22
J

where ,N; represents the site occupancy, B the temperature factor, f; the structural

factor and x;, y;, z; the coordinates of the jth atom.

18



2.4. DATA ANALYSIS CHAPTER 2. EXPERIMENTAL TECHNIQUES

A good fit of the data is characterised by following reliability factors :

Z |yio - yzc‘

R, = £=dio — Jicl

> Yio
pr = [Z "LUi(yio - yic)Q/ Z wiyzzo]%

R o Z ’Iko - Ikc|
Bragg — W

Reap = [(N = P)/ > wig} )2

2
X2 — Z Wi (Yio — Yic)
N-P

R, of the diffraction pattern (minimised during fitting procedures), Ry, (weighted
to emphasise intense peaks over background), Rp,q4(tries to modify the R for a

specific phase), Ry, (estimates the best value R for a data set) and reduced x?

(Goodness of fit).
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Chapter 3

Analysis

3.1 High Entropy Fe

Figure 3.1: Sample pounded into a thin sheet

High Entropy Fe prepared with equiatomic ratio of CrgoMngoFeq2CogoNigo was
malleable. XRD characterization was carried out on a thin slice that was cut and

pounded into a thin sheet.
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Figure 3.2: LeBail fit for high entropy Fe

Profile fitting of room temperature XRD pattern of high entropy Fe is shown in
Fig. 3.2. The sample crystallizes into reported FCC Fe structure with space group
:Fm-3m and lattice constants a=b=c=3.6045 + 0.0002 A°.
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Figure 3.3: Generated pattern of High entropy Fe

To analyse the data further,a pattern was generated using general atomic positions
(X=0,Y=0,Z=0) and occupancy=1 of Fe. Reitveld refinement of high entropy Fe is
shown in Fig. 3.4. On comparing the generated and Rietveld refinement graphs it
was observed that the calculated and observed peak intensities do not match as in
the generated pattern. This can be justified because of the preferred orientation as

a thin pounded sheet of the sample was used for XRD characterization.
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Figure 3.4: Reitveld refinement of High entropy Fe

3.2 High Entropy Mn

Profile fitting of room temperature XRD pattern of high entropy Mn is shown in Fig.
3.5. The sample crystallizes into a tetragonal structure with space group: P4, /mnm
and lattice constants a=b=8.8/81 + 0.0001 A°,c= 4.5744 £ 0.0001 A°. From [20]
this phase can be classified as sigma phase with complex tetragonal structure having

30 atoms per unit cell.
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Figure 3.5: Lebail fit for High entropy Mn

3.3 High Entropy Mn-Sn alloy

3.3.1 Annealed at 1000°C

Figure 3.6: Sn melted out of the sample on annealing
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Figure 3.7: Phases that matched with XRD data of Mn-Sn alloy

Phases | Space group Lattice constants(A°)

o phase | Pjs/mnm a=b=9.023 £0.005, c=4.572 £0.003

Mn3Sn P63 /mmc | a=b=5.6264 +0.0002, c=4.5128 +0.000/
Sno P4 /nmm a=b=3.7921 +£0.0006, c=4.8371+0.0002

MnSn F-/3m a=b=c=6.1442 + 0.0003

Table 3.1: List of phases that matched the Mn-Sn XRD data

On melting individual elements along with Sn and annealing ,it was observed that

the sample melted in the tube as shown in Fig. 3.6. Profile fitting of this data showed

multiple phases as listed in 3.1. Most of the high intensity peaks matched with o

phase and SnO indicating that Sn leached out of the sample at high temperature

and the other four elements combined giving a sigma phase character as reported

for high entropy Mn.
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Figure 3.8: Mn-Sn phase diagram

The above Mn-Sn phase diagram [21] gives an information about the different phases

formed at different annealing temperatures and concentration of Sn. The conven-

tional weight percentage of Sn and annealing temperatures for synthesizing MnsSn

were considered to prepare high entropy Mn3Sn and the results were recorded.
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Figure 3.9: Lebail fit for Mn-Sn alloy

Profile fitting of room temperature XRD pattern of high entropy Mn-Sn alloy is

shown in Fig. 3.9 suggested presence of multiple phases as listed below. This

indicated instability of the compound to form pure high entropy Mn3Sn leading to

an Mn-Sn alloy showing multiple phases.

No Phases Space group Lattice constants(A°)

1) MnsSn P65 /mmc a=b=5.6380 + 0.0001 ,c=4.5182+0.0006
2) MD2N12_35SH()_65 Fm-3m a=b=c=5.9796 £ 0.0001

3) MnsSn P63 /mmc a=b=4.37}/ £ 0.001 , c=5.516 + 0.002
4) CoMnSn P63 /mmc a=b=4.2809+ 0.0001 , c=5.3638 +0.0003
5) MnSn F-43m a=b=c=6.1519+ 0.0002

6) Sno P4/nmm a=b=3.79+t 0.03 , ¢c=4.85 £ 0.01

Table 3.2: List of phases that matched the Mn-Sn XRD data
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Figure 3.10: Resistivity plot for Mn-Sn alloy

Direct current resistivity measurements shown in Fig.3.10 indicate a decrease in
resistivity with an increase in temperature but a sudden resistivity upturn is seen
that suggests a structural and magnetic transition. On cooling, it was observed that
resistivity increased showing a semiconductor(semi-metallic)like behavior. This is
because in semiconductors the valence and conduction bands do not overlap. On
increasing temperature, the electrons in the valence band gain sufficient thermal en-
ergies to jump to the conduction band. As the number of electrons in the conduction

band increases, so conductivity increases and resistivity decreases [22].
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3.4 High Entropy Fe-Sn alloy

3.4.1 Annealed at 1000 ° C
VS N

Figure 3.11: Sample fused together on annealing

On following the conventional high entropy preparation method it was observed that

the pieces of the annealed sample melted and fused together as shown in Fig. 3.11.

Profile fitting of room temperature XRD pattern of high entropy Fe-Sn alloy shown
in Fig. 3.12 suggested presence of multiple phases as listed below.The high intensity

peaks matched the Fe,Sn phase as compared to other phases.
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Figure 3.12: Phases that matched with XRD data of Fe-Sn alloy

Phases | Space group Lattice constants(A°)

FesSn | PGy /mme | a=b=5.4471 £0.0004 , ¢ = 4.3512 £0.000]
Sno P4/nmm a=b=3.7926+0.0005, c=4.829/+ 0.0007

FesSn P65 /mmc a=b=4.2473 £0.0003 ,c=5.2075+ 0.0003

Table 3.3: List of phases that matched the Fe-Sn XRD data
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3.4.2 Annealed at 800°C
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Figure 3.13: Fe-Sn phase diagram

The above Fe-Sn phase diagram [23] suggests formation of different phases on anneal-
ing at different temperatures and using certain concentration of Sn.The conventional

Fe3Sn annealing temperature and weight percentage was followed to synthesize the

Fe-Sn alloy.
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Figure 3.14: LeBail Fit of the XRD data for Fe-Sn alloy
No | Phases | Space group Lattice constants(A ° )
1 Fe,Sn P63 /mme | a=b= 4.24012 + 0.00007,c=5.2121 +0.0002
2 Fe3Sny R-3m a=b=5.339 + 0.001 ,c=20.857/£0.5569
3 Fe3Sn P63 /mmc a=b=5.458+ 0.001 , c=4.3206+ 0.0009
4 FeSn, Lj/mem a=b=6.535 +0.003 ,c=5.310 +0.002
5 | Fe;5Sng5 Pm-3m a=b=c=2.9808 + 0.0002
6 | Fe,SnTi Fm-3m a=b=c=6.0472 + 0.0002

Table 3.4: List of phases that matched the Fe-Sn XRD data

Profile fitting of room temperature XRD pattern of high entropy Fe-Sn alloy shown
in Fig. 3.14 suggested presence of multiple phases as listed in 3.4.The high intensity

peaks matched the Fe,Sn phase as compared to other phases in this case too.
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Figure 3.15: Resistivity plot for High entropy Fe-Sn alloy

The direct current resistivity measurements provide an effective tool to detect struc-
tural and magnetic transitions.As shown in Fig. 3.15 resistivity is observed to in-
crease with increase in temperature and on cooling the resistivity decreases with
temperature indicating a metallic like behaviour of the prepared Fe-Sn alloy [22].This
occurs because typically in metals the valence band and the conduction bands over-
lap .With increase in temperature the thermal motion among the atoms of the lattice
increase. Charge carriers coincide into the lattice vibrations (phonons) more and

this scattering increases the resistivity.
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Chapter 4

Conclusion

In conclusion, systematic analyses of data obtained on following both the synthe-
sis approaches show different behaviour from that shown by other high entropy
alloys. On following the conventional high entropy synthesis method, melting all
the elements together and quenching at 1000°C Sn leached out of the sample at
high temperature. Normally high entropy alloys show a characteristic behaviour on
following the same approach but our minor element being Sn melts at high tem-
perature. Hence this method cannot be followed to obtain desired stabilized high
entropy Mn-Sn ;Fe-Sn synthesis. Secondly, for both the high entropy Fe-Sn sample
data as shown in Fig 3.14 and 3.12 the highest intensity peaks match with Fe,Sn
phase. Thus we can understand that if taking stoichiometric weights of FezSn we
can obtain a Feo,Sn phase then on adding and balancing Fe and Sn weight percent-
age we can obtain a desired Fe-Sn alloy. Lastly,we can conclude that the weight
percentage of each alloy used and annealing temperatures play an important role
in high entropy alloy formation and are different from that compared to the pure

stabilized Fe-Sn and Mn-Sn compounds.
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