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Abstract

Crystalline systems formed with transition metal eleméensl to exhibit strong magneto-
structural coupling that gives rise to unusual but excifotysical phenomena in these
materials. In this dissertation, we present our findingsftbe studies of structural and
physical properties of single phase compoundshB@tsi, Ni;sMngSiz and Mn(Np Sig 4)o-

In addition, the stability of a NMnSi composition in a multiphase system is discussed by
both theoretical and experimental approaches. All the wbdve been conducted with a
focus on explaining the fundamental behaviors of theseemystthat have not been ade-
guately addressed by other studies in the literature.

We present an experimental and theoretical investigatidheohalf-metallic Heusler
compound, CeMnSi to address disorder occupancies and magnetic inienadh the ma-
terial. Contrary to previous studies, our neutron diffi@ctrefinement of the polycrys-
talline sample reveals almost identical amount of Mn and Qisie disorders 0£6.5%
and~7.6%, respectively which is also supported explicitly by fist-principles calcula-
tions on the system with defects. A reduction of the net mdméo,MnSi due to an
antiferromagnetic interaction introduced by disordered islobserved by our theoretical
study. The neutron refinements at 298 K, 100 K, and 4 K furtbpperts such reduction
of moments. The work also reports the growth of single ctystahe Czochralski method

and determination of a Curie temperature~af014 K measured by both the electrical
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resistivity and dilatometry measurement.

Studies of a NIMnSi Heusler system reveal two new systems i.e., theNWsSi; G-
phase and the Mn(lNiSiy.4)» based Laves phase with complex crystal structures. These
systems exhibit strong magneto-structural coupling tbatctlead to interesting physical
behaviors. The lack of thorough understanding of the ptagseof these materials inspired
us to undertake the present studies.

We address the geometrically frustrated two-dimensioredmetic structure and spin
canted weak ferromagnetic behavior of flnsSi;. Our magnetization and specific heat
measurements on a Czochralski grown single crystal sanggietd the paramagnetic to
antiferromagnetic transition at 197 K, and a second phaaagshat 50 K. Furthermore,
a gradual drop of zero field cooled magnetic susceptibiditphserved below 6 K that is
associated with the spin freezing effect. The neutron atiffon on the polycrystalline
powder samples at the temperatures of interest revealthéhantiferromagnetism is gov-
erned by the magnetic ordering of the Mn ions in the octaHeutavork. Below the Néel
temperature of 197 K, the 2/3 of Mn atom moments form a twoedlisional magnetic ar-
rangement, while the 1/3 moments remain geometricallytfatesd. The phase transition
at 50 K is found to be associated with the reorientation ofzZBemoments to a canted
antiferromagnetic state and development of ordering offilrgtrated paramagnetic ions.
Magnetization measurements as a function of temperatuteragnetic field in principal
directions, permit to determine the anisotropic magnetittavior of NigMngSi; in terms
of the magnetic structure obtained by the neutron diffeactheasurements. We also report
an irreversible smeared spin-flop type transition for theteay at a higher magnetic field.

The diffuse scattering due to the short-range ordering ismangonly occurring phe-

nomenon in Laves phase materials. The occurrence of suthatliatomic arrangement



can considerably influence the physical behavior of the nzteNevertheless, no struc-
tural reconstruction of such atomic distribution in Lavégge has ever been reported in the
literature. In this work, we present the structural ordgriand the associated physical be-
havior of an antiferromagnetic Ni-Mn-Si Laves phase wittoenposition Mn(Nj ¢Sio 4 )2-
The possibility of unique short-range ordering in the matas first concluded based on
our single crystal diffraction analysis. With the high-gkgion transmission electron mi-
croscopy and electron energy loss spectroscopy analysisyark resolves the distinct
atomic ordering of the Laves phase system. The investigatieveal the origin of the
short-range ordering to arise from a unique arrangemewnidaet Ni and Si. The study also
presents the atomic resolution mapping of the Si atoms winéshnever been reported by
any previous studies. With further electrical conducyiviteasurement, we find one of the
consequences of the unique ordering reflected in a semictindlike temperature depen-
dence of the compound. The neutron diffraction at 298 K ssiggeIn(Np ¢Siy 4 )2 to be

a strong antiferromagnetic system, which is further sujgabby the successive magnetic
susceptibility measurement. The Néel temperature igui@ted to be 550 K.

We also address the stability of the hypothetical ferronetignHeusler compound
Ni,MnSi which has been proposed to be a stable system by numtreaietical stud-
ies. Our first-principles work corroborates those studigls wnegative formation enthalpy
of -1.46 eV/f.u.. However, after numerous attempts to sysite the composition, we
conclude that a single phase HeuslesNinSi compound can not form under ambient con-
ditions. Our results show that the system crystallizes asxéune of the two Ni-Mn-Si
compounds, i.e., the NiMngSi; type G-phase and Mn(diSiy.4). based Laves phase.
Our work provides a possible explanation for the unstabldMNBi Heusler compound

with the calculation of formation enthalpy of the hypotlatiHeusler system in terms of
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the computed energies of the neighboring phasegisSi; and Mn(Nb ¢Sio.4)2-
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Preface

Chapter 1 of the dissertation familiarizes the reader toHbasler compound, ternary G
phase and the Laves phase that have been studied duringdiks Whe description of
each compound is arranged in the following manner. Firgt,bsic crystal structure of
the compound is discussed. Then, a brief introduction torthr phenomena that will be

addressed in this work is presented.

Chapter 2 the chapter introduces the compounds that wedieedtduring this work.
Chapter 3 discusses the research objectives of the digserta

Chapter 4 introduces several experimental techniquesratatus that have been used
in this work for structural and physical properties chagaeation of different materials.
The chapter also includes a short description of the filistefples density functional the-

ory method used in ab-initio studies of the structure ang@rites of the compounds.

Chapter 5 contains our results and discussion of the staladnd physical properties
of the half-metallic CeMnSi system, Ni-Mn-Si based ternary G phasegNingSi;, Ni-
Mn-Si based ternary Laves phase Mn(pBiy 4)» and the multiphase MVnSi system.



Chapter 6 provides a summary of the works performed duriisgstady.
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Chapter 1

Introduction

The geometry of the crystal structure and the associatedgtiearest neighbor interac-
tions in compounds containing transition metal ions gives to complex yet interesting
phenomenon like geometric frustration, noncollinear netigm and in several cases, a
coupling of both [3—-10]. Such materials exhibit physicabperties like canted antifer-
romagnetic state [11-14], non collinear ferrimagnetis®),[Inetamagnetism [16], giant
magnetostriction [17, 18], unusual magnetic hystere®§ [diant magnetoresistance [20]
and so on. These enhanced magnetic interactions are coetsiddbe an essential require-
ment for applications related to quantum computation, skaieage, magnetic refrigeration,
and spintronics [21-25]. Current work is focused on syn#eg and characterizing phys-

ical properties of such compounds that crystallize in netreictures.

1.1 Heusler alloys

Heusler compounds are named after F. Heusler who discovaresual ferromagnetic

behavior in CyMnAl [26—28] which was of particular scientific interest agne of the
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constituent elements (Cu, Mn, and Al) are of ferromagnetieature. Compounds in
this group usually offer pronounced scalability of desiedectronic structure which can
be achieved merely by varying the constituent elementsh &uadification induces vari-
ous unusual phenomenon such as half-metallic ferromagn¢®9], shape memory transi-
tion [30], non-magnetic semiconducting behaviour [31]gmetocaloric effect [30], which
make them potential candidates for broad range of appdicatsuch as solar cells, spin-

tronics, thermoelectric devices and many others [32, 38jiwthis crystal class.

1.1.1 Crystal structure of Heusler compounds

The Heusler compounds exist mainly in two different confegians which are determined
by the number of the constituent elements. The first typea§'th type ternary compound
which is also known as the "half-Heusler” compound. The sdaodass is called thé2,;

type "full-Heusler” compound.

C1,

The XYZ typeC1, structure crystallizes in the cubic space gr@up F43m. Here, the X,
Y, and Z atoms are located on the Wyckoff positions 4c (3/4, 1/4), 4b (1/2, 0, 0) and 4a
(0, 0, 0), respectively. The crystal system can be integgras a combination of rock-salt
(NaCl) configuration formed by the Y and Z atoms and a zineublype structure formed
by the X and Z elements which are illustrated in Fig. 1.1. 8iacock-salt type structure
can only be formed by an ionic bond with elements having ktrgkectronegativity differ-

ences; Y and Z in thé€'1, structure usually have the largest electronegativityed#hce.
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N < X

Figure 1.1: Crystal structure @f1, Heusler alloys. (a) A rock-salt structure is formed by
Y and Z. (b) Zinc-blend is formed between X and Z elements.Qajnbination of both
rock-salt and zinc-blend leads to a XYZ type half-Heuslenpound.

In these compounds, the electropositive Y transfers theneal electrons to the elec-
tronegative X and Z. A semiconducting behavior is observedmthe system contains 18
valence electrons. In such scenario, Y empties its valerimtabby transferring electrons
to the electronegative Y and Z elements that undergo théestidsed shell configurations
d'® and €p%, respectively. Changing the number of valence electrops#MN8 leads to a
metallic and magnetic compound. &1, type structure can hold one magnetic atom (Y)
only in the fcc sublattices (Fig. 1.2) [28]. ConsequentlpgsnXYZ compounds contain-
ing two magnetic atoms crystallize in a different structim@nC'1, that can facilitate two
magnetic atomic sites [34—36]. Nevertheless, compounds as MnNiSb, MnPdSb and
MnPtSb crystallize in th€'1, structure despite containing two magnetic elements as they

assume a stable configuration of f#d*), Ni/Pd/P? (d'°) and SB~ (s*p®) [31, 37].

L2,

The X,YZ type structure falls within the space gro2ps F'm3m. Here, the X, Y, and Z
atoms occupy the Wyckoff positions 8c ((3/4, 1/4, 1/4), 4®,@ and 4b (1/2, 1/2, 1/2),
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Figure 1.2: Magnetic structure of tkiél, half-Heusler compound which shows that it can
hold only one magnetic atom (Y) in the fcc sublattices.

respectively. Similar to thé'l,, the L2, structural group is also formed by a combination
Y and Z rock-salt and the zinc-blend of X and Z atoms. Furtleeenthe tetrahedral holes
that are empty in thé'l, structure are filled by an additional X atom to form a¥¥ type

system (Fig. 1.3). In thé2, full-Heusler compound, the valence electron numbers24

Figure 1.3: Crystal structure df2; Heusler alloys. (a) A rock-salt structure is formed by
Y and Z. (b) Zinc-blend is formed between X and Z elements.A(cdck-salt and zinc-
blend combination with the tetrahedral holes filled by X asderading to the XYZ type
full-Heusler compound.

results in a stable semiconducting configuration. The siraccan hold two magnetic
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atoms (Fig. 1.4). As aresult, changing K24 allows engineering of magnetic compounds

with exceptional properties one of which was focused inwosk.

1

i}

Figure 1.4: Full-Heusler compound can hold two magnetienat¢X and Y) in the crys-
talline unit cell.

1.1.2 Fundamental phenomena associated with the Heuslerropounds
Classification of magnetic materials

Based on the response of a material to the external appliddriragnetism can be classi-
fied into three different categories, i.e., diamagnetisanamagnetism and collective mag-
netism. The collective magnetism class covers the fundtahexchange interaction based
phenomena such as ferromagnetism, antiferromagnetisrifeemndagnetism.
Diamagnetism is a very weak phenomenon where magnetic moments oriendirec
tion opposite to the applied magnetic field (a negative miaggieon). It originates from
contributions of atoms that posses no net magnetic momémt . diamagnetic susceptibil-

ity, x is negative and temperature independent (Fig. 1.5a). Wewaery material possesses
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a certain diamagnetic contribution.

Paramagnetic materials are characterized by the presence of permangmiati@dipoles
that under an external magnetic field orient in the directibthe field. Paramagnetic ma-
terials can be further categorized into Pauli and Langesnamagnet. The positive Pauli
paramagnetic response is caused by the itinerant momeahth@magnetic susceptibility
is temperature independent (Fig. 1.5b). Langevin paraetegn originates from the lo-
calized moment due to patrtially filled inner shell. The Lariganagnetic susceptibility is

dependent on the temperature (Fig. 1.5¢) and can be exgregsiee Curie law as,

(1.1)

where, C is the Curie constant.

Different typescollective magnetic phenomena occur depending on the nature of ex-
change interactions between permanent magnetic dipakédetnds to a net spontaneous
magnetic moment in the material. The three most fundambeeteaviors as a consequence
of these interactions are ferromagnetism, antiferromtgmeand ferrimagnetism, which

in the paramagnetic region are described by the Curie-\iigs

C

= - 1.2
T 6m, (1.2)

x(T)

where, C is the Curie constant a8gy » is the Weiss constant.
Ferromagnetism is characterized by the parallel alignment of the magnetintag-
tices due to positive exchange interaction (Fig 1.6a). Sudbkring persists until a critical

temperature called the Curie poiffi; is reached above which the material behave as a



Ph.D. Thesis - Sheikh Jamil Ahmed McMaster - Materials Smeamd Engineering

Ferromagnetic Antiferromagnetic Ferrimagnetic

I THNE [T
RN

a) b) C)

Figure 1.6: Alignment of magnetic moments for a) ferromagné) antiferromagnetic and
c) ferrimagnetic materials.

paramagnetic. A typical ferromagnetic Curie-Weiss bebrawi terms of inverse suscep-
tibility, x~! vs. temperature plot is shown in Fig. 1.5d. The Weiss conséy » of a

ferromagnetic material is usually (but not necessarilyladtp the Curie temperaturés; .

In antiferromagnetic materials, magnetic sublattices of identical moments &re o
ented antiparallel to each other due to a negative exchamgection (Fig 1.6b). Antifer-
romagnetic material also undergoes a phase transition aoaaryagnetic system above the
Néel temperaturd]y (Fig. 1.5e). The antiferromagnetic Weiss constant is nmegand are
usually of same magnitude of the Néel temperature (exaepitcurs in case phenomenon
such as geometric frustration).

In ferrimagnetism, the magnetic sublattices of imbalanced moments are edeart-
tiparallel to each other (Fig 1.6b). As a consequence, thtenmhpossesses a net sponta-
neous moment. A typical Curie-Weiss plot for ferrimagnetiaterial is shown in Fig. 1.5f.
Unlike for ferromagnetic material where te'! changes linearly as a function of tempera-
ture near the phase transition, the ferrimagnetit demonstrate a hyperbolic temperature

dependence near the phase transition. The ferrimagnetss\denstantQy, » can be either
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positive or negative depending on the type of interactidwben sublattices.

Slater-Pauling rule

The Slater-Pauling rule [38, 39] is an electron countinggiple that provides useful guid-
ance to predict the electronic and magnetic properties daémads before synthesizing.
For Heusler compound, the method can predict the net fegaoptec moment from the
difference between the majority and minority spin valenlseteons. For the”'1, type

half-Heusler compound, it is expressed as,

M =N, — 18 (up/f.u.) (1.3)

where, M is the net magnetic moment per formula unit (f.ul, is the total number of
valence electrons. The number 18 stands for the total nuofbeslence electrons that
do not contribute to the net magnetic moment. It is deduceddmgidering the average
number of minority spin valence electrons per atom (9/3k&) pair with the majority spin
electrons. ForC'1,, there are 3 atoms per unit cell leading3x3=18 paired electrons.

Similarly, the Slater-Pauling rule far2, type full-Heusler alloy is expressed as,

M =N, —24 (up/f.u.) (1.4)

where, there are 24 valence electrons (4 atoms per unitrablheerage number of minority
spin valence electrons per atom is 12/4=3 leading @x%43=24 paired electrons) who
are paired up and do not contribute any magnetic moment.r&iggr shows the Slater-
Pauling curve for Co based full-Heusler compounds whichwshtihat the net magnetic

moment calculated based on the Slater-Pauling rules amadlyisn good agreement with
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the experimentally observed results.
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Figure 1.7: Slater-Pauling graph féfo based full-Heusler compounds [1]. The curve
compares the Slater-Pauling rule based magnetic mometite gxperimentally obtained
values.

Another alternative parameter that is often used to addhesSlater-Pauling rule is

called the electron to atom ratio, (e/a). For therX type Heusler compound, the quantity

is determined in terms of number of valence electrons pen ais

(2 x nx)(ny)(nz)

e/a = 1

(1.5)

where,ny, ny andny are the number of valence electrons for X, Y and, Z, respelgtiv
The factor of 2 in the numerator is to consider the two X atoamsl the number 4 in the

denominator represents the total number of atoms in théHfellsler compound.

10
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Density of states (DOS)

Density of states (DOS)
Density of states (DOS)

(@) (b) (c)

Figure 1.8: Energy as a function of density of states (DO8Jdp paramagnetic material
with no net spin polarization (b) ferromagnetic materiathwspin polarization less that
100% (c) Half-metal with 100% spin polarization

Half-metallic ferromagnetism

The discovery of the giant magnetoresistance in imbalaspedstates compounds [40, 41]
has led to tremendous scientific quest in search of new sgariped materials which has
ultimately revolutionized the field of spintronics [33]. &lelectronic spin polarization of a
material is defined as the ratio of the density of states (D&d®)e majority and minority

spin electrons,
_ DOS1T-DOS |

F= DOS 1 +DOS |

(1.6)

where,DOS 1 andDOS | are the density of states A} for majority and minority spins,
respectively.

Paramagnetic materials have an equal but opposite DOSfealomajority and minority
spin electrons (Fig 1.8(a)). Consequently, they have zaropolarization. Ferromagnetic
materials on the other hand, exhibit a difference in the DOBzafor opposite spin elec-

tron (Fig 1.8(b)). As a result, they have a finite spin pokatian that implies the presence

11
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of a net magnetization. In the ideal scenario for spintral@eices, the material will ex-
hibit a metallic behavior for one spin state and semicoridgatature in the other which
is termed as the half-metallic behavior. In this phenomemaomaterial attains the 100%
spin polarization (P=100%) at the Fermi levély). In such condition, a material has one
spin channel with zero DOS value while the other spin chahaela finite value. A typical
DOS curve for a half-metal is shown as a function of energygarg 1.8(c). In contrast to
ferromagnetic materials, half-metallic materials hawe DS of an insulator or semicon-
ductor in one spin channel and that of metal in another. Toerethese materials can be
regarded as a hybrid of metals and semiconductors. Thermesé a 100% spin polariza-
tion promises a 100% spin injection which can increase theieicy of magnetoelectric
devices.

The phenomenon was first predicted in the half-Heusler NiMetBnpound by De Groot
et al. [42] which attracted a lot of interest. A subsequeebtbtical study by Kubler et al.
[43] demonstrated the same phenomenon for full-HeuslgM@&n. A growing interest
since then led to several compounds in the Heusler group prdabcted as half-metallic
ferromagnet [44—-49]. From the experimental view, such &48@in-polarized state can
only be attained under a vanishing spin-orbit coupling arekeo temperature conditions.
The transition metal based Heusler compounds offer largkalsidity of electronic prop-
erties and negligible spin-orbit coupling effects [33, 59}-and are therefore, a widely
investigated class of materials for spintronic applicagio Also, Heusler alloys usually
exhibit high Curie temperatures that facilitate their @piemn at ambient temperatures [33].

Despite the tremendous theoretical effort, a 100% spinrjzaliégon has not yet been

observed experimentally in any Heusler compounds. Theeabancy between theoretical

12
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predictions and experimental results has mainly beerbatad to the presence of struc-
tural disorder and the finite temperature effects. The itiansmetal elements in these
compounds tend to swap sites with each other which intraxlonew states in the minority
spin gap and destroys half-metallicity. Another causelierdestruction of the 100% spin

polarization is thought to be the spin disorders that appatdinite temperatures [60—63].

1.1.3 Structural stability of Heusler compound

A full-Heusler compound XYZ is formed by the following chemical reaction,

2X+Y +7 — XoYZ (1.7)

The formation enthalpy of the compound can then be compgied) the expression,

AH = Ei(XoY Z) = 2Eio(Xouir) — Erot Your) — Erot (Zbuir) (1.8)

where,E,,,(X2Y 7) is total energy per formula unit (f.u.) of_X Z type structure £, (X ), Fiot (Y)
and E,,(Z) are the total energy of X, Y and Z per f.u., respectively initthelk form.
These energies can be easily obtained from a first-prirecgiledy, and thus, the stability of
the Heusler compound can be predicted by the formation kythaing Eq 1.8. A negative
energy indicates that the reaction in equation 1.7 will gthinforward direction and the
structure is stable in the X Z state.

Table 1.1 lists formation enthalpy values of some selecastér compounds that have
been computed in the present work. The energies for diffesgstems were computed

using the first-principles method implemented in WIEN2K][64

13
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Table 1.1: Formation enthalpy parameters of several Heastepounds calculated using
the first-principles method

Compound Formation enthalpy (eV/f.u.)

NioMnGa -2.08

Co,MnSi  -2.39

Co,FeSi -1.65

NioMnSi  -1.46

1.2 G phase

The G phase system was discovered by Beattie and VerSnyslein[6956. The system
crystallizes in a complex crystal structure with at least tite constituting elements being
a transition metal or rare earth ion [65-68]. Since, suchhioation of structure and
elements are usually thought to be promising candidatepfoliations related to magnetic
suppression and superconductivity, the system was thesfotgeveral theoretical and
experimental interests [66—71]. However, no such behdasryet been observed in these
materials. Nevertheless, a complex crystal structureatoiny transition metal and rare

earth elements holds promises for unique magnetic couplittgese compounds.

1.2.1 Crystal structure of G phase compounds

The ternary XsY¢Z; type G phase crystallizes in a Gi¥gsSi; type structure (also known
as Mn;Thg type) in the Fm3m spacegroup. The asymmetric unit contains five atoms
where the X atoms occupy two 32f positions; the Y atoms sihat24e and the Z atoms
in 4a and 24d Wyckoff site making a total of 116 atoms in the oell (Fig 1.9 (d)). The
structure can be simplified in terms of two interpenetratielgahedra formed by the X
elements(Fig 1.9 (a)), an octahedron formed by the 24e Y mathar octahedron formed

by the 24d Z(Fig 1.9 (c)). The Y octahedra are arranged in al Nle&Cpattern with the 4a

14
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Z atoms(Fig 1.9 (b)).

Figure 1.9: Crystal structure formation of a¢X¢Z; type ternary G Phase. a) Two in-
terpenetrating tetrahedra by X, b) octahedra of Z, c) Na@é tiormation of 4a Z and Y
octahedra, and d) a complete crystal structure @iYX%Z-.

1.2.2 Fundamental phenomena associated with the ternary Ghase
Geometric frustration

Magnetic frustration is a phenomenon in which competingamti@adictory constraints act
on identical magnetic sites of a material. It was first obsdriay Anderson [72] while
studying the magnetic ordering of ferrites. Later a firm basi the phenomenon was pro-

vided by Toulouse [73]. When magnetic frustration occurs tiua geometric constraint,

15



Ph.D. Thesis - Sheikh Jamil Ahmed McMaster - Materials Smeamd Engineering

it is defined as the geometric frustration. A simplistic exation of such lattice constraint
can be given with a triangular "plaguette” involving threganest neighboring spins con-
nected by the exchange constant, J in antiferromagnetfigeoation [5]. The Hamiltonian

for interaction between any two of these neighboring spamshe written as,

Hex == —2J Sl.Sz (19)

The negative sign in equation 1.9 accounts for the antifeagnetic interaction. It is evi-

dent from figure 1.10 that only any two of the three spin comfigons can be satisfied si-
multaneously and the system is described to be geomeyrfcaditrated. The phenomenon
can also appear due to a three-dimensional constraint isytbiem. The present work

addresses a compound with the frustration of Mn atoms in ¢tehedral arrangement.

v J 2

Figure 1.10: Equilateral triangle explaining geometrigstration.

Since, geometric frustration occurs due to the symmetnatiiicke, breaking of crys-
talline symmetry or antisymmetric exchange constant céenatelieve the frustration of

magnetic lattices.

16
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Canted antiferromagnetism

The appearance of a weak ferromagnetism due to spin cantiagtiferromagnetic mate-
rials was first realized iv Fe,0O5 by Dzyaloshinsky [74]. Later a firm theoretical basis
was provided by Moriya [75]. In this phenomenon of Cantedfambmagnetism, a non-
collinear arrangement of spins with respect to the axis mdifferent magnetic sublattices
gives rise to net ferromagnetic moment for the system (Hi¢)1.Such a phenomenon usu-
ally occurs from two different sources of anisotropic cangl(single-ion anisotropy and
anisotropic spin coupling). The former one arises when ithgle-ion anisotropy energies
of the magnetic sublattices are different which makes tlsg eaections for the spins at
those positions to be anisotropic. As a result, canting ametization at those sublattices
takes place. Another mechanism for canting occurs due tatssyenmetric superexchange
interaction of spins which is also known as Dzyaloshinskgriyla (DM) interaction. Such
anisotropic spin-spin coupling is heavily influenced by tngstal symmetry, and is only

present in the absence of a center of inversion between rtiagites.
. A . A Y

Figure 1.11: Canted antiferromagnetism: Non collineaarsgement of spins resulting a
net magnetic moment.

1.3 Laves phase

Laves phase (also known as Friauf-Laves phases) is the mssgparate investigations
of Friauf and Laves on the crystal structure of MgCMgZn, and MgNL, [76—78]. With
more than 1400 reports of stable binary and ternary compdiences phase contains the

largest group of the intermetallic family [79]. This largggoup of material demonstrate

17
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a wide variety of physical properties since a stable Lavessehs formed with most of
the elements that are present on the periodic table. Sonte afdvel properties of these
materials include high strength, corrosion resistanagh kemperature stability, itinerant

magnetism, metamagnetism, magnetocaloric effect and witieys [79—-83].

1.3.1 Crystal structure of Laves phase compounds

Laves phase are found in three different polytypes that cm@pne cubic and two hexag-
onal type structures. The first type is the C15 type cubic MgCihe second and third

class contain hexagonal structures of the C14 type M@z C36 type MgN..

C15 type MgCu,

Materials in the C15 type structure crystallizes in ap€vibic face centered structure in the
Fd3m space group with eight formula units. The asymmetric unittaims two different
type of atoms. The X atoms with largest atomic radius occhpyBg site, and the Y atoms

are located in the 16c site. A Mggtype crystal structure is shown in figure 1.12(a).

C14 type MgZn,

In a XY, type structure, the material crystallizes in the hexagdt@/mmc group with
four formula units. In the asymmetric unit, the largest atoradius atoms X sit in the 4f
position while the atoms Y occupy the 2a and 6h positions {F1@(b)).

C36 type MgNis,

The C36 type XY crystal is also found in the hexagon&b3/mmc group with eight

formula units. The asymmetric unit contains five differatéswith X taking the 4f and 4e

18
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Figure 1.12: Crystal structure of Xftype Laves phase in a) Mg@type C15, b) MgZn
type C14 and c) MgNitype C36 structure.

19
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and the Y taking the 6h, 6g and 4f positions (Fig 1.12(c)).

1.3.2 Ternary Laves phase

The ternary Laves phase system can be divided mainly inerakdifferent categories [84].
In the first type, a binary Laves phase, Xivi the C14, C15 or C36 type structure dissolve
a certain amount of a third element forming a X(¥0r (XZ),(Y)- type system that has
the same structure as the parent phase. Some examplesesjistams are the C15 type
Nb(Cr,_,V. ), [85], the C15 type (Nhb_, Ti,)Cr, [85] and the C14 type Ti(Re Al..)- [86].

In another type, the addition of the third element in a patécbinary Laves phase
crystalizes the system in a different polytype. One suchmgta is the Cu-Al-Mg system
where addiction of 20% of Al in the C15 type Mg&stabilizes the system in a C14 type
configuration [87].

Another type of ternary system is formed when two binary Isgpkase materials are
mixed together which then stabilizes the ternary system antdifferent polytype. An
example is the mixing of NbGrand NbCg which are both C15 type. The resultant
Nb(Co,_,Cr,), compound is found to be stabilizing in a C14 type structuBs.[8

The last type of ternary system forms when the addition othive element in a non-
Laves binary phase stabilizes a C14 type Laves phase seucfuternary C15 or C36
type structure in this group has not yet been reported. Nesleiss, these C14 type ternary
Laves phases can undergo a structural transformation t€1be or C36 type under the
influence of external perturbations such as temperaturgesmspre. Some examples of
these materials are Ni-Ti-Zr [89], Ni-Ta-Al [90], Cu-Ti-Z91], Cu-Mn-Si [83] type Laves
phase. The Ni-Mn-Si type that will be discussed in the presenk falls into this family

of C14 Laves phase system and will be focused in precedirtgpasc
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1.3.3 Site occupancy in C14 type ternary Laves phase

In a XY, type binary Laves phase, most stable system is found at¢laéatbomic size ratio,
:—if ~ 1.225. This implies that in the C14 system the X (4f) is to be occdg the element
with the largest atomic size. If a third element, Z with anmaitosize similar or close to X
is added, it will most likely sit in the f position forming (XZ)(Y),. If the third alloying
element has an atomic radius close to Y, it will occupy eitiner 2a or the 6h positions
depending on the crystal chemistry. However, if the atoride sf X and Y are similar
or the size of Z lies in between X and Y, the site occupancy tmesounpredictable [84].
Furthermore, in case of the ternary X(%Zdrmation, the concentration and atomic size of
Z and Y plays an important role in determining their occugana and 6h.

The most compelling explanation of the substitutional Zh@&moccupancy emphasizes
on the nearest neighbor or pair interaction of atoms in tiséss [92]. In the C14 Laves
phase, the spacing between Y (or Z) atoms is always sma#larttteir interatomic spacing
in the bulk element which implies an attractive Y-Y (or Z-Zteraction. The spacing
between X and Y, on the other hand, are so large that formatian X-Y bond is not
feasible. Based on aforementioned, Faller and Skolnick g8stlicted that Y and Z would
be distributed in 2a and 6h sites in either homonuclear (M-¥-&@) or heteronuclear (Y-
Z) bonds depending on whichever configuration is enerdstioeore favorable. In a C14
system, an atom in either 2a and 6h have 12 nearest neighbafthese are X and 6
are Y (or Z). In case of an atom in 2a, all 6 of the identical eeaneighbor atoms are
located in 6h. For an atom in 6a, 4 of the nearest neighborteated in 6a, and 2 of
them are in 2a. For example if a system favors Y-Z type or beterlear bonds and a
small concentration of Z is added, then Z will preferenyi@tcupy the 2a site as that will

maximize the Y-Z connections. There is not a complete théloay can clearly identify
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whether a homonuclear or heteronuclear bond will be form@de of the explanations
which often successful is made in terms of the electroneigatifference between Y and
Z. If the difference is small, charge transfer is unlikelpdahomonuclear bond will be
more favorable. When the electronegativity differenceargié, then charge transfer will

take place, and heteronuclear bonds will be formed.
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Chapter 2

Compounds of interest and knowledge

gap

2.1 CoMnSi

Co,MnSi has been one of the most widely investigated systentsdmetallic ferromag-
netism [50, 52, 93—-104]. The interest began to develop [ecatitheir theoretically pre-
dicted 100% spin polarization [45], high Curie tempera{ifb, 106] and low dampening
of the magnetic relaxation [107]. The material crystaBizethel2, type of structure with

a net magnetization &f 13 /Unit cell based on the Slater-Pauling rule. A stable configura-
tion of the system in thé2; structure is also reflected in the negative formation enefgy
—2.39 eV obtained from the first-principles calculation. As showffigure 2.13, the mate-
rial posses a band gap for the minority spin channels, andesa#t, the spin polarization of
100% is theoretically feasible. Similar to other systerne gxpected half-metallic behavior
was also never observed in the experiments. The deviatom fine half-metallic behavior

has been mainly attributed to the presence of atomic disardee material [94, 95, 103].
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The highest spin polarization value reported for,aSi is 93(*1,)% which was mea-
sured on the bulk sample by ultraviolet-photoemission spscopy at room temperature
[102]. For thin films, spin polarization value up to 89% wasetved only at low tempera-
tures because of the effect of the spin disorder being mimi@r]. Recently, Moges et al.
[108] studied the relationship of spin disorder with the pemature in an off-stoichiometric
Co,MnSiy g4 thin films. With a maximum applied field of 3 kOe the authorsared a
transverse magnetoresistance (TMR) ratio of 1400% at 4.@rifpared to 300% at room
temperature in this compound.

Despite numerous investigations on the,MaSi system, there are still several open
guestions that arise mainly from the disagreements beterparimental and theoretical
results. One such discrepancy concerns the structuraidgisbetween Co and Mn sites
that is one of the cause for the loss of the half-metallicliye site occupancy parameters
for Co,MnSi was studied by Ravel et al. [94] using the neutron diticn and X-ray ab-
sorption fine structure (EXAFS) technique. Their study pedrtowards a similar disorder
affinity for both Co and Mn sites with-4-7% of the Co sites being occupied by Mn and
~8-14% of the Mn sites being occupied by Co. On the contrarjzearetical study by
Picozzi et al. [99] reported the disorder affinity for Co site be almost twice less than
the Mn sites. Although their study further pointed the disggnent with experimental ob-
servations to be related to the computational parameteese thas not been any further

attempts to address this problem.
Another question that persists in the literature concérasitagnetic moment of GMInSi.

Previous neutron diffraction studies without any applieametic field reported moments

in the range of 5.16-5.623/ f.u. at room temperature [94, 106] and 5.0%/f.u. at 4
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K [105]. A recent theoretical study by Pradines et al. [103]l zhe earlier work by Pi-

cozzi et al. [99] on the other hand, suggested a reductioneofdtal magnetic moment in
equilibrium conditions at 0 K, due to antiferromagneti@iatctions induced by Mn antisite
disorder. Such antiferromagnetic predictions have nobgen reflected in any experimen-

tal neutron diffraction measurements.

" total DOS ——
CO1 tot ........... |

DOS(States/eV)
o

Energy (eV)

Figure 2.13: The DOS plot for GMnSi as a function of energy showing a half metallic
gap at the Fermi energy£

2.2 The Ni-Mn-Si based G-phase compound, NiMn Si;

A complex crystal structure containing transition metal eare earth elements holds promises
for unique magnetic coupling in the ternary G-phase comgsurirhe Ni-Mn-Si based
Ni;sMngSi; type G-phase is one such transition metal rich compoundshias been pro-
posed to be an antiferromagnetic system below 200 K by Staahd Sklozdra [109]. Fur-
ther neutron diffraction and magnetization analysis byedla et al. [2] proposed a body-

centered antiferromagnetic configuration of Mmons dominating the magnetic properties
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of the compound. However, several aspects of the physicglepties of the system are
still unanswered. The neutron diffraction refined magneiienent of 2.7.3/Mn obtained
by Kolenda et al. [2] is much lower compared to the expectddevaf 5.5 for S = g
system. Also, the magnetic susceptibility variation asrecfion of temperature reported is
found to behave somewhat unusually from the conventiorntgearomagnetic behavior of

a polycrystalline system.

2.3 The Ni-Mn-Si based Laves phase

There has been a very limited number of studies on the stal@nd magnetic properties
of Laves phase containing Ni, Mn, and Si [83, 110, 111]. Pleagdibria of the Ni-Mn-Si
system suggested the phase to be stable within a wider horeibgeange of 26-30 atomic
percent of Si, 31-35 atomic percent of Mn and balance Ni [113]. The material falls
into the category in which the addition of a third elemenf) (Bia non-Laves transition
metal compound stabilizes a C14 type structure [80, 114-1%tich modification has
been a topic of great scientific interest as the resultingsttemn metal-silicon compounds
demonstrate superior magnetic, electronic, thermal argharecal properties[80—83]. The
stabilization is believed to be due to a reduction of effexglectron concentration by the
absorption or localization of the transition metal eleorty silicon [80, 114, 118].

A comprehensive study of structural and magnetic propedieNi-Mn-Si laves phase
was performed by Yan et al. [83] where a MngllisSiy 375)2 composition was investi-
gated. The system found to be an antiferromagnet with a téegberature of 630 K, and
a possible magnetic configuration was proposed. The stymtytel the preferential site
occupations of Ni and Si in 2a and 6h where the two sites weneddo facilitate the atoms

in unconventional proportion. As discussed in section3l.Bhese sites are occupied in
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the form of either a heteronuclear or homonuclear arrangeshepending on the chem-
istry of system. Such a distinct atomic arrangement is ebeleto give rise some special
atomic ordering in the system. In fact, the presence of stamge ordering in Laves phase
systems is a very well known phenomenon that has been olosasvdiffused scattering
in the diffraction intensity in many other studies [119-]L2Kowever, to the best of our

knowledge there has been no report of a structural recanstnuof such ordering.

2.4 NiLMnSi

Several first-principles studies have proposed the hypiotiéNi,MnSi Heusler system to
be a stable system [125-128]. Additionally, a recent maekaarning study by Oliynyk
etal. [129] predicted a probability of 99% for the compoumt¢ formed. Furthermore, our
first-principles study on the compound also yielded negdtvmation energy of1.46 eV
which is usually an indication of a stable configuration af #ystem. No successful syn-
thesis of the compound, however, is reported in the liteeatthe compound posses\a
value of 31 (e/a=7.75) and consequently, is not expecteuaw & magnetic shape memory
distortion in the stoichiometric composition. The inalyilio undergo any tetragonal dis-
tortion can also be confirmed by DOS curve (Fig 2.14) whichwshoo unstable orbital
peak in the curve.

Our initial attempt, however, could not successfully obtaisingle phase MInSi for
the sample that was annealed@tC for two weeks after arc-melting. Instead, a mixture
of the NiigMngSi; type ternary-G phase and Mn(\iSiy 4), based Laves phase was found
in the NpbMnSi composition. A similar situation of instability in thdeusler compound
was detected by Adem et al. [130] while synthesizing thewiGe compound. In their

study, however, a nearly puie; compound was obtained later by annealing the material
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at higher temperatures.
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Figure 2.14: The DOS plot for NMnSi in the L2, as a function of energy.
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Chapter 3

Research objectives

The objective of the research was to develop an understguaditme correlations between
structure and physical properties of the transition medgkl half-metallic COMnSi sys-
tem, Ni-Mn-Si based ternary G phase,MilngSi;, Ni-Mn-Si based ternary Laves phase
Mn(NigSiy.4)2 and the multiphase BMnSi system. The compounds were chosen based
on the potentials of these systems to demonstrate integastagneto-structural coupling.
The work was focused on the characterization of fundamentglerties of these materials
that have either not been addressed or discussed adeghgtphgvious literature. Re-
sults and conclusions from this work will help in understagdthe complex behaviors of
these materials and should encourage futures studiesus tmtthe unexplored areas by

adopting a similar approach.

3.1 CoMnSi

In an effort to shed light on the correlation between the pecweies of disorder and the

magnetic moments, we performed a combined experimentathaadetical study of the
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Co,MnSi half-metallic Heusler system. The powder neutrorrddtion study of the com-
pound was conducted at 298 K, 100 K, and 4 K to retrieve thetsiral and magnetic pa-
rameters. Subsequent first-principles calculations waflects were performed to validate
the experimental observations and to provide a consisxptaeation of the disorder occu-
pancies and the magnetic moments. Single crystal gMb&i grown by the Czochralski
method was used to characterize the physical propertiésietdilatometry and electrical

resistivity measurement.

3.2 The Ni-Mn-Si based G-phase compound, NiMn Si;

The relationship between crystallographic structure amagmetic properties reported by
previous works prompted a comprehensive investigatioheftagnetostructural coupling
of Ni;sMngSi;. The studies were performed on a single crystalMngSi; grown by the
Czochralski method. The magnetic structures were obtdnaea the neutron diffraction
experiments at 298 K, 100 K, and 4 K. The focus of the study wagvelop a better under-
standing of the correlations between magnetic structudetfae physical behaviour of the
compound in a broad range of temperatures. The work addréssgeometric frustration
in the system observed below the Néel temperature. Theuraraents also revealed a spin
canted antiferromagnetic phase change at 50 K and eviddrgmmfreezing below 6 K

that were not reported in any previous studies.

3.3 The Ni-Mn-Si based Laves phase

The lack of a structural mapping of the preferential ordgif Laves phase encouraged

us to conduct a study to determine the atomic ordering of yiséem and its influence
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on the physical properties. The ternary Laves phase witlkeahgposition Mn(Nj ¢Sig.4)-
was chosen in this work based on the previous reports th&edhimique structural or-
dering of the system. The single crystal sample grown by thectralski method was
used for structural refinement. Based on the analysis ofitiggescrystal diffraction data,
subsequent high-resolution transmission electron miommgs (HRTEM) and electron en-
ergy loss spectroscopy (EELS) analysis were performed ®a01) oriented surface to
observe the unique short-range atomic ordering of the NiSimdoms. Successive electri-
cal conductivity measurements were then conducted to shsttie consequences of such
atomic arrangement on the transport properties. We hagegal$ormed a neutron diffrac-
tion experiments to determine the magnetic structure, ahijla temperature magnetic

susceptibility measurements to depict the ordering teatpes.

3.4 NiMnSi

Inability to synthesize a single phase,MinSi during the initial part of the work com-
pelled us to attempt a high temperature synthesis conditidrexamine the validity of the
theoretical prediction of a stable compound. The as-caspks as well as the specimen
that was annealed at higher temperatures, were studied attempt to obtain a single
phase NiMnSi. Neutron diffraction studies were performed at 298 KQ K, and 4 K,
respectively to examine the presence of any unusual pres&tions at low temperatures.
Finally, a first-principles calculation of the formationtkalpy with regard to the neighbor-
ing phases was conducted to discuss the stability of a spigise NiMnSi.

All the relevant works on these compounds are present€thipter 5
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Chapter 4

Experimental methods

4.1 Arc-melting synthesis

The high temperature arc-melting in an inert atmospherea iataactive method to grow
high-melting point compounds with good homogeneity. Feglul 5a shows the photograph
of the arc-melting configuration that was used for polyalsynthesis in this work. The
system consists of a power supply, and a chamber (Fig. 4\4Bbje the synthesis was
done. The melting chamber was sealed by a large quartz tubendthe melting, the
chamber was evacuated to remove the oxygen and is filled wgthdurity inert argon gas.
The high purity starting materials were placed on a watelatbocopper hearth that acts as
a cold crucible. The arc was generated using a tungsternradect During the synthesis,
the ingot was remelted several times to improve the homaoteokthe compound. One
of the challenges of the high temperature arc-melting iddbe of some starting materials
due to evaporation. To overcome this issue, the melting otompound was conducted
with excess Manganese that evaporates during arc-melfihg.mass of excess Mn was

determined by adopting a trial and error method. To furthgsrove the crystallinity, all
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Chamber
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|<— Quartz tube

Copper hearth
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a) b)
Figure 4.15: a) The arc-melting system used in this work.dme$atic of the cross-section
of the arc-melting chamber.
compounds were sealed in an evacuated silica tube, anrata86@ C for two weeks and

subsequently, quenched in ice water mixture.

4.2 Czochralski crystal growth

All the single crystals studied in the present work were grosing the RF heating Czochral-
ski crystal growth furnace in an argon atmosphere. The ndeitha widely used to grow
single crystals of complex compounds from the melt. The ggeavas invented by Polish
scientist Jan Czochralski in 1918 [131]. A cross-sectiemad of the RF heated Czochral-
ski growth chamber used in this work is shown in figure 4.16.ighHrequency induction
current passed through water-cooled copper coil was usdtedseating source. To pro-
tect copper coil from the high temperature of the melt, themaha crucible was placed
inside a quartz tube filled with insulating fibres. The cha€esing alumina crucible was
influenced by the consideration of the thermal expansion atenals being synthesized.

Tungsten wire was used as seed material. The system alsml@ich weight measuring
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Figure 4.16: A schematics of the Czochralski growth systeadun this work.

balance to measure the weight loss of the melt during thetgrolihe crystal growth pro-
cess, including heating, seed rotation and pulling thetatyom the melt, was controlled
by a computer. The operation procedure of the Czochralgktakrgrowth system that was
maintained in this work is described as follows.

- The starting material was loaded inside the alumina ctecénd the chamber was
closed.
- Inert argon was blown to the chamber for up to 24 hours at a ffédey of 15 L/hr. The
longer flow of argon reduces the oxygen level in the chambeptto 0.5% that helps to
prevent oxidation of melt.
- The temperature was raised slowly by passing the highs&egy alternating current
through the RF coils until the starting materials melt tanidche compound. The melting
of the material is observed visually as the system is notmgupad with any thermometer.

- The melt was held at a constant temperature for homogémizal he high-frequency
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magnetic field generated in the coils also assists the pdogstirring the hot metallic
samples.

- The melt temperature was slowly lowered to achieve supdirgpand incipient nucle-
ation.

- Once the system was stabilized, the rotating seed wasdlippethe melt.

- When the seed was grown to the desired diameter, pullingeircipient crystal was

done at a predetermined rate that maintains the crystahsidgrowth.

A successful Czochralski crystal growth requires a stcttmol of the process param-
eters like the stability of the melt, interface angle betwé®e crystal and the melt, seed
rotation rate, and crystal pulling rate. These parameterspecific to the material being
synthesized and are dependent on each other. An imbalative aontrol of these factors
leads to the failure of the whole process. A successful ahgsbwth thus involves a trial
and error type approach to determine exact process panaméble 4.2 lists the parame-
ters for the single crystal growth used in our work along ttystal growth direction found

determined by the Laue diffraction.

Table 4.2: Single crystal growth parameters used in thikwor

Crystal Rotation (rpm) Pulling rate (mm/min) Orientatiditioe crystal grown)
Ni;sMngSi; 30 0.5 < 110 >

Co,MnSi 30 0.5 < 100 >

Mn(Nio_6Si0_4)2 30 0.5 < 0001 >
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4.3 X-ray diffraction

Knowledge of the spatial distribution of atoms is a fundatakrequirement in explaining
the physical behaviors of any material. The phenomenonfyhdiion by the crystalline
solid is one of the techniques that facilitates such crystapping. In this method, the
scattering of particles such as electrons, neutrons oopsdty the atoms or molecules of
the system is employed to construct the detailed informadlmout the crystal or magnetic
structure. X-ray diffraction is one such phenomenon thaery commonly used to map
the crystal structure of materials and was used extensivéhis work.

The most elementary example of diffraction by solid can hemiin terms of a reg-
ular lattice of discrete atoms (Fig. 4.17). If an atom in sachystem is excited by an
electromagnetic wave, the resulting wave will be in phagé tie incident wave and will
reradiate in all direction. The amplitude of these wave in dinection can be determined
by summing up contributions in that direction from each ataking the phase difference
into account. Diffraction tends to appear when there is atantive inference between the

resultant waves. The condition for diffraction maximum igegp by the Bragg law [132],

o
o o :

dsin6
@ ® o ® o

Figure 4.17: Diffraction of X-ray in a periodic lattice ofstirete atoms.

2dsinf = nA (4.10)
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where, d is the interplanar separatiéms the angle of incidence, is the wavelength of the
incident X-ray and n is the order of reflection. Diffractiormrimum will occur based on
the different values of n. For a given set of planes, the Bedgw (Eq. 4.10) only predicts
the geometric conditions that need to be satisfied to obdelifeaction. The experimental
determination of a particular structure was made possilitle the incorporation of the
concept of reciprocal lattice with Bragg’s condition by Ha&v§l33]. In this method, a
reciprocal space is constructed that consists of the ¢atectorsa*, b* andc* which are

related to the lattice constant, b andc by,

b xc axc b x a
f=2r—— b =2r——— ¢ =21 — 411
a 7Ta.(b xc)’ 7Tb.(a>< c)’ ¢ 7Tc.(b X a) (4-11)

A particular crystallographic plane (hkl) in the real spaeexpressed in the reciprocal

space with the reciprocal lattice vectds,,; by

dhkl = ha* + kb* + lc*. (412)

The crystal is placed in the middle of an Ewald sphere withrdausaof1 /A (Fig. 4.18).
Diffraction spots from a particular (hkl) plane is obsenady when corresponding recip-
rocal lattice vector lies on the surface of the sphere. Amgata of such diffraction process
is presented in figure 4.18 where an incident X-ray with pgap@n vectork, hits a crys-
tal at the origin of the sphere. The scattered vedtpthat corresponds to the diffraction
from the (hkl) plane lies on the surface of the sphere and thiérefore, be observed as a
spot. If the incident X-ray passes straight through thetatyg has the lattice point (000)
on the surface of the crystal. Sinkgandk; have the same length of ), the incident and

diffracted beam will be of the same wavelength if the scatteprocess is elastic. With
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the rotation of the crystal or the incident beam, more difin spots that intercept with

the surface of the sphere appears that allows a completdigtlicharacterization of the

material.
(hkl)
o o
. U
(000
o o
(-h-kI)

Figure 4.18: Ewald sphere for X-ray diffraction in a periodittice of discrete atoms.

Scattering from particular (hkl) of a unit cell is expresssdthe structure factot),,,
which is written as,

N .
sinf (hars btz
Fhkl _ Z fj(%)62m(h%+kw+l ) (413)

j=1

whereN is the number of atoms in the unit cefl;(22:41) js the atomic scattering factor
of atomj that is located in%;, y;, z;). The intensity of the diffracted beam from (hkl) is
proportional to the F7,,|. A fourier transformation of the intensities obtained frenqua-

tion 4.13 allows to obtain the electron density distribotio the real space by,

1 e
p(;& Y, z) = V Z Z Z |Fhkl|.62¢hkl€27”(hx]+kyj+l i) (414)
h k l

where, V is the volume of the unit celb, is the electron density/},.;| ande®»+ are the
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amplitude and phase of the structure factor, respectively.

Equation 4.14 implies that a complete crystal structurermenation requires informa-
tion about both the phasf;),.;| and amplitudegi® = of the structure factor. However, the
observed intensities from a X-ray diffraction experimenlyacontain the Fj,y,| (I o< F7?,)
values and the phase componetfit:: remains unknown. The situation is defined as the
phase problem which is overcome using two primary methb@sPatterson, and the direct
method.

The Patterson method employs a map produced from the kndwes/gF},,,|) accord-
ing to equation 4.15 [134]. An ideal electron density s@ntbtained using equation 4.13
would produce a contour map where a peak will represent aniatsite. The Patterson
method, on the other hand, generates a contour map with acpeesponding to vectors
between a pair of atoms which is used to determine where thmasalie relative to each
other. The peak width obtained from Patterson map have thiilbotion from a pair of
atoms which is much larger compared to the peak from eleckeosity map. The situation
complicates identification of individual peaks due to esoesoverlap especially for crys-
tals containing atoms of similar atomic numbers. The metbagseful for solving crystal

structure with heavy atoms.

1 o
P(z,y,z) = v SN Byl thustiz) (4.15)
hok

The direct method attempt to determine the phases directly the observed intensities.
The method relies on the assumption that crystal is madenlesly shaped atoms and the
electron density in the unit cell cannot be less than zerenThome statistical relationship
is derived between sets of structure factors that is usedrnergte a set of the trial phases

and thus, the corresponding electron density map. Theatmidlerror method is repeated
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Figure 4.19: A X-ray emission spectra showing the gradueitignging Bremsstrahlung
and sharp characteristic emission. [Source: koukalakdpvess.com/tag/cathode-rays/]

until an acceptable solution is obtained.

4.3.1 X-ray generation

X-rays are generated using the braking radiation or Braw@isising. A metallic cathode is
first heated to a high temperature (below the melting poind), @ voltage is applied be-
tween the cathode and anode. The resulting electric field thé higher energy electrons
from cathode towards the anode. When the electrons rea@ntue, they transfer part of
their kinetic energy due to acceleration to the atomic antlaotion electrons which are
then excited to higher energy level. When these excitedreles are reverted to their orig-
inal energy level, electromagnetic radiation of Bremg¢dtnag continuous or characteristic

type X-ray are emitted. The Bremsstrahlung continuous ygays have a wide range
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of wavelengths (Fig. 4.19) and, can be generated with angleantaterial. For a certain
potential drop, V, the smallest wavelength that can be geediby an X-ray tube is given
by,

he
Amin = —— 4.16
T (4.16)

where, h is the plank constant, c is the speed of light and lkeeikementary charge of
electrons.

Characteristic X-ray radiations are evident as sharp peatkee spectrum (Fig. 4.19).
When the incoming electrons strike an anode material, reledtom a particular energy
level is excited to a higher and unoccupied state which keaveole in the shell. Another
electron from the higher energy level then fall into the lomeryy empty shell with the

emission of a photon with wavelength,

he

A=
Ehigher - Elower

(4.17)

where, B .. and B, are the energies of the higher orbital and lower orbitalpees
tively. Since, the orbital energies are a specific propdrparticular atom, the wavelength
of the characteristic X-ray peak depends on the type of an@derials used. The strongest
characteristic emission is observed for de-excitationliing the first level of the L-shell
into the K-shell which is defined as.,kand usually used for X-ray diffraction experiments.
The phase identification for polycrystalline samples iis thork was performed onRAN-
alytical X'Pert Pro diffractometewith Co Ko, radiation. The single-crystal diffraction
(SCD) was acquired using tiBruker Smart Apex2 CClith Mo Ko radiation on a tiny

crystal piece. The MAX3D [135] software was used to visuatize reciprocal space that
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confirmed the crystallinity of the material. All the crys&tucture was solved using the

SHELXS and SHELXL [136] software packages.

4.4 Neutron diffraction

Neutron diffraction is a powerful tool that is employed teeosome challenges and limita-
tions of X-ray diffraction. The neutron diffraction studief several compounds discussed
in the thesis were performed at the Canadian Neutron BeanreCenChalk River on
the C2 High-Resolution Powder Diffractometer with a wanejin of 1.33. The diffrac-
tion data were collected on about 4 grams of the powdered Isarapaled in a thin-
walled vanadium tube under argon atmosphere. Refinememieadiffraction data was
performed using the full-profile Rietvelt refinement impkemeed in the FullProf program
[137-139]. The magnetic configurations were generated thiglrepresentation analysis
program SARAh [140].

The phenomenon of X-ray scattering is based on scatterinigebglectron cloud. Con-
sequently, the technique becomes inefficient to locatedigilements properly when they
are present alongside heavy elements due to weaker segthberm a small concentration
of electrons. The X-ray diffraction also fails to properhgtihguish between elements that
have atomic numbers closer to each other as they have ssud#tering power. Another
downside of the X-ray diffraction method is the loss of irdigyat higher26 angles due to
the angular dependence of the atomic scattering factontbkes the refinement of crystal
with those data inefficient.

Neutrons, on the other hand, are neutral particles thatacttavith the atomic nuclei

and, the scattering power thus depends on the size of theusicFigure 4.20 shows the
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Figure 4.20: Neutron scattering length of elements as atifumaf atomic number.
[Source: gisaxs.com/index.php/Neutrseatteringlengths]

neutron scattering length of elements in the periodic tabla function of the atomic num-
ber which indicates that the scattering power is not a fenctif the atomic number and
there is smaller variation between the scattering of thegibeand lighter elements. There-
fore, determination of crystal structure of compounds w=iimgy of both heavier and lighter
elements is more feasible. It can also be seen from figurethd@lements with similar
atomic number have much different scattering lengths inreshto scattering by electrons
in X-ray diffraction. These variations in scattering lemgre due to the resonance absorp-
tion causing a compound nucleus formation that reducesctit¢éesing cross-section. The
magnitude and sign of the resonance contribution are redperfor variation in the scat-
tering lengths for elements that have similar electron ignalso, the atomic nucleus is
approximately four to five orders of magnitude smaller thenwavelength of the neutron.
Therefore, the nucleus can be treated as point scattenimgesavhich implies that the scat-

tered intensity does not have any angular dependence drattidn maximum can also be
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observed at highexd values.

Besides, neutrons also posses a magnetic dipole momennbtetcts with the mag-
netic moments in the solid occurring from the electrons pgog incomplete shell. The
resulting diffracted intensity contains both nuclear aregnmetic contribution. Unlike the
nuclear intensity, however, the magnetic scattering etéekin a similar manner as X-ray

with an angular dependence of the scattering lengthtHat is expressed as,

bat = sinB(-1)S 1, (4.18)

MeC?

where,c is the elementary charge expresses magnetic dipole moment of the neutron,
is the mass of electrom,is the speed of light$ is the total spin angular momentum, and
fs is the magnetic form factor. The use of neutron scattering Hilows determination of

the magnetic structure as well.

4.4.1 Neutron generation

The neutron is an unstable fundamental particle discovbye8ir James Chadwick in
1932 [141]. Itis electrically neutral particle consistiafjpositively charged protons and
negatively chargedr mesons. Within the nucleus, the mesons are continuously ex-
changed with other protons. The orbit of themesons around the proton gives rise to
magnetic dipole moment for the neutron. The neutron for droatscattering experiment
is usually generated either by nuclear fission from a reactorce or the spallation source.
A typical research reactor uses the fission product from eticainvolving absorption of

neutrons by atoms and subsequent chain reaction. One atforeinvolving Uranium is
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Figure 4.21: JOEL6610LV SEM/EDX system used in the charazt®on of the mi-
crostructure and chemical composition of the phases.

shown in equation 4.19 which is a common source for many oesact
U +on =8 U —is Ba 450 Kr+3¢n+ 1T7TMeV (4.19)

More intense neutrons are produced in the spallation sslrgebombarding heavy
nuclei with high energy light particles like protons or apéources.

The fast neutrons produced by a reactor or pulsed sourcesaadly too penetrating
to be used in a diffraction experiment. To make them operahéy are often thermalized

through interaction with a moderator material like wateby water, and pure graphite.

4.5 Scanning electron microscopy/energy dispersive X-ray

spectroscopy (SEM/EDX)

The scanning electron microscopy (SEM) combined with trexggndispersive X-ray spec-
troscopy (EDX) in this work has been done theMnSi sample on a JEOL 6610LV system
(Fig. 4.21).

In an SEM system, a beam of electrons is generated using ateamfijlament or field
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emission gun source under high vacuum. The electron bedmensaccelerated by a high
voltage and passed through the system of apertures and lenpeoduce a thin electron
beam which scans the specimen surface by means of a scah42jil |

The EDX system that is usually incorporated with the SEM isdu determine the
composition of the material being studied. The system wbdsed on the principles of
characteristics X-ray discussed earlier (Fig. 4.19). mdperation of EDX, the electron
beam generates X-rays within the samples being studiedrtagthave the energies char-
acteristics of the constituting element. Measurement o$e¢henergies allows accurate
determination of the element. Furthermore, a precise abafrthe EDX system allows

determination of the concentration of the elements in thepmund [142].

4.6 High resolution transmission electron microscopy (HREM)
and electron energy loss spectroscopy (EELS)

The high-resolution transmission electron microscopy THR!) and electron energy loss
spectroscopy (EELS) has been done on a (0001) oriented Mghli, ). single crystal

sample using the FEI Titan 80-300 LB system that was incatedrwith the K2 summit
direct electron detection camera [143]. The data collecti@as done by Dr. Andreas

Korinek at the Canadian Centre for Electron Microscopy.

4.7 SQUID magnetometry

The magnetization measurements in this work was performgasuatum design mag-

netic property measurement system (MPMS) with a maximuor eff0.5% in the obtained
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osephson
junction

P

Figure 4.22: Schematic of SQUID device showing the fornmatbtwo Josephson junc-
tions.

results. Superconducting quantum interference devic&(BQof the MPMS is a power-
ful tool that can measure the magnetic properties of a naiarextremally small magnetic
fields (as small as 10* Tesla) and was used extensively in this work for magnetie-cha
acterization. The device consists of a loop formed with texmiscircular superconductors
separated by two insulating links that form two Josephsotjans (Fig. 4.22). In the
absence of an external magnetic field, when a current | isexpghirough the junction; it
flows equally through both the junction by splitting into has 1/2. If an external field

is applied, a screening current,flows through the loop that generates another magnetic
field to cancel the magnetic flux. The currentcauses a difference with a 1/2+Hlowing
through one junction and I/2-in another. When the current in any of the junction is more
than a certain critical current, a voltage is generatedsactioe junction. A SQUID mag-
netometer operates by moving the sample across the supleictorg loop in the form of a
first or second order gradiometer. The output voltage dubkd@pplied field is measured

as a function of sample position that has the form of flux peofllherefore, determination
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Figure 4.23: The thermal puck with a mounted sample for haaécity measurement.

of initial sample position is an important task in SQUID maasnent. With the fitting

of measured flux profile of the sample to that of expected fooiatmipole, the magne-
tization is deduced. The incorporation the SQUID in MPM®waH to measure magnetic
properties from temperature as low as 2 K to up to 400 K. SitheeSQUID magnetization
requires the flux profile obtained by rotation of the sampdeiad the pick up loop at every

temperature or magnetic field of measurement, the processigly time consuming.

4.8 PPMS heat capacity measurement

The physical property measurement system (PPMS) is an eir@quipment that allows
accurate characterization of different physical propsrtaf materials. The system consists
of a three-walled dewar that allows cooling down from roomperature to up to 1.7 K
by using liquid helium as refrigerants. The system is alsaipgmpd with a superconduc-
tive electromagnet that can create magnetic field up 9 Thsthis work, the heat capacity

of the materials has been measured using the PPMS system mgh precision 0f-0.5%.
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PPMS measure heat capacity at a constant presspr(z;q‘%)p) with the Quantum
design heat capacity option that controls the heat addedeandved from the system as
result of a temperature change. The sample is mounted int@npta(Fig 4.23) with a
small amount of Apiezon N grease that provides the requivednal contact. The sample
platform is connected to the thermal bath (the puck) by digintwires. During the mea-
surement ultra-high vacuum is maintained to provide goedntial conductance between
the sample platform and puck. Before measuring the san@d)eat capacity of the sys-
tem with the grease is measured separately. During the meaent, the sample is heated
at constant power for a specific period of time which is thdloveed by cooling for the
same duration. The entire temperature response is them\iitte a model to deduce the

heat capacity of the material.

4.9 Electrical resistivity measurement

In general, the resistivity of a material is usually meadungterms of resistance and spec-

imen geometry with the two point method which can be expiekase
p=— (4.20)

where, R is the resistance, A is the cross-sectional ared.,. éthe length of the sample.
The resistivity measured using this technique also costaamtributions from the resis-
tance between the contact wire. The additional contacsteesie causes a challenge in
determining actual resistivity especially for sampleswitw resistance. Also, the metal
contacts can sometimes form a junction with the sample beieasured to give an incor-

rect estimation.
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- D
d d d
Sample t

Figure 4.24: A four point resistivity measurement setting.

The four point measurement technigue overcomes the limitsbf the two point tech-
nique and can be used to measure the resistivity of a samfiieavbitrary geometry but
uniform thickness. A typical four point measurement setisishown in figure 4.24. The
system consists of four equally spaced probes with curr@sdex through the outer probes
and voltages being measured through the inner probes. ie&ettsamples, the bulk resis-

tivity can be expressed as,
7t

pP= sinh (£/d)
! ( sinh (t/2d) ))

~I=<

(4.21)

where t is the sample thickness and d is the probe spacinge Kample thickness is
smaller than half of the probe spacing:{/2), the resistivity is computed as,

™V

Electrical resistivity in this work has been measured witfoar point measurement
system built in the lab using a Keithley 2182A nanovoltmetéh Keithley 6221 current
source. The resistivity measurement from 2 K to 302 K has loegre with the system

attached to the PPMS device for temperature variation. &ngpke was mounted on a
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platform with a spring-loaded, point-contact potentiad aarrent leads. The potential drop
was measured in Delta mode as the average of 100 currensaé&vefhe high temperature
measurements were done with a separate system in a resi$tainace inside the quartz
tube under argon protective atmosphere. Kethley 2400 smeter was used in this case
to control current and measure potential drop. A separdhgloped ceramic holder with

a pressure-loaded, point-contact potential and currexlslevas used in high temperature
resistivity measurements. The temperature was contraliddthe thermocouple in the
vicinity of the sample. In this work, the electrical resigly was measured on the arbitrary
shaped CeMnSi and Mn(Ni ¢Sio.4)» Samples having uniform thicknesses of 3.41 mm and

3.58 mm, respectively.

4.10 Dilatometry measurement

The dilatometry measurements of MnSi were carried out on a push-rod dilatometer
system with a cylindrical sample that was 33 mm long having@uniform diameter of
~2 mm.

The push rod dilatometry is a useful technique that is basethe detection of the
length change of materials. Here, the sample lies betweaipthof a fixed quartz rod and a
frictionless sensing rod. The whole setting is placed orrefte for temperature variation.
Any length change as result of a temperature variation mstratted to a recording system
though the sensing rod. The temperature change is measyeethbrmocouple attached
near the sample. Dilatometry has been used successfullyebtd study the magnetic
phase transitions as these phase changes are usuallyaéesgedgih a variation in the length

change response of the material [144-147].
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4.11 Theoretical calculations

The first-principles calculations were carried out withitireear augmented plane wave
method using the density functional theory (DFT) impleneeinh WIEN2k [64] and VASP [148,
149] package. Density functional theory is a widely usedtagcal approach to compute
electronic properties of materials using an approximatetiem of Schrodinger equation
with a reasonable balance between accuracy and scalability

Physical properties of any given system can be determinsdliging the corresponding

many-body Schrodinger equation [150],

HU(R,r) = EV(R,1) (4.23)

where,H is the Hamiltonian g is the energy eigenvalud;(R,r) is the corresponding
eigenstate or the wave functioR={R,,,n = 1, ..., K'} is a set of nuclear coordinates and
r={r;,n = 1,..., N} corresponds to the electronic coordinates. The Hamiltgriathat
describes the coulombic electrostatic interactions betvaomic nuclei and electrons can

be written as,

H<R7 I') = E(R’) + Uu(R) + Te(r) + Uee(r) + Uie<r7 R) (424)

T;(R) is the kinetic energy operator for nuclei abig(R) is the potential energy operator
that describes the nuclei-nuclei interactios(r) and U..(r) are the corresponding ki-
netic energy and potential energy operator for electraspectively.U,.(r, R) operator
represents the external potential or the potential eneugytd the interaction of electrons
with the nuclei. Solving Eq. (4.23) is practically impodsifor most of the solids within a

full quantum mechanical framework which implies that bdté électrons and nuclei are in
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constant motion. A full treatment of the problem requires khowledge of the locations
of nuclei and electrons for any particular state of the syste

Combining the postulates of Born-Oppenheimer approxiongtl51], mean field the-
ory by Hartree [152], Hartree-Fock theory [153], and the efadberg-Kohn [154], a pow-
erful method to simplify the problem and calculate the gbstate properties of materi-
als was introduced by Kohn-Sham [155]. The work of Kohn-Shavided the basis of
modern density functional theory and is presently calle@m-Sham density functional
theory. The simplified Kohn-Sham Hamiltoniadt s is expressed as,

h2
Hgs = —%Vz(r) + Unartee + Usze + Use (4.25)

where, the first term is the Kohn-Sham kinetic energy operadig;,, .. is known as the
Hartree energy that represents the interaction of an eleetith the time averaged electron

density of the system which is expressed as,

UHartree(r) 62 / p(r,) dr’ (426)

~ dme v — 1’|

where,p(r’) is the time averaged density of the system. For a systemMWithectrons, the

ground state density is expressed as,

plr) = Wi’ (4.27)

U.. in equation 4.25 is the exchange correlation functionakrétare several schemes
of exchange correlation functional applied in DFT. In thieriy the generalized gradient
approximation (GGA) exchange correlation functional [[La®ng with Hubbard correc-

tion U has been used to properly address the electron latializof 3d states of transition
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metals. In addition, some energy calculations were alsfmpeaed with the computation-
ally expensive HSEO6 hybrid functional that estimates ttehange interaction more effi-
ciently [157].

DFT aims at solving the Schrodinger equation with the K&mham HamiltonianH x5
for any interacting many electron systems. Because of theideration of all the possible
interaction terms almost accurately, the majority of thex&bnic structure calculations for

solids are based on DFT.
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Chapter 5

Results

5.1 Characterization of the CoMnSi based Heusler com-

pound

5.1.1 Single crystal diffraction (SCD)

Co,MnSi crystalizes with thé.2; type crystal structure within the space gr@2p F'm3m.
The Co, Mn, and Si atoms are situated in the Wyckoff positio334, 1/4, 1/4), 4a (0,0,0)
and 4b (1/2, 1/2, 1/2), respectively. The refined single tatystructural parameters are
summarized in Table 5.3 and 5.4. The obtained crystal streietas found to be in good
agreement with previously published results [105, 158}a@&ilable in the inorganic crys-
tal structure database (ICSD) [163]. Note that, the refin®ID>XSCD parameters did not
yield the information on the transition metal Co-Mn antgiisorder that is one of the main
reasons for the weakening of half-metallicity in8MnSi compound. The absence of the
very well known disorders can be explained by the simila}{-scattering power of Co

and Mn. Consequently, disorders in the range-ofil0% that was observed previously
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by Ravel et al. [94] are indistinguishable with XRD.

Table 5.3: Crystallographic data for €dnSi single crystal obtained from refinement of
X-ray diffraction data (Mo K radiation, 298K)

Refined composition Mn C&i

Space group Fm —3m

Lattice constantA) 5.6585(4)

Volume(;l?’) 181.18(2)

Peatc(g/cm?)) 7.3642

Z 4

260 range 12.48 — 88.3

Index ranges —7<h<10,—10<k<11-9<I1<11
Reflections collected 537

Independent reflections 58[Rint = 0.0168, Rsigma=0.0098)
Data/restraints/parameters  58/0/4

Goodness-of-fit onF'|? 1.185

Largest diff. peak/hole (éf) 0.72/ — 0.59

R indices[] >= 20 ()] R,;=0.0175 wR =0.0487

Table 5.4: Occupancy and isotropic displacement parasm&ieCgMnSi single crystal.

Atom x y z Site  Occupancy L) (A2)

Co 3/4 3/4 1/4 8c 1.00008 0.00406(18)
Mn 1/2 1/2 0 4a 0.99984 0.00404(19)
Si 0O 0 1/2 4b 0.99984 0.005(3)

5.1.2 Neutron powder diffraction

In contrast to X-ray, neutron beam offers coherent scatjelengths of 2.53 fm for Co
and -3.73 fm for Mn, respectively. As a consequence, aetiigorder between Co and
Mn atoms becomes distinguishable. In this work, the neudliffraction data were col-

lected at 4 K, 100 K, and 298 K in an effort to accurately refmegtructure, the magnetic
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moments and their variation with decreasing temperatunee @ the challenges in per-
forming a precise refinement for @dnSi is the lack of paramagnetic state diffraction data
that makes it difficult to differentiate between the struatand magnetic reflections. An
ideal approach would involve conducting a refinement on dali@cted above the Curie
temperature to obtain structural information which camthe used successively for mag-
netic structure determination. Nevertheless, the higheQemperature of GMnSi does
not permit the data collection in the paramagnetic statethEtmore, as discussed earlier,
X-ray diffraction can not also successfully capture theNdo-disorder accurately which

makes refinement more challenging.

(111) —— Observed
Calculated

(220) Difference

| Bragg position

10000 +

(311)
5000

Intensity (a. u.)

331) (422
“200) 4L 222)(4010)( ) ( %511)

20 40 60 80
20

Figure 5.25: Neutron pattern simulation of the magnetiacttire with the parameters
obtained from the first-principles calculation of defe&fiCg@MnSi.

Simulation of magnetic reflections with the theoreticaljtained magnetic moments
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(Fig. 5.25) suggested the presence of three very domintedtiens (111), (220) and (311)
for Co,MnSi. Among these, the intensity of (111) and (310) are aignoificant to deter-
mine the Mn-Si disorder as they fall into the category witk H,all being odd [105]. As a

result, separating these magnetic reflections becomemlfoica good refinement.

The pattern simulation in Fig. 5.25 showed that all the majagnetic peaks lie below
the 20 value of 46.8. If the weak magnetic reflections above 46a6e considered negli-
gible, it can provide a means to obtain Co-Mn disorder moceiately. In this work, the
structural refinement for GMnSi was performed at higher angles within the rangé€ (47
- 117). Such a refinement is feasible in the present case becausmifron scattering
stronger reflections are observed at higher angles thav @ifoper identification of ele-
ments. The refinement profile is shown in Fig. 5.26a and reftreattural parameters are
listed in Table 5.5. It can be seen that Mn and Co tend to frotisiéandisorder among
themselves with-6.5% (3.25<2) Co sites being occupied by Mn ard.6% Mn sites be-
ing replaced by Co. Refinement involving a portion of Mn anai8ing in each other’s
sites yielded almost negligible occupancy and was ignandtie subsequent refinement.
The obtained occupancy parameters were kept constant addushe successive mag-
netic refinements at 298 K, 100 K, and 4K. It should be notetiahihough, the refinement
ignored the presence of weaker magnetic reflections at hagigdes, their presence in the

refinement should be within the limit of experimental errors
The magnetic structure at 298 K was refined with all stru¢tpemameters obtained

from the higher angle refinement. The initial values of thegne&iic moments were taken

from our first-principles calculation that will be discuds@ an upcoming section. The
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solution of the magnetic structure was based on the repsananalysis approach using
SARAh [140]. For the ordering, wave vector k = (0 0 0) was ugadesno extra magnetic
reflection was observed. The method yielded only one basi®ne, that corresponds to
a ferromagnetic interaction. The final refined structurabpeeters are listed in Table 5.5,
and the refinement profile is shown in Fig. 5.26b. Our obtamednetic moment values
of 2.432(37)up/ f.u. for 4a site (Mn and Disorder Co) and 0.962(3Q)/ f.u. for 8c (Co
and Disorder Mn) is much smaller compared to the previousdteat 298 K [94, 106].

The refinement of the 100 K and 4 K diffraction data were alsdopemed with the
occupancy parameters obtained from 298 K high angle stralafinement. No additional
reflections were observed at low temperature revealingdaeky structural or magnetic
transition below 100 K. The refinement profile is shown in E@6c¢ (100 K) and 5.26d (4
K), respectively. The relevant structural and magnetiapeater are listed in Table 5.5. The
lattice constant of COMnSi is less sensitive to the temperature, which can be gtz
by comparing their values at different temperatures. Thgrmac moments are increased
as the temperature is lowered. Nevertheless, the refinegtwvalt 4 K are much lower

compared to the results of Webster [105] at the same temyperat

5.1.3 Magnetization behavior

The hysteresis behavior of the 8dnSi compound at 4 K, 100 K and 298 K is shows in
Fig. 5.27. The compound showed almost identical saturatiagnetization of M) 4.94,
4.99 and 4.895/ f.u. at 4 K, 100 K, and 298 K, respectively. Previous experimemizé-
surements also reported comparable results of 496 .u. [106] and 5.15:5/ f.u. [94].

The coercive field was found to b€20 Oe at all three temperatures.
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Table 5.5: Refined structural parameters fosK2oSi

Temperature 298 K-high angle 298 K 100K 4K
Spacegroup FBm
Lattice constant{) 5.6406(4) 5.6406 5.6301(7) 5.6301(2)

Magnetic phase - Ferromagnetic
Co and disorder Mn; and 8c (3/4, 3/4, 1/4)

Occupancy (Co) 0.9675
Occupancy (Mn) 0.0325
B(/°12) 0.607(2) 0.607  0.4318(13) 0.3565(5)
M(up/f.u.) - 0.962(30) 1.008(16) 0.906(18)
Mn and Disorder Co; 4a (1/2, 1/2, 0)
Occupancy (Mn) 0.924
Occupancy (Co) 0.076
B(/°12) 0.6877(1) 0.6877  0.4759(5) 0.5561(15)
M(up/ f.u) - 2.432(37) 2.456(32) 2.62(20)
Si; 4b (0, 0, 1/2)
Occupancy (Si) 1
B(A%) 1.0177(14) 1.0177 1.1147(27) 1.1114(16)
x> 2.92 5.64 4.44 5.57
Ry 145 13.6 13 13.1
Rp 4.38 4.58 6.16 6.23
Rinag - 3.57 2.37 3.64
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Figure 5.26: Rietveld refinement profile for nSi at a) 298 K with high angle structural
refinement, and b) 298 K c¢) 100 K and d) 4 K structural and magnefinement.
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Figure 5.27: Magnetic hysteresis loop of MnSi at 4 K, 100 K and 298 K, measured
with the applied field up to 40 kOe. Inset shows the saturatiagnetization at the corre-
sponding temperatures.
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5.1.4 Dilatometric measurements

The dilatometric measurements were performed on a singtatrsample to determine
the Curie temperature. The technique has been success$aitl/previously to determine
the ferromagnetic to paramagnetic transition temperatiseveral compounds [144—-147].
The change of lengt\L and the derivative with respect to temperatﬂ%ﬂ values as

a function of temperature for GMnSi is shown in the Fig. 5.28. It can be seen that the
length change starts to deviate from a linear responsivavi@hat higher temperatures

where the ferromagnetic to paramagnetic phase transéla@stplace. From the sharp peak

d(AL)
ar '

the previously published value of 985 K [105, 106]

in the

the Curie temperature was identified to be 1018 K which caoegpaell with

5.1.5 Electrical resistivity measurement

Electrical resistivity variation as a function of tempena&tin Fig. 5.29a shows a tempera-
ture independent behavior below 30 K, indicating that/@oSi is a good metal within that
range of temperatures. The residual resistiyitypor Co,MnSi was determined to be33.7
1€2.cm. Previous literature showed a wide range of valuegfavith ~2,£).cm for single
crystal, to values like 16, 19, 22, 96 and 1@8.cm for polycrystals and thin films [95].
The large variation op, can be attributed to the presence of different concentraitaf
impurities and grain boundaries as they significantly affee transport properties of a
system [95]. Our obtained value 6133.7 u£2.cm, however, agrees well with the theo-
retically predicted value 0f38 n£).cm by Kota and Sakuma [164] for the7% Co-Mn
disorder. The residual resistivity ratio (RRR) at 300 K,,itke ratio of the resistance of the
sample at 300 K over the resistance at 2 K, was found to be B&Clirie temperature was

extrapolated from the high temperature resistivity measent with an apparent sudden
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Figure 5.28:AL and % of Co,MnSi as a function temperature measured from 350 K
to 1150 K. AL shows a linear response with temperature until near thenetagphase
transition point where the response changes. The Curiedeatyse was identified to be
1018 K from the sharp peak in t#&2) vs T plot.
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change in the electrical resistivity at higher temperat(Fég. 5.29b). From the peak of the
% vs. T plot, the Curie temperature was identified to be 1014 kclwvhorresponds very
well to the dilatometry measurements. The RRR value foMBtSi was found to reack

50 near the transition temperature.

5.1.6 First-principle calculations

Calculations were carried out on a pure,®@mSi, as well as the structures with different
concentrations of disorder that are relevant to the exparial observations. Before en-
ergy computation, a complete first-principles structueddxation was performed. Here,
we consider various Co-Mn antisite disorders and discuess pnopensity to form in terms
of the energy difference with the ideal €dnSi. Note that, our calculations did not include
any disorder involving the Si (4b) site as they have not bdeeived in any experimental
investigations including the present work [94, 105, 106puiFdifferent types of defects
were studied with all the calculations done with a 128 atomiaell. The first one is a Mn
only antisite disorder created by replacing one Co atom tainla (C@ 9gsMng 16)2MnNSi
stoichiometry. The second one corresponds to a Co onlyit@nisth a composition of
(Co,(Mng 969C0y031)Si. The third and fourth type of defects involves disordetween
both Co-Mn at concentrations that are relevant to the expmrial results. It should be
noted that the neutron refinement in this study and otherrgrpatal investigations in-
dicated slightly different disorder affinity for the Mn andGites. In the first-principle
calculations, however, we adjusted the identical disoodeupancy between Co and Mn to

preserve accurate stoichiometry. The computed energedistad in Table 5.6.
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Figure 5.29: a) Low temperature (1.8 K to 300 K) single crystactrical resistivity,o of

Co,MnSi as a function of temperature plotted on a In scale totifietihe temperature in-
dependent residual resistivity 8f33.7 u2.cm. b) High temperature electrical resistivity,
andj—{; as function of temperature measured from 450 K to 1150 K. TumeeGemperature

was determined to be 1014 K from the sharp change in the tertyserdependence gjé
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Table 5.6: Energy required to form a disordered configunaiticthe 128 atoms supercell
Co,MnSi. The energy for the ideal structure without any defet¢tken as 0.

Type of disorder Composition Required energy (eV/f.u
Defect free CeMnSi 0

One Mn antisite (C9saMng g16)2MNSi 0.041

One Co antisite (CAMNg.969C 0Oy 031) S 0.30

Two Co and two Mn disorder (G@s9MNg 031)2(MNg 933C0y 062)Si 0.015
Three Co and three Mn disorder  (&83MnNg.047)2(MNg.906C0y.094)Si 0.073

From Table 5.6, it can be seen that formation of a single Mis@atefect in CeMnSi
requires external energy of 0.041 eV/f.u while the Co cowoate requires 0.3 eV/f.u. How-
ever, the formation of these defects also require an additisupply of Mn/Co from the
reservoir and expelling of an equivalent concentrationMofrom the ideal structure to
maintain the stoichiometry. Consequently, generationnty one type of antisite defects
can be regarded as highly unlikely as it will require preeiion of excess Co/Mn to bal-
ance the stoichiometry. In comparison, the equivalent Mna@tisite disorder with ideal
stoichiometry is energetically more favorable as they Iveadentical concentrations of
disorder atoms replacing each other to maintain the Co:Mai® of 2:1:1. In our cal-
culations, the formation of 6.2% and 9.4% antisite Co-Mrodigr was found to require
energies of 0.015 eV/f.u. and 0.073 eV/f.u, respectiveljrese correspond to thermal
energies at temperatures of 173 K and 846 K, which are usealtpuntered during the
experiments. Consequently, the formation of the Co-Mnrdisois energetically favor-
able. Note that, our computed energies are in good agreenignthe reported energies
by Pradines et al. [103] with similar defect concentrations

In the next step, we studied the effect of defect conceptraton the magnetic proper-
ties of CoMnSi. Here, we compared the ideal 84nSi with the structure containing 6.2%

and 9.4% Co-Mn antisite disorder, discussed above. The eti@gmoments are listed in
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Table 5.7.

Table 5.7: Average magnetic moment from the first-principtalculations.

Column "A” stands for the (Cgys9MnNgp31)2(MnNgg3sCayo62)Si  composition.
Column "B” describes (Cgy53MNg 047)2(MNg 906 COy.094)Si compound.

Atom Site Magnetic Momentu(z/ f.u.)
Co,MnSi A B
Co 8c 0.974 1.138 1.114
Mn disorder 8c - -0.111 -0.164
Mn 4a 3.49 2.666  2.558
Co disorder 4a - 0.139 0.18
Si 4b -0.102 -0.072 -0.069
Interstitial region -0.298 -0.256 -0.257
Net moment 5.04 4.533 4.311

From Table 5.7, it is evident that the net magnetic momentgsifscantly reduced
with the introduction of the antisite disorder. This sugsien is caused mainly by an
antiferromagnetic interaction of the Mn antisite disordéh the parent Mn which was also
reported in previous theoretical examinations [99, 103le €mergence of this interaction
can be attributed to the reduction of Mn-Mn interatomicalistes due to the disordered Mn
atoms replacing Co in the 8c site [103]. In the previous stoyglyradines et al. [103], it
was found that introduction of 6.2% disorder reduces thesgeemagnetic moment of Mn
atoms in the 4ato 2.667z/ f.u. with some Mn atoms coupling antiferromagnetically with
the disorder Mn in 8c. As the concentration of disorder iases, more Mn atoms occupy
the 8c sites. Consequently, it is expected that antifergomagc interaction will be stronger
and the reduction of both Mn and hence, the total magnetic embmuill be higher, which

is reflected in the values for 9.4% Co-Mn swap.
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5.1.7 Discussion
Occupancy of Co and Mn antisite disorder

The neutron diffraction data were collected on a polyciiis@ sample that was water
guenched at 1073 K (80Q) which necessarily means the system is frozen on the gtate a
that temperature. The refinement of the data found the oocigsof the Mn and Co anti-
site disorder to be-6.5% and~7.6%, respectively (table 5.5) in that state. In contrést, t
first-principles calculation showed that the formation df% and 9.4% equivalent Co-Mn
disorder requires a temperature of 173 K and 846 K, respgtiVhe slight disagreement
between the theoretical and experimental observation eaatthibuted to several experi-
mental and theoretical error factors. Some imbalance camigmating from the smaller
theoretically obtained lattice constant which in turn proes slightly lower energy com-
pared to the energy that would be obtained with experimigrélserved structures [103].
Additionally, some errors may also be introduced by the erpentally refined antisite dis-
order with dissimilar amounts of Co and Mn. In contrast, otstfprinciples calculations
suggested the formation of disorder with identical Co andddncentrations to be more
favorable. Other experimental error factors that are diffito control can be listed as the
contribution from weak magnetic reflections at highérahgle data, evaporation of Mn
during arc melting which is a very common problem with Mn lthsempounds, purity of
the starting elements being not perfect, the exact watemaiieg being less than 800
due to the evacuated quartz tube and so on. All these facéorsa@ntribute to the ob-
served slight difference in the theoretical and experimletisorder occupancy. Therefore,
the first-principles calculated disorder of 9.4% at 846 K #r@l1073 K annealed neutron

refinement obtained 6.5-7.6% can be regarded to be in fair agreement with ear.oth
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Comparison of magnetic moments

The first principle calculations predicted a total magnetament of 4.53:/ f.u. for 6.2%
disorder and of 4.3Lg/ f.u. for 9.4% disorder compared to moment of 5,04/ f.u. for
defect-free structure. Such suppression with increasfepts was attributed to the antifer-
romagnetic interactions between Mn atoms that decreasentbenent. For the Co atoms,
however, an increase in the moment was observed with thedinttion of the disorder.
These values compare well with results obtained from théraeuefinement. It should
be noted that the Mn disorder in @dnSi was found to be in the order 6§6.5%. Ob-
taining of such a small antiferromagnetic momentsQ.111 .3/ f.u. from first-principles
calculations can be taken as a guide) falls within the erfaefinement. Consequently,
the refinement was carried out for the particular magnetgs shan individual atoms. The
magnetic moments for th&: site that contains Co and disordered Mn were found to be
0.906(18)u/ f.u. at 4 K. In contrast, the first-principles calculation thatregponds to a
0 K condition yielded 1.027.5/ f.u. and 0.95u5/ f.u. for the 6.2% and 9.4% disordered
structures, respectively which can be regarded as extelfgrement with experimental
observation. The moments for tHe sites at 4 K were refined to be 2.62(20}/ f.u.
which also shows good agreement with the theoreticallyinbts2.805.5/ f.u.(6.2% dis-
order) and 2.738 5/ f.u. (9.4% disorder).

Our hysteresis measurement, on the other hand, indicattdr@son magnetization of
4.94,4.99and 4.88;/ f.u. at 298 K, 100 K and 4 K, respectively which is very close to the
theoretically predicted value for defect-free 5,04/ f.u.. where all moments are ferromag-
netically aligned. Such a result is not surprising as it¢ates that the antiferromagnetic

interaction between the Mn atoms is relatively weak in ratihe applied magnetic field
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of 4 Tesla aligns all the moments to the direction of the field.

5.2 Characterization of the G-phase compound N§MnSi;

5.2.1 Zero-Field Cooled - Field-Cooled Characteristics

Fig. 5.30 shows ZFC-FC magnetic susceptibly ofsNingSi; between 2 K and 350 K
under the constant magnetic field of 1000 Oe applied alang00 >, < 110 > and
< 111 > directions of the crystal. The data show clearly two traosg at-50 K and
197 K, the latter in agreement with Kolenda et al. [2]. Addially, there is a ZFC/FC
divergence below 6K suggesting a weak spin freezing effidats, two new transitions are
discovered here below the 80 K base temperature of the lesttidies. Further analysis of
the data with the Fisher heat capacity [168]y7")/dT vs. T plotin Fig. 5.31a, shows both
transitions quite clearly. The true Néel temperature wastified to be 197 (1) K from the
second peak of the graph.

From the inverse FC susceptibly plot along thel00 > crystal direction, a Curie-
Weiss fitting was done above 197 K (Fig. 5.31b). The Curie womsC of 17.75 (4)
emu.K/mol.Oe yielded an effective magnetic moment per Mmr&j:. ; //Mn of 4.83 (24)
up Which is very close to the effective moment for of 4,89 for Mn3* (S=2) compared
t0 5.9145 for Mn2* (S:g). Some caution should be taken as this fitting region may not be
strictly in the paramagnetic regime. The Curie-Weiss taiapee, Oy were estimated to
be -105 (1) K which indicates the presence of a strong antifeagnetic exchange. More-
over, the susceptibility data continues to increase wittresing temperature, indicating

a persistent paramagnetic contribution which is likely thuthe presence of geometrically
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Figure 5.30: ZFC-FC magnetic susceptibility of,MWinsSi; crystal at 1000 Oe field ap-
plied along a}k 100 >, b) < 110 >, and c)< 111 >..
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frustrated paramagnetic ions. ZFC-FC measurementimn0 > and< 111 > also demon-

strated a similar behavior (Figs. 5.30b and 5.30c).

5.2.2 Heat Capacity measurement

Fig. 5.32a shows the heat capacity of jMngSi; measured under zero magnetic field be-
tween 2 K and 302 K. The data clearly depicts anomaly peak at 197 K that corresponds
to a transition between antiferromagnetic and paramagsgites. A second transition at
50 K characterized by a weak, almost undetectable peak indagacity data (inset in
Fig. 5.32a), is consistent with transition observed in tregnetic susceptibility plots in
Fig. 5.30. To obtain the magnetic contribution to the hegiacéy of Ni;sMngSi; one
needs to subtract that of a suitable lattice match, nornaafpara magnetic iso-structural
compound [166]. A previous study of the magnetic propertiedli,4TigSi; showed a
Pauli paramagnetic like behaviour [68], which was also oles®in our measurements
of magnetic susceptibility of the compound under an appiredynetic field of 1000 Oe
(Fig.5.33). However, the heat capacity as a function of tenapire showed a cusp at 140
K for Ni¢TigSi; (closed circles in Fig. 5.32a), which is an indication of agdtransition,
which is unexpected, given the data of Holman et al. [68] amdheagnetic measurement.
The origin of this anomaly is unclear at present, but aparhfthis feature, NiTigSi; ap-
peared to be a reasonable lattice match. Consequentlyatpeatic contribution of the heat
capacity for NigMngSi; was thus obtained 5.32b by a direct substraction of thgINiSi,
data. Note that, the 50 K anomaly is now clearly evident. Timpote the expected en-
tropy loss for this material requires selection of an oxfastate for Mn. For MA™ S,,,,,,

= 80.28 J/mol-K while for MA* it is 89.38 J/mol- K. The computed magnetic entropy
(Fig. 5.32c) however, showed,g, of 17.14 J/mol.K at 50 K, 94.03 J/mol.K at 197 K and,
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Figure 5.31: a) FGI(xT)/dT vs. T plot from the data with the field applied along the
< 100 > direction identifying the transition temperatures of,Mn¢Si;. b) A Curie-

Weiss fit on the inverse susceptibility data single cryséédsg the< 100 > above 200
K.
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Figure 5.32: a) Zero magnetic field heat capacity ofsMingSi; (open circles) and the
lattice match compound NjTigSi; (closed circles) from 2 K to 300 K. NjMngSi; shows

a weak transition at 50 K, which is magnified in the inset antha s antiferromagnetic
to paramagnetic transition at 198 K. NTigSi; also undergoes a transition at 142 K. b)
Magnetic contribution(,,,,, for Ni;sMnsSi; as function of temperature. The magnetic
contribution, C,,,, is obtained by direct substraction of the data from thedatthatch
compound Nis TigSi; ignoring the phase transition. c) Entrogy,,, over the whole tem-
perature range (2 K -302 K) is compared witRin6 for S = g Mn?+ and6RIn5 for S = 2
Mn3+.
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103.9 at J/mol.K which exceeds reasonable values for thismag assuming that Mn is
the only magnetic atom. The data of Holman et al. [68] seenotdicn that there is no
ordered moment on the Ni sites in this class of materials. diserepancy might then be
attributed to the choice of NiTigSi; as a lattice match which apparently underestimates

the lattice contribution in N;MngSis.

5.2.3 Neutron diffraction

Neutron diffraction data were obtained on a polycrystalliowder sample at 298 K, 100
K and 4 K corresponding to the three different regimes of netigrsusceptibility and heat
capacity behaviour. As indicated by magnetic measureraerdapm temperature the struc-
ture was refined to be a paramagnetic type with no additiognatic contribution (Fig.
5.34a). The room temperature structure was refined by thedRiemethod (Fig. 5.34a),
and the structural parameters are listed in Table 5.13. ffhetsral parameters were found
to be in excellent agreement with previously reported tegal Ni;sMngSi; [2, 109, 167].

It should be mentioned that the occupancy of individual €ets is kept constant during
the refinement. The Mn atoms occupy the sites of regular edtahwhich are not directly
connected with other octahedra. Each Mn atom within an echain is coupled with four
nearest neighbours by exchange constanbne next nearest neighbour by and with
four neighbours of the adjacent octahedrayas shown in figure 5.35. Thg, J, and
J3 pathway lengths are 0.2%9 0.393a and 0.42%, respectively, where is the lattice

constant.

The neutron diffraction data collected at 100 K show new céfi@s, relative to room
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Figure 5.34: Rietveld refinement profile of j\MngSi; a) 298 K, b) 100 K and c) 4 K. (d)
A comparison of 4 K and 100 K neutron data at [p&vshowing (100) peak at 4 K.
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Figure 5.35: Refined crystal structure of ]WinsSi; in paramagnetic state. In the structure
Mn ions are connected by/4, 1.J; and 4J3 bonds.

Figure 5.36: Magnetic structure of lN\MnsSi; at 100 K showing a two-dimensional (2D)
magnetic arrangement magnetic moments between Mn-I i@ral(el to &b) plane in the
current coordinate system). Mn-Il ions remain frustratdthe structures shown in the

figure represent projection along the) and b) pc) planes, respectively.
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Table 5.8: Refined structure parameters foi; MingSi;

Temperature 298 K 100K 4 K
Lattice constant{) 11.1497(4) 11.1238(3) 11.1198(4)
Spacegroup FAm Fm3m Frm3m
Magnetic phase Paramagnetic Antiferromagnetic Cantedekrdamagnetic
Mn; 24e(x, 1/2, 1/2) 0.6969(3) 0.6969(3) 0.6969(3)
B(Mn) (4%) 0.49(15) 0.32(14) 0.09(5)
M(Mn-1)( u5) - 4.45(5) 4.74(11)
M(Mn-1)( 125) - 0 0.65(24)
Nil; 32f(x, X, X) 0.33322(11) 0.33322(11) 0.33322(11)
B(Nil) (212) 0.58(5) 0.36(5) 0.22(5)
M(Ni1)(15) - 0 0
Ni2; 32f(x, X, X) 0.11780(12) 0.11780(12) 0.11780(12)
B(Ni2) (4% 0.58(5) 0.49(5) 0.36(5)
M(Ni2)(5) - 0 0
Si1; 4a(1/2, 1/2, 0) - - -
B(Si1) (212) 0.48(10) 0.74(27) 0.66(28)
Si2; 24e(1/2, 1/4, 1/4) - - -
B(Si2) (212) 0.48(10) 0.35(10) 0.34(10)
2 5.33 9.66 10.4
Ry 11.4 10.3 10.7
Rp 2.51 1.66 1.94
Riag - 8.81 8.06
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temperature, which can be indexed as (210), (310), (320)Y&h2), which are system-
atically absent in Fm-3m symmetry and can thus be assocratbdnagnetic ordering .

These same reflections were reported by Kolenda et al. [2].
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Figure 5.37: Refinement profile of NMngSi; with the magnetic structure model proposed
by Kolenda et al. [2]

The solution of the magnetic structure was based on thegeptation analysis method
using SARAh [140]. For the ordering, wave vector k = (0 0 1)rfbasis vectorg's, I's,
I'y andI'yo resulted from this approach. The best refinement was olataisiagl’y (refine-
ment parameters for all configurations are listed in Sl-table 1). The Rietveld refiveat
profile is shown in Fig. 5.34b, and magnetic moments aredist¢éable 5.13. The resulting
magnetic structure (Fig. 5.36) shows a 2D antiferromagmetifiguration of\/n?* atoms

involving only four of the six sites on th&/ngs octahedron oriented along (100) directions
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Table 5.9: Magnetic refinement of lyMngSi; at 100 K for differentl” configurations

Configurations Riag  X°  Rup
Iy 21.18 114 11.4
I's 52.24 20.6 15.3
Iy 881 9.66 10.3
' 97.08 35.6 20.2

Previously published [2] 62.95 23.9 16.5

in an ab plane. Here, Mn occupancy is separated into 2 Mn sigels, Mn-1 and Mn-Il.
Mn-I contain chains of atoms on a principal plane arrangeilearomagnetically with the
nearest neighbour atoms. Mn-IIl atoms lie on top and bottbthe® Mn-1 chains and re-
main paramagnetic providing evidence of spin frustratiotmivw each octahedron. It can
be seen that two of fouf; Mn are coupled antiferromagnetically while the remainiwg t
remain paramagnetic. Mn atoms connected/pwre coupled ferromagnetically as would
be required given dominant nearest neighbour antiferromidgexchange. It can also be
noticed that two-dimensional planes formed by the orderedidns are coupled antifer-
romagnetically with each other indicating strong antidemagnetism in NsMngSi;. The
Mn-I moments were refined to be 4.45 (b} per Mn ion. It can be seen that the moment
is close to the theoretical and experimentally reportedevédr Mn2*, i.e., 5up (with g=2
andS = g) and 4.7u5 [3], respectively. The moment for the Nickel ions were rdiit@be

0 to within 2. It can be seen that our model is different from the one pregpay Kolenda
et al. [2]. Refinement of the 100 K data using their proposegmatc structure showed rel-
atively poor agreement with the observed powder pattere ietveld profile is shown in
Fig. 5.37 and the obtained refinement parameters are listatdlie 5.9). On the other hand,
our model of Fig. 5.36, with frustrated Mn spins is consisteith the observed bulk sus-

ceptibility data which shows a paramagnetic like contiidmupersisting below’y = 198 K.
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b)

Figure 5.38: A hidden spin canted antiferromagnetic stmacts favored for NiKMngSi;
at 4K. The two dimensional magnetic symmetry is broken aediloments are canted in
(ab) plane. Magnetic moment vectors are guide to eye only. Thetsires presented in
the figure corresponds to projection along thie) @nd b) bc) planes, respectively.

A careful comparison of neutron diffraction at 4 K and 100 Keaaled an extra (100)
peak at 4 K (Fig. 5.34d). The presence of such a reflectioni@mpthe magnetic moments
cannot be parallel to (100) directions. Consequentlyntlmapresumed that the 2D antifer-
romagnetic symmetry is broken. This result can be assabvatd phase transition at 50 K.
The refinement showed that the Mn-I moment value at 4 K is ag&d slightly to 4.74(11)
up and that the spins make a canting angle with respect to (¥f0f)Ly (Fig. 5.38). This
is sometimes called hidden spin canting which refers to gardition where the moments
are canted about the axis but still in a collinear arrangefd®®]. Note that, the moments
are still consistent with values for the = g system [3]. As well, a small moment of
0.65(24)u.5 appears on the Mn-I1l site which may be real. Note that eveovb8DK, the

model predicts a high concentration of paramagnetic spimshws consistent with the bulk

susceptibility which continues to increase to lower terapges. The relevant refinement
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parameters are shown in Table 5.13 and the Rietveld profileas/n in Fig. 5.34c.

5.2.4 Low field temperature dependence of DC magnetization

To examine the thermal variations of the canting strengt¥i{pMn¢Si;, we have analyzed
the temperature dependence of magnetization in three lder orystallographic directions
of the crystal. An accurate estimation requires the magfietd to be small enough not to
dominate the magnetic spin and yet to be strong enough tapeoa magnetic signal. In
this study, the temperature dependence of magnetizatismeasured in a 50 Oe magnetic
field applied in< 100 >, < 110 > and< 111 > direction, respectively.

The zero-field cooled measurement (Fig. 5.39) showed teantgnetic susceptibility
follows the trendy111 > x100 > X110 UNtil 20 K where they converge, and the order reverses
(x111 < X100 < X110)- CoOnsistent behavior was observed in the field cooled nagses-
ceptibility data (inset in Fig. 5.39). A higher;;; below 20 K suggests the ferromagnetic
interaction to be stronger in that direction indicatingtttiee net ferromagnetic moment
caused by the canting is lying along that direction. The kwe, value below 20 K indi-
cates that the antiferromagnetic interaction is stronger i 10 > at low temperatures. As
the temperature increases, the strength of ferromagnetcants gets weaker with a large
drop (evident by the large drop 1) in magnetization and antiferromagnetic interaction
becomes stronger. It should be noted that the magneticsiilsitiey data presented above
also includes the contribution from of paramagnetic cootion due to frustration. Note
that, even above 50 K, the 100 > and< 110 > magnetic susceptibilities do not converge
indicating the presence of an additional ferromagnetisphén contrast with the ZFC-FC
data in Fig. 5.30, Fig. 5.39 suggests that above 50 K therfeaagmetic phase is extremely

weak, originating from a slight non-collinear or normalrsgianting, with the moments

84



Ph.D. Thesis - Sheikh Jamil Ahmed McMaster - Materials Smeamd Engineering

0.35 4 — AR
5 ) 100 5006 |

—— 110
0.30 4 I\ —— 111 - 1 ]

0.25 - l __j\\ :: \Y’Q\ 1

0.20 4 ]/‘\ \ 0.10 \\& 4
1 X H‘\ 0.05 ""'--....______ 3
0.15 - \ Y T o e e 2 0 e o o

(K)

0.10 \\ -

0.05 -

o
i
5
e o

% (emu/mol.Oe)

x (emu/mol.Oe)

o

0.00

T T T T T T T
0 50 100 150 200 250 300 350 400

T(K)

Figure 5.39: ZFC magnetization of N\MngSi; as a function of temperature. A constant
magnetic field of 50 Oe is applied i@ 100 >, < 110 > and< 111 > directions to
examine the changes in canting angle with the temperataset shows data for the FC
measurements that showed a similar dependence.

getting slightly canted with respect to each other. Detectif such weak phenomenon is
beyond the limit of the detectors without a magnetic field.n§€uently, it was not ob-
served in the neutron diffraction data. Additionally, incso be seen that the sudden drop
of ZFC susceptibility below 6 K is also evident in the 50 OeadatFig. 5.39. Since the sys-
tem contains a higher concentration of paramagnetic Mrfieazing these weak moments

that can result in the rapid drop of ZFC magnetization beldty & quite possible. Such a

weak phenomenon, however, can not be detected by the nelifftraction experiment.
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5.2.5 Field dependence of DC magnetization

The DC magnetization was measured with the magnetic fieltlembip < 100 >, < 110 >
and< 111 > directions of the crystal sample at 2 K, 25 K, 100 K and 298 K thd
to the region of interest pointed by the low field (50 Oe) madignsusceptibility data.
At 2 K, a much stronger ferromagnetic component is expeated i111 > direction.
As the temperature is raised to 25 K, the antiferromagnat&raction is expected to be
dominating the canted moments. At 100 K, a complete antifeagnetic behavior is to be

observed while at 298 K, the compound is paramagnetic.
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Figure 5.40: ZFC field dependent magnetization behaviorigfiNthsSi; at 2 K. Magnetic
field up to 4 Tesla is applied i 100 >, < 110 > and< 111 > directions.

The magnetization at 2 K (Fig. 5.40) showed a sudden incrigaset magnetization
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at a critical field of 0.9 Tesla fob/,oy and at 1.2 Tesla foi/,9. An extrapolation of the
data to zero field yielded a positive interceptdtoo = 0.55u5, Msi1190 = 0.35u5, and
Ms111 = 0.05up, respectively. While a positive intercept confirms a feragmetic type
behavior, the magnitude df/s is much smaller compared to tdén?* spin-only value of
5up per ion. The lowMg value indicates the presence of strong antiferromagnetie c
pling between Mn ions that prevent the spins to completafynah the direction of the
field. The behavior is consistent with a smeared spin flop tygoesition to a new magnetic
state [3, 168-171]. In this phenomenon, the magnetizafitimeomagnetic sublattices un-
dergoes an abrupt transition in a direction perpendicoléihé magnetic field. The nature
of the abrupt transition is dependent on the angleetween the spin axis and the magnetic
field. When the field is applied parallel to the spin axis£ 0°), the transition appears as a
first-order type transition. However, as the angle becormasaero, the spin flop type tran-
sition gets smeared [168]. Based on aforementioned, it essala thaty is minimum for
Mo followed by M;1y. A very high¢ angle forM,,; causes the disappearance of the sharp
transition, and the magnetization rotates gradually withapplied field. Nevertheless, be-
cause of a strong net ferromagnetic momenkiril1l > direction, the magnetization is
higher in that direction. It can also be noted that even ahtgker magnetic field induced
phase thél/;;, value is still the lowest hinting towards the stronger amtidmagnetic in-

teraction along that direction.

The hysteresis behavior fer 100 > orientation at 2 K (Fig. 5.41a) shows the transi-
tion to be an irreversible type, and a persistent ferromtégbehavior is observed. Such
a response indicate that during the spin flop transitionjriagnetic moments is oriented

in a stable configuration which can not be reversed even wiefidld is removed. The
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Figure 5.41: ZFC DC hysteresis of ijMngSi; at 2 K as function of magnetic applied
field in a}< 100 > b)< 110 > and ck 111 > directions, respectively. The 100 >
measurement was done with a maximum field upto 5 Tesla.
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behavior is significantly different from the other spin-fltype transition reported for the
canted antiferromagnetic systems [14, 100]. The coerade fi-1( is found to be 0.095
Tesla. The hysteresis measurementfar00 > orientation is done with an applied field up
to 5 Tesla. Since no observable change is detected at theaighetic field, the rest of the
hysteresis measurement is conducted with the field up to l&.Telysteresis in< 110 >
(Fig. 5.41b) andk 111 > (Fig. 5.41c) direction shows a similar type of behavior vitik
coercivity for< 110 > direction beingH 119 =0.095 Tesla and &/,,0= 0.012 Tesla for

< 111 > direction.
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Figure 5.42: ZFC field dependent magnetization behavior giNihSi; at 25 K. Magnetic
field up to 4 Tesla is applied i 100 >, < 110 > and< 111 > directions. Inset shows
stronger/weaker magnetization reversal at 0.04 Tesla atagield.
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Subsequent field dependent magnetization measuremeiisated at 25 K (Fig. 5.42)
shows the weakest magnetization<dn 110 > direction and strongest magnetization in
< 111 > at higher fields which was observed otherwise in the 50 Oe ¢eatyre depen-
dent data (Fig. 5.39). It can be seen in the inset of Fig. :d@this stronger magnetization
reversal occurs at a field of 0.04 Tesla due to different méagfield response of antifer-
romagnetic and ferromagnetic interaction. The magnetizatata also reveals a smeared
spin-flop type transition in three; 100 >, < 110 > and< 111 > directions. The tran-
sitions occur at much smaller critical fields 8fgr1090 = 0.4 Tesla,Hsr110 = 0.6 Tesla
and Hsr111 = 1.3 Tesla. The extrapolated intercept of magnetizationsis found to be
smaller Ms100 = 0.075up5, Ms1190 = 0.065u5, andMsgi1; = 0.04u 5, respectively). This
indicates a weakening of the ferromagnetic behavior andimrmee of the antiferromag-
netism. Such a behavior can be attributed to the effect opésature. As discussed in
the previous section, with increasing temperature theimguaingle gets smaller, and the
antiferromagnetic interaction becomes dominating. Gowtro the low field susceptibility
data, magnetization at a higher field is maximum idéy;;. Search at the low field region
reveal the field to be 0.008 Tesla (80 Oe) whefg,, Mq1; and My, reverses. This is due
to the different responsive behavior of a ferromagneticamtferromagnetic material un-
der magnetic field. At 25 K, a weak nonetheless ferromagmetiment exists in< 111 >
direction whereas a strong antiferromagnetic interaagsgresent alongc 110 >. Since
ferromagnetic moment is more responsive to the applied etagfeld, the magnetization
increases faster it 111 > direction. Whereas, a strong antiferromagnetic inteoacti
in < 110 > direction tend to oppose the magnetic field and the magrietizancreases

slowly.
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Figure 5.43: ZFC DC hysteresis for ijMngSi; at 25 K measured as function of magnetic
applied field in axx 100 > b) < 110 > and c)< 111 > directions, respectively.
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The hysteresis behaviour at 25 K shows a narrowing of theehgsis loop at the low
field region (Fig. 5.43). Such behaviour can be described &wsak ferromagnetic be-
haviour determined by the dominance of antiferromagnateractions. Nevertheless, the
compound exhibits a positive coercive field valued®f;o,=0.001 TeslaHc190= 0.0003

Tesla andd ~90= 0.0012 Tesla at 25 K.
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Figure 5.44. ZFC field dependent magnetization behaviorigiNthsSi; at 100 K. Mag-
netic field upto 4 Tesla (40000 Oe)is appliedinl00 >, < 110 > and< 111 > direction.

From the analysis of neutron diffraction and low field susitegiity data, the Mn ion
spins are nearly (due to slight normal canting) paralleldcheother at 100 K. The antifer-
romagnetic interaction is the highest for such a configornadif spins. Magnetization data

at 100 K showed linear dependence at higher field (Fig. 545 is due to a maximum
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Figure 5.45: ZFC DC hysteresis for fijiMngSi; at 100 K measured as function of magnetic
applied field in a)< 100 > b) < 110 > and c)< 111 > directions, respectively. Inset
shows a small ferromagnetic contribution from slight natiiaear or normal canting of
moments
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antiferromagnetic exchange interaction for this matefigdwever, as discussed earlier, a
very weak ferromagnetism is present above 50 K due to a glighicollinear canting of
moments with respect to each other which was also detect#eihO0 K magnetization
data at smaller fields (inset in Fig. 5.44). Consequentlgrg smallMg;19 = 0.0025u5,
Ms100 = 0.0021u5, was observed. Th&/;;; on the other hand, was found to be linearly
dependent on the magnetic field. Such behaviab/ef;, is not surprising as it is an indi-
cation that magnetic field is applied nearly perpendicudahe weakly canted spins. The
hysteresis measurement reveals a tiny hysteresisiih0 > and< 100 > direction and a

paramagnetic dependence<inl 11 > direction (Fig. 5.45).

A paramagnetic behavior is observed at 298K, as shown irbH@.

5.2.6 Discussion

The observation of the magnetic susceptibility and heaaciypdata suggesting a param-
agnetic ordering above 197 K is reflected well in the neutefimement at 298 K where
no magnetic ordering of the NiMnsSi; system was observed. The magnetic structure ob-
tained in the 100 K refinement found Mn-Il ions to be remainasgparamagnetic, while
Mn-I atoms are antiferromagnetically coupled suggestiegstystem be a 2D geometrically
frustrated antiferromagnet. The configuration can beedl&d the magnetic susceptibility
data from 197 K to 50 K. Although negative.y, the Curie-Weiss fitting of the inverse
susceptibility confirmed the system to be antiferromagnieélow 197 K, the magnetic
susceptibility data showed to be consisting a paramagoetitribution too that can be ex-
plained in terms of geometrically frustrated Mn-Il atomdieTlrefinement at 4 K showed

the breaking of the two dimensional symmetry yielding a krddpin-canted magnetic
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Figure 5.46: ZFC magnetic hysteresis ofiNingSi; at 298 K. A paramagnetic state is
observed for the applied field in all directions
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configuration. Such a system is known to give rise to a fergmatic moment that can
be connected to the magnetic transition at 50 K. The ZFC-F@netic measurement in
Section 5.2.1 provided evidence of a ferromagnetic compiowiere the magnetization
decreases rapidly till 50 K with increasing temperaturenglwith an evident splitting be-
tween ZFC and FC measurements. As a result, it can be asshatdtieé below 50 K the
system undergoes a transition from the 2D frustrated ardii@gagnetic state to the hidden
spin canted state. Note that, there the system also undeagmther phase transition be-
low 6 K that was mentioned due to the spin freezing effecthédigh the refinement at 4 K
found the Mn-II to be ordering with small moments, the sysgtithcontains a higher con-
centration of paramagnetic Mn ion. Freezing of these weatkamis that can result in the
rapid drop of ZFC magnetization below 6 K, is quite possildach a weak phenomenon,

however, can not be detected by the neutron diffraction rexeat.

5.3 Short-range ordering and physical properties of the

Ni-Mn-Si based Laves phase Mn(NjsSiy.4)2

5.3.1 Single crystal diffraction

The refined structural and the atomic parameters of Myy8lj 4)> compound are listed in

table 5.10 and table 5.11, respectively which were foundtmlyood accordance with the
previously published results on a slightly different comsition [83]. The crystal structure

was solved in a MgZatype structure (C14 laves phase) in thé3 /mmc spacegroup. Best

refinement was obtained with the atomic parameters suclhdain atoms occupy thef

crystallographic site while Ni and Si are located on 2hesite with 0.471/0.529 fractional
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occupancy an@h position with occupancies of 0.66/0.33. The occupancyrpatars ob-
tained are consistent with the crystal chemistry of the Mg&pe C14 laves phase as in
these compound it has been observed that the atoms withrgestaadius situate at the

4 f position (Mn in the present case with the largest atomicusdi 1.61 21). Also, in the
ternary Laves system, tt2e and6/ occupancies were found to be distributed in a manner
that the atoms with the highest concentration prefer to liket/ site which evident the

major occupancy of Ni atoms in the site [84].

Table 5.10: Crystallographic data and refinement parasétethe Mn(Nj ¢Siy.4 )2 Single
crystal (Mo K, radiation, 298K)

Refined composition Mn4 NbeSis 04

Space group P63/mmc

Lattice constantA) a = 4.7639(1), b = 4.7639(1) ¢ = 7.4967(2)
Volume (4°) 147.342(7)

Peate(g/cm?)) 6.666

Z 4

260 range 9.882 —90.434

Index ranges —8<h<9,-9<EkE<8-14<I <11
Reflections collected 2373

Independent reflections 271[R;nt = 0.0389, Rsigma—0.0232]
Data/restraints/parameters 271/0/13

Goodness-of-fit onf'|? 1.208

Largest diff. peak/hole (é]/g) 1.23/ —1.18

R indices|[/ >= 20(1)] R,=0.0222 wR =0.05

Analysis of the three-dimensional reciprocal space usidgBD [135] revealed trian-
gle shaped diffuse scattering pattern along planes thagtaedlel toab which is an indi-
cation of short-range ordering (SRO) of atoms withindhelane. In Mn(Nj¢Siy.4)2, Mn
atoms are fully occupied at thif site and are expected to order periodically. Therefore,
it can be assumed that Ni and Si atoms fill faeand6h positions in a unique short-range

pattern that gives rise to the observed pattern. A complexmancy of atoms ifa and6h
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Table 5.11: Fractional atomic coordinates, occupancy sottidpic displacement parame-
ters for Mn(Np ¢Siy 4)» Obtained from the single crystal refinement.

Atom X y z Site  Occupancy L (A°)

Mnl 0.3333 0.6667 0.0648(4) 4f 1 0.00720(11)
Nl 0 0 0 2a  0.471(5)  0.01208(16)
Sit 0 0 0 2a  0529(5)  0.01208(16)
Ni2  0.82873(3) 0.65746(6) 0.25 6h 0.67(5)  0.00704(9)
Si2 0 0 05 6h 0.33(5)  0.00704(9)

has been very well addressed by Kerkau [84]. While theretianexact model to describe

the occupancy, it is expected to give peculiar rise ordesirefoms for the Laves phase.

Figure 5.47: Diffraction pattern of Mn(MSiy.4 ) along (hk0) plane showing triangular
shaped diffused scattering patten.

5.3.2 Transmission electron microscopy analysis (HRTEM ahEELS)

The high-resolution HAADF-STEM image (Fig. 5.48) of the () surface of Mn(NjsSio.4)2
shows the presence of a distinctive short-range orderittgmpafor the compound. It can

be noticed that the atomic arrangement within the strucueeaccommodated in such a
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Figure 5.48: HAADF-STEM image of Mn(NkSio.4 )2 (0001) surface showing unique ar-
rangement of the atoms. Inset shows diffused scatteringrpaibtained by the fast-fourier
transformation (FFT) of the image.
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unique manner that several non-periodic units have beemeidr These small units of dif-
ferent sizes are arranged randomly to make such a configardat a single unit cell can
not be assigned. The fast-Fourier transformation (FFThefilnage (inset in figure 5.48)
demonstrated a diffused scattering pattern similar towaast observed in the single crys-
tal diffraction. Figure 5.49a shows the HAADF-STEM imagetioé (0001) surface with
a higher magnification. The less bright elements can beiftshts Si because of their
low atomic number of Z=14. Ni and Mn, on the other hand, passesilar atomic num-
bers of Z=25 and Z=28, respectively. Consequently, thehbeigNi and Mn could not be
distinguished in figure 5.49a . To identify the distributiohelements, EELS maps were
obtained from the marked cross section of figure 5.49a . Ei§u9b shows the HAADF
signals from the marked area of interest while the elemenégd obtained from the region
are shown in figure 5.49c-e. The Mn L signal (figure 5.49c) shaviwomogenous distri-
bution of the Mn atoms. The effective Mn-Mn distance was deieed on the order of
~2.64 which are the horizontal distance between two nearest heiijiy Mn atoms in
4f. Consequently, it can be confirmed not only the Mn atommftbe top plane (0001)
but the atoms that lie below are also captured in the elerhergpping. Note that, the
Mn-Mn distance for the topmost plane is 4?V(intained from SCD refinement data). The
mapping of Ni atoms 5.49d shows a unique arrangement witketiency to form a net-
work of three/four/five neighboring atoms. Within the netlyadhe average Ni-Ni nearest
neighbor distance of4.74 is similar to the lattice constant of 4.7639{13onfirming that
the Ni atoms captured in the mapping are located in the 2diposi Figure 5.49e shows
the elemental maps for the Si atoms which shows that rese@litipositions are occupied
by the Si atoms. Si K signal is not usually detected the in EBl#pping. However, the

elemental mapping for Si observed in the present work is dubé use of the powerful
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g “e) )

Figure 5.49: a) Higher magnification HAADF-STEM image of {@01) surface. The
box represents area on which EELS data acquisition was dgnd AADF image of the
area of interest acquired in parallel with the EELS mappiogMn L atomic resolution
chemical map showing an ordered arrangement of Mn atomsi afplsic resolution map
indicating a distinct non periodic arrangement of the atejrza Si atomic resolution map
capturing the atoms to be located in spaces left by 2a. e) pasite image showing the
unique short-range ordering in terms of 2a Ni and Si atomsHtla@ Mn atoms located in
4f. Here the Ni atoms are coloured in blue, Si in pink and Mnrigeg.
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Gatan K2 Summit detector [143] that provides unmatchedrashtaind resolution for all
types of molecules. The combined image is shown in figuresbwi®ere the Ni atoms are
colored in blue, Si in pink and Mn in green. It can be seen thad Si atoms occupy the
2a positions in a unique manner with a Si 2a chain envelofiagetwork of Ni 2a. The
6h atoms were not observed in EELS which can be due to these d¢iorizontal spacing of

~1A that limits the mapping.

Figure 5.50: a) A magnified section of Mn(NiSiy 4 )» HRTEM image identifying the small
tiny dots between the Mn formed hexagons as the Ni 6h atoneslolhscattering Si atoms
appears as voids in the 6h positions.

A closer look at the HAADF image (Fig. 5.50) however, shows fiiesence of the
small atoms within the hexagonal unit of Mn that can be idettias the atoms located
in the 6h positions. It can be seen that the unit that cont8ina the 2a position (less
bright hexagon center) have these small visible atoms ithalbh position which can be
described as the Ni atoms. Weak resolution of 6h Ni atoms eneapto half of the lower
lying Mn (4f) atoms can again be explained by the close sggaefrthe atoms in 6h. On

the other hand, the unit with Ni in the 2a position containy toms and empty spaces.
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These can be thought to comprise of Ni (tiny atom) and Si (grepace). The 6h Si being
invisible is not surprising as these low scattering atoneslygng on a bottom plane with

much smaller horizontal spacing between them.

5.3.3 Electrical conductivity measurement
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Figure 5.51: Temperature dependence of electrical coivityodf Mn(Ni¢Sip.4)2 from
2 K to 300 K. Data was fitted to the weakening of quantum interfee due to random

fluctuation.

Yan et al. [83] found the electrical conductivity for the & to be increasing as the

temperature increases. Such behaviour is usually an inaticaf a semiconducting type
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system. However, their work confirmed a metallic systemHerdcompound and the electri-
cal conductivity variation with temperature was linkedwihe localization of conduction
electron due to the disorder caused by Ni and Si occupancyn#as behavior (Fig. 5.51)

was also observed in this work. The data were fitted to theetdnmensional temperature

dependent electrical conductivity equation for locaima{172],

62 P

1
O'3D(T) = 0g + W 5T2 (528)

The fitting yielded the temperature independent condeIizsrj)=198.07Qim, scatter-

ing mechanism indexy=2.54 and a measure of length scale47.37 cm. p anda are
related to the length scale of the quantum inferedige,= a7'%. Ly, is @ measure of the
weakening of localization by the random fluctuation due tiditemperature. The conduc-
tivity data thus provide evidence of localization in thetseys. Thep of 2.54 is an indication
of electron-phonon interaction in the system to be a doninacthanism responsible for

limiting the quantum interference [172].

5.3.4 Neutron diffraction

Mn(Nig Sy 4 )2 possesses a high Néel temperature 850 K (will be discussed in a forth-
coming section). The inability to collect neutron diffrexct data at such a high tempera-
ture made it challenging to perform a structure refinemeiyt onthe paramagnetic state.
Neutron diffraction experiment was carried out in the amtdmagnetic state at 298 K.
From the observation of HAADF-TEM, it has been confirmed thatcrystal structure of
Mn(Nig Siy.4)2 cannot be accommodated inside a single hexagonal unitAcelloper re-
finement requires considerations of an extended unit catlithbeyond the limitation of

a standard refinement software. Consequently, the neuiffoaction refinement in this
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Figure 5.52: a) Rietveld refinement profile of Mn(Nbiy 4)» at 298 K. b) Magnetic struc-
ture of Mn(Niy¢Sio.4)2 displaying the magnetic moments arising only from the antif-
magnetic coupling between Mn atoms.
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work was done with a single hexagonal unit cell structuredesg average occupancies
of the elements which was obtained during the single crgitahction. The solution of
the magnetic structure was based on the representatiorsea@bproach using the program
SARAh [140]. Since no extra magnetic reflections were oles&rthe wave vector k = (0
0 0) was used for ordering. The method yielded basis ve&igrEs, I's I'7, I'g, "1, ['11,
I'1». The best refinement was obtained withordering. The refinement profile is shown in
figure 5.52a and the structural parameters are listed ie &@fiR. The corresponding mag-
netic structure is presented in figure 5.52b which showsttietnagnetism in the system
is governed completely by the antiferromagnetic intecacbetween the Mn atoms. The
Mn moment was refined to be 1.%2/Mn atom which is significantly lower compared to
the 2.9 3/Mn obtained by Yan et al. [83]. Note that, the collected neudiffraction data
in figure 5.52a shows some additional peak ear the (1001 rtieits which can be iden-
tified as diffused scattering peaks due to short-range imglehe (1001) is also a major
magnetic reflection that corresponds to the magnetic mawéMn. The poor refinement
parameters in this work can be attributed to the diffusettes¢ag induced spread of the
structural and magnetic peaks which was not taken into axtcathe magnetic structure
of (Fig 5.52b) also shows that both the nearest neighbor la@déxt nearest neighbor
exchange constant; and 4 are coupled antiferromagnetically. Therefore, the syseem

expected to demonstrate strong antiferromagnetism.

5.3.5 Magnetic susceptibility

Figure 5.53a shows the ZFC-FC magnetic susceptibility oreasfrom 300 K to 700 K
with an applied field of 1000 Oe. A slight difference betwedrCZFC data was observed

that suggests the presence of an impurity ferromagnetisgohaMn(Np ¢Sip.4). along
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Table 5.12: Structural parameters for Mn{jbig 4 )-
obtained from the neutron data refinement

Temperature 298 K
Spacegroup R&mmc
a(4) 4.7665(4)
c(4) 7.4605(7))
Magnetic phase Antiferromagnetic
Mn; 4f (1/3, 2/3, z) 0.0602(10)
B(Mn) (4% 1.06(15)
M(Mn)(u5) 1.52(12)
Nil (Occupancy:0.471); 2a (0, 0, 0) -
B(Ni1) (4% 1.99(15)
M(Ni1)(x5) 0
Sil (Occupancy:0.529); 2a (0, 0, 0) -
B(Si1) (A7) 1.99(15)
Ni2 (Occupancy:0.67); 6h (x, 2x, 1/4) 0.8289(7)
B(Ni2) (4%) 0.96(9)
M(Ni2)(5) -
Si2 (Occupancy:0.33); 6h (x, 2x, 1/4) 0.8289(7)
B(Si2) (A7) 0.96(9)
Rp 5.64
Ronag 11.0
X’ 8.89
Rup 19.2
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with the parent antiferromagnetic phase. The impurity phashowever, can be thought
to be extremely small which is indicated by the ZFC-FC ddfese within the order of
10-* emu. Such a weak phase is not expected to be captured by themeefinement
as it falls within the errors of the experiment. The ZFC-FGcaptibility was found to
diverges at 630 K indicating that to be the Curie temperatfitbe ferromagnetic phase.
The antiferromagnetic to paramagnetic transition was eseat 550 K identifying it to
be the Néel temperature. A Curie-Weiss fit was made on theid@rtse susceptibility that
depicted the Curie constant, C =2.35 (11) emu.K/mol.Oe hadcCurie-Weiss temperature
Ocw=-222.02 (40) K.

5.3.6 Discussion

Based on the analysis of the STEM and EELS observations 85&2), a representation
of SRO structure of Mn(NisSiy.4)2 is shown in figures 5.54 (a-c). The Mn atoms order
periodically with full occupation the 4f site (Fig. 5.54 YaJhe unique SRO in the crystal
is mainly attributed to the arrangement of Ni and Si in 2a theés rise to several non-
periodic units (Fig. 5.54 (b)). These units consist of savemall blocks which have Ni
or Si 2a atoms as their center. The 6h Ni and Si atoms are a&udashepending on which
block they belong to (Fig. 5.54 (c)). The Si centered bloaky contain Ni atoms in the 6h
positions. While the Ni centered blocks contain the Ni andt8ms arranged randomly in
the 6h. Interestingly, it was observed that each of the remmgdic units have a composition
that is somewhat similar to the actual stoichiometry of Migd$i, 4)>. The analysis also
points out that 2a sites are predominantly occupied by that@ns while the 6h sites
by the Ni atoms. The observation is consistent with the oanap obtained from single

crystal refinement. The occupancy of the Ni and Si in the Wifcgosition 2a and 6h
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Figure 5.53: a) ZFC-FC magnetic susceptibility of Mrn{®Biy 4)> with an applied mag-

netic of 1000 Oe. b) A Curie-Weiss fit on the ZFC inverse susbiipy data above 550

K yielded a Curie constant, C =2.35 (11) emu.K/mol.Oe anddhae-Weiss temperature
Ocw=-222.02 (40) K
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Figure 5.54: A prototype structure of Mn(INiSiy 4 )» generated based on the EELS analysis
showing the distribution of a) 4f Mn atoms to form a hexaggattern b) Ni and Si in 2a
position in a unique manner where Si 2a forms a network comgithe Ni 2a atoms inside
and c) Ni and Si atoms in 6h.
can be explained in terms of the explanation by Faller andrgio [92] (discussed in
chapter 1) that the 2a sites will be mostly occupied by theskiveoncentration atom if
a heteronuclear type bonds are preferred by the occuparita ahd 6h. Amongst the
element Ni and Si in the ternary C14 Mn@\Biy 4 )2, the Si atoms are present in the lowest
concentration. Therefore, the occupation of majority #asdvy Si that is reflected in single
crystal occupancy in table 5.11 and, in figure 5.54 (b) caubtified. It is also evident that
the system prefers to form heteronuclear Ni-Si bonds mane the homonuclear Ni-Ni or
Si-Si bond.

The EELS analysis in (Sec. 5.3.2) captured the atomic résaltmapping of Siin Fig.
5.49e which is a notable observation. To the best of our kadgé, no other previous

studies were able to show such accurate mapping of Si atoms.
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The electrical conductivity behavior observed in Fig. 5cah be considered as a con-
sequence of the unique ordering of the Ni and Si atoms in Mp®lj 4)». Despite a smalll
range periodicity (Fig 5.54 b and c), the absence of the lamge order is strong enough to
destroy the periodic potential which is reflected in the teieal conductivity measurement.

The magnetic structure refined in section 5.3.4 suggesteagsantiferromagnetic
interaction between the Mn atoms. The magnetic behavialystusection 5.3.5 showed
the susceptibility to be within the range fron®.003-0.0026 (emu/mol.Oe) with an applied
field of 1000 Oe. Such a small value is a confirmation that amtimagnetic interaction in

the system is dominant.

5.4 Stability of NisMnSi

5.4.1 High temperature quenching

Inspired by the work of Adem et al. [130] in stabilizing aNinGe type Heusler compound
by annealing at a higher temperature, attempts were madgntbesize a single phase
Ni,MnSi by quenching it from higher temperatures. This heaittnent aimed to induce
an expected transformation of the;NMn¢Si; ternary G Phase and Mn({NjSiy 4)» Laves
phase composition to a fully; type Heusler compound at higher temperatures in a similar
manner it occured for NMnGe. It should be mentioned that the Ni-Mn-Si phase diagram
modeled by Hu et al. [113] does not indicate any high tempeeaphase transition or
any stable structure for the MInSi system. However, this can be due to the fact that
modeling did not include any possible Heusler phase for thEINSi system. Our study
was conducted with the anticipation that inclusion of theisler phase in the modeling by

Hu et al. [113] may have resulted in the appearance of theéype N,L,MnSi at a higher
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Figure 5.55: SEM image in the backscatter electron mode |B&Ghe NLMnSi compo-
sition annealed at 1100 for 3 days showing the system to be consisting ofMinSi;
ternary G Phase and Mn(]NiSiy 4 ). Laves phase.

temperature.

The first attempt was conducted by annealing the sample & Cifor three days and
then, subsequent quenching in an ice-water mixture. Howvéwe scanning electron mi-
croscopy (SEM) image (Fig. 5.55) of theJMInSi clearly showed the presence of multiple
phases. The phase composition was determined at sevesab$ia smaller cross-section
area SEM image by means of the energy dispersive X-ray sisecpy (EDX) method
(Fig.5.56). The results indicated the composition of thgomphase to be-61% Ni, 24%
Mn and 14% Si that corresponds well to thé4% Ni, 22.5% Mn and 13.5% Si for the
Ni-Mn-Si G phase, NkMngSi;. The second phase with an average composition4x%

Ni, 37% Mn and 15% Si belongs to that of the Ni-Mn-Si Laves hd&an(Niy ¢Si.4)o-
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Figure 5.56: SEM/EDX image of the 1180 annealed NMnSi composition showing the
composition of NigMngSi; and Mn(Np ¢Sy 4 )2 at the selected sites.
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Figure 5.57: SEM image of the arc-melted,MnSi composition consisting of NiMngSi
and Mn(Nbp ¢Sio.4)2-

Another observation was done on the as arc-melted sampienwiannealing that cor-
responds to a state obtained by rapidly quenching in therweat@ed copper crucible from
the molten state. The SEM image of the sample (Fig. 5.57hagfewed the presence of
the two phases observed earlier. The SEM/EDX observatign558) at multiples sites
pointed out the majority phase having compositions thatrizgto the Ni-Mn-Si G phase
and the second phase being the Ni-Mn-Si Laves phase, Mg®i;).. The study thus
found that unlike the NMnGe system, the high temperature annealing cannot stabili
a Lo type NpbMnSi. As a consequence, it can be concluded that a singleeghassler
type of structure is not favorable for theJMnSi composition despite the system having a

negative formation energy.

5.4.2 Neutron diffraction study

Neutron diffraction studies were carried out on the sampleealed at 800C. The data

were collected at 298 K, 100 K, and 4 K, respectively to exanfithere are any interesting
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Figure 5.58: SEM/EDX image of the arc-melted;MnSi showing the composition of
Nii;sMngSi; and Mn(Np Sio 4 )- at the selected sites.
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phase transition or appearance of a new phase that can adowtamperatures.

The 298 K structure was refined to be composed of roughly 60%yi; Si; and 40%
Mn(Nig.¢Sip.4)2 Which was expected based on the previous observations. iEfvekl re-
finement profile is shown in Fig. 5.59a. The relevant striadtand magnetic parameters
are listed in Table 5.13. The refinement for Mn{i®iy 4)» was done with occupancy pa-
rameters obtained from the single crystal diffraction expent in section 5.3. Note that,
section 5.3 addressed and discussed MyyS8ii 4 )- to be antiferromagnetic below 550 K
which is also reflected in this room temperature refinemettt thie magnetic phase refine-
ment finding only the Mn atoms to be ordering antiferromaigadly. All the structural
parameters obtained from the refinement was found to beyneketical to the results
from section 5.2.3 and 5.3.4 for the individual phases.

Neutron diffraction data collected at 100 K did not show aigy ©f additional struc-
tural phase transition. Similar to the results of sectidh) Bxtra reflections that can be in-
dexed as (210), (310), (320) and (312) originated due to tmgn@tic ordering of NsMngSi;.
The Rietveld refinement profile is shown in Fig. 5.59b. Theveaht structural and mag-
netic parameters are listed in Table 5.13. All the refined metig parameters and the
magnetic structure for NjMngSi; were found to be comparable to the single phase refine-
ment performed at 100 K that found a 2D antiferromagnetiaragement of Mn-1 atoms
and the Mn-II atoms being geometrically frustrated (Fi@¢$.3-or Mn(Nj 4Siy.4)2, & Sim-
ilar antiferromagnetic configuration as observed in the R3ata was found. The phase
composition was also refined a®0% Ni;sMngSi; and 40% Mn(Nj 6Sio.4)s-

The 4 K diffraction data also did not show any indications oy axtra phase or phase
transformation appearing in the structure of the compodimk only difference observed

with 100 K data was the extra (100) peak originating due ta:trged antiferromagnetism
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Figure 5.59: Rietveld refinement of the neutron diffractdata for the NiMnSi compo-
sitions consisting of NsMngSi; and Mn(Np¢Sip4)2 at a) 298 K, b) 100 K and c) 4 K,
respectively.
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Table 5.13: Refined structural parameters forsMingSi; and Mn(Np¢Sig.4)» in the the

Ni,MnSi composition.

Temperature 298 K 100 K 4K
Ni;gMngSiy;
Spacegroup FBm Fmm Fm3m
Lattice constanf(l) 11.1563(6) 11.1307(4) 11.1273(4)
Magnetic state Paramagnetic Antiferromagnetic Cantedfekmmagnetic
Mn; 24e(x, 1/2, 1/2) 0.6980(7) 0.6980 0.6980
B(Mn) (4%) 0.42(22) 0.42(20) 0.11(5)
M(Mn-1)(u5) - 4.42(6) 4.702(11)
M(Mn-11)( 12) - 0 0.895(24)
Ni1; 32f(x, X, X) 0.33312(14) 0.33312 0.33312
B(Ni1) (4°) 0.37(7) 0.23(6) 0.32(6)
M(Ni1)(x5) - 0 0
Ni2; 32f(x, X, X) 0.11813(15) 0.11780 0.11780
B(Ni2) (}12) 0.54(8) 0.58(7) 0.49(6)
M(Ni2)(1.) - 0 0
Sil; 4a(1/2, 1/2, 0) - - -
B(Si1) (1%) 0.40(10) 0.67(37) 0.73(36)
Si2; 24e(1/2, 1/4, 1/4) - - -
B(Si2) (1% 0.34(15) 0.55(14) 0.34(10)
Rp 2.90 2.58 2.88
Rpnag - 9.86 9.45
Phase Composition 61.91(1.32) 60.75(1.17) 60.87(1.08)
Mn(Nio_68i0_4)2
Spacegroup Rgmmc P&/mmc P&/mmc
a(4) 4.7591(3) 4.7485(3) 4.7473(3)
c(A) 7.4872(8) 7.4697(7) 7.4675(7)
Magnetic phase Antiferromagnetic  Antiferromagnetic Aartiomagnetic
Mn; 4f(1/3, 2/3, z) 0.06579(3) 0.06579 0.06579
B(Mn) (4%) 1.26(25) 1.64(25) 1.44(23)
M(Mn)(u5) 1.98(8) 2.12(10) 2.07(10)
Nil (Occupancy:0.471); 2a(0, 0, 0) - - -
B(Ni1) (}12) 1.21(21) 1.51(21) 1.71(21)
M(Ni1)(u5) 0 0 0
Sil (Occupancy:0.529); 2a(0, 0, 0) - - -
B(Sil) (212) 1.21(21) 1.51(21) 1.71(21)
Ni2 (Occupancy:0.67); 6h(x, 2x, 1/4) 0.82873(14) 0.82873 .82873
B(Ni2) (4°) 0.91(15) 1.03(14) 0.93(13)
M(Ni2)(x5) - 0 0
Si2 (Occupancy:0.33); 6h(x, 2x, 1/4) 0.82873(14) 0.82873 .82873
B(Si2) (212) 0.91(15) 1.03(14) 0.93(13)
Rp 118.26 3.06 3.07
Ryag 3.40 5.15 5.58
Phase Composition 38.09(1.22) 39.25(1.11) 39.13(1.10)
% 4.65 9.94 10.3
11.6 11.2 11.0

Ry,
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of Ni;sMngSi; appearing below 50 K due to the collinear rotation of magnetoments
about the axis (Fig. 5.38). The Rietveld refinement profilghiswn in Fig. 5.59b and all
the relevant parameters are listed in Table 5.13. The plmspasition was identical to the

composition at 100 K and 298 k60% Ni;sMngSi; and 40% Mn(Ni ¢Sio.4)2)-

5.4.3 Stability of Ni;MnSi from first-principles

Our initial first-principles calculation computed a fornast energy of -1.46 eV/f.u indicat-
ing stable Heusler NMnSi. However, as discussed in previous sections such kegithhse
is not formable in any ambient temperature conditions. Th&INSi composition always
consists of two phases, i.e., jWIngSi; ternary G phase and Mn(NjSiy 4)2) ternary C14
Laves phase. In this section, we attempt to address thabwithirst-principles study. The

decomposition of NIMnSi into two phases can be expressed in terms of a reactjon as
11 N’LQMTZS’L — N?:16M7l65i7 +5 Mn(N?:(]ﬁSiQA)Q. (529)

In the framework of the first-principles calculation, thegnd state formation enthalpy
per formula unit for NiMnSi can be computed in terms of the decomposition to themeig

boring phases as,
1
AH = Etot(N’igMnSi) - ﬁEtot(NilﬁMnﬁSi7) - %Etot(Mn(NiOﬁSiOA)Q) (530)

where,F,,; (Ni, MnSi) is the total energy per formula unit for the hypothetital NioMnSi
structure Fy (Nijg MngSiz) and Ey ( Mn(NigeSio4)2)) are the total energy per formula
unit for Ni;sMngSi; ternary G phase and Mn(}\jSiy 4)2) ternary C14 Laves phase, respec-

tively.
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The energy calculations for all the structures were donh thié first-principles com-
putation implemented in the VASP. The generalized gradigproximation (GGA) ex-
change correlation functional [156] along with Hubbardreotion U of 1.98 and 1.62 eV
was used to properly address the electron localization cft&eks of Ni and Mn, respec-
tively [48, 173]. The calculation yielded a positixeff of 0.77 eV/f.u. for the hypothetical
Lo NioMnSi which is an indication of the unstable configurationhs system in contrast
to the two neighboring phases. In terms of external temperadffects, the high energy
corresponds to a thermal barrier #0000 K that is required to be overcome in order to
move reaction 5.29 in the opposite direction, i.e., a stAlb}®nSi formation which is not
possible to achieve. Consequently, a stable Heusler ploesermt exist for the Ni-Mn-Si

system under ambient conditions.

5.4.4 Discussion

Analysis of section 5.4.1 and 5.4.2 confirms that it is notsfae to synthesize a single
phase Heusler type MWInSi and the system forms a mixture of f\WingSi; ternary G
phase and Mn(NisSiy.4)2) ternary C14 Laves phase at any ambient temperatures. This
results can be explained in terms of the first-principleswdations which showed that
Ni,MnSi is characterized by high formation enthalpy of 0.77fa\/ which needs to be
overcome by an external source such as temperature or preffstonsidered the external
temperature effect only, the system would requi@000 K for the NjMnSi to form. In
comparison, in our experiment the highest quenching cmmdibaintained was for the as
arc-melted samples that involved temperatures within dnge of~2000-2500 K, which

is still much lower from what is required for formations of iagle phase NIMnSi. It is

indeed not practical to achieve such a condition of fornmeftow the bulk Heulser NMnSi.
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Chapter 6

Summary

In this work, we have studied the crystal structure and raxigaysical properties, includ-
ing magnetic and transport properties, of three singleg@hgstems CMnSi, Ni;gMngSi;
and Mn(NpSio4)2. Additionally, we characterized the MInSi compound that exists
as a mixture of NikMngSi; and Mn(Np Siy 4)2. The summary of present studies can be

described as follows.

6.1 CoMnSi

We performed an experimental and theoretical study of thuetstral disorder and magnetic
interactions in the half-metallic GMNnSi system. The results pointed out that the sys-
tem mainly consists of equivalent concentrations of dismdnvolving Co and Mn sites.
From the neutron refinement, the Co and Mn disorder®5% and~7.6% was obtained
which was corroborated by the theoretical study. Our workhendisorder occupancies

also showed that the antisite disorder in the half-met&@lleMnSi is unavoidable as the
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formation of such disorder is energetically favorable irbgant conditions. An antiferro-
magnetic interaction due to disordered Mn atoms were dedentthe first-principles study
which was reflected as a reduction in the neutron refined m@gnements at 298 K, 100
K, and 4 K. The system exhibits a ferromagnetic to paramagtranhsition at~1014 K that
was confirmed by the high temperature dilatometry and etettresistivity measurement
on a Czochralski grown single crystal.

Disorders are one of the causes of the destruction of hati#lfioity in a system, and our
work showed that this is unavoidable for the,®@mSi system. Consequently, a 100% spin
polarization is not achievable. The search for new Heuslarpounds for half-metallicity

thus should consider the disorder effect factor in alloyigles

6.2 Ni16Mn6Si7

We have addressed the complex magnetic ordering of th@/INiSi; system involving a
geometric frustration, canted antiferromagnetism and 8pezing that is corroborated by
the magnetic behavior. Below the Néel temperature of 19RiKsMnsSi; undergoes a
transition to the antiferromagnetic system with 2/3 of ne&tgnMn spins getting ordered,
and the rest of the Mn remain geometrically frustrated. Arofphase transition occurs
below 50 K where the ordered moments cant away by an angle tof §ive rise to weak
ferromagnetism that has also been detected by the magystierésis measurement. The
evidence of a weak spin freezing effect was detected belowvliKa gradual drop in the
ZFC magnetic susceptibility. A magnetic field induced sradaspin-flop type transition
was also observed at lower temperatures.

Due to the complex nature of the magnetic structure and ptiepethere have been

a very limited number of investigations of the physical mdjes of the ternary G phase
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systems. However, as discussed in this work, such systeseg®ss some unique magnetic
ordering that leads to interesting properties such as dartgferromagnetism, geometric
frustration. Our observations can encourage future ssudiexplore new ternary G phase
systems for interesting magneto-structural coupling. dditon, studies of properties of

Ni;sMngSi; can provide guidance to characterize other complex G plysserss.

6.3 Mn(NigsSiy.4)2

We resolved the short-range atomic ordering and charaetéphysical properties of the
antiferromagnetic Ni-Mn-Si based Laves phase with the asitipn Mn(Niy ¢Siy.4)2. The
system is stabilized as a strong antiferromagnet below 550hi€ atomic ordering deter-
mined with the high-resolution transmission electron wscopy (HRTEM) and electron
energy loss spectroscopy analysis (EELS) revealed a gnuge atomic arrangement be-
tween Ni and Si atoms that produces small blocks of unit ¢bls$ are non-periodic but
have the Mn(Nj¢Siy.4 ) Stoichiometry. The EELS analysis in this work was also able t
produce the atomic resolution mapping of Si which has nohlugected before by any
other research. During further physical property charazgon, the study also reported a
semiconductor like temperature dependence of the elattanductivity for the metallic
Mn(NigSiy.4)2 Which was associated with short-range ordering that indllcealization
of conduction electrons.

Despite being a frequently encountered phenomenon for fiel@ves phase, there
have been no previous reports of the short-range atomiaingden these compounds.
However, as evident by the semiconductor like temperatapendence of electrical con-
ductivity of Mn(Niy Sig.4 )2, Such ordering gives rise to unusual behavior and can be topi

of scientific interest. Our work should encourage futureestigations of the short-range
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structure-properties relationship of other ternary Lavesses.

6.4 NiLMnSi

We have attempted to stabilize a single phasg/MiSi with high-temperature heat treat-
ment. All our efforts ended with the conclusion that a sirgiase NiMnSi is not formable
at any ambient temperature conditions. With a further firgtciples formation enthalpy
analysis in terms of NsMngSi; and Mn(Np ¢Siy 4 )2, our study explained the unstability of
Ni>MnSi to be due to the neighboring phases being energeticadle favorable by 0.77
eV/f.u.. We then discussed that possibility of forming &ati,MnSi require the system to
overcome such higher energy barrier that corresponds hg liethe state with an external
temperature 0£9000 K which is not achievable.

One important conclusion can be drawn from our inabilityyinthesize a single phase
Ni,MnSi. Most of the first-principles studies rely on the caltidn of the formation en-
thalpy of a phase in terms of the constituting elements tdiptéhe stability of an unknown
compound. Our results pointed out that such a calculationmoaalways lead to a stable
compound. Despite having a negative formation enthalpystem might still be unstable
due to the neighboring phases being more stable with a negmergy difference. In such
a case, the compound decomposes into those more favoradegivhich occurred during
our synthesis attempt. An ideal approach would be to comphése diagram using ther-
modynamic techniques, but to our best knowledge no thermayc database is available

for these systems.
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