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PREFACE

Theoretical prediction and subsequent experimental verifications of the half-metallic
electronic band structure in ferromagnetic Co,MnSi alloy have led to the development of
several full Heusler alloy based spintronic devices. Half-metallic ferromagnets are
characterized by novel electronic band structure with coexisting metallic conduction band
for spin-up electrons and semiconducting behavior with energy band gap at the Fermi
level for the spin-down electrons. This novel electronic structure results in 100% spin
polarized electrons at the Fermi level. Total magnetic moment of half-metallic alloys can
be related to the total number of valence electrons in their unit cell through Slater-Pauling
(S-P) rule. Hence, the S-P rule can be used to engineer new half-metallic Heusler alloys
with desired magnetic moment for fabricating efficient spintronic devices. Though 100%
spin polarization has been theoretically predicted in several Heusler alloy compositions,
the same has not been achieved in reality. Fermi level engineering by substituting a
fourth element in the ternary Heusler compound provides a way to overcome this
drawback. Prediction of half-metallic character in several quaternary Heusler alloys by ab
initio calculations has also been subsequently validated experimentally. The strong
potential of quaternary Heusler alloys in spintronic applications serves as motivation for
exploring newer Heusler alloy compositions.

Several magneto-resistive devices have been fabricated using cobalt based full
Heusler alloys as ferromagnetic electrode layers. Among these alloys, Co,FeSi has the
advantage of high Curie temperature (~1 100 K) and high saturation magnetic moment
(6puB). Considering the advantages offered by quaternary alloys, it may be worthy to

explore the effect of substituting Si with elements such as Ge and Ga in Co,FeSi.
vi
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RuxY(Zi+Z'y) and (RujxX'x)2YZ alloys offer a means for obtaining both ferromagnetic
and antiferromagnetic alloys in the same quaternary system by pi'operly choosing the
fourth element (X' or Z’) and its concentration. Since an antiferromagnetic pinning layer
is an essential part of a spin valve, such materials could lead to the realization of spin
valves entirely made up of full Heusler alloy layers with superior interfacial properties
and hence better performance. Half-metallic ferrimagnets is another class of spintronic
materials which exhibit very low magnetic moment and hence very low stray fields due to
internal spin compensation. There is considerable interest in obtaining full Heygjer alloys
with zero total magnetic moment. Ab initio studies showed that Co substitution for Mn in
ferrimagnetic Mn,VAI(Si) compounds can lead to a zero magnetic moment o fully
compensated ferrimagnet (FCF).

In an attempt to address some of these important issues associateq with the
development of full Heusler alloy based spintronic materials, this thesis wory explores
the structural, magnetic and spintronic properties of following series of Heusler alloys:
(1) CosFeGei.:Six and Co,FeGa,,Si;, (2) RusFeSiixGex and (Ru|-xC0x)2FESi, and
(3) (Mn;xCox)2VAI and (Mn,.Co,);VGa. These alloys were prepared by o, melting
method. Ab initio calculations have been performed using generalijzeq gradient
approximation (GGA) and GGA+U methods, where U is the Hubbarg Potential. The
thesis consists of six chapters.

Chapter 1 provides a brief introduction to the content of the theg;g A review of

literature related to the thesis work is also included in this chapter.

Chapter 2 discusses the experimental and computational techniques yseq in the

investigations.

vii
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Chapter 3 reports the effect of substitution of Z element with another sp-valent
element Z' on the structural and magnetic properties of a ferromagnetic full Heusler
alloy. Here, CoyFeZ,.Z's alloys with Z = Ge, Ga, Z' = Si and 0 < x < 1 have been
investigated. Co,FeSi alloys crystallize in L2, structure but the characteristic super-lattice
peaks are absent in the XRD patterns of the alloys containing high Ge and Ga
concentrations. All alloy compositions exhibit ferromagnetic behavior with high 7¢. The
Rhodes-Wohlfarth (R-W) ratio estimated for all the alloy compositions is less than unity,
indicating half-metallic character in these alloys. The effective anisotropy constant (Kefr)
of the alloys (~10° Jm™>) showed an increase with increase in x. 4b initio calculations
have been performed using GGA and GGA+U for alloy compositions with L2, structure
and DOj3 disorder in order to account for experimentally measured magnetic properties.
Saturation magnetization (M) of Co,FeGe remains unaffected by the introduction of
disorder. However, M; decreases for other alloy compositions with Z = Ge. Variation of
percentage of DO; type disorder in these alloys shows that half-metallicity cannot be
sustained in alloy with x = 1 if this type of disorder is present in amounts > 12.5%. For
the alloys with Z = Ga, the total magnetic moment is accurately predicted by the GGA
formalism which gets overestimated by the inclusion of U for alloys x < 0.25. This
indicates that the electron repulsion is less dominant in alloys containing higher amounts
of Ga. For the case of L2, structure, 100% spin polarization was obtained for alloys with
x = 0.25, 0.50, 0.75 and 1.00. However for the alloy with x = 0, a slight decrease in spin
polarization was observed. Introduction of DOs disorder destroys half-metallicity for
alloys with x = 0, 0.25 and 0.50. Thus, ab initio calculations help in interpreting the

experimental results obtained in both series of Co,FeZ,..Z'x alloys.

viii
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Chapter 4 describes the possibility of obtaining both ferromagnetism and
antiferromagnetism in the same alloy system. In order to understand the transition from
antiferromagnetism to ferromagnetism, Ru,FeSi;.,Ge, and (Ru;..Co,),FeSi alloys have
been studied. The (111) super-lattice peak was absent in the XRD pattern of all Ru,FeSi.
«Gex alloys which shows that the alloys crystallize in the disordered B2 structure, Ru,FeSi
alloy was antiferrbmagnetic with a Néel temperature of 270 K. As Ge concentration is
increased from x = 0.25 to x = 1.00, magnetization value starts increasing due to
development of ferromagnetic interaction. Ab initio calculations performed on these
alloys with L2, and B2 structures provide reasons for antiferromagnetic and
ferromagnetic order exhibited by x = 0 and x > 0 alloys, respectively. XRD pattern of
RuyFeSi alloy reveals a disordered B2 structure and so it is expecteq to be an
antiferromagnet. However, magnetic measurements show that alloys with x = 0.25, 0.50,
0.75 and 1.00 are ferromagnetic despite the absence of the characteristic (1) 1) reflection
of L2, structure in their XRD patterns. The reason for this unexpected result |jes in the
nearly equal scattering factors of Fe and Ge atoms which reduces the intensity of (111)
reflection below the detectable limit despite the structure being L21. XRD patterns of Ru
rich compositions of (Ru;,Co,),FeSi alloys i.e., x = 0 and x = 0.25, exhibiteq disordered
B2 structure. However, with further increase in Co concentration, L2, orde, appeared in
the alloys. Magnetization measurements also confirmed that with increasing x, the
ferromagnetic state becomes dominant with the appearance of spontaneoyg Magnetization
and increase in the value of magnetization and Tc of the alloys.

Chapter 5 deals with the properties of ferrimagnetic Mn;VGa and Mn,vA| and

experimental evidence of a fully compensated ferrimagnet (FCF) in thi alloy system by

ix
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substituting Mn with Co. Both (Mn;xCo,).VZ (Z = Al, Ga) alloy series crystalize in
highly ordered L2, structure. 7¢ of the alloys was found to decrease with increased Co
substitution which can be attributed to the reduction in magnetic moment due to the
appearance of antiferromagnetic interaction between Mn and Co atoms. M for the alloys
with x = 0, 0.25 and 0.50 are 1.88ug (2.0pg), 0.84ps (1.0pug) and 0.07pp (Oug),
respectively for Z = Al and 1.84pg (2.0pus), 0.85up (1.0pus) and 0.30pg (Ops), respectively
for Z = Ga, where the values in bracket are those predicted by S-P rule for the nominal
composition. This deviation from theoretical values can be explained in terms of small
variation in stoichiometry and weaker hybridization between Co—V states as compared to
that of Mn—V states resulting in domination of Mn-V antiferromagnetic interaction over
Co-V ferromagnetic one. It is evident that Co substitution for Mn in Mn,VAI(Ga)
decreases M and leads to a FCF for equal amounts of Co and Mn i.e., in MnCoVAI(Ga)
alloy. Point contact Andreev reflection measurements have been performed on (Mn,.
+Co,)2VAl alloys and the intrinsic spin polarization was found to increase from 0.57 for x
=0 to 0.60 for x = 0.50. This clearly shows high spin polarization in the alloys which is
also a measure of its half-metallic character.

Chapter 6 serves as a concluding chapter where the scope for future work in this
area is also pointed out in brief.

References and list of publications which have originated out of this thesis work

are listed at the end of the thesis.
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Chapter 1: Introduction

Though the history of magnetism can be traced back to many centuries, it is only in the
last century that scientists have begun to exploit it for technological developments.
Practically, all naturally occurring magnetic materials contain iron and until 20" century,
all magnetic materials synthesized contained at least one of the ferromagnetic elements,
viz.., iron, cobalt or nickel. In 1903, German mining engineer and chemist, Friedrich
Heusler found that copper-manganese alloyed with the elements tin, aluminium, arsenic,
antimony, bismuth or boron exhibited ferromagnetic behavior [FHEUO3a]. These ternary
intermetallic compounds aptly named as Heusler alloys, received enormous attention
because of their ferromagnetic behavior despite none of the constituent elements being
ferromagnetic. This discovery promoted numerous theoretical and experimental
investigations resulting in the identification of many Heusler alloy compounds with
diverse magnetic properties. In fact, almost all known quantum mechanical ground states
of solids are represented within this class of alloys. These include, ferromagnets (say,
Cu,MnAl [FHEUO3a)), ferrimagnets (say, Mn;VAI [HITO83a]), antiferromagnets (say,
Ru;MnGe [TKANO6a]), semiconductors (say, FesVAI [YNIS97a]), heavy fermion
systems (say, CuCeln [HNAK88a]), and superconductors (say, Ni>ZrGa [JWINO8a]).

Heusler compounds can be classified as full and half (or semi) Heusler alloys on the basis

of their chemical formula and crystal structure.

1.1 CRYSTAL STRUCTURE OF HEUSLER ALLOYS

Full Heusler alloys with general chemical formula X>YZ (where, X and Y are transition
metals and Z is a main group element) crystallize in the cubic structure (represented by
the point L2, and space group Fm3m) with Cu;MnAl as prototype [FHEUO3a,

OHEU34a, AJBR34a]. The X atoms form a primitive cubic sub-lattice and adjacent
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Chapter 1: Introduction

" cubes of this X sub-lattice are filled alternatively by Y or Z atoms (c.f. Figure 1.1(a)). The
primitive cell of the L2; structure contains four atoms that form the base of a face centred
cubic (fcc) primitive cell. The result is a lattice with Fm3m symmetry in which the
Wyckoff positions 4a (0,0,0), 4b (Y4,','%), and 8¢ ('4,%,"s and %4,%,%) are occupied by Z,
Y, and X atoms, respectively.

Half Heusler alloys with general chemical formula of XYZ, crystallize in a non-
centrosymmetric cubic structure (point group Cly, and space group F43m) which is a
ternary ordered variant of CaF, structure and can be derived from the tetrahedral ZnS-
type structure by filling the octahedral lattice sites (cf. Figure 1.1 (b)). Cl, compounds of
composition XYZ consist of three interpenetrating fcc sub-lattices, each of which are
occupied by the X, Y and Z atoms [KWAT76a, RADE83a]. The corresponding occupied
Wyckoff positions are 4a (0,0,0), 4b (%4,'%,%), and 4c (%4,%,%). In other words, the Clp
unit cell can be visualized as an .2 unit cell with one unoccupied sub-lattice.

In XoYZ compounds, if the Y element has more valence electrons than the X
element and if both the elements are from the same period, an inverse Heusler structure
(space group F43m) is observed (c.f. Figure 1.1 (c)). Such a structure may also appear in
compounds with transition metals from different periods [MPUS69a]. Unlike the normal
Heusler structure where all of the X atoms fill tetrahedral positions, in the inverse
Heusler structure, X and Z atoms form a rock salt lattice to achieve octahedral
coordination for X atoms and the remaining X and Y atoms fill tetrahedral sites with
four-fold symmetry. Though this structure is still described by four interpenetrating fcc
sub-lattices, the X atoms do not form a simple cubic lattice. Instead, they are placed at

Wyckoff positions 4b (2,%2,'4) and 4d (¥%,%,%), while the Y and Z atoms are located at
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Chapter 1: Introduction

dc (Y4.%,") and 4a (0,0,0) sites, respectively. AgLi»Sb is the prototype of this structure
[HPAUG68a]. In order to emphasize the difference in the structures of inverse Heusler
alloys and normal Heusler compounds, the former is expressed with the formula
(XY)XZ. Inverse Heusler structure is frequently observed in Mns-based alloys with
atomic number of Y being larger than the atomic number of Mn. Mn;CoSn or
(MnCo)MnSn is the most prominent example of this type of structure [VVSU90a,

NLAKO2a].

Goy Gy “Q) & W% Coy O
e @ e © e @@
o B in) oo » .3) oo o @
0 @ ox e oﬁ C 3
f*“." o 1) L @R — f ool gi® 1
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(a) (b) (c)

Figure 1.1: Unit cells of (a) full, (b) half, and (c) inverse Heusler compounds.

1.2 ATOMIC DISORDER IN FULL HEUSLER ALLOYS

Properties of Heusler alloys are strongly dependent on the nature of atomic arrangement
of the atoms within the unit cell. Band structure calculations show that even small
amounts of disorder in the distribution of atoms on lattice sites induce distinct changes in
their electronic structure, which in turn influence their magnetic and transport properties
[YMIUO4a, SPIC04a, HCKAO7a]. Therefore, a careful analysis of the crystal structure is
essential to understand the structure-property correlation in Heusler compounds.

The most prominent disorders in full Heusler alloy structures [PJWE69a,

GEBA71a, KRAZ01la, MHORO4a, TGRA(9a] are shown in Figure 1.2.
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Chapter 1: Introduction

@) POP—N—N (b)

Figure 1.2: Changes in the atomic arrangement in the unit cell of full Heusler alloys due

to (a) B2, (b) DOs, (¢) B32a and (d) A2-type disorders.

The most frequent type of disorder encountered in a full ordered L2, structure is the B2-
type disorder which results in the CsCl-like structure shown in Figure 1.2 (a). In B2-type
disordered structure, the Y and Z atoms are equally distributed in the unit cell and
consequently the 4a and 4b positions become equivalent. As a consequence, the
symmetry is reduced, resulting in Pm3m space group. On the other hand, the random
distribution of X and Y or X and 7 leads to a DOs-type disorder or BiFs-like structure
depicted in Figure 1.2 (b) with Fm3m space group. The NaTl-like structure occurs very
rarely, when the X -atoms, which occupy one of the fce sub-lattices, are mixed with the Y

atoms, whereas the X atomg on the second sub-lattice are mixed with the Z atoms. This

_——————*_‘———_____ﬁ___ 5
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Chapter 1: Introduction

kind of disorder is also known as B32a-type disorder (space group Fd3m) which is
shown in Figure 1.2 (c). It can be seen that in this case, the X atoms are placed at
Wyckoff position 8a (0,0,0), while Y and Z are randomly distributed at 8b (V2,5,%5)
position. In contrast to these partial atomic site disorders, if all Wyckoff positions
become equivalent, then A2-type of complete disorder is obtained, resulting in W-like
bee structure (depicted in Figure 1.2 (d)) with space group Im3m.

Some of these disorders can be detected and estimated using X-ray diffraction
(XRD) patterns of the alloys. For full Heusler compounds, we can divide all possible X-
ray reflections (those allowed by the extinction rules for the fcc lattice) into three groups
with three different structure factors [ASZY 89a], viz.,

. h,k,lallodd — ((111),(311), (331), (333), (511), (531),...)
or F(111) = 4(f, — f2) (1.1)

h+k+1=22n—1).n=1,2,... = ((200), (222), (420), (600), (442),...)

R

or F(200) = 4[2f, — (fy + f2)] (1.2)
3. h+k+1=4n,n=1,2,... = ((220), (400), (422), (440), (620), (444),...)

or F(220) = 4[2f, + f, + f] (1.3)
where f,, f, and f- are average scattering amplitudes of the respective sub-lattices and h, k,
| are the Miller indices of the crystal planes. The structure factors expressions given
above are simplified forms obtained after neglecting the anomalous correction terms. The
third group of reflections is independent of atomic disorder(s) in the four sub-lattices,
making it a fundamental reflection. The other two groups of reflections depend on
disorder. The first group vanishes if B2 disorder is present while the second group

vanishes if A2 disorder is present in the alloy. However, it should be noted that some
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Chapter 1: Introduction

types of disorders such as DO cannot be easily detected by XRD, especially when the

scattering coefficients of the concerned 3d transition metals are nearly equal [BBALO07a].

1.3 MAGNETIC PROPERTIES OF FULL HEUSLER ALLOYS
Heusler alloys exhibit interesting and diverse magnetic phenomena like ferromagnetism,
ferrimagnetism, antiferromagnetism, helimagnetism, Pauli parmagnetism, efc. Majority
of known Heusler alloys are ferromagnets that attain magnetic saturation at relatively low
applied fields. Ferromagnetism occurs mainly because of quantum mechanical exchange
interactions between electrons in a material. For a single atom, the magnetic moment is
mainly due to the exchange interaction of the electrons within'the shells of the atom. For
transition metals, the 34 shell is responsible for the atomic moment. Atomic spin moment
of transition elements can be calculated using Hund’s rule [BDCUO8a]. However, atomic
magnetic moments do not always lead to ferromagnetism. Additional interatomic
interaction is required for ferromagnetic coupling between the individual atomic
moments. Depending upon the system, different theoretical approaches could be found in
the literature to describe the ferromagnetic interaction. Four fundamental exchange
interactions are discussed below: |
1. Band magnetism

For free atoms, the electrons occupy sharply defined energy levels in accordance

with the Pauli’s exclusion principle. However, when atoms are brought close

together to form a solid, the energy level positions get greatly modified. For

example, when two atoms containing two electrons each in their 1s level approach

close to each other, their electron clouds overlap with each other. Now the Pauli’s

principle applies to them as a single unit which prevents them from having a

TH-1483_ 09612126
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Chapter 1: Introduction

single ls level with four, electrons. So the 1s level must split into two levels with
two electron in each. In transition elements, 34 and 4s electron clouds are first to
overlap and the corresponding levels get split first. Elements with filled energy
levels cannot contribute a magnetic moment as they contain exactly two electrons
with opposite spin, which cancel each other. If we consider a situation where 10
atoms containing one electron each form a solid which will result in splitting of
the single level in the free atom into 10 levels, then the lower five levels will
contain two electrons each. However if spin of one electron gets reversed, a spin
unbalance of 2 will be created resulting in a magnetic moment of 2/10 or 0.2pg
per atom. The exchange force is responsible for creating this spin unbalance in a
ferromagnet. For a metal to possess ferromagnetism, it should fulfill certain
criteria given below [BDCUO08a]:

e Partially filled bands must be available for electrons with unpaired spin to
move into.

e The density of levels in the band must be high so that the increase in
energy due to spin alignment is small.

e The distance between atoms must be right so that the exchange force can
cause the d-electron spins in one atom to align the spins in the neighboring
atoms.

2. Direct exchange
This interaction is a direct consequence of Pauli’s exclusion principle and
depends strongly on the overlap of the participating wave functions. For small

interatomic distances, antiferromagnetic coupling occurs (as in case of Cr and
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Chapter 1: Introduction

Mn). When the interatomic distance increases, ferromagnetic state becomes
favorable (as in case of Fe, Co, Ni). For very large distances, the coupling
vanishes resulting in paramagnetism [AAHAO1a]. This behavior is illustrated in
Bethe-Slater plot shown in Figure 1.3 (BDCUO08a). The plot displays the sign and
magnitude of the direct exchange integral (J.x) as a function of interatomic
distance (rap) of the concerned elements. Jex is negative for antiferromagnetic
coupling and positive for ferromagnetic coupling. If the interatomic distance is
too large, as in most ferromagnetic materials, the direct exchange interaction is

too weak to mediate the ferromagnetism.

Co

] Fe

o
; +
g,, Ni
€
c— 0
g /

r.Jr iy
al’3d

-’5: _ Mn
[43]

Figure 1.3: Bethe-Slater curve [after BDCUO8a].
3. RKKY exchange
RKKY indirect exchange interaction (after Rudermann, Kittel, Kasuya and
Yosida) takes over at distances beyond a few atomic spacing. It is mediated by the
conduction electrons (s, p). A magnetic moment at site i polarizes the s, p-electron
gas and a second moment at site J feels the induced polarization. This interaction
starts up as ferromagnetic at small distances and oscillates between negative and

positive values with a period of Ap/2, where Ar = 2n/kr is the Fermi wavelength
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and 4r is the Fermi wave-vector. In general, the RKKY interaction gives rise to
ferromagnetism if kr is small (in nearly empty conduction band) and to
antiferromagnetism when kr ~ w/a (in half-filled conduction band). This
interaction can lead to long period magnetic structures (helimagnets, etc), that can
be incommensurate with the lattice spacing. This mechanism is responsible for the
oscillatory interlayer exchange coupling in giant magneto-resistance (GMR)
structures [PGRU86a, PBRU91a] and the coupling of 4f electrons in rare earth
elements [SBLUO1a].

4. Super exchange

In the absence of conduction electrons, RKKY coupling cannot be present.
Nevertheless, antiferromagnetic coupling is observed in MnO and MnF;
[FCARO0Oa]. This finding is attributed to the occurrence of the so-called super
exchange interaction. This coupling is mediated by the presence of diamagnetic
atoms. The diamagnetic atom provides one electron to the magnetic atom obeying
Hund’s rules. Hence, the diamagnetic ion becomes paramagnetic and couples via
direct exchange to the next magnetic atom. This complex mechanism can induce

ferromagnetic and antiferromagnetic coupling characters [CZENS53a].

The origin of ferromagnetic behavior in Heusler alloys is complicated and is not
yet completely understood. Firstly, a direct exchange coupling is not realistic due to the
large interatomic distance of both the X and Y atoms in Heusler alloys [PJWE69a]. A
description based on pure itinerant electrons, which was successfully applied to the case
if 3d transition metals, is also unrealistic due to the localization of the magnetic moments

at Y (usually Mn) atomic sites [JKUB83a]. However, the presence of two of the

10

TH-1483_09612126



Chapter 1: Introduction

transition metals would favor at least a partly band-like contribution to the ferromagnetic
coupling. Starting from the simple Heusler alloy CusMnAl, it is possible to extract some
features of the essential Mn-Mn interatomic coupling. As indicated before, direct
exchange is impossible due to the large interatomic distance (about 4.2 A) [PTWESIa].
Zener proposed a model including a direct and an indirect exchange mechanism
[CZENS53a]. In this model, the direct contribution always provides antiferromagnetic
coupling, whereas the indirect interaction via the 4s conduction electrons couples
ferromagnetically. Zener’s simple model finds its quantum mechanical foundation in the
oscillatory RKKY interaction proposed as the coupling mechanism between separate Mn
atoms [SPIC02a, IGALO2a]. In contrast, Kubler proposed a super exchange type of
mechanism for the Mn coupling [JKUB83a]. Coupling through the diamagnetic group
ITI-V element can be an alternative or an addition to the RKKY mechanism. In Cu;MnAl,
a coupling through Cu atoms can be neglected. If these Cu atoms are replaced by Co
atoms, as in Co,MnSi, the magnetic configuration becomes more comp]icated. Kubler
again proposed an indirect coupling of Mn atoms through Co atoms [JKUBS3a].
Alternatively, exchange interaction by means of the common d bands of Mn and Co
hybridization is utilized in band structure calculations [SPIC02a].

In some materials, the atomic moments couple in an antiparallel arrangement
leading to zero net moment antiferromagnets. In a crystalline material, the structure
dictates the arrangement of antiparallel spins. Although the majority of Heusler alloys are
ferromagnetic, some of them order antiferromagnetically, especially, those compounds

containing 3d element in which the magnetic moment is carried only by Mn atoms at Y

site. Experimentally, antiferromagnetic order has been observed in both half Heusler
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(with Clp structure) and full Heusler alloys (with L2, and B2 structures).
Antiferromagnetism appears to be more favorable in full Heusler alloys with B2-type
crystal structure. In fact, antiferromagnetic behavior has been reported in several B2-type
disordered X>MnZ (where X = Ni, Pd and Z = Al, In) alloys [PJYWE88a]. For example,
Ni,MnAl is ferromagnetic in its L2, state [FGJI99a]. However, when the B2 disorder
occurs, the smaller neighboring Mn—Mn distance with respect to the L2, phase, leads to
the stabilization of an antiferromagnetic interaction [IGAL11a]. In the L2, structure, the
nearest Mn atoms are separated by alN2 distance while in B2 structure, the closest Mn—
Mn distance is a/2. In L2, structure, the interaction between the nearest neighbor (NN)
Mn atoms is ferromagnetic giving rise to ferromagnetism in the alloy. However for B2
disorderd alloy, the nearest neighbor Mn atoms interact antiferromagnetically. This
picture is consistent with the Bethe-Slater curve for transition metals which represents
the behavior of the exchange energy as a function of the ratio of the NN distance over the
radius of the d-orbitals as shown in Figure 1.3. When the ratio decreases, the exchange
energy becomes negative leading to an antiferromagnetic state. Many Ru based full
Heusler alloys (RuuMnZ (Z = Si, Ge, Sn, Sb) [SMIZ09a, TKANO6a], RuFeSi
[SNMI85a, ASZY89a], Ru,CrGe [HOKAO8a]) have been reported to be
antiferromagnetic. Theoretical investigations on Ru;MnZ alloys show that as opposed to
Ni;MnAl alloy, these alloys shows antiferromagntic ordering even in fully ordered L2,
state.

When two antiferromagnetically coupled sub-lattices in a material have unequal
moments (usually because of different atomic species in different sites), the net moment

is not zero. This weakly magnetic state is called ferrimagnetism. Ferrimagnetic Heusler
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alloys are fewer as compared to ferromagnetic ones. Mn,VZ (Z = Al, Ga, Si, In, Ge, Sn)
alloys have been shown through ab initio calculations to possess a ferrimagnetic ground
state [KOZDO06a]. Neutron diffraction studies on Mn,VAIl compound also provide
evidence of ferrimagnetic coupling between Mn and V atoms in these alloys [HITO83a].
Formation of ferrimagnetic ordering in Mn,VAL is due to the parallel alignment of all Mn
with respect to each other and oppositely aligned V moments [ESAS05a]. Due to internal
spin compensation, ferrimagnetic alloys have low magnetic moment but exhibit high
Curie temperature.

Apart from exhibiting diverse magnetic properties, Heusler alloys also display a
wide range of multifunctional properties such as magneto-optical [PGVA83a], magneto-
caloric [TKREO5a, RKAI06a] and thermoelectric [SSAKO05a] effects. A very important
aspect of Heusler compounds is their magneto-optical behavior. Magneto-optical effects
involve various changes in the polarization state of light upon interaction with materials
possessing a net magnetic moment, including rotation of the plane of linearly polarized
light (Faraday and Kerr rotations), and the complementary differential absorption of left
and right circularly polarized light (circular dichroism). Discovery of an extremely large
Kerr rotation in half Heusler compound MnPtSb (-1.27° at 300 K and 5° at 80 K)
demonstrated the technological relevance of such compounds in the context of magneto-
optical reading and recording [PGVA83a, RCAR00a]. Several Hesuler compounds are
potential candidates for both solar cell and thermoelectric applications. In fact, excellent
thermoelectric properties have recently been demonstrated by TiNiSn-based [SSAKO05a]
and Fe;VAl-based alloys [YNIS11a]. By applying an alternating magnetic field, faster

shape or volume change of mechanical strain can be achieved in some ferromagnetic
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Heusler alloys called ferromagnetic shape memory alloys (FSMAs) which have the
potential to be the next generation ‘very smart’ actuator materials. In FSMAS, the
magnetic and structural propertics are strongly coupled with each other. which is rather
rare in condensed matier systems. Such coupled phenomena in solids can lead to many
interesting properties such as magneto-caloric effect (MCE) and magnetic field induced
strain (MFIS) which have many technological applications. Off-stoichiometric Ni-Mn-X
(Ga, In, Sn, Sb) based full Heusler alloys shows ferromagnetic shape memory effect. Ni-
Mn-Ga is the prototype Heusler alloy based FSMA [PJWE84a, KULL96a, KULL97a].
After the discovery of Ni2MnGa FSMA, several off-stoichiometric Heusler alloys such
as Co-Ni-Al [RKAI96a, KOIKOla, KOIKO0Ib], Ni-Mn-Al [FGEJ99], Co-Ni-Ga
[KOIKOlb, MWUTOla], Fe-Ni-Ga [KOIK02a, KOIK02b] have also been found to
display ferromagnetic shape memory effect. Magnetic field induced strain (MFIS) in
single crystalline Ni-Mn-Ga alloys has reached a remarkable value of 10% [ASOZ02a,
JPONO8a] with a field response time of less than a millisecond. MCE has been observed
in a host of Ni-Mn-Ga [ANVA9%9a], Ni-Mn-Sn [TKREO5::;], Ni—Mn-In [TKREO07a]
alloys. High MCE exhibited by Ni-Mn-In-Si [RDAS11a, RDAS13a, RDAS13b] alloys

make them suitable for use as room temperature magnetic refrigerants.

1.4 HALF-METALLIC HEUSLER ALLOYS

Recent discovery of half-metallicity in half Heusler alloy NiMnSb by de Groot er al.
[RADE83a)] and subsequently in full Heusler compound Co;MnSi [JKUB83a] marked
the advent of a new class of materials called half-metals. Half-metallic ferromagnets are

characterized by novel electronic band structure with coexisting metallic conduction band
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for spin-up electrons and semiconducting behavior with energy band gap at the Fermi
level for the spin-down electrons. This novel electronic structure results in 100% spin
polarized electrons at the Fermi level. Since this pioneering work, several full and half
Heusler alloys have been predicted to be half-metallic. Apart from Heusler alloys, half
metallicity has also been found in other systems such as oxides (e.g. CrO; [RISO98a]),
manganites (e.g. Lag7Sro3MnO; [RJSO98a]), double perovskites (e.g. SraFeReOs
[HKATO4a]), pyrites (e.g. CoS, [TSHIOla]) and transition metal chalcogenides (e.g
CrSe [IGALO2a, IGALO3a]). However, among the proposed half-metallic ferromagnets,
the Heusler alloys hold the greatest potential due to their lattice constant match with the
[II-V semiconductors, very high Curie temperature and large band gap at Fermi level
[PTWES88a]. Since half-metals are the materials of interest to this thesis work, their salient

features are discussed below.
1.4.1 Spin Polarization

> -~ ’ E"
L ol ol | Dl . v —/

(IR

P=0 P<1 P=1

EF

Figure 1.4: Electronic structure near Er of a (a) Pauli’s paramagnet, (b) ferromagnet and
() ferromagnetic half-metal. P is the electron spin polarization as defined by Eq. (1.4)

[WWWNa].
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Spin polarization is defined as the ratio of the density of states of spin-up and spin-down

electrons at a Fermi level [RISO98a],

_ D1(Er)— D|(EF)
D1(Er)+ D\ (EF)

(1.4)

Since the density of states of spin-up and spin-down electrons are equal in paramagnetic
materials, P = 0 for paramagnetic materials as depicted in Figure 1.4(a). On the other
hand, the density of spin-up states is more than the spin-down states in ferromagnetic
materials and so P is larger than 0, but smaller than 1 as shown in Figure 1.4(b).
However, for half-metals, since only spin-up electrons are present at the Fermi level with
no spin-down electrons, P = 1 (c.f. Figure 1.4(c)). To understand the scientific interest in
half-metallic compounds, one can consider the case of a typical transition metal
ferromagnet. While the elements cobalt and nickel have fully polarized 34 bands, they are
not half-metals because the Fermi level crosses the (unpolarized) 4s band, thereby
lowering the polarization to about 40% [JMDCO04a]. On the other hand, the hybridization
can be employed to gain access to the complete polarization of the & band by either
raising the 4s band above the Fermi level or depriving the system of electrons until the
Fermi level is situated below the 4s band. This explains why there are no half-metals
among pure elements at all. However, half-metallicity can be realized when the pure
metal becomes a component of an alloy or a compound. Heusler compounds are of
particular interest in this respect, because Heusler compounds retaining their cubic crystal

structure for a wide range of composition variation.
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1.4.2 Origin of the gap in full Heusler alloys
The origin of half-métallicity in full-Heusler alloys was initially described by Galanakis
et al. [IGAL02b] for the compound Co,MnGe. In this interpretation, the lattice is initially
treated as made up of only the Co, positions, and the hybr_idization of d-orbitals of the
minority states in Co-Co interactions are calculated first. These are shown in Figure
1.5(a). In the figure, d; to ds correspond t0 dyy, dyz dzx: d3z2 and d,2_y orbitals,
respectively. Between two neighboring Co atoms in the lattice, two hybridized orbitals
form from the d, and ds orbitals, leading to the formation of a low energy bonding €,
orbital and a high energy e, antibonding orbital. The di, d> and dj orbitals hybridize to
form a triply degenerate low energy bonding tzg orbital and a triply degenerate high
energy antibonding t;, orbital, where tiy, t2g, €g and ey are the chemical nomenclature
describing the shape (angular momentum) of the hybrid orbital. The contribution from
" the Mn atoms in the lattice must also be considered as well as the Co-Co interaction. The
d-orbitals from the Mn atoms hybridize in a similar way as seen in the case of Co-Co.
Figure 1.5(b) shows that the dj and ds orbitals hybridize with the double degenerate g
orbital of the Co-Co to form two eg orbitals, viz., one low energy bonded and one high
energy antibonded orbital. The d,, d», and ds orbitals also hybridize with the triple
degenerate tp, orbital from the Co-Co to form 6 more tzg orbitals, three of which are
bonding and sit below the Fermi energy and another three which are antibonding and are
of higher energy. This interaction with the Mn leaves 3 hybridized orbitals from the Co-
Co interaction free. The three t;, orbitals sit just below Fermi Cnergy while the two €u
orbitals sit just above Ex. The result of this is the formation of an €nergy gap in the band

structure at E for the minority spin channel. This treatment of the interatomic

17 — T

TH-1483_09612126



Chapter 1: Introduction

interactions does not include any contributions from the Z (= Ge, in this case) element.

This short-coming was subsequently addressed by other researchers [SIFU95a].

(a) 2xe,
dads —_— 3xt,, — s ds Co
o .
C/l.dz.(/;-, ",.'_' dl.dz.d3
\‘\‘ 3xtzg ‘
2xe,
(b) Ixty,
2xe,
— dyd
— dodysy VD
2xe, 1. A3
2xe, . N £
3xty, " £
1u
Co-Co
3xty,
2xe, ——
3xt,,
2xe,

Figure 1.5: Possible hybridization between d orbitals of minority states of the compound

Co2MnGe by considering a) Co-Co and b) Mn-(Co-Co) interactions [[IGAL02b].

Since these early works, a number of more refined models have appeared. A
comprehensive model, which considers interactions between the X, Y and Z sites as well
as the s, p and d orbitals of both minority and majority spin states is described in the

review by Graf et al. [TGRA11a]. Although the origin of the half-metallic properties in
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Co-based Heusler alloys is well understood, there are large variations in the reported
electronic band structures obtained from these models [I[GAL02b, SWURO05a, HCKA06a,

ZGER07a, SCHA09a, LGUA10a].

1.4.3 The Slater-Pauling rule

The total magnetic moment (M) of half-metallic full Heusler alloys follows the relation,
M,=Z,—24 | ' (1.5)
where Z; is the total number of valence electrons [I[GAL02b]. Z, is the sum of the number
of spin-up and spin—down electrons, while the total moment M; is given by the
difference, i.e.,

Z=N; +Nand M,=N; -N,. (1.6)
Since 12 minority bands in a full Heusler alloy are fully occupied {4 in low-lying s and p
bands of the sp element and 8 (2xe,, 3xt,g and 3xtyy) in minority Co d-bands (cf. Figure
1.5)}, a simple rule of 24 (i.e., M, = Z —2xN) is obtained for half-metallicity in L2i—~type
full Heusler alloys. Figure 1.6 (a) illustrates the significance and the applicability of this
simple rule for various X,YZ compounds. This relationship is analogues to the well-
known Slater-Pauling behavior of binary transition metal alloys depicted in Figure 1.6 (b)
[JKUB84a]. The main difference between the two is, in the case of full Heusler alloys,
the minority population is fixed to 12, so that the screening is achieved by filling the
majority band, whereas in the case of transition metal alloys, the majority band is either
filled with 5 d-states or completely empty and charge neutrality is achieved by filling the
minority or majority states. Therefore, in the case of transition metal alloys, M = 10 —Z

for the systems on the left side and M, = Z, for the systems on the right side of the Slater-

Pauling curve.
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Figure 1.6: (a) Linear variation of total magnetic moment of full Heusler alloys with total

number of valence electrons in various full Heusler compounds [IGALO2b]. (b) Slater-

Pauling rule for binary transition metal alloys [JKUB84a].

Based on the M, versus Z, plot shown in Figure 1.6(a), full Heusler alloys can be
classified into three categories. Those alloys having Z; > 24 will have positive value of
M,. These alloys normally show ferromagnetic behavior. Cox-based full Heusler alloys
fall in this category. These alloys are characterized by a gap in the minority spin band.
However, alloys with Z, < 24 (e.g., Mn;VAI and Mn,;VGa) are ferrimagnetic in nature
[KOZDO06a]. The half-metallic gap in these alloys is in the majority spin band as opposed
to their ferromagnetic counterpart. Fe; VAl has Z; = 24, and is therefore a semi-metal, i.e.,
nonmagnetic with a very small DOS at the Fermi level, as observed experimentally
[AMATO2a]. So, this simple linear relationship between Considering the large

possibilities of elements available for constituting the X,YZ compounds, M; and Z

provides a way to engineer new half-metallic alloys with desired magnetic properties. It
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is worthy to point out here that such a Slatér-Pauling rule also exists for half-metallic half
Heusler compounds, which can be expressed as [IGAL02c],
M =27,-18 1.7)
Though 100% spin polarization has been theoretically predicted in several
Heusler alloy compositions, the same could not be realized experimentally. Moreover,
spin polarization of the half-metallic Heusler compounds measured at 4 K decreased
drastically at room temperature. Galanakis [IGAL04a] proposed Fermi level engineering
by substituting a fourth element in the ternary Heusler compound as a means to overcome
this drawback. Prediction of half-metallic character in several quaternary Heusler alloys
such as (XX")2YZ, X»(YY")Z, and X,Y(ZZ') by ab initio calculations [IGALO4a] have
also been subsequently validated by experimental studies [SVKAO6a, BSDC09a,

BSDC10a, , BSDC12a].

1.4.4 Determination of half metallicity

To evaluate whether a material is a half-metal or not, different experimental techniques
i izai i ectroscopi
are being used. Measuring intrinsic spin polarizaion (P) requires a sp pic

. . in- lectrons near Ef.
technique that can discriminate between the spin-up and spin-down € F

. : . iding th
Spin-polarized photoemission spectroscopy is technically capable of providing the most

direct measurement of P, but it lacks the necessary €nerey resolution (= 1 meV)
[RFED85a]. An effective alternative to photoemission is the use of spin-polarized
tunneling in a planar junction geometry that allows the electronic spectrum near Ef to be
probed with sub-meV energy resolution. Tedrow and Meservey [PMTE94a] pioneered

this technique by making a ferromagnet-superconductor (SC) tunnel junction and Zeeman

splitting the SC’s strongly peaked single-particle excitation spectrum by the application
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of a magnetic field. The resulting spectrum of the SC roughly corresponds to two fully
spin-polarized peaks (neglecting spin-orbit coupling effects) that can be used to detect P
of a current from the ferromagnetic layer. This technique has been successfully employed
to estimate P of a number of half-metallic materials. The drawback of the technique is the
need of a three layered structure consisting of ferromagnetic and SC layers sandwiched
between an oxide layer 10 to 20 A thickness.

Intrinsic spin polarization can also be measured using point contact Andreev
reflection (PCAR) technique. PCAR technique developed by Soulen ef al. requires no
magnetic field and places no special constraints on the sample shape. Andreev reflection
is a scattering process where electrical current is converted to super current at. the
interface between a normal ferromagnetic metal and a superconductor [MJMD95a]. An
electron incident from the metal side with energy smaller than the energy gap in the
superconductor is converted into a hole which moves backward with respect to the
electron. The missing charge 2e propagates as an electron pair into the superconductor.
The electron-hole conversion is known as Andreev reflection. Hence, in the PCAR
technique, the difference between spin-dependent currents is measured. In a non-
magnetic metal, the Andreev process is always allowed, because every energy state in a
normal metal has both spin-up and spin-down electrons. However, in a magnetic metal
this is no longer true and Andreev reflection is limited by a minority spin population. The
uniqueness of this situation was first emphasized by de Jong and Beenakker in 1995
[MIMD95a], when they discussed Andreev reflection at the interface between a half-

metal (which is 100% spin polarized) and a conventional SC. Andreev reflection is then
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forbidden, as there are no states for a hole to get reflected into, resulting in zero
conductance across the interface below the gap.

Kokado ef al. [SKOKI10a] have systematically investigated the sign of the
anisotropy magnetoresistance (AMR) of ferromagnetic materials. It has been found that
for half-metallic ferromagnets, the dominant scattering is st — d1 or s| — d|, which
causes the sign of the AMR to be negative [APMA85a, MZIE00a]. Subsequently, Yang
ef al. [FTYA12a] measured the AMR ratio in Heusler Co,(Fe,Mn)Si epitaxial films and
demonstrated that it can be used to identify a half-metal without the need for any
microfabricated device structure.

Rhodes-Wohlfarth (R-W) ratio (pc/ps), where where ps is the saturation magnetic
moment expressed in units of pg and the factor p. is the effective magnetic moment per
magnetic atom), can also indicate half-metallicity in a ferromagnetic material. pc/ps is

expected to be unity for local moment ferromagnets and larger than unity for itinerant

ferromagnets. However, the R-W ratio was found to be less than unity for half-Heusler

CoMnSb, NiMnSb and PMnSb alloys [MIOT89a, NPDUO7a). To correlate the R-W

ratio with the nature of magnetic interaction in half Heusler alloys, Otto et al [MJOT89a)

used a simple molecular field model which takes into account both local moments and

i : " . trong interaction between
spin polarized itinerant electrons. According to the model, a strong

local moments and spin polarized itinerant electrons makes the R-W ratio to become less
than unity. Experimentally, NiMnSb has been shown (o be a half-metal [KEHM90a,

RJSO98a] and so this prediction of p./ps < 1 for half-metallic NiMnSb is considered as a

characteristic of half-metallic ferromagnets [NPDU07a].
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Ab initio calculations provide a powerful way to predict and verify half-metallic
nature of Heusler alloys. Band structure calculation on Heusler alloys was by Ishida ez al.
[SISH78a, SISH80a] in the early 1980s. Apart from the discovery of half-metallicity in
NiMnSb and Co,MnSi, large numbers of other Heusler alloys have been identified to be
half-metallic by ab initio calculations. This technique permits one to explore the effects
of atomic substitutions for X, Y or Z elements and different types of atomic disorders on V
half metallic nature of Heusler alloys by suitably manipulating the unit cell representing

the alloy in question.

1.5 EFFECT OF STRUCTURAL DISORDER ON FULL HEUSLER ALLOYS

Though full Heusler alloys with highly ordered (stable) L2, structure is desirable, it not
always possible to fully stabilize the L2; structure in all the alloys. As discussed in
section 1.2, different antisite disorders can be present in Heusler alloys. Understanding
the influence of these disorders on magnetic and half-metallic properties of these alloys is

very important from both basic science and application points of view.

1.5.1 On magnetic properties

‘Any deviation from the 2:1:1 full Heusler stoichiometry or changes in the atomic
arrangement in the full Heusler structure can have significant effect on the magnetic
properties of the compound. Magnetism in Heusler alloys is the result of the complex
hybridization of the atomic orbitals in the compound. As a direct consequence of this, any
atomic swapping changes this local hybridization and hence the band structure of the
compound. Because the magnetic moments in Heusler compounds come from spin

moments of valance electrons localized in the d orbitals of the X and Y atoms, any
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change in the interatomic spacing also has a large effect on this localization. In other
words, any changes in the lattice constant in these materials can also have a dramatic
effect on the magnetic properties of these alloys. Due to the large variety of Heusler
compounds, it is impossible to describe how disorder affects all Heusler alloys.
Therefore, CosFeSi is taken as an example to discuss the effect of disorder on full
Heusler alloys. The most probable atomic swaps that can result in disorder in the L2,
structure are Fe-Si (B2 disorder), Co-Fe (DOs disorder) and Co-Fe-Si (A2 disorder). The
fully ordered L2; unit cell should result in a total moment of 6ps [HCKAO6a]. The effect
of these atomic swaps has been calculated by Li er al. [LGUA10a] using density
functional theory (DFT). Their model predicts that 6.25% Co-Fe swaps reduce the
moment of CozFeSi to 5.5 pg. Surprisingly, introduction of 12.5% A2 disorder increases
the moment to 6.15p5 [ZGER07a]. However, Fe-Si swaps (up to 10%), which induces B2
disorder, did not change the moment from 6ps. This is however in contradiction to a
number of experimental studies which show a decrease in magnetic moment With
increasing B2 ordering [SWURO05a, YTAK08a, MOOGO09a]. This is most likely due to
just atomic

the effect of widespread disordered regions in the materials and not to

swapping localized to the unit cell.

1.52 On half-metallicity

The effect of disorder on the half-metallic nature of Heusler alloys is quite considerable.
This is due to the sensitivity of the band gap in minority spin states to changes in the
hybridization of atomic orbitals due to changes in atomic positions [VKSEI10a,

FIYAl3a]. It is extremely difficult to quantify and discriminate the effects of different

types of disorder from experimental data as they are often randomly distributed
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throughout a system, as well as being specific to a particular experiment. A number of
atomic swap type disorders in Co,FeSi have been considered in the literature to provide
us with a reasonable understanding. Of these, Fe-Si (B2) and Co-Fe-Si (A2) disorders are
most widely studied with Co-Fe (DO3) disorder receiving much less attention [ZGERO07a,
LGUA10a]. Unfortunately, the models used to calcﬁlate the extent of disorder are often
limited by the size of the initial unit cell used. For example, one on the most extensive
studies on the effect of disorder in Co,FeSi-based alloys by Gercsi and Hono [ZGERO07a]
used a 16 atom unit cell, which limits the minimum amount of disorder that could be
modelled to 25% for B2 type and 12.5% for the A2 and DOs types. However, this effort

was sufficient to acquire some basic understanding of how these disorders affect the half-

metallicity of this compound.

B2-25%

k2,

(a)
DQ-12.5%

Ma A2-12.5%

-20 - CqFesSi ‘ ‘ ' ;‘ (©)
0 1 2

3_ 2. -
E-E %eV)
Figure 1.7: Variation in the spin dependent density of states of Co,FeSi with different
amounts of a) B2, b) DO3 and c) A2 disorders. The L2; spin density of states is shown in

grey background as a reference [ZGER07a].
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As shown in Figure 1.7, different disorders affect the DOS in different ways. The
B2 type disorder is seen to retain the minority state band gap and hence the half-metallic
conduction properties even at 25% disorder. This retention of the band gap despite B2-
type disorder is because of the lack of disorder in Co-Co symmetry in the lattice. It has
been shown that the band gap is constructed by 3d states localized at Co atoms
[YMIUO4a]. Therefore, if these states are not altered by the atomic disorder, the half-
metallic electronic properties should remain unaltered. For the DO; disorder, the band
gap is reduced and moves relative to Er, producing a small but finite number of states for
the minority channel at Er. However with A2 disorder, the band gap is completely

destroyed.

1.6 FULL HEUSLER ALLOYS BASED MAGNETORESISTIVE DEVICES
Since the discovery of half-metallic ferromagnetism in a number of full Heusler alloys,

several spintronic devices have been fabricated with them as electrode layers. Co-based

Heusler alloys are of particular interest due to their high magnetic moment and high

. o a o ’
Curie temperature, as well as their theoretically predlcted 100% spin polarization. A brief

[ : i R), tunne
discussion on Heusler alloy based giant magnetoresistance  (GMR) 1

: os is given below.
magnetoresistance (TMR) and lateral spin valve (LSV) devices is given below

1.6.1 GMR devices
— siant magnet i
Fully epitaxial current~l)erpendicu]ar—lO-piane (CPP) & Sisbesistanes (HME)

devices with half-metallic Co,MnSi (CMS) a8 electrodes and a Ag spacer, annealed at
330 °C showed the magneto-resistance ratio (AMR) of 36.4% and 67.2% at 300 K and

HO K, respectively [YSAK10a]. CMS layers grown at 250 °C showed AMR of 33% at
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300 K [YSAKI13a]. CPP-GMR devices with a Co;Fep4MngsSi/Ag/CosFep4sMng ¢St
structure exhibited AMR of 50.1% for 3 nm thick upper layer and 74.8% AMR for 10 nm
thick upper layer [JSATI11a]. Usage of Co,Fe(Ga0.5Ge0.5) (CFGG) as ferromagnetic
layers with a thickness 12 nm in CPP-GMR pseudo-spin valve device has led to AMR
exceeding 41.7% at 300 K and 129.1% at 10 K [YKTA1la]. With 10 nm thick CFGG
layers room temperature AMR increased to 45.8% [HSGOI13a]. For
Co0,Mn(Ga0.25Ge0.75) and Co2FeAl0.5Si0.5 ferromagnetic layers, AMR of 40.2% and
34% were obtained at 300 K, respectively [YKTA13a, TMNA10a]. CPP-GMR of
pseudo-spin valves with polycrystalline CosFe(AlgsSips) and CozFe(GagsGeos) alloy
films exhibited relatively large CPP-GMR values of ARA up to 4 mQ -um” and AR/R up

to 10% with S nm thick films [TMNA13a].

1.6.2 TMR devices

An out-of-plane tunnel magnetoresistance (TMR) ratio of 53% at room temperature was
reported in Co,FeAl/MgO/CoxoFesoB2o perpendicular magnetic tunnel junction (MTJ).
By inserting a 0.1-nm-thick Fe (CosoFeso) layer between the MgO and CoaoFegoBao
layers, the TMR ratio was significantly enhanced to 91% (82%) due to improved
interface [ZWEN12a]. TMR ratio of 104% at 300 K was obtained for CoFeSi/BaO/Fe
MTJ [JROG12a]. TMR ratios of 262% at 15 K and 159% at 300 K were observed for
Fej 75C01 25Si electrodes and MgO barrier [CSTE13a]. TMR ratios up to 228% (398%) at
300 K (5 K) in a perfectly lattice-matched MTJ with a B2-ordered CoFeAl electrode and
a cation-disorder spinel Mg-Al-O barrier MTJ was obtained. The TMR ratio further

increased up to 280% (451%) at RT (5 K) by inserting a 1-nm-thick CoFe layer between
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the Co,FeAl and Mg-Al-O barrier [TSCH14a]. Giant TMR ratios of up to 1995% at 4.2
K and up to 354% at 290 K were obtained for epitaxial CMS/MgO/CMS MTIs featuring
a reduced lattice mismatch in the MTJ tri-layer by introducing a thin CMS lower
electrode deposited over a CosgFesq buffer layer [HLIU12a]. The ratio increased up to

2610% at 4.2 K and 429% at 290 K for MTJs with Co,Mn;24Feq 1651034 electrodes

[HLIU15a].

1.6.3 LSV devices

The first report on lateral spin valve (LSV) device by Jedema et al. [FIJEOla] using
NigoFea showed spin signal (AR;) value of 0.1 m&2 which increased to 50 mQ at 300 K
by inserting a thin MgO layer between ferromagnetic and non-magnetic wires
[YFUK11a]. Large AR, of 12.8 mQ was obtained at 300 K without the MgO layer in the

all-metallic LSV device using CFGG [YKTA12a]. The reasons of the large AR; were

attributed to the high spin polarization of CFGG and the resulting small spin absorption,

For LSV devices with Co,FeSi (CFS) or FesS (FS) electrodes, ARs of 11.2 mQ was

obtained at the CFS-Cu-CFS side and 6.8 m£2 for the (FS/CFS)-Cu-(FS/CFS) side

[SOKI13a]. AR, of 4.2 mQ was obtained for CMS/Ag based LSV devices [FYANI3a].

MiCI’O fabrication of CFGG based LSV deViCe yIEIded A_Rs of 11.75mQ [IKHT] 4a]

1.7. MOTIVATION AND SCOPE OF THE PRESENT WORK

The above review of the literature shows the current interest and technological potential
of full Heugler alloys. Although theoretical studies have predicted several full Heusler
alloys with 1002, spin polarization, practical realization of the same has not yet been

achieved. Therefore along with the search of new Heusler alloys, various factors affecting
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the spin polarization have to be studied. After Co.MnSi, Co.FeSi is one of the most.
extensively studied Heusler compounds. Coz-based quaternary alloys have shown

excellent magnetoresistive properties as discussed in the previous section. So, it would be

worthwhile to explore the influence Ge and Ga substitution for Si in Co.FeSi.

Spin valves using Heusler alloy based electrode layers invariably use an Ir-Mn'
antiferromagnetic layer to pin one of the ferromagnetic layers [KNIK09a, TMNA12a].
Ru,YZ alloys exhibit antiferromagnetism near room temperature [SMIZOéa, TKANO6a,
SNMI85a, ASZY89a]. Ru;Y(ZiZ'x) and (RuiX'x)2YZ alloys offer a means for
obtaining both ferromagnetic and antiferromagnetic materials in the same quaternary
system by properly choosing the fourth element (X' or Z') and its concentration.
Antiferromagnetic Heusler alloys with high Ty could lead to the realization of spin valves
entirely made up of full Heusler alloy layers with superior interfacial properties and
hence better performance. An understanding of the crystallographic and magnetic
properties of Ru2Y(Z1+Z'x) and (Ru;.xX'x)2YZ alloys is the first step in this direction.

Half-metallic materials exhibiting high spin polarization and no stray magnetic
fields are in demand for fabricating high density information storage and vertical
-recording devices [RADE91a, HVAN95a]. Zero net moment half-metals have been
proposed as the basis for a new class of superconductor called single-spin superconductor
that has only one superconducting spin channel [WEPI96a]. High perpendicular magnetic
anisotropy exhibited by thin films of ferrimagnetic Mn;sGa has also opened up the
possibility of realizing spin transfer torque based devices [FWUO09a]. 4b initio
calculations have demonstrated that progressively substituting for Mn with Co in

ferrimagnetic Mn;VAI(Si) compound can lead to zero moment or a fully compensated

30

TH-1483_09612126



Chapter 1: Introduction

ferrimagnet (FCF) [IGALO07a]. Search for FCF in Mn3Ga and substituted Mnj.,Ga alloys
[HNII96a, BBAL07b, HKURI1a] has yielded ferrimagnetic thin films with low
saturation magnetization of 0.65ug and spin polarization of 58%. However, these alloys
exhibit tetragonal DO,, structure instead of the stable L2; structure of a full Heusler
alloy. Practical difficulties in obtaining oxygen free Heusler alloys with high Mn content
and maintaining the nominal stoichiometry have been the main deterrents in preparing
these alloys as observed by very few experimental reports on bulk and thin film.

In an attempt to address some of these important issues associated with the
development of full Heusler alloy based spintronic materials, this thesis work explores
the structural, magnetic and spintronic properties of following series of alloys:

1) CoFeGe.,Siy and Co,FeGa,.xSix (0<x = 1),
2) RuzFeSiy.,Ge, and (Ru;.<Cos):FeSi (0 < x < 1), and

3) (Mn;,Co,),VAI and (Mn;.,Co,)2VGa (0 =X < 0.5).
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This chapter discusses the experimental and computational techniques used in the
investigations, including sample preparation and methodologies adopted. The principle and
theory behind the experiments performed, the experimental set up used and the measurement

methodology followed for determination of the physical properties are also discussed here.

2.1. PREPARATION AND PROCESSING OF SAMPLES

2.1.1. Preparation of alloy ingots

In the present work, all the alloy ingots were prepared by arc melting constituent elements. A
commercial arc melting furnace (Make: Vacuum Techniques. India) was used for preparing
the alloy ingots. Schematic diagram of an arc melting furnace is presented in Figure 2.1 [a

high current (200 A) dc power supply used as electrical source is not shown here].
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Figure 2.1: Schematic diagram of water-cooled copper-hearth electric arc melting furnace.
Labels denote: (1) circulating water to cool the hearth, (2) copper hearth (cathode), (3)
compacted metal blend, (4) electric arc struck between the electrodes (5) gas inlet valve (6)

water cooled flexible electrode with tungsten tip (anode) [QDQI06a].
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High purity (> 99.99%) elemental pieces as per the requirement of the target
composition were weighed in a calibrated electronic balance of 0.01 mg resolution. The total
charge weighing about 5 g was placed in the water-cooled copper hearth of the arc furnace
and the chamber was pumped down to ~107 Torr (10‘3 Pa) using a combination of diffusion
and rotary pumps. The chamber was then purged with high purity argon gas to remove traces
of oxidizing atmospheric gases and finally filled with argon gas. DC arc was then struck
between a high purity tungsten anode and the copper hearth cathode and the elemental pieces
were melted in the heat generated by the arc carefully so as to ensure minimal loss of
material. The cast ingot was then flipped around and re-melted several times to ensure
complete melting and mixing of the constituent elements to yield a homogeneous alloy ingot.
The ingot obtained after melting was molded (re-melted) in a dismountable copper cylinder
kept on the water cooled hearth in order to obtain a 10 mm diameter cylindrical sample. Since
loss of highly volatile and low melting point elements such as Mn cannot be completely
prevented, excess (up to 2 at.%) amount of such volatile elements were added to achieve the

desired net composition in the alloy ingot.

2.1.2. Processing of alloy ingots

As-prepared samples were processed under different conditions depending upon
requirements. The different processing procedures adopted are briefly described below:
The as-cast ingots had to be further homogenized and then annealed at appropriate
temperature in order to obtain highly ordered alloys with consistent and reproducible
properties. Metallic samples cannot be heat treated in air since they would oxidize. So, the as-
prepared alloy ingots were taken separately in fused silica ampoules, pumped down to 10° Pa
using an oil diffusion with rotary pump combination (Make: Vacuum Techniques, India) and

then sealed with a neutral oxygen-liquid petroleum gas flame. The vacuum-sealed ampoules
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containing the samples were placed inside a raising hearth furnace (Make: OKAY, India,
Model: 70T-4), and heated to a homogenizing temperature of ~1200 K. The well
homogenized ingot was annealed at ~ 1073 K followed by quenching in ice water.

Arc melted cylindrical ingots were cut into small pieces using a diamond saw (Make:
Buehler, Model: Isomet 2000) and cleaned with acetone in an ultrasonic bath. A part of the
annealed ingot was crushed into fine powder, heat treated again at 1073 K followed by

quenching and used for structural studies.

2.2. STRUCTURAL CHARACTERIZATION AND COMPOSITION ANALYSIS
2.2.1. Powder X-ray diffraction

Two powder X-ray diffractometers viz. Seifert XRD 3003 T/T with sealed X-ray tube (shown
in Figure 2.2a) and a rotating anode based Rigaku TTRAX III 18 kW were used for structural
characterization of the processed alloy powders, depending upon their availability. X-ray
diffraction (XRD) technique allows identification of crystalline phases present in the alloys,
degree of crystalline order in the alloy and provides other structural information. A theta-
theta (8 -6) goniometer depicted in Figure 2.2b was used in the reflection (Bragg-Brentano)
geometry [BDCUO1a] for collecting the XRD data. |

A poly(methyl methacrylate) (PMMA) plate with a square depression of dimensions 25 mm
(L) x 25 mm (B) x 0.5 (W) (mm)’ coated with a thin layer of high vacuum grease was used
as sample holder for XRD measurements. The sample in fine powder form was evenly spread
over the square depression on the PMMA sample holder. The holder was mounted on the
goniometer for recording the XRD patterns. Diffraction of X-rays occurs through
constructive interference of X-rays scattered from atoms of a set of parallel planes in crystal

lattice at a particular angular positions of the incident wave known as Bragg angles
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[BDCUOIa]. A schematic representation of the XRD phenomenon from a crystal and the

geometry employed to record the powder XRD pattern are shown in Figure 2.3.

/ "‘-\\
v \"
" Focusing circle for various ™
/" positions of source and detector ™

N

Sample holder
Goniometer circle

Figure 2.2: (a) Photograph of Seifert XRD 3003 T/T powder X-ray diffractometer, and

(b) Bragg-Brentano diffraction geometry of a powder X-ray diffractometer.

Incident X-rays Scattered X-rays
l '

Figure 2.3: Schematic ray diagram of diffraction of X-rays by a crystal.
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The condition for obtaining constructive interference from a set of parallel planes is

specified by the Bragg’s law [BDCUOa],

Zdhkl sinf = nd (2.1)

where dpy is the inter planer spacing of a set of planes with Miller indices (h k ), @ is the
glancing angle, 4 is the wavelength of the X-ray and » is the order of diffraction. A specific
series of these angles at which constructive reflections are observed in a 26 scan can be used
to determine the Miller indices of crystal planes causing these reflections and the crystal
structure can be identified from the systematic behavior of these indices [BDCUOla]. A
standard polycrystalline silicon (Si) sample was used for calibrating the instrument. A typical

XRD pattern recorded for the standard polycrystalline Si sample is shown in Figure 2.4.
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Figure 2.4: XRD pattern of standard polycrystalline Si sample. Calculated and difference

data correspond to least squares fitting performed on the observed data are also shown.

As discussed in section 1.2 of this thesis, Bragg reflections with non-zero structure

factor for a fully ordered Heusler alloy (X2YZ) with L2, structure are obtained only when all
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indices are either even or odd. The structure factor of the first three reflections can be

expressed as,
F(111) = 4(f, — f;), F(200) = 4[2f, — (fy, + f;), F(220) = 4[2f, + f, + f;] (2.2)

where f;, f, and f: are average scattering amplitudes of the respective sub-lattices. Therefore,
two very common types of disorder in L2, structure, viz., B2 (intermixing of Y and Z atoms)
and A2 (intermixing of all X, Y and Z atoms) can be identified from the absence of (111) and
(200) peaks, respectively. The degree of atomic ordering can be estimated from the ratio of

the intensity () of the super-lattice reflections from (111) and (200) planes using the

relations,
S = ((aoo/Ta20)e/ (B0 B0yt )™ (2.3)
(1-2a)S = (h11/Bao)e/(h11/ Do) (2.4)

where the suffixes E and T denote data obtained experimentally and data theoretically
generated for the L2; unit cell. According to Webster and Ziebeck [BSDC09a, PJWE69,
PJWE73a], S = | and a = 0 signify perfect L2, ordering in a full Heusler alloy. Typical XRD

patterns of alloys with L2; order as well as with B2 and A2 disorders are shown in Figure 3 5
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Figure 2.5: Typical XRD patterns for ordered L2, structure and with B2 and A2 disorder.
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Rietveld refinement technique has been employed to refine the crystal structure and
extract crystallographic parameters from recorded powder XRD patterns. Fullprof 2.00, a
public domain software was used for Rietveld refinement [HMRI167a, HMR169a, DLOU98a]
of XRD patterns of the processed alloys. Two versions of source codes of Fullprof are
available to users. The first corresponds to a program written in FORTRAN 77 which can be
used in multiple platforms. The second version developed from the previous one is coded in
FORTRAN 95. Input files for this program should carry the extensions “* pcr’ and ‘*. dat’.
The *.pcr file contains the title, type of analysis (X-ray, neutron or profile fitting), profile
function used for fitting, number of phase present, wave length of the beam used for the
collection of data along with the step size and 26 range, number of iteration cycles, number
of refined parameter and other crystallographic data. The *.dat file contains the intensity
[counts per second (cps)] data which are recorded by the scintillation detector as a function of
26. Optional input files such as ‘*.bac’ and “* jrf> can be used for specifying the background
at each step of the scattering variable, and incorporating the instrumental resolution function,
respectively. The two main output files are ‘*.out’ and “* sum’ that contain all control
variables and refined parameters. Another important output file is “*.prf* which contains
observed and calculated profiles that are automatically used by a graphical interface program
called WinPLOTR. This program generates three plots, viz., the calculated pattern from the
input file *.pcr, the observed pattern from *.dat and their differences to graphically show the
goodness of the fit. Figure 2.4 shows one such typical graphical output of the Fullprof
program. The control of the refined parameter is achieved by using a flag in the form of a
code word. The sequences for refinement involves setting / optimizing the following

parameters: (1) scale factor, (2) zero point of detector, first two background parameters and

lattice constant(s), (3) overall Debye-Waller factor, (4) peak shape and asymmetry
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parameters, (5) atom occupancies, (6) individual isotropic thermal parameters, and (7)
additional background parameters.
The quality of refinements are known based on the values of reliability factors such as

Rp, Ryp, Rexp, Rpragg , f and Rr that are defined as follows [ANINO1a]:

Zlyi_yci

Profile factor, R,=100"—— ' (2.5)
Yy

i=ln

Here, ‘y;’ is the observed point (experimental), ‘yc.i’ is the calculated point and » represents

the number of data points.

P 172

S aly-y.

Weighted profile factor, R, =100 '=l‘"z pw: (2.6)
i=ln '
| .
Here, @, =—; ; o is the variance of the observation y;
o.f
1/2

Expected weight factor, =100| <= Z > y 2.7)

Here (1 - p) is the number of degrees of freedom and ‘p’ is the number of refine parameters,

N\ 2
2 _ an
Reduced chi-square, = Rey ) (2.8)
exp
1/2
Z ]abs.h _]cal.h )
Bragg factor, R, =100 : Z 2.9)
obs,h )

Here, ‘h’ levels the Bragg’s reflections. Lys are the observed integrated intensities and I,

are the calculated intensities.
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Fbc.h - Fcal,h

2|,

The crystallographic Rr factor, R, =100 % , (2.10)

Y IR,

obs.h

Here, Fopsn and Feqy are the observed and calculated structural factors, respectively. The
refinement procedure involves careful preparation of the input files and re-iteratively
performing the refinement until a good graphical fit (difference plot with minimal undulation)
along with least values of X Rg and Ry are obtained for the measured XRD pattern. The
Bragg's factor Rg should be zero for an ideally best fit. However, R values less than 10 are

considered to represent acceptably good fit to the data.

2.2.2. Scanning electron microscope
Scanning Electron Microscope (SEM, Leo 1430VP) with Energy Diépersive Spectroscopy
(EDS) attachment (Oxford) was used to study the surface morphology of the alloys and to
determine the chemical composition of the alloys. SEM is a powerful microscope that uses
electrons rather than light to form an image of objects such as fractured metal components,
foreign particles, residues. polymers, electronic components, biological samples, and
countless others. The shorter wavelength of electrons permits image magnifications of up to
100,000X as compared to about 2,000X for conventional light microscopy. A SEM also
provides a greater depth of field than a light microscope, allowing complex, three-
dimensional objects to remain sharp and in focus. Hence, details that cannot be resolved by
light microscopy can be observed under a SEM [SCAN12a].

A schematic representation and a photoéraphic view of a SEM are shown in Figure
2.6(a) and 2.6(b), respectivély. Thermionically emitted electrons from a tungsten filament are

accelerated towards an anode in a potential difference typically of the order of 10-20 keV and

focused by condenser lenses on a spot volume of the specimen, resulting in the transfer of
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energy to the spot. These bombarding electrons, also referred to as primary electrons,
dislodge electrons from the specimen itself. The dislodged electrons, also known as
secondary electrons, are attracted and collected by a positively biased grid or detector, and
then translated into a signal. To produce the SEM image, the electron beam is swept across
the area being inspected, producing many such signals. These signals are then amplified,

analyzed, and translated into images of the topography being inspected. Finally, the image is

displayed on a screen. -

(a) [_U J Electrongun (b)

Figure 2.6: (a) Schematic view and (b) photogr aph of Leo 1430VP SEM squmped with Blyg,

The energy of the primary electrons determines the quantity of secondary electrong

collected during inspection. The emission of secondary electrons from the specimen increases
as the energy of the primary electron beam increases, until a certain limit is reacheq_ Beyond
this limit, the collected secondary electrons diminish as the energy of the Primary beam is

increased, because the primary beam is already activating electrons deep below the surface of

the specimen. Electrons coming from such depths usually recombine before reaching the

surface for emission.
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The most common imaging mode relies on detection of the lowest portion of the
emitted energy distribution. Their very low energy means they originate from a subsurface
depth of no larger than several angstroms. The signal is captured by a detector consisting of a
scintillator-photomultiplier combination, and the output serves to modulate the intensity of
cathode ray tube, which is rastered in synchronization with the raster-scanned primary beam.

Apart from secondary electrons, the primary electron beam results in the emission of
backscattered (or reflected) electrons from the specimen. Backscattered electrons possess
more energy than secondary electrons and have a definite direction. As such, they cannot be
collected by a secondary electron detector, unless the detector is directly in their path of

travel. All emissions above 50 eV are considered to be backscattered electrons.
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Figure 2.7: (a) X-ray emission by an atom excited by a high energy electron [YLENO8a].

(b) Typical EDS spectrum of a specimen (MnCoV Al) and its atomic constitution.

Backscattered electron imaging is useful in distinguishing one material from another,
since the yield of the collected backscattered electrons increases monotonically with the

specimen's atomic number Z (o 0.052”2). Backscatter imaging can distinguish elements with
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atomic number differences of at least 3, i.e. materials with atomic number differences of at
least 3 would appear with good contrast on the image.

A SEM may be equipped with an EDS (a.k.a. EDX or EDAX) system to enable
composition analysis on specimen. EDS analysis is useful in identifying materials and
contaminants, as well as estimating their relative concentrations on the surface of the
specimen. During EDS analysis, an electron bean collides with the electrons in the atoms of
the specimen, knocking some of them off in the process. A position vacated by an ejected
inner shell electron is eventually occupied by a higher-energy electron from an outer shell. To
enable this, the transferring outer electron must give up some of its energy by emitting X-
rays. This process is schematically shown in Figure 2.7(a). The amount of energy released by
the transferring electron depends on which shell it is transferring from, as well as which shell
it is transferring to. Furthermore, the atom of every element releases X-rays with unique
amounts of energy during the transferring process. Thus, the energy spectrum of X-rays
released by a specimen during electron beam bombardment is used to identity of the type and
amount of elements present. In the present work, an EDS (Oxford) attached to a scanning
1430 VP) was used. The alloy specimen was placeq on

electron microscope (SEM, Leo

carbon coated tape and then gold coated to make it electrically conducting. Figyre 2.7(b)

shows a typical EDS spectrum of a specimen (MnCoVAl) and the elemental distribution,_
2.3. MAGNETIC PROPERTY CHARACTERIZATION

2.3.1. Vibrating sample magnetometer

Vibrating Sample Magnetometer (VSM, Lakeshore Model 7410) has been used for
performing magnetic measurements on the alloy samples. VSM [JSVO04a, CHORO06a]
measures the net dipole moment when the material is exposed to a magnetic field. The

magnetic moment of the sample can be obtained either as a function of field (M-H curve) or
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as a function of temperature (M-T curve) using this instrument. Figure 2.8a and Figure 2.8b
depict a schematic diagram and a snap shot of the Lakeshore Model 7410 VSM, respectively.
The VSM operates on the principle of Faraday's law of induction, which tells us that a
changing magnetic flux will produce an electric field [DJGR95a]. When a sample is placed in
a uniform magnetic field, a dipole moment proportional to the product of the sample’s
susceptibility and the applied field is induced in the sample. If the sample is vibrated in a

(a) "] =—————— Head drive vibrator (b)
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Figure 2.8: (a) Schematic diagram and (b) photograph of a Lakeshore VSM Model 7410.
sinusoidal manner, an electrical signal can be induced in suitably located stationary pick-up
coils (c.f. Figure 2.8(a)). This signal has amplitude proportional to the magnetic moment of
the sample, the vibrating amplitude and the vibration frequency. Through the use of lock-in-
amplifier and feedback techniques, only that portion of the signal arising from the magnetic
moment is picked up and is converted into direct read-out in emu units on a digital panel
meter. The VSM consists of the following major parts: (1) water cooled electromagnet and
power supply, (2) vibration exciter and sample holder,  (3) sensing (pick-up) coils, (4) Hall
probe, (5) amplifier, (6) control chassis, (7) lock-in amplifier and (8) computer interface.

The sample is fixed to the lower end of a nonmagnetic (fused silica) sample holder
after performing the calibration procedure using standard spherical Ni sample. Subsequently,
the measurement sequence is programmed using the software (IDEASVSM) provided with

the instrument. The vibration exciter is then activated and the signal received from the probe
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i
e 42_‘ﬁ_mw,fr7;;:_.*ss]

and the pick-up coils is converted into the magnetic moment value of the sample. Normally,
magnetic field is automatically increased in steps at a constant temperature (M - H
measurements) by an appropriately configured program.

To obtain information on the magnetic phase transition temperatures (say, Curie
temperature, 7c and Néel temperature, 7y), magnetization as a function of temperature at a
constant applied field (M - T curves) was recorded for the samples. Variable temperature
sample holders attachment capable of providing a controlled heating/cooling of the sample
from 25 - 325 K (CCR) and from 325 - 1223 K (HT oven) were used. The oven was purged
with high purity nitrogen gas to avoid oxidization of the sample at high temperatures. The
sample was initially cooled down to 25 K under zero-field condition. Magnetization was then
recorded as the sample was heated to the desired temperature in the presence of a constant ‘

magnetic field. Measurement sequences were programmed using in-built IDEASYVSM
software. Average heating rate of ~3K/minute was employed throughout the studies A sharp

decrease in magnetization is observed at the ferromagnetic/ferrimagnetic to Paramagnetic

phase transition at Tc. Tc is generally determined from the minimum value of the first
derivative of M - T data recorded close to the transition. In antiferromagnetic Materialg, ,

peak in magnetic moment value is obtained in M - T curve at Ty signifying the transition

from antiferromagnetic to paramagnetic state.

Paramagnetic Curie temperature, 6, can be deduced from the inverse susceptibility o
1y versus temperature (7) plots obtained using Curie-Weiss law in the paramagnetic region

xt=CT'T— CTM6p @.11)

where C is the Curie constant. Positive values of 6, signify ferromagnetic behavior while and
negative values can signify either ferrimagnetic or antiferomagnetic behaviour.
Rhodes-Wohlfarth ratio (po/ps), can be determined from the saturation magnetic

moment p; expressed in units of pg at 0 K and p, (effective magnetic moment per magnetic
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atom). The latter factor can be deduced from the Curie constant using the relation
[EPWO78a, MJOT89a, NPDU07a],

Napuppc(Dc+2)

C= 3kp

(2.12)

As mentioned in section 1.4.3 in the previous chapter, p./p; < 1 for half-metals. A simple
molecular field model developed by Otto et al. [MIOT89a] to correlate the Rhodes-
Wohlfarth ratio with the nature of magnetic interaction in half-Heusler alloys is briefly
described below.

The total magnetization (M) of a ferromagnet has contributions from local moments M, and
itinerant holes M,, i.e.

M=M +M, (2.13)

The magnetization induced by an applied magnetic field H at a temperature above Tc can be

written as,

M, = (C;/T)(A11 M1 + A2M; + H) (2.14)
M, = xp(A21 My + A3 M, + H) (2.15)
where C; = Nyg?uéSo(So + 1)/3kp (2.16)

is the Curie constant of the local moments with spin Sy, e is the Pauli susceptibility of the
holes and ;; are the coupling constants. Therefore, the total susceptibility can be written as,
x= Ci(1+ yxpA12)?/(T— 6) +vxp (2.17)
with ¥ = (1 — A2xp)™! and 8= C; (411 + Aylfz xp). Here, yyp is the temperature-
independent Pauli susceptibility and the effective Curie constant,

Cepr = GI(1 + YA12Xp)? (2.18)
The value of M; at T=0K, obtained from Eq. 2.15 for H=0 s

My(0 K) = —pM; (0K) (2.19)
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with B = —y2;,xp and M (0 K) = NagugSo. This equation is not valid if B is large. In such a
case, M, saturates at the value —pug (where p is the hole concentration). Therefore, the total

saturation magnetization at T = 0 K is given by

M(OK) = NpgupSo(1— B) for § <p/NgS, (2.20)
and
M(0K) = NagugSo —pug for B >p/NgS, (2.21)

The R-W ratio (p./ps) can be calculated from these equations. As defined carlier, ps is
calculated from Eq. (2.20) and Eq. (2.21) by the relation ps= M(0 K)/Nps. Similarly, p. can
be calculated using the Eq. (2.12), Eq. (2.16) and Eq. (2.18) and applying specific values of
S, g and p corresponding to a particular alloy composition. For example, in the case of
NiMnSb, by considering local moment contribution from Y (Mn) atom, we get S, = 5/2,
g =2 and p = N, which gives p = 0.2. So for p < 0.2, M(0 K) = 5N(1 - B)us and Pelps varies
from 1 for p = 0 to 0.96 for B =0.2. For B > 0.2, M(0 K) = 4Nus, and p/p; takes the values

0.82 and 0.67 for p = 0.3 and 0.4, respectively. Similarly, for alloys with Fe asy atom, we

will get Sy =2, g=2and p = N which gives B = 0.25. So we get the pc/ps becomes 0.93, 0.85

and 0.70 for p = 0.25, 0.3 and 0.4, respectively. Therefore, if we consider the imeraCtion

between local moment and spin polarized itinerant electrons, pe/ps values will pe less than

unity. Since NiMnSb has been established to be a half-metallic intermetallic alloy [KEHMo 0,
RJSO98], the prediction of pelps < 1 for half-metallic NiMnSb by Otto et al is considered as a
characteristic feature of half-metallic ferromagnets [NPDU07a].

Assessment of the magnetic anisotropy in a material is important to evaluate its

potential for spin torque applications. Effective magnetic anisotropy constant Koy is
€

commonly used to represent this parameter. K,y can be estimated from the injtial
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magnetization (M-H) curves using the law of approach to saturation [SVANO97a].

Magnetization (M) can be expressed as a function of applied field (H) by the relation,
M=M|l-——-—————- |+, H+dJVH .
( N ) 2H+dVH 2.22)

where gy is high ficld susceptibility and a, b, ¢, d are constant coefficients were a and b
represent contributions 1'rom- various defects. ¢ and d are assigned to magneto-crystalline
anisotropy and thermally excited spin waves, respectively. At high fields, only the c/H? term
dominates and hence all other contributions can be neglected [ZQJI98a, CJIAO4a]. So, for

high applied field is. Eq. (2.22) simplifies to
(e

Once ¢ is correctly estimated, magneto crystalline anisotropy constant, K. for cubic sample

can be cstimated from the relation [XYXI01a],

|-

105
K. =#0M.\-( SCJ (2.24)

where pg is the permeability of free space.

2.4. SPIN POLARIZATION MEASUREMEMT

2.4.1. Point contact Andreev reflection (PCAR) technique

Andreev reflection is a process that occurs at the interface between normal metal and a
superconductor [AFAN64a). For a given bias across the metal-superconducting interface, the
electrons from the metal enter into the superconductor by forming Cooper pairs. Since the
normal metal has the equal number of both spin-up and spin-down density of states, the spin-
up electron pairs up with spin-down electron to form Cooper pair and enters into the

superconducting condensate states as super-current, leaving behind a hole in the spin-down
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density of states (apart from the normal hole in the spin-up states) as shown in Figure 2.9. As
a result, electrical conduction due to the conventional current (due to holes) doubles at the
interface. This coherent interspin-subband transfer process is sensitive to the relative
electronic spin density of states or P at Eg. If P = 0, then the Andreev reflection is unhindered.
However, if P = 100% near Ef, then there are no spin-down states in the metal to provide the
other member of the Cooper pair for Andreev reflection. So, super-current conversion via
Andreev reflection at the interface is effectively blocked, allowing only single-particle
excitations to contribute to the conductance. These single-particle states necessarily see the

gap (A) in the energy spectrum of the superconductor, thus suppressing the conductance G for

eV <A.
. P=0
® Hole created by spin up electron (a)
> Andreev reflected Hole created due to spin down electron L
E

S i

e [T
————— £,

s N(E) r—r
;‘a: Normal metal Superconductor

% Et P=100%

L(b)

VimVolt)
24
S E’

absence of spin down electrons
(Andreev reflection is zero)

- N(E)
Ferromagnet Superconductor

Figure 2.9: (a) Metal-superconductor junction. (b) Ferromagnetic meta]~superconducting
junction. (c) Blue curve represents Andreev reflection with double conductance and red

the curve represents the suppression of Andreev reflection [RISO98a].
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The Andreev reflection process only occurs for a micro-constricted contact and the
transport regime in these experiments are mainly ballistic in nature. In PCAR, this is realized
by bringing a superconductor tip in close contact with a ferromagnetic material or vice versa
as proposed by Soulen et al. [RISO98]. Later, Striker et al. [GIJST01a] developed a new
model with some modifications to the original Blonder-Tinkham-Klapwijk (BTK) theory
[GEBL82a]. In our study, the modified BTK model was used to fit the normalized
conductance-voltage curves for the estimated interfacial scattering parameter (Z) and the
temperature (7). To apply BTK model, the diameter of the contact has to be smaller than the

electron mean free path.

Lock-in Amp. | (1-1000) internal ocillator

}: Poeerﬁml AC ation 2kHz
10

7?-00 bias

' Funcon synthesizer
Digital [Point-contact
Multimet

© o0

Figure 2.10: (a) PCAR measurement apparatus consisting of a liquid He cryostat and
electronic instruments. (b) Close-up view of the sample holder with Nb tip mounted on it. (¢)

Electronic circuit for recording the conductance as a function of DC bias [WWWNb]
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Figure 2.10(a) shows the picture of PCAR measurement set-up. The sample is placed
inside the liquid He cryostat. Sample holder with the sample and the Nb tip is shown in
Figure 2.10(b). Polished Nb tip is pushed down on to the sample surface by externally |
operating a micrometer screw. The electronic circuit consisting of a power supply, multimeter ‘
and lock-in amplifier for measuring the conductance in the samples is also shown in the

figure 2.10(c). A computer interface used for continuous recording of the normalizeq

conductance-voltage curves is not shown in the figure.

Analysis of conductance-voltage curves using BTK model

In a typical superconductor, all electrons and holes which are not paired in the
superconducting state are classified as quasi particles. In the Andreev reflection process,-
electrons flowing in and out of the superconductor are considered to be quasi particles as they
are not paired. To estimate the current density flowing through these junctions, we need to
calculate the Eigen states of quasi particles in both the normal metal and superconducting-
states. Since quasi particles can exhibit both electron-like and hole-like nature, their wave

function can be represented by the Bogoliubov-de Gennes equation [PGDEG66a],

L oWty _ (H(x) A(x))
e W L (2.25)
h _ [f&D A(X) is the spatially dependent superconducting en
where W(x,t) = g(xt) | (x)is p y g energy gap, and
h? d?
H(x) = — oot V(x) — Eg.

In BTK model, A(x) is assumed to be spatially independent and V(x) is assumed to be zero.

With these assumptions we can obtain an Eigen function solution of the form,

u . _ .
Y(xt) = [v] exp (et (2.26)
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which gives the Eigen energy solution, E? = hz—k - Ep] + A2 2.27)

The sketch of this energy-is shown in Figure 2.11 for a normal metal (with A = 0) and a
superconductor (with A > 0). The positive solution of the energy refers to the electron
quasiparticles and the negative one to hole quasiparticles. Using boundary conditions at the
interface, probability of reflection A(E), B(E) and probability of transmission C(E), D(E) can
be evaluated in terms of a dimensional quantity Z often called the barrier strength,

representing the strength of the scattering potential H3(x). Z is defined as

= (20)"

A reflected hole—- A

like quasiparticle /

N
reﬂected

/

/ hole

/

' \

normal metal superconductor

Figure 2.11: Band diagram for normal (left) superconductor (right) interface for the BTK
model. Label e is the incident electron, a is Andreev reflection, b is normal reflection, ¢ is

electron like transmission, and d is hole like transmission [ANUR12a].
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The conductance, defined as G = dI/dV can be derived for both normal metal and

normal metal-superconductor system, giving the conductance ratio as

D = —(1+2) [[1 + AE) — B(EDIS'(E — eV)dE (2:29)

which is the main result of BTK theory. f'(E) refers to the derivative of Fermi—Dirac
distribution function f(E) with respect to energy. However, this model does not include spin
polarization. Later, Strijker et al. [GISTOla] proposed a very straightforward model to
include the spin polarization in the theory. They related the polarized and the non-polarized

currents in a linear combination to obtain the total current,

I=(1-P)l, + Pl ' (2.30)

where I, and I, are the non-polarized and polarized currents The non-polarized current can be
calculated using the standard BTK theory while the polarized current needs to be calcylated

with modified expressions for refection probabilities A and B. The conductance ratio for the

spin polarized system is hence given by,
Sus o _p(1 +22) [[1 + AE) = BB)]f'(E— eV)dE — (1 = P)(1 + Z°) [[1 + A(E) = BIEDIF'(E ~ eyyq
GNN

(231

Normalized conductance (open circles) as a function of V recorded for a spin po] arized
Heusler alloy along with fit to modified BTK model (solid line) is shown in Figure 2.12. A
least squares fitting procedure adopted to estimate the spin polarization uses dimensjonless
interfacial scattering parameter Z, superconducting gap 4 and spin polarization as variable
parameters. The parameters estimated from best fit to the data are shown in the figure.

ntrinsic spin polarization P of the half-metallics alloy corresponds to the spin polarization

value obtained at Z= 0.

Eﬁsi—a‘;_,
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Figure 2.12: Typical normalized conductance curve with low Z obtained from PCAR

measurements

2.5. AB INITIO CALCULATIONS

In the last few decades, density functional theory (DFT) has turned out to be a popular
quantum mechanical approach to the study of matter [DSHO09a]. DFT offers a powerful way
to calculate the ground state properties for many body systems with interacting electrons. Itis
extensively applied for calculating the band structure of solids, binding energy of molecules,
etc. DFT has been widely used in different areas of solid state physics. It has been immensely
successful in explaining the magnetic properties of transition metals and transition metal
based alloys [DSHO09a].

According to Born-Oppenheimer approximation, the nuclei of the many body system
in electronic structure calculations are assumed as fixed, i.e., the nuclear kinetic energy is
zero and the potential energy is merely a constant. Thus, the electronic part of the
Schrodinger equation can be written as,

H\P(rlo L TR TN) = [T + Vext + Uee]lp(rlt T2, e rN)

2
= [~E 502+ ZVD + S UG )] Pt

2m
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= EW(ry, g o Ty) (2.32)

where W(r, 13, .... Ty) is the wave function of stationary electronic state, N is the number of
electrons and U,, is the electron-electron interaction. The operators T and U, which are

common for similar systems, are called universal operators. V is system dependent and so

non-universal. DFT provides a way to systematically map the many-body problem with U,,

onto a single particle problem without U by using the key variable,

n(r) = N [ dry [ dry [ dry ... [ drel ¥ 7z, I @33)

Historically, DFT has its conceptual roots in the Thomas-Fermi model [LHTH27a]. However.,

exchange and correlation effects are neglected in this model, which seriously limits its

accuracy. Hohenberg and Kohn started from Thomas-Fermi theory and established the

connection between the electron density n(r) and the many-electron Schrodinger equation

[PHOHG64a]. The first and second Hohenberg and Kohn theorems can be stated as

. The ground state density mo(r) of interacting electrons in some external potential

v, ,(r) determines this potential uniquely.
(.4

2. For any

(r), the minimum of the energy function is obtained with the ground state density
Vext\I')> .

Therefore, the ground state energy Ey can be written as,

E, < E[n] = Tlnl + VIl + Ulnl (2.34)
E, can be obtained by minimizing the function E[n] with respect to n(r) if the functiong T[n)
and Ukc[n] are known. A successful minimization of the energy function will yield the ground

state density mo(T) and hence all other ground state properties of interest. In 1965, Kohn and

Sham showed that the variational problem of minimizing the energy function can be

given density »a(r) associated to an N electron system with external potentig| -
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solved by applying the Lagrangian method of undetermined multipliers [WKOH65a]. The

derived set of equations known as Kohn-Sham equations can be expressed as,

[_%Vz + veff(r)] i(r) = (1) ‘ (2.35)

which are single particle Schrodinger equations, where the external potential has been replaced

by an effective potential given by,

Verr(r) = Ve (r) + €2 fl%(_—rr'—?ldr' + V() (2.36) .

where the exchange correlation potential is given by

Vee(1) = ‘5(:;—(5’)‘]’ 2.37)

The Kohn-Sham equation has to be solved self-consistently. Usually, one starts with an
initial guess for the density n(r), calculates the corresponding effective potential ves(r) and
then solves the Kohn-Sham equations for ;. From these, one calculates a new density
and repeats the above steps again. This procedure is repeated until convergence is reached.
Once this is done, the ground state energy can be expressed by the Kohn-Sham formula given

by,

Eo = 3occei — f; 1) drdr'"—(l%}lr—')-+ GRS Ve (rIn(r)dr (2.38)

. . . . . . e T
The spin density functional formalism is obtained by introducing two spin densities n (r) and

n'(r). So, the spin dependent exchange correlation potential can be written as,

6 E T' 1
Vec(n',ntr) = %ﬂ%ﬁl (2.39)

where 6 (1 or |) depends on both the spin densities.

Though Kohn-Sham formalism reduces the many-particle interacting electron

problem to an effective single particle Schrodinger equation, the solution of Eq. (2.35)
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requires certain approximations. The major problem with DFT is that the exact functions for
exchange and correlation are not known except for the free electron gas. However,
approximations exist which permit the calculation of certain physical quantities quite
accurately. The most widely used approximations are the Local Density Approximation
(LDA) [WKOH65a] and the Generalized Gradient Approximation (GGA) [JPPES86a,
JPPE89a]. Within LDA, exchange correlation energy depends only on the density at the
coordinate where the function is evaluated and expressed as,

Eveln] = [n(r)ex [n()]dr (2.40)
where €,.[n(r)] is the exchange and correlation energy per particle of a uniform electron gas

of density n(r). The first attempt to goO beyond the LDA involved the use of not only the

information about the density »(r) at a particular point r but also the information about

the density gradient V n(r) in order to account for the non-homogeneity of the true electron

density. The resulting GGA is given by the expression,

Exelnl = fn(r)ex [n(r), Vn(M]dr (241)
Ab initio calculations have been carried out on Coz-alloys in Chapter 3 of thig thesis

with spin-polarized DFT based plane wave pseudopotential method as implementeq in

Vienna Ab-initio Simulation Package (VASP) [GKRE96a, GKRE99a). The c¢pycial

exchange-correlation part Wwas approximated through PBE-Generalized Gradient
Approximation (PBE-GGA) [JPPE%6a]. To include electron-electron correlations for selected
alloys, we used the GGA+U approximation as implemented by Dudarev e al. [SLDU98a]. In
this implementation, strong electron-electron correlation is modeled by an effective

parameter Uy = U —~ J, where U stands for the onsite Coulomb interaction and J is Hund's

rule coupling parameter. The self-consistent Kohn-Sham equations were solved with a plane
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wave cut off of 500 eV and 15 x 15 x 15 Monkhorst-Pack (M-P) k-point mesh [HIMO76a].
For density of states (DOS) calculations, we have used tetrahedron method with M-P k-point

mesh of 27 x 27 x 27. A 16 atom conventional cell composed of 8 X atoms, 4 Y atoms and 4

Z/Z' atoms was considered to represent CozFe(Z1.Z';) alloys.

The electronic structure of RusFe(Si;.<Ge,) alloys presented in Chapter 4 has been
calculated using full-potential based Spin-polarized Relativistic Korringa-Kohn-Rostoker
(SPR-KKR) Green’s function method. GGA was used as the exchange-correlation part to
solve the Kohn-Sham equation. The angular moment cut-off to the plane wave was taken to
be Imax = 3. The Brillouin zone integrations have been carried out on a uniform 24 x 24 x 24
k-mesh. The Green’s function was calculated for 30 complex energy points distributed
exponentially on a semi-circular contour. The energy convergence criterion was set to 10° Ry
for the self-consistent cycles. The Coherent Potential Approximation (CPA) was used to
incorporate the effect of disorder. B2 disorder was achieved by assigning 50% occupancy of
Y and 50% occupancy of Z to both 4a and 4b Wyckoff positions. Magnetic properties of the
Ru;FeZ Heusler compounds can be well described by the classical Heisenberg Hamiltonian,
H = —3_;>/ijeie; where the sum runs over all the different Fe-Fe pairs and e; represents
the unit vector pointing along the magnetic moment of the i" Fe site. Heisenberg exchange
integral (J;;) was calculated as a function of interatomic distance between Fe atoms to study
the magnetic ordering in the alloys. In the case of chemical disorder between Fe and Z sub-
lattices, the sum in Hamiltonian equation also includes sites on the Z sub-lattice occupied by

Fe atoms.
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Chapter 3: Investigations on Co,Fe(Ge.xSix) and CoFe(Ga,.,Siy) alloys

Since the discovery of half-metallicity in full Heusler alloy CoMnSi by Ishida er al.
[SISH95a), Co,-based Heusler alloys have attracted immense attention mainly due to their
high Curie temperature (7¢), large saturation magnetization (Ms) and theoretically predicted
half-metallic nature [IGAL02a, JKUB07a, HCKAO07b, JCTU13a]. Half-metallicity in a wide
variety of Co,-based full Heusler alloys has been explored by experimental [DBOM13a,
LMAK 13a, SOKI12a, ZGER06a, SVKA07a, KHAMI12a, SVKA07b, IMIM12a, YWU13a,
BSDC12a] as well as theoretical [IGAL02a, JKUB07a, HCKAO07b, JCTU13a, LMAKI13a}
methods. PCAR studies show that ternary Heusler alloys invariably exhibit P < 0.60
[LJSI04a, MIHAO4a, ARAJ07a, ARAJO7b, BSDC09a, BSDCl10a], although TMR
measurements on Co,MnSi show a higher tunneling spin polarization (P;) of 0.89
[YSAKO6a]. TMR of 570% observed at 2 K in Co,MnSi/Al-0/Co,MnSi MTJ reduces to
67% at room temperature, indicating the drastic deterioration of half-metallic character of
Co,MnSi alloy at room temperature. Galanakis [IGALO4a] proposed Fermi level engineering
by substituting a fourth element in the ternary Heusler compound as a means to overcome
this drawback. Substitution of a fourth element in Co-based alloys has yielded several highly
spin polarized ferromagnetic full Heusler quaternary alloys [BSDC0%2, BSDCI0a,
SVKAO06a] such as CorFe(Gao.sGeos) [BSDC12a]. As discussed in the first chapter, Coa-
based Heusler alloys show promising results in magneto-resistance devices. High MR ratio of
36.4% was obtained at room temperature in epitaxial CPP-GMR device with Co,MnSi
electrodes [YSAK10a]. Since then, CPP-GMR structures with  ferromagnetic
CosFeq 4MngSi, CosFe(GagsGeos) and Co,Mn(Gag25Geo.7s) electrodes have demonstrated
higher MR ratios of 74.8% [JSATlla], 45.8% [HSGO13a], and 40.2% [YKTAIl3a],
respectively, at room temperature. Giant TMR of up to 1995% at 4.2 K and up to 354% at

290 K have been reported for epitaxial Co,MnSi /MgO/Co,MnSi magnetic tunnel junctions
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(MTlJs) [HLIU12a]. Enhancement in TMR up to 2610% at 4.2 K and 429% at 290 K has been
achieved in MTJs with CooMnj24Feq16Sip84 ferromagnetic electrodes [HLIU5a]. Among
these alloys, Co.FeSi has the advantage of high 7: (~1100 K) and high Ms (6up)
[SWURGO05a]. Considering the advantage of quaternary alloys, it ié worthwhile to explore the

influence of substituting Si with elements such as Ge and Ga in Co,FeSi.

3.1. Preparation of alloys

Polycrystalline CosFe(Ge;..Six) and CooFe(Ga,.,Six) (0 <x < 1) alloy ingots were prepared by
arc melting method followed by homogenization at 1173 K for 24 h and quenching in ice +
water mixture as described in the previous chapter. The overall composition of the alloys as

determined by EDS analysis was found to be close to the nominal (starting) composition of

the respective alloys (cf. Table 3.1 and Table 3.5).

3.2. CoyFe(Ge.Siy); (0 <x=1) alloys

3.2.1. Crystal structures
Figure 3.1 shows X-ray diffraction (XRD) patterns of CorFe(Ge1.xSix) alloys recordey at

ambient temperature. As discussed in section 2.2.1 in the previous chapter, Bragg reﬂectiOnS
with non-zero structure factor corresponding to a fully ordered L2; structure is obtaine( only
when all indices are either even or odd. The alloys with x = 0.75 and x = 1.0 exhibit 4 single
phase L2, structure with the characteristic (111) and (200) super-lattice reflectiong in their
XRD patterns. However, these super-lattice peaks could not be observed in the XRD patterns
of the alloys containing high Ge concentrations. Though these XRD patterns suggest a
disordered A2 structure at a first glance, one should bear in mind that nearly equal X-ray
scattering factors of Co, Fe and Ge, could also yield the same pattern [BBALO7a]. XRD

patterns simulated for Co,Fe(GeiSiy) alloys with 1.2, unit cell using CaRIne™ o fiware

shown in Figure 3.2 mimic the experimental patterns confirming this claim.
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Figure 3.1: Room temperature XRD patterns of Co,Fe(Ge;.,Si) (0 < x < 1) alloys. Simulated

XRD patterns for the alloys with L2, structure are also shown for comparison.

The experimental XRD patterns were refined by Rietveld method using FullProf 2.00
software. The lattice constant a obtained from the Rietveld analysis of the cubic samples with
x=0,0.25, 0.50, 0.75 and 1.00 are 5.70 A&, 5.69 A, 5.66 A, 5.64 A and 5.63 A, respectively.
Table 3.1 summarizes the lattice parameters and unit cell volume estimated from the XRD
patterns. Lattice constant and unit cell volume decrease with an increase in x because the
atomic radius of Si (= 1.46 A) is smaller than that of Ge (= 1.52 A). The lattice constant of
Co,FeGe and Co,FeSi are found to be 5.70 A and 5.63 A respectively, which are in

agreement with reports in the literature [KRKU09a, SWURO06a].
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Table 3.1: Nominal composition, measured composition, lattice parameter, unit-cell volume

and Bragg factor Rp of Rietveld refinement of Co,FeGexSix (0 <x < 1) alloys.

Alloy Nominal Measured a(A) Unit-cell Rp
D Composition Composition volume (A%)
x=0 CoFeGe Coj.99Fe; 01Ge 5.70 185.19 7:5
x=0.25 CosFeGep758ip2s CoaFepg9Gep 7651025 5.69 184.22 8.8
x=0.50 CoFeGegs0Sig.s0 CoyFeGey 50Sip 5o 5.66 181.32 0.2
x=0.75 CoFeGep5Sig75 Cor01Fe000GepasSip7s 5.64 179.41 6.4
x=1.00 Co,FeSi CozFep.9951; o1 5.63 178.45 8.8

3.2.2. Magnetic properties

Room temperature initial magnetization and M-H curves of Co,Fe(Ge;.,Si,) alloys are shown
in Figure 3.2(a,b). The curves exhibit typical ferromagnetic characteristics with magnetic
saturation within 15 kOe. Saturation magnetization M; for the alloys was determined at the
magnetization value at 15 kOe. M, of the alloys with x = 0, 0.25, 0.50, 0.75 and 1.00 are
5.99us, 5.92u8, 572, 5.53up and 5.42up, respectively. Since the total number of vajenc,
electrons (Z;) is 30 for all the alloy compositions in this series, these alloys are expecteq to
possess a total magnetic moment (M;) of 6.00u5 as per the S-P rule (Eq. 1.5). Predicteq M wan
be compared with the M; determined for various alloy compositions from VSM studies. The
alloy with x = 0 follows the S-P rule with M; = 5.99u However, as Si content ig increased,
M, deviates from the value of 6.0up predicted by the S-P rule as illustrated by Table 3.2. S-P
rule prediction is based on the nominal composition of the alloy. Tables 3.1 and 3.2 show that
even if one takes the actual (measured using EDS) composition into consideration, the

observed deviation in the measured M; of the alloys with x > 0 from the predicted M, values
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cannot be accounted for. 4b initio studies presented in section 2.5 will attempt to reconcile

this difference between the theoretical and experimental results.

Figure 3.2: (a) Variation of room temperature initial magnetization (M) with applied

magnetic field (&) and (b) M-H loops of Co,FeGe,..Six alloys.

Keg values for the alloys were calculated from the M-H data depicted in Figure 3.2(a)
using the law of approach to saturation (Eq. 2.23 and Eq. 2.24) and summarized in Table 3.2.
Koy increases from 7.12 x 10° Jm™ to 11.17 x 10° Jm™ as x is increased from 0 to 1.00. Thus,
K. varies by nearly half and order as x is varied from 0 to 1.00 in Co,FeGe,.,Si, alloys.

Figure 3.3 shows the thermo-magnetization curves for the alloys at an applied
magnetic field of 100 Oe. High T¢ is obtained for all the compositions as expected for these
alloys. Tc obtained for the alloys with x = 0 and 1 are 980 K and 1015 K, respectively, in
close agreement with earlier reports [SWUR06a, RYUM12a]. T¢ increases with increasing x
(980 K, 987 K, 999 K, 1008 K and 1015 K for x =0, 0.25, 0.5, 0.75 and 1.00, respectively)

indicting improved ferromagnetic ordering with increasing Si content.
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Figure 3.3: Thermo-magnetization curves of Co,Fe(Ge;.,Si,) alloys recorded at 100 Oe.

5

1y, (emu/mol.Oe)”
8

x=025

> o x=050

* x=0.75

20¢F, o x=1.00
1150 1175 1200 1225

(K

Figure 3.4 Inverse magnetic susceptibility (¥') as a function of temperature (7) of

Co,Fe(Ge,.»Siy) alloys for 7> T¢.

Figure 3.4 shows the Curie-Weiss plots depicting the variation of magnetic

susceptibility (x"') for T > T¢. Saturation magnetic moment ps of the alloys was estimated

TH-1483 09612126

67




Chapter 3: Investigations on CosFe(Ge\.,Siy) and CosrFe(Ga,.Siy) alloys

from these plots, which was used to determine the Rhodes-Wohlfarth ratio (p./ps) of the
alloys displayed in Table 3.2 by the procedure outlined in section 2.3.1. It can be see‘n from
the table that p./ps < 1 for all the alloy compositions, indicating all the alloys to be half-
metallic. Since Rhodes-Wohlfarth ratio is determined from experimentally determined
parameters, it is also considered as an experimental method for identifying ferromagnetic
half-metals. Therefore, Co>Fe(Ge;.,Si,) alloys with 0 < x < 1 can be presumed to possess
half-metallic character. So, one would expect Co,Fe(Ge,.,Siy) alloys to have a total magnetic
moment (or M;) of 6ug, predicted by the S-P rule. In order to explain this deviation in M of
some of the alloys with respect to the S-P rule and to verify the half-metallic character of
Co,Fe(Ge).,Siy) indicated for all the alloys by the Rhodes-Wohlfarth ratio, we take recourse

to the DFT based ab initio calculations.

Table 3.2: Experimentally determined saturation magnetic moment (M), M calculated using
nominal composition (Myem) and EDS measured composition (Mgps), effective anisotropy
constant (K.gr), effective moment per magnetic atom (p.) and p./ps for CosFe(Ge..Siy) alloys.
Total magnetic moment (My,) obtained for L2, (using GGA and GGA+U) and DO;

disordered structures from ab initio calculations are given for comparison.

x M;  Myom/ Meps Ketr Pe P/Ps Mwngen — Muncaaru) M,
(1B) (1B) (x10°Jm?)  (np) L2)ps  @C2)us  (DO3) us

0 599 6.00/5.99 712 527 0.88 5.60 6.00 5.99

0.25 592 6.00/5.96 8.92 501 0.78 5.59 6.00 5.50

0.50 5.72 6.00/6.00 9.87 4.8 0.78 5.54 6.00 5.50

0.75 5.53 6.00/6.01 9.98 _ 480 0.83 5.50 6.00 5.50

1.00 542 6.00/5.96 1117 474 0.86 5.49 6.00 5.35

It is worthy to point out here that M of Co,FeSi (i.e., x = 1) alloy reported in the

literature are also lower that the value of 6.0pg predicted‘ by the S-P rule (e.g., 5.91ug
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[VNIC77a], 5.18ug [KHI83a], 5.73ug [TMNAO7a] and 5.87pug [RYUMI12a]). This disparity
in the experimental results can be attributed to atomic disorders and deviations in
composition from stoichiometry in the reported Co,FeSi alloy. Chemical composition of our
samples has been verified by EDS to be within 1% of the nominal composition. Apart from
this, the presence of (111) and (200) super-lattice peaks in its XRD pattern establishes an
ordered L2, structure of our Co,FeSi alloy. These eliminate the commonly observed B2 and
A2 tybe atomic disorders in this alloy and deviation from stoichiometry as possible reasons
for the lower M. Theoret'ically, it has been shown that small amount of B2 disorder does not
affect the M as well as half-metallicity of the alloy [RMOHA15a]. However, presence of
DOj; disorder, which can arise due to intermixing of X (Co) and Y (Fe) atoms, can reduce
the moment due to different environment experienced by the magnetic atoms Co and Fe
[ZGERO7a]. Thus, DOs disorder is a possible source for the observed M. Experimentally, it
is very difficult to estimate the exact amount of DO; disorder from XRD studies due to

nearly equal scattering factors of Co and Fe [BBALO07a]. Hence, DO; disorder is considered

in our DFT calculations.

3.2.3. Ab initio calculations

As discussed in the previous chapter, ab initio calculations were performed using GGA
within the Vienna Ab initio Simulation Package (VASP). A 16 atom conventiona] cell
composed of 8 Co atoms, 4 Fe atoms and 4 Si/Ge atoms was used to represent Co,Fe(Ge,.
.Siy) alloys. The Ge and Si admixture was modeled by replacing each Ge by a Sj atom.
Lattice constant value obtained from X-ray diffraction studies was used throughout the
calculations. 12.5% DOj; disorder was incorporated by swapping one Co atom with one Fe

atom. This is the minimum possible amount of disorder that can be incorporated, given the
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size of the unit cell used. In what follows, all calculations are done with such DO; disordered
unit cell configurations.

Total magnetic moment obtained from calculations using GGA is given in Table 3.2.
We can see that these values are less than those predicted by S-P rule as well as those
determined from experiments. This shows that the electron-electron correlations in these
alloys are inadequately described by GGA. Hence, we used the GGA+U approximation as
implemented by Dudarev et. al [SLDU98a]. In this implementation, the strong electron-
electron correlation is modeled by an effective parameter Uer= U —J, where U stands for
the onsite Coulomb interaction and J is Hund's rule coupling parameter. The choice of Uesr
is crucial to address the physics of these systems properly. We have studied the variation in
the magnetic moments as a function of Uesr before arriving at a single U for use in all
calculations. We found that variation in Ueg had no significant effect on magnetization for
any of the alloy compositions when L2; order was considered. However, upon introduction
of DOj3 disorder, the effect on the magnetic moment was significant. This is due to changes
in environments associated with magnetic atoms at both tetrahedral and octahedral sites. It is
expected that U will change with variation in the composition of the alloys and U for the
same atom would be different when the atoms would occupy sites with different symmetry.
Since computation of U for each atom at different sites and different x would be very
demanding and the choice of a single Uesr enables us to understand the role of other factors
in analyzing the trends in properties, we chose a fixed U (= 3 V) after several trials.

We first compare the calculated magnetic moments tabulated in Table 3.2 with the
experimental M, of the corresponding alloy compositions. The total magnetic moment
calculated using GGA+U for L2, structure is 6pp for all alloys which is in accordance with

S-P rule and consistent with other theoretical results [ZGER07a, LGUA10a]. Upon
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introduction of DO; disorder, the magnetic moment decreases for all alloys except for x = 0,
as observed in the magnetization measurements. Thus, the DFT calculations yield results
which have excellent qualitative agreement with the measured M values. However unlike
M; values, the calculated moments remain constant for x = 0.25, 0.5, 0.75. There can be
more than one reason for this, such as a variation in the percentage of DOj; disorder, a

combination of disorders, or choice of a constant Us.

Table 3.3: Calculated magnetic moments of Co,Fe(Ge;.,Si;) alloys with DO; disorder. The

corresponding magnetic moments of alloys with L2, structure are given in parentheses.

x Ge Si Fe@TS Fe Co@OS Co Total
(ue)  (MB) (1s) (us) (uB) (ms) (1B) (1)
0 -0.052 -—- 2.558 3.155 2.200 1.149 6.00
(-0.047) - (0.0)  (3.196) (0.0) (1.491) (6.00)

0.25 -0.090 -0.041 2.310 3.096 1.936 1.356 5.50
(-0.047) (-0.012)  (0.0)  (3.201) (0.0) (1.491) (6.00)

0.50 -0.088 -0.041 2.286 3.094 1.947 1.356 5.50
(-0.045) (-0.011) (0.0 (3.202) (0.0) (1.488) (6.00)

0.75 -0.089 -0.041 2.250 3.101 1.942 1.360 5.50
(-0.043) (-0.010)  (0.0)  (3.204) (0.0) (1.486) (6.00)

1.0 - -0.041 2.174 3.092 1.910 1.350 5.35
—  (-0.010) (0.0)  (3.208) (0.0) (1.487) (6.00)

Upon achieving a qualitative understanding of the variation of M; with x through the
introduction of DO3 disorder in the system, we now proceed to analyze the results further.
To this end, we first look at the partial magnetic moments in L2, and DOjs structures given
in Table 3.3. For the L2, structuré, the constant magnetic moment across the compositions is
the outcome of the uniform Fe moments of ~3.2pp and uniform Co moment of ~1.48uB.
Introduction of DO; disorder breaks such uniformity. While the Co atom at its original

tetrahedral site (TS) and the Fe at its original octahedral site (OS) in L2, structures lose their
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moments only slightly when subjected to DO; disorder, Fe at the TS loses substantially
while Co at the OS gains significantly. The overall result is a reduction in the net moment as
x increases. For the alloy with x = 0, various gains and loses cancel each other maintaining
the total moment at 6ug. With an increase in x, the Fe moment loss at TS increases
substantially, bringing in a reduction of net magnetic moment.

In order to understand the origin of such variations in the partial magnetic moments
and to connect it to the half-metallicity observed, we now inspect the electronic structure of
Co,Fe(Ge,.,Si,) alloys. In Figure 3.5 and Figure 3.6, we present the total and atom projected
densities of states of L2, and DO structures, respectively. In order to understand the trends,
we have shown the results for x = 0, 0.5 (0.75) and 1.0 of L2; (DO3) structures. As expected,
for L2, structure, DOS of each alloy composition exhibit a half-metallic gap. The bottom of
the conduction band is due to the Fe ty, states and the top of the valence band is due to Co
t2; states for all compositions. This is in contrast to the picture that half-metallic gap in
Co.YZ full Heusler alloy originates from non-bonding Co e, and t;, states near the Fermi
level as exemplified by the electronic structure of Co,MnSi/Ge [SKHO09a, SWURO5a]. For
all compositions, the majority band is completely full, while minority band is partially filled.
For these alloys, there are 18 completely occupied majority states and 12 occupied minority
states giving rise to a moment of 6pugs. Among the 12 electrons in minority bands, 4 are
accommodated in unfilled p orbitals of Si/Ge and rest 8 in Co/Fe d orbitals. As there are
altogether 15 d states due to 3 magnetic atoms, 7 d states are empty in the minority band.
This can be made out from the significant densities of states in the unoccupied parts of the
minority bands. This interpretation is consistent with the generalized picture of band filling

in full Heusler half-metals [IGALO02a].
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Figure 3.5: Total density of states (DOS) and atom projected density of states (PDOS) for
L2, structure of Co-Fe(Gei..Six) alloys with (a) x = 0.0, (b)x = 0.5 and (¢c) x = 1.0.

We now try to understand the effect of atomic substitution at the non-magnetic sub-

lattice. With increase in Ge concentration, we see that the minority spin bands of both Fe
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Figure 3.6: Total density of states (DOS) and atom projected density of states (PDOS) for
DO; disordered Co.Fe(GeiSiy) alloys with (a) x = 0.0, (b) x = 0.75 and (c) x = 1.0. (OS

and TS denotes octahedral sites and tetrahedral sites, respectively)

and Co start moving towards Er. We see that the p peaks of Ge atoms start appearing at

lower energies. Since Ge 4p orbitals are bigger in size, they easily hybridize with Co atoms,
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thus filling the states up to higher energies. The effect can be seen in the broadening of the
Co e, states near Er as Ge content increases. That the introduction of Ge enhances p-d
hybridization of Co and Ge is indicated in the variation in the number of electrons gained or
lost by these two atoms with variation in the compositions (c.f. Table 3.4). As Ge
concentration increases, the charge lost by Fe is almost equally shared by Co and Ge. Thus.
substitution certainly has a non-negligible effect on the electronic structure of this alloy,
though this does not affect the overall half-metallicity and the S-P rule prediction of total
magnetic moment.

Introduction of DO3 disorder has a rather dramatic effect on the electronic structure
and half-metallicity. This is maximally demonstrated in the DOS of CosFeSi (Figure 3.6(c)).
Hence, we see a loss of half-metallic character altogether for this alloy. The top of the
valence band due to e, states of Co at OS now crosses Er. This feature can be understood in
the following way: Upon replacing one Fe with a Co at OS, the average number of electrons
at OS increases and so E falls into the peak of the DOS of Co at OS, which carries this extra
electron. With replacement of Si by Ge, half-metallicity is restored.

The re-emergence of gap is primarily due to the electronic states of Co at OS, The ey
states of Co at OS are now pushed inside the valence band. Thus, the top of the valence band
is now due to the ty; states of Fe at TS (Figure 3.6(b)). When the Ge content g 100%., the
minority states are pushed towards lower energies pushing Ef to the bottom of the condyction
band, thus providing greater stability to the system from the point of view of spintronic
applications. That the presence of Ge stabilizes the half-metallic states can be further
understood in the following way: Re-emergence of half-metallicity with replacement of Si by
Ge is due to the emergence of significant vacant e states of Co at OS and their positioning at

relatively higher energies. According to crystal field theory, in an octahedral environment. e,
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states are easily destabilized as they point directly towards surrounding ions. A look at the
DOS at OS and recalling the number of t;; and e electrons in minority bands (not shown
here) tells us that with Ge substitution, the e states of Co at OS decreases substantially and
remain more or less constant as long as Si is present in the system. When Si is completely
substituted with Ge, the Co e, levels associated with OS deplete rapidly and tyg levels get
populated. So, the addition of Ge stabilizes the ty; orbitals by populating them at the expense
of e, electrons. This must be happening due to the stronger crystal field of Ge in comparison

to that of Si.

Table 3.4: Number of electrons in units of charge, lost (-) or gained (+) by an atom in the
alloy with respect to the free atom for various Co,Fe(Ge;..Six) alloys with DO; disorder. The
corresponding charge lost (-) or gained (+) by an atom in the alloy with respect to the free

atom in L2, structure is given in parentheses.

x Ge Si Fe@TS Fe Co@0S Co

0 0.184 --- -0.164 -0.464 -0.261 0.154
(0.158) - (0.0) (-0.493) (0.0) (0.169)

0.25 0.118  0.054 -0.098 -0.466 -0.168 0.180
(0.163) (0.070) (0.0) (-0.497) (0.0) (0.178)

0.50 0.118  0.031 -0.066 -0.476 -0.209 0.201
(0.162) (0.058) (0.0) (-0.507) (0.0) (0.198)

0.75 0.082  0.035 -0.038 -0.490 -0.202 0.218
(0.156) (0.056) 0.0) (-0.516) 0.0) 0.217)

1.0 - 0.010 0.013 -0.495 -0.124 0.230
- (0.054) (0.0) (-0.523) (0.0) (0.234)

Variations in the site projected magnetic moments and total magnetic moments in the
alloys with DO3 disorder can now be explained in the light of the electronic structures. Here,
we see that the Fe moment at OS remains more or less constant throughout the composition
range and remains close to its value in L2, structure. On the other hand, the magnetic moment

of Fe at TS reduces considerably. Such reduction is due to the redistribution of electronic
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states among majority and minority bands. From the DOS of Fe at TS, one can see that
majority bands are full and the e; minority bands are half-filled, allowing a weaker magnetic
exchange splitting in comparison to the Fe at OS. The numbers quoted in Table 3.4 also show
that this Fe atom almost neither gains nor loses any electron in the alloy environment and
thus its moment is like that of atomic Fe for most of the compositions. However, as Ge
content increases, we start noticing an increase in the charge transfer at this Fe site which
becomes comparable to that of Co at this site when the composition is Si free. Accordingly,
the magnetic moment of this Fe at this composition (i.e., x = 1) is substantially larger than
those at other compositions. This must be happening because of the stronger crystal field of
Ge which enhances p-d hybridization at TS. The densities of states of Fe at OS and Co at TS
are not very different from their counterparts which explain the small differences in their
magnetic moments as compared to the ones in L2, structure. Like the Fe moment at the TS,
the Co moment at the OS too changes substantially in comparison to the Co moment at TS.

The Co moment at the OS increases to nearly 2up due to redistribution of electrons among e,
and tyg states introducing a stronger exchange field. In the Si free sample, where (e e,
minority states are completely vacant at the Co OS, the exchange splitting is the strongest
leading to a Co magnetic moment of 2.2ug. Since the loss of magnetic moment in Fe at TS ig
the maximum, the total moment in the sample with DOj; disorder decreases as §j content is
- creased. For all compositions except x = 1 (i.e., CosFeSi alloy), we have found 4 half-
metallic state from DFT calculations in agreement with the experimental results. This
discrepancy can be attributed to the amount of DO; disorder considered in our calculations.
To verify our presumption, we have computed the electronic structure of the unit cell with

6.25% DO; disorder using a larger cell of 32 atoms. We found that there is a clear evidence

of a half-metallic gap with the total magnetic moment being 5.5pp (Figure 3.7). This
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qualitatively agrees with the experimental observation and previous theoretical calculation
[LGUA10a]. Thus, we are led to believe that half-metallicity can be obtained in all samples

even with DO; disorder.
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Figure 3.7: Total density of states (DOS) and atom projected density of states (PDOS)
calculated for Co,FeSi with 6.25% DOj; disorder using GGA+U.

3.3. Co,Fe(Ga;.,Siy); (0 <x<1) alloys

3.3.1. Crystal structure

Room temperature XRD patterns of Co,FeGa;.xSix are shown in Figure 3.8. They show
similar behavior as in the previous series of alloys discussed above. (111) and (200) peaks
are absent for the alloys with high Ga concentration. As pointed out earlier, this may be a
consequence of similar scattering factors of Co, Fe and Ga. XRD patterns simulated using
CaRIne™ software for the corresponding alloy compositions with L2; structure are also
shown in Figure 3.8. The lattice constant @ obtained from the Rietveld analysis of the alloy

compositions with x = 0, 0.25, 0.50, 0.75 and 1.00 are 5.74 A, 571 A, 568 A, 5.66 A and
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5.63 A, respectively. The unit cell volume deduced from the lattice constant of each alloy
composition is tabulated in Table 3.5. A continuous contraction of lattice and hence the unit
cell volume occurs with an increase in x because the atomic radius of Si (= 1.46 A) is

smaller than that of Ga (= 1.81 A).
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x=1.00 j — Simulated — Experimental N
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o
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206 (degree)

Figure 3.8: Room temperature XRD patterns of Co,Fe(Ga;.,Si,) (0 <x < 1) alloys. Simulated

XRD patterns for the alloys with L2, structure are also shown for comparison.

3.3.2. Magnetic properties
Saturation magnetization (M) obtained from room temperature initial magnetization (M-H)
curves shown in Figure 3.9(a) for the alloys with x = 0, 0.25, 0.50, 0.75 and 1.00 are 5.05ps,

5.23pg, 5.49pg, 5.44ps and 5.42pp, respectively. Comparison with data in Table 3.6 shows
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that the alloys with x = 0, 0.25 and 0.50 follow the S-P rule. However, M; of the alloys with x
= (.75 and x = 1.00 are lower than the value predicted by the S-P rule. Figure 3.9 (b) depicts

the full M-H loops of the alloys recorded at 300 K.

Table 3.5: Nominal composition, measured composition, lattice parameter, unit-cell volume

and Bragg factor Rg of Rietveld refinement of Co,FeGa;.,Si, (0 <x < 1) alloys.

Alloy ID Nominal Measured a Unit-cell volume Ry
Composition Composition A) (A%

x=0 Co,FeGa Co,.01Fep99Ga 5.74 189.12 8.1

x=0.25 Co,FeGag 7581025 CosFeGag 75Sip.2s 571 186.17 7.6

x=0.50 CosFeGag 5pSip 50 CosFeGag 51Sig a9 5.68 183.25 6.3

x=0.75 CosFeGagasSigrs CojgsFeGagasSipgrs  5.66 181.32 7.2

x=1.00 Co,FeSi CozFep9951) 01 5.63 178.45 8.8

{(b) 7=300K

=
s ; x=1.00
= S —+»—x=0.75
=2} o + x=0.75 fwf;:oso
I GHT-' x=0.50 o :1-= 0.25
1 - C'J:?:‘ e X = 0.25 —o—Xx= 0-
ol : o2 EOP 15 10 5 0 5 o s
0 5 H(kOe) 10 15 i L K H (kOe)

Figure 3.9: (a) Variation of room temperature initial magnetization (M) with applied

magnetic field (H) and (b) M-H loops of Co,FeGa,.«Siyx alloys.

Ab initio studies would be performed to understand why the A of alloys with x > 0.5

does not follow the S-P despite the high L2, order exhibited by all the alloys. K. value for

TH-1483_09612126

80



Chapter 3: Investigations on Co,Fe(Ge,..Si,) and CoFe(Ga,.,Siy) alloys

the alloys was calculated from the M-H data depicted in Figure 3.9(a) and summarized in

Table 3.6. Ky increases from 6.54 x 10° Jm™ to 11.17 x 10° Jm™ as x is increased from 0 to

1.00. In this series t00, an increase in Ky is observed as x is increased from O to 1.0 which

shows that the magnetic anisotropy increases with Si substitution in this Heusler compound.
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Figure 3.10: Thermo-magnetization curves of Co,Fe(Ga;.,Si,) alloys recorded at 100 Oe,

Figure 3.10 shows temperature dependent magnetization measurements made at an
applied field of 100 Oe. All the alloy compositions show high Curie temperature (Tc) as
expected for these alloys. T¢ obtained for the alloys was 1089 K, 1075 K, 1059 K, 1019 K
and 1015 K forx =0, 0.25, 0.5, 0.75 and 1.00, respectively. The observed decrease in Tc with
Si substitution for Ga in Co;FeGa compound shows that ferromagnetic ordering decreases

with Si substitution. However, high 7 obtained for all the samples shows that al] the alloys

are strongly ferromagnetic.

A plot of inverse magnetic susceptibility (x™') versus temperature for 7> 7 for all the

alloys are presented in Figure 3.11. Rhodes-Wohlfarth (R-W) ratio (pe/ps) calculated for the
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alloys are less than unity as depicted in Table 3.6 which indicate that all Co,Fe(Ga;..Siy) alloy
compositions are half-metallic. DOS near Er would be examined in order to ascertain the

half-metallic nature of these alloys.

Table 3.6: Saturation magnetic moment (M), M, calculated using nominal composition
(Mnom) and EDS measured composition (Mgps), effective anisotropy constant (Kes) and
effective moment per magnetic atom (p.) and p./ps of Co.Fe(Ga;.,Si,) alloys. Total magnetic
moment (My;,) obtained for L2; structure from ab initio calculations (using GGA and
GGA+U) are also mentioned.

X M Mnom/! Mgps Kesr Pe  DPIDs M M,
(1) (1B) (x10° Jm™)  (up) (GGA)us  (GGA+U) pg
0 5.05 5.00/5.01 6.54 3.69 0.73 5.02 5.32
0.25 5.23 5.25./5.25 7.92 4.07 0.78 5.24 5.29
0.50 5.49 5.50/5.49 9.63 430 0.78 5.41 5.50
0.75 5.44 5.75/5.64 10.06 453 0.83 5.50 5.75
1.00 542 6.00/5.96 11.17 474 0.86 5.49 6.00
50

5

8

1y (emu/nrol.Qe)”

115 1173 1200 1225
TK

Figure 3.11: Inverse magnetic susceptibility (y') as a function of temperature (7) of

Co,Fe(Ga,.,Si,) alloys for 7> T¢.
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3.3.3. Ab initio calculations

Ab initio calculations using both GGA and GGA+U as discussed in the previous section,
would also be carried out for the Co,Fe(Ga;.Si;) alloys to investigate their half-metallic
behavior and deviation of magnetic moments from S-P rule. Since ab initio studies presented
in section 3.2.3 show that DO; disorder in Co,FeSi can induce the observed deviation of M;
from the value predicted by S-P rule, the effect of DO; disorder on the magnetic moment and

half-metallic character of CoFe(Ga;.,Siy) alloys has also been investigated.

i —7- S-P rule (A)
___::f J Experimental (4])

= 6.01 o calcutated using GoA M,) P
aEJ @ Calculated using GGA+U (M,)

o [ = 2

S 55 o

Q0.0 t .

= z - RR
: y
I

= 5.0} o

°©

—

000 025 050 0.75 1.00
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Figure 3.12: M., M, and M, obtained for Co,FeGa;.,Si, alloys as a function of x from

experiment, S-P rule, ab initio calculations using GGA and GGA+U.

Total magnetic moment obtained from ab initio calculation with GGA and GGA+U
along with the reported experimental results are shown in Figure 3.12 and Table 3.6. The
values predicted by S-P rule are also shown in the figure. It can be seen from the figure that
the total moment calculated using GGA agrees well with both experiment and S-P rule values
for alloy compositions with x < 0.5 whereas, and the moments of these alloys get

overestimated with the inclusion of U. However for alloys with x > 0.5, the moment obtained
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using GGA is lower than the one predicted by the S-P rule which get corrected by the
inclusion of on-site Coulomb exchange parameter. Therefore. unlike the previous series of
alloys. the electron-electron correlation changes drastically with increase in x in Co2Fe(Gay.
.Siy) alloys. Effect of U on magnetic moment as well as half-metallic properties with increase
in x has been studied in detail for this series of alloys.

In Figures 3.13 and 3.14. we have depicted the total and atom resolved density of
states (DOS) obtained using GGA (black curves) and GGA+U (red curves) for CosFeZ
compound with Z = Ga and Si, respectively. It is evident that for Z = Ga. the Fermi level
touches the top of the valence band for Co ty state. but still retains a high degree of spin
polarization as indicated by the total DOS calculated using GGA. PCAR studies performed
on this alloy revealed an intrinsic spin polarization of 59%. which shows its half-metallic
character [MZHAO4a]. In the case of CoFeSi with 30 valance electrons, the extra electrons
occupy majority states. This leads to a larger exchange splitting between occupied majority
and unoccupied minority states resulting in larger gap width for the compound with Z = Si as
compared to Z = Ga. However. half-metallicity is destroyed in Co-FeSi mainly because of Co
and Fe ¢, states. The occupied majority Fe states lies very deep in energy which in turn shifts
the unoccupied Fe states to lower energies and making it to cross the Fermi level. Hence. the
deviation in the calculated value from the S-P rule for this alloy can be correlated with the
loss of half-metallic character as the gap lies below Er. Wurmehl et al. [SWURO5a] have
suggested that if we take into account onsite correlation between the d electrons. this
discrepancy can be resolved. Accordingly, the total magnetic moment was found out to be
6.0pp (Figure 3.12)using GGA+U approximation and the presence of a half-metallic gap
could be clearly seen in the calculated DOS (Figure 3.14). So, it appears that this integer

value of the moment is related to the minority gap. Since the number of filled minority states
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Figure 3.13: Total DOS and atom PDOS calculated using GGA (black curves) and GGA+U

(red curves) for Co,FeGa with L2; structure.
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Figure 3.14: Total DOS and atom PDOS calculated using GGA (black curves) and GGA+U

(red curves) for Co,FeSi with L2, structure.
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is an integer. it also ensures the magnetic moment to be an integer. With the introduction of
U. both Co and Fe moments increase, thereby increasing the total moment as illustrated in
Table 3.7. Co moment interacts more strongly than Fe moment as indicated by the larger
increase in Co moment (0.166pp) as compared to 0.016pp increase in Fe moment. From the
DOS shown in Figure 3.14, it is evident that the majority states arising from ty, states around
-4 eV get shifted to -6 eV below Fermi level on introduction of U. The unoccupied minority
¢, states exhibit a larger shift of 1.5 eV above Fermi level as compared to ta states (0.5 eV
above Fermi level). Similarly, the occupied states of the minority DOS move towards the
Fermi level. As a consequence, the minority gap becomes considerably larger with Fermi
energy lying inside the gap. On the other hand. when GGA+U approximation was used for
CorFeGa with same ULy value. the total moment was found to be 5.35ug accompanied by the
destruction of the half-metallic gap as depicted by the DOS (Figure 3.13). The occupied
states of the minority DOS arising from the Co atom crosses E, shifting the gap above the Er

and forcing the alloy to lose its half-metallic character.

Table 3.7 Calculated magnetic moments of Co,Fe(Ga,.Si,) alloys with 1.2, structure using

GGA (corresponding magnetic moments obtained using GGA+U are given in parentheses).

X Ga Si Fe Co Total
(1B) (1B) (1B) (1B) (1B) (HB)
0 -0.072 -— 2.781 1.179 5.02
(-0.156) -  (3.079) (1312 (5.32

0.25 -0.061 -0.010 2.818 1.251 5.24
(-0.152) (-0.060) (3.085)  (1.281) (5.29)

0.50 -0.049 -0.010 2.834 1.306 5.41
(-0.136  (-0.045) (3.118) (1.341) (5.50)

0.75 -0.041 -0.007 2.834 1.341 5.50
(-0.116) (-0.028) (3.162)  (1.416) (5.75)

1.0 - -0.010 2.797 1.345 5.49
- (0.010) (3208) (1487 (6.00)
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Figure 3.15: Total density of states (DOS) calculated for L2, structured Co,FeGa;.,Si, alloys

using GGA (black curves) and GGA+U (red curves) for x =0, 0.50 and 1.00.

Figure 3.15 shows the total DOS of Co,FeGai.xSix (x = 0, 0.50, 1.00) calculated using
GGA (black curves) and GGA+U (red curves), respectively. Substitution of Si for Ga
provides extra electrons which push the majority states to lower energies accompanied by
similar movement in minority states as well. For the alloys with high Si concentration, e
unoccupied states just above Er cannot absorb the extra charge and the system prefers to
absorb electron in minority states as well and therefore ends up losing half-metallicity.
Similar to the trend observed for the magnetic moments, inclusion of U restores the gap at Er
making the alloys with x = 0.50, 0.75 and 1.00 half-metallic. This shows that due to the lesser
number of electrons in alloys with high Ga concentration (i.e., x = 0 and 0.25), the electron

correlation is insignificantly lower and does not contribute much to the total magnetic

moment. However, for the rest of the alloys (i.e., x 2 0.5), an increase in the total number of
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electrons tends to increase the correlation between them. This forces the use of U factor to

correctly describe the magnetic properties of these alloys.

7 6 5 4 3 2 4 0 1 2 3
Energy (eV)

Figure 3.16: Total DOS and atom PDOS of Co;Fe(Gap2sSioss) alloy with 12.5% DO;s

disorder (OS and TS denotes octahedral and tetrahedral sites, respectively) using GGA+U.

Experimentally deduced M, of alloy with x = 0.50 agrees well with the value
calculated using GGA+U. But M; of x = 0.75 and x = 1.00 alloys deviate from the theoretical
results and the prediction of S-P rule. The deviation of M for x = 1 alloy is attributed to small
amount of DO; disorder as already discussed in section 3.2.3. However, the scenario is quite
different for the alloy with x = 0.75 (¢f. Figure 3.16). In this case, both occupied Co minority
and majority states are pushed to a lower energy as compared to x = 1.0 alloy. The
unoccupied Co minority states are shifted towards Ep. If we compare with the L2, structure,
Fe at TS introduces ty, electronic states in the valance band near Er. Because of this, the
width of the gap decreases without affecting half-metallicity. But, the total magnetic moment

remains unchanged from that one expected for a perfect L2; structure (i.e., 5.75ug) which is
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higher than the experimentally obtained value. There can be more than one reason for this.
There can be a combination of disorders or it could be due to our choice of a constant U, for
atoms at both OS and TS. To see the effect of DO; disorder with composition (x), 12.5% DO;
disorder was introduced in all the alloys. Figure 3.17 shows the total DOS of Co-FeGa,.,Si,
with DOs disorder using GGA+U. As can be seen from the figure, the gap in the minority
states for x = 0, 0.25 and 0.50 is destroyed in all cases with total magnetic moment of the
alloys turning out be 5.66pup, 5.69up and 5.56pup, respectively. These magnetic moment
values are different from the experimentally obtained values. Moreover, R-W ratio of these
alloys has indicated that these compositions are half-metallic. Taking all these into

consideration, it can be concluded that the alloys with x < 0.50 are free from DOj; disorder.

DOS (states/eV)
o
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Figure 3.17: Total DOS for Co,FeGa;.,Si, alloys with 12.5% DO; disorder using GGA+U.
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3.4 Summary
In this chapter, structural, magnetic and half-metallic properties of bulk Co.Fe(Ge,.,Si,) and
Co-Fe(Ga;.,Si,) alloys have been investigated. Extensive DFT based ab initio calculations
have been performed on both alloy systems to evaluate effect of composition, degree of
structural order and electron-electron correlations on the total magnetic moment as well as
half-metallic character of the alloys. Salient features of these studies are as follows:

|. Co,FeSi alloy crystallize in L2 structure but super-lattice peaks are absent in the

XRD patterns of the quaternary alloys with high Ge and Ga concentrations.

2

All alloys shows ferromagnetic behavior with very high 7¢ and high M.. In the

paramagnetic state, temperature dependence of inverse magnetic susceptibility

follows the Curie-Weiss law.

3. R-W ratio for CosFeZ,,Si, (Z = Ge, Ga) alloys reported for the first time, indicates

half-metallic character in all the compositions.

4. Ab initio calculations reveal the influence of atomic ordering on the properties of the

alloys.

5 As Si concentration increases, M; of the alloys deviate from values predicted by S-P
rule. This deviation from the S-P rule can be attributed to the presence of DOs
disorder in the alloys as revealed by ab initio studies.

6. Half-metallicity can be retained in Co,FeGe,_,Si, alloys despite the DO; disorder and
that presence of Ge has a strong stabilization effect in these alloys.

7. CosFe(Ga.,Siy) alloys with high Ga concentration can be described well with only
GGA. However. with increase in x, on-site Coulomb interactions increase
significantly, demanding the need for GGA+U to correctly describe the total

magnetic moment and electronic structure of these alloys.
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Chapter 4: Investigations on RuyFeSi;.Ge, and (Ru,.Coy)-FeSi alloys

A survey of the literature shows that full Heusler alloys based on 4d or 5d transition metals
have not received as much attention as the alloys containing 3d transition metals. Among
these, Ru;YZ alloys are especially interesting because of the diverse magnetic behavior
exhibited by them. For example, Ru;VGe is paramagnetic [SMIZ10a], Ru,FeZ (Z = Ge, Sn)
[SMIZ09a, VSPA83a] are ferromagnetic, whereas Ru;MnZ (Z = Si, Ge, Sn, Sb). [SMIZ10a,
TKANO6a], RuyFeSi [SNMI85a, ASZY89a] and Ru,CrGe [HOKAO8a] exhibit
antiferromagnetic nature. Among the quaternary alloys investigated so far, Ru,.,Fe,CrGe
[YKUSO07a], RuyFe,CrSi  [KMATO0S5a, MHIR07a], Ru,Mn;-,Fe,Ge [SMIZ09a] and
Ru;Mn;—VxGe [SMIZ10a] show ferromagnetic behavior in the composition range of 0.25 < x
<1.5,03=x=<18,x=0.5 and 0.3 <x < 0.8, respectively. Ru,,Fe,CrSi alloys with x < 0.2

show antiferromagnetic transition with a spin wave like behavior and Ru;MnggVy,Ge

exhibits antiferromagnetic nature.

As discussed in the first chapter, discovery of half-metallicity and the realization of

high spin polarization in Co;MnSi and other ful] Heusler alloys has induced interest in the
development of spin valve based GMR devices using Heusler alloy based electrode layers.
However, such spin valves invariably use an Ir-Mn antiferromagnetic layer to pin one of the
ferromagnetic layers [KNIK09a, TNNA12a). Rg:latively few antiferromagnetic Heusler alloys
are known to have sufficiently high Néel temperature (TW). In the Ru;MnZ (Z = Sn, Sb, Ge,
Si) the Mn moments couple ferromagnetically within the (111) layers and
antiferromagnetically with the adjacent (111) layers forming a so-called 2™ kind of
antiferromagnetic structure. Ty of Ru,MnSi and Ru;MnGe compounds are slightly above
room temperature (313 K [TKANO6a] and 316 K [TKANO6a], respectively). Ru;MnSn has

*

somewhat lower ordering temperature (T =296 K) [TKANO6a], which is just above room
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temperature. Similarly, RuyFeSi is also antiferromagnetic near room temperature with 7y of
280 K [SNMI85a].

Therefore, it is possible to obtain alloy compositions exhibiting ferromagnetic or
antiferromagnetic properties in RuyY(Z;..Z';) and (Ru;.X';),YZ alloys by properly choosing
the fourth element (X' or Z') and its quantity. This could possibly lead to the realization of an
all Heusler spin valve with superior interfacial properties using alloys from these quaternary
systems. An understanding of the crystallographic and magnetic properties of quaternary
Ru:Y(Z..Z';) and (RuiX'x)2YZ alloys is the first step in this direction. In this chapter,
crystallographic and magnetic properties of quaternary RuyFe(Si,,Ge,) and (Ru,_.Co,),FeSi

alloys with 0 <x <1 are reported.

4.1. Preparation of alloys

Polycrystalline RusFeSi;..Ge, and (Ru;—Co,),FeSi (0 < x < 1) alloy ingots were prepared by
arc melting high purity elements followed by homogenization at 1173 K for 24 h and
quenching in ice + water mixture as described in the second chapter. The overall composition
of the two series of alloys was determined by EDS analysis to be within 1% of the nominal
composition. Table 4.1 and Table 4.3 present the nominal and measured overall COMpositions

of the processed RuyFeSij..Gey and (Ruj—Cox)2FeSi (0 <x < 1) alloy, respectively.

4.2. Ru,FeSii. Ge, (0 <x<1) alloys
4.2.1. Crystal Structure

Room temperature XRD patterns of RuyFe(SiGe,) alloys are shown in Figure 4.1.
Absence of peaks with all odd indices in the XRD patterns indicates a transition of the L2,
structure into B2 structure due to intermixing of Y and Z elements in all the alloys.

However, since Fe and Ge are from the same period with nearly equal scattering factors, the
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(111) peak is absent even in the theoretically generated XRD pattern for alloys with high
Ge. Although simulated XRD pattern for the alloy with x = 0.25 shows the (111) peak, its
intensity is very small. Experimental XRD patterns were refined by Rietveld method using
FullProf 2.00 software. The lattice constant a obtained from the Rietveld analysis of the
cubic samples with x = 0, 0.25, 0.50, 0.75 and 1.00 are 5.88 A, 5.90 A, 5.93 A, 5.94 A and
5.97A, respectively. Lattice constant increases with an increase in x because the atomic

radius of Si (= 1.46 A) is smaller than that of Ge (= 1.52 A).
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Figure 4.1: Room temperature XRD patterns of Ru,Fe(Si;.Ge,) (0 < x < 1) alloys. Simulated

XRD patterns for the alloys with L2; structure are also shown for comparison.

Table 4.1: Nominal composition, measured composition, lattice parameter, unit-cell volume,

Bragg factor Rp of Rietveld refinement, of Ru,FeSi;_.Ge, (0 <x < 1) alloys.

Alloy ID Nominal Measured a Unit-cell volume Ry
Composition Composition (A) (A%

x=0 Ru,FeSi Ru, ooFeSi; 5.88 203.30 7.0

x=0.25 Ru,FeSip 75Geg 25 Ru,FeSij 75Gep 2s 5.90 205.38 8.1

x=0.50 Ru,FeSip 50Geg 5o Ru, ggFeSij 5:Gep 50 503 208.53 9.2

x=0.75 Ru,FeSij 15Geg 75 Ru, goFeSig5Gegrs  5.94 209.58 6.9

x=1.00 Ru,FeGe Ru o7Feg 95Gey 05 5.97 212.78 9.1
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4.2.2. Magnetic properties
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Figure 4.2: Thermo-magnetization curves of Ru;Fe(Si;.Ge;) alloys recorded under 1.5 kQe.

Figure 4.2 shows the thermo-magnetization (M-T) curves for RuFe(Si;..Ge,) alloys
recorded under an applied field of 1.5 kOe. The alloy with x = 0 (RuzFeSi) shows
antiferromagnetic behavior with a peak at 270 K which can be identified as its T. Thig value
is in close agreement with the value of 280 K in the literature [SNMI85a]. Ag Ge
concentration is increased from x = 0.25 to x = 1.00, magnetization value starts increasing
due to development of ferromagnetic interactions. Ab initio studies presented in section 4 7 3
will attempt to describe the appearance of ferromagnetism with Ge substitution in these
alloys. The strength of ferromagnnetic interaction increases with increase in x as depicted by
the increase in T¢ from 354 K to 460 K as x is increased from 0.25 to 1.00 mol%. This is a
consequence of the requirement of more thermal energy to nullify the magnetic interaction in
the alloys with higher x. Thus, the ferromagnetic state becomes dominant as x is increased in
this series of alloys. Variations of Ty and ¢ with x are depicted in Figure 4.3. It can also be

seen that T¢ varies linearly with x from x = 0.25 to x = 1.00.
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Figure 4.3: Variation of Ty and T¢ as a function of Ge (x) content in the quaternary alloys.

Paramagnetic Curie temperature, 8, was estimated from the inverse susceptibility (x™") versus
temperature (7) plots (Figure 4.4) as explained in the previous chapters. 6, for RusFeSi is
negative (-32.8 K)., which depicts its antiferromagnetic nature. With increased substitution of
Ge, 0, becomes increasingly positive, which indicates the onset and stabilization of
ferromagnetism in the samples with increasing x. Rhodes-Wohlfarth (R-W) ratio (p./ps) was
estimated from Figure 4.4 using the procedure as described in section 2.3.1. The calculated
R-W ratio for all the alloys have value greater than unity as shown in Table 4.2 which

indicates that all the alloys lack half-metallicity.
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Figure 4.4 Inverse susceptibility (™) versus temperature (7) plots for Ru;Fe(Si,.,Ge,) alloys.
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Chapte}' 4: Investigations on Ru;FeSi,.,Ge, and (Ru;..Co,).FeSi alloys

Table 4.2. Magnetic moment at an applied field of 10 kOe, effective moment per magnetic
atom (p.), R-W ratio p./ps, and M, calculated using nominal composition (Myom) and EDS
measured composition (Mgps) for RusFe(Sii.Ge,) alloys. Total magnetic moment (M) of

the alloys with L2; and B2 structures obtained from ab initio calculations are also shown.

x Mo xoe Pe Po/Ds Myom/ MEps My (L2)) My, (B2)
(1B) (us) (uB) (. (1)

0 0.03 4.4 - 4.00/3.96 3.81 3.60
0.25 0.40 4.8 12 4.00/4.00 - 3.84 3.64
0.50 1.21 4.9 4.04 4.00/3.92 3.89 3.69
0.75 2.04 3.7 1.81 4.00/3.96 3.88 3.71
1.00 2.69 3.7 1.38 4.00/3.80 3.91 3.75

-45 — el I e

L " L i i 1 " L

10

Figure 4.5 Field dependence of magnetization (M-H) of RuyFe(Si;..Ge,) alloys at 300 K.

Inset shows the M-H curve of the alloy with x = 0 below its 7n.

Figure 4.5 shows the field dependence of magnetization (M-H curves) recorded at
room temperature for all the alloys. Since Ty = 270 K for Ru;FeSi, M-H loop recorded at 260
K is shown in the inset to illustrate the weak magnetic response exhibited by this alloy in the
antiferromagnetic state below 7. Antiferromagnets are known [TKANO6a] to exhibit a linear
response to low applied magnetic fields as depicted in the inset of Figure 4.5. With increase

in x, spontaneous magnetization appears in the samples. Magnetization recorded at an applied
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Chapter 4: Investigations on Ru;FeSi..Gey and (Ru;.,Coy):FeSi alloys

field of 10 kQe increases from 0.65 emu/g to 45.43 emu/g as x is increased from 0 to 1.00.
Alloys with x = 0.25 to 1.00 show very narrow hysteresis loops typical of soft magnetic
materials. Measured coercivity (H;) was 19.8, 33.3, 65.8, 69.5 Oe, whereas, remanent
magnetization (M,) was 0.03, 0.18, 0.66, I-.43 emu/g for alloys with x = 0.25, 0.5, 0.75 and

1.00, respectively.

4.2.3. Ab initio calculations

To investigate the change in magnetic interaction with Ge substitution and the effect of B2
disorder on those interactions, ab initio calculations were carried out on RupFe(Sii<Gex)
alloys using GGA. Figure 4.6 shows the variation of the Heisenberg exchange integral (J;;)
representing the magnetic interaction between Fe atoms as a function of interatomic distance
in units of lattice parameter (@) for RuyFe(Si..Ge;) alloys with fully ordered L2, structure.
Magnetic interaction that was ferromagnetic at 0.71a (i.e. a/N2), turned antiferromagnetic at

1.0a and the interactions died out at large (= 2.25a) interatomic distances.

3.0
L Fe-Fe interaction L24
25}
20 'L" . x - 0
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Figure 4.6 Heisenberg exchange integral versus Fe-Fe interatomic distance plots depicting

the magnetic interaction in Ru,Fe(Si;..Ge,) alloys with L2, structure.
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Chapter 4: Investigations on RuFeSi,.,Ge, and (Ru;.,Co,).FeSi alloys

This damped oscillatory behavior exhibited by Jj(a) in Figure 4.6 is similar to
RKKY type of interaction mediated by sp atoms. It can be observed from Figure 4.6 that the
first nearest neighbor (NN) magnetic interactions between these atoms is strongly
ferromagnetic, leading to ferromagnetism in all the alloys including x = 0 alléy. Since this
contradicts O’m' experimental results depicted in Figure 4.2 - 4.5 and the B2 structure shown
by the XRD pattern of this compound, ab initio calculations were carried out on all these

alloy compositons by introducing B2 disorder in the L2, unit cell.

1Fa n o
2+ Fe,-Fe,, interaction
0 Wﬂ—m
— 2t |
>
£ 4r
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Figure 4.7 Heisenberg exchange integral versus Fe-Fe interatomic distance plots depicting

the magnetic interaction in RuyFe(Si,.,Ge,) alloys with B2 disorder.

Figure 4.7 shows both intrasub-lattice and intersub-lattice interaction between the Fe

(, atoms with interatomic distance for B2 disordered Ru,Fe(SiGe,) alloys. As we can see,

the second NN intersub-lattice interaction between the Fey, atom in the proper (4b) position
and the Fey, atom in the improper position (4a) becomes antiferromagnetic due to decrease

in the distance between Fe atoms. Hence, in alloys with considerable amount of B2 disorder,

THESIS

Lakshminath Bezbaroa Central Library
TMWBBL%BM&%@/ a0 nglogy Guwahati

ACCNo TR 1T 83— 99



Chapter 4: Investigations on RuyFeSi|Gey and (Ru,.,Co,).FeSi alloys

antiferromagnetism would dominate. XRD pattern of RupFeSi alloy reveals a disordered B2
structure and so this alloy is expected to be an antiferromagnet as confirmed by
magnetization measurements (c.f. Figure 4.2-4.5). However, magnetic measurements show
that alloys with x = 0.25, 0.50, 0.75 and 1.00 are ferromagnetic despite the absence of the
characteristic (111) reflection of L2, structure in their XRD patterns. As explained in section

4.2.1, intensity of (111) reflection is reduced below the detectable limit for the alloys with

x > 0, despite their L2; structure.
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Figure 4.8 Total DOS for Ru,Fe(Si;..Ge,) alloys with (a) L2, and (b) B2 structures.
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Figure 4.9: Total and atom resolved DOS for the alloys with (a) L2 and (b) B2 structures.
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Chapter 4: Investigations on Ru,FeSi.,Ge, and (Ru.,Coy).FeSi alloys

In order to examine the electronic structure of these alloys with both L2, and B2
structures close to Ef, their DOS was calculated and shown in Figure 4.8(a) and Figure
4.8(b), respectively. It is immediately evident from these figures that there is no gap at Fy
for either spin direction for both L2, and B2 phases. So, half-metallicity is not present in any
of the RuyFe(Si;.,Ge,) alloys. It is worthy to point out here that previous theoretical
calculation performed on the alloy with x = I [AHAMI5a] yielded similar result. However.
a minimum (or a pseudo gap) is observed at Ef for the alloys in the minority bands of the
DOS. The position of this minimum shifts to lower energy when B2 disorder js introduced.

Figure 4.9(a) and Figure 4.9(b) show the atom resolved DOS for the alloy with x =
0.5 with ordered L2 and disordered B2 structures, respectively. Fe atom is more affected by
the disorder as compared to Ru as shown by the DOS. Similar behavior in pOg -

been observed in the isoelectronic ferromagnetic compound Fe;Si [RMA144].

4.3. (Ruj—xCoy),FeSi (0=x<1) alloys
Having observed a transition from antiferromagnetism to ferromagnetism in RusFe(Si, .Ge.)
upon substitution of sp element with an isovalent sp element, effect of 44 X PS—

substitution with 3d X' clement was attempted in (RuiCo.)FeSi alloy system. The

following sections describe the investigations carried on this set of quaternary alloys.

4.3.1 Crystal structure

Room temperature XRD patterns of (Ruy.,Co,),FeSi alloys are shown in Figure 4.10. The
alloys with x = 0.50, 0.75 and 1.00 crystallized in L2, structure as revealed by the presence of
the super-lattice reflections (111) and (200). However, the (111) reflection was absent in the
XRD patterns of Ru rich compositions i.e., in alloys with x = 0 and 0.25. Absence of peaks
with all odd indices in the XRD patterns indicates a transition from L2, to B2 structure due to

intermixing of Y and Z elements. As x is increased in (Ru;..Co,):FeSi alloys, the peaks shift
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Chapter 4: Investigations on Ru,FeSi,..Ge, and (Ru;.,Co,),FeSi alloys

towards higher 20 values. The lattice constant a obtained from the Rietveld analysis of ‘the
cubic samples with x = 0, 0.25, 0.50, 0.75 and 1.00 are 5.88 A, 5.83 A, 5.76 A, 5.70 A and
5.63 A, respectively. Linear variation in lattice constant with x indicates that Co atoms
effectively substitute for Ru atoms in the lattice. A continuous contraction of the lattice
occurs with an increase in x because the atomic radius of Co (= 1.67 A) is smaller than that of
Ru (= 1.89 A). Lattice constant of the end members of this alloy system, i.e. Ru,FeSi and
Co,FeSi are 5.88 A and 5.63 A, respectively, which are in close agreement with earlier
experimental observations [SWURO6a, SNMI85a]. XRD patterns simulated for (Ru.

,Coy)FeSi alloys with L2, unit cell using CaRIne™ software is shown in Figure 4.11 for

comparison.
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Figure 4.10: Room temperature XRD patterns of (Ruj,Coy)FeSi (0 < x < 1) alloys.

Simulated XRD patterns for the alloys with 1.2, structure are also shown for comparison.
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Chapter 4: Investigations on RuyFeSi.,Ge, and (Ru;_,Co,).FeSi alloys

Table 4.3: Nominal composition, measured composition, lattice parameter, unit-cell volume

and Bragg factor Rg of Rietveld refinement of (Ru;.,Co,),FeSi (0 <x < 1) alloys.

Alloy ID Nominal Measured a Unit-cell Rp
Composition Composition (A)  volume (A”)

x=0 Ru,FeSi Ruj 99FeSi; g 5.88 203.30 7.0

x=025  RujsCogsFeSi RujsCopsFeSiior 583  198.16 9.6

x=0.50 RuCoFeSi RuCojgiFepoeSi  5.76 191.10 8.2

x =075 RugsCo;sFeSi RugsCojgFeSi 5.70 185.19 7.3

x=1.00 Co,FeSi CosFeg9Si) o 5.63 178.45 9.1

4.3.2 Magnetic properties

Antiferromagnetic nature of RujFeSi alloy with Ty at 270 K has already becn
discussed earlier in this chapter. Figure 4.11 shows the thermo-magnetization (M-7) curves
for the alloy with 0.25 < x < | recorded under an applied field of 1.5 kOe. As Co
concentration is increased from x = 0.25 to x = 1.00, magnetization increases due to increased
ferromagnetic interaction as indicated by an increase in 7¢. Instead of the usual sharp
transition at 7¢. a wide transition range is observed at ¢ for the alloy with x = 0.25. This may
be due to residual antiferromagnetic interaction present in the alloy. 7¢ for the alloys with x =
0.25, 0.50. 0.75 and 1.00 are 578 K, 872 K. 968 K and 1021 K, respectively. Thus, the
ferromagnetic state becomes dominant as x is increased in these quaternary alloys. 7¢ for the
alloy with x = 1 is found to be slightly higher than the value reported in the previous chapter.
This may be due to increased applied field in the present case due to which more thermal
energy is required for the phase transition.

Figure 4.12 shows the Curie-Weiss plots for 0.25 < x < 0.75 depicting the variation
of magnetic susceptibility (x") for 7> T¢. Rhodes-Wohlfarth ratio (p./p,) of the alloys are
calculated and displayed in Table 4.4. R-W ratio was found to be greater than unity for all the

alloy compositions. This indicates that (Ru,_,Co,),FeSi alloys are not half-metallic.
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Figure 4.11 Thermo-magnetization curves of (Ru,.,Co,),FeSi alloys recorded under 1.5 kQOe.
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Figure 4.12 x'l versus 7 plots for ferromagnetic (Ru;.,Co,):FeSi alloys for 7> T¢.

Figure 4.13 shows the field dependence of magnetization (M-H curves) recorded at
room temperature for all the alloys. Magnetization shows linear field dependence for the
antiferromagnetic alloy with x = 0 as discussed earlier. With increase in X, spontaneous
magnetization appears in the alloys. Magnetization at an applied field of 15 kOe increases
from 1.02 emu/g to 149.96 emu/g as x is increased from 0 to 1.00. In Ru,FeSi with B2

structure, the spacing between the (111) layers which contain both Fe and Si atoms is 1.70 A

(= a/273). Ru atoms occupy (0 0 0) and (% Y %) positions which are placed in between the
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Chapter 4: Investigations on Ru FeSi,..Ge, and (Ru,.,Co,),FeSi alloys

(111) layers. Fe atoms occupying lattice points in (111) layers are coupled ferromagnetically
within the layer. However, the alloy behaves as a antiferromagnet due to the
antiferromagnetic coupling between the adjacent (111) layers [SNMI85a, ASZY89a]. Upon
Co substitution for Ru up to 25%, B2 structure is preserved in this alloy system. But, the
smaller atomic radius of Co as compared to Ru results in reducing this (111) layer spacing
down to 1.68 A. This leads to a collapse of the antiferromagnetic coupling between the (111)
layers and induces ferromagnetic interaction in the alloy. With further increase in Co

substitution, L2, order develops in the alloys.

1504 T =300 l’; T
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Figure 4.13: M-H curves of (Ru;.,Cox),FeSi alloys with 0 <x < 1.

It can be seen from Figure 4.13 that the M-H curves for the alloys with x = 0.50, 0.75
and 1.00 show magnetic saturation for applied fields of 15 kOe. Room temperature initial
magnetization (M-H) curves obtained for these three alloy compositions are depicted in
Figure 4.14. Saturation magnetization (M;) for the alloys with x = 0.50, 0.75 and 1.00 are

4.99ug (5.00pgp), 5.45pp (5.50pp) and 5.42pp (6.00p3), respectively, where the values within
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brackets are the values predicted by the S-P rule. Thus, the measured M, values are lower

than the predicted values and this deviation from the S-P rule increases with increase in x.

The probable reason for the lower M, could be the presence of small amounts of DO3 type

disorder in the alloy as discussed in the previous chapter. Increase in the deviation of A/sfrom

S-P rule with increasing x indicates an increase of DOj type disorder in the alloys with

increasing x.

5 H(kOe)

10

15

Figure 4.14 Initial magnetization curves of (Ru;.,Coy),FeSi alloys with 0.50 <x < 1.

Table 4.4. Magnetic moment at an applied field of 15 kOe, effective moment per magnetic

atom (pe). (po/ps). M, calculated using nominal composition (Myem) and EDS measured

composition (Mgps) and effective anisotropy constant (K.p) of (Ruy.,Co,):FeSi alloys.

X M5 koe Pe Pe/Ps Myom/ Meps  Kegy
(1B) (18) (18) [x10° Jm™]
0 0.04 4.40 B 4.00/3.96 -
0.25 1.10 3.71 3.37 4.50/4 .45 -
0.50 4.99 5.11 1.02 5.00/5.01 4.02
0.75 5.45 5.71 1.04 5.50/5.49 6.10
1.00 5.42 4.77 0.86 6.00/5.96 1117
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TH-1483_09612126

K.s value for the alloys with x = 0.50, 0.75 and 1.00 calculated from the M-H data are
depicted in Figure 4.14 and listed in Table 4.4. K. increases with increase in Co
concentration indicating larger magnetic anisotropy in Co rich alloys. Magneto-crystalline
anisotropy of Co (5.30 x 10°> Jm™) is higher than that of Fe (0.48 x 10° Jm™) [HPWI91a]. As
discussed above, DO; type disorder can be present in the alloys with x > 0.25. Since this
disorder is associated with the distribution of the magnetic Fe and Co atoms in the alloy. an
increase in DOj; disorder with increasing Co substitution can lead to an increase in magnetic
anisotropy. Relatively larger percentage of DO; disorder in the alloy with x = 1 is probably
responsible for the unusually large Kegr exhibited by this alloy. When compared to other bulk
Heusler alloys such as NispMn3oGaz (1.01x10° Jm™) [CJIAO4a] and Coy3NinaGasgFes
(2.2Ox105 Jm'3) [SSARI1a], Kesr value for this alloy system is relatively higher. The high Ker
observed in the bulk.samples can increase further in nanogranular state and may find

application in magnetic media.

4.4 Summary
Some of the interesting results obtained in the investigations carried out on Ru,Fe(Si;.«Gex)
and (Ru;.,Co,),FeSi alloys are summarized below:
I.  RuyFe(Si;«Ge,) alloys are found to crystallize in disordered B2 structure since the
XRD patterns do not show the characteristic (111) reflection. However, the absence
of the (111) reflection in alloys with high Ge concentration may be due to nearly

equal scattering factor of Fe and Ge.

[\

(Ru_«Co,),FeSi alloys with x > 0.25 crystalize in ordered L2, structure.

3. Antiferromagnetism of the parent compound RusFeSi gets destroyed when Ge and

Co is substituted for Si and Ru, respectively.
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4. Ab initio calculations carried out on RuyFe(SijxGe;) alloys clarify that
antiferromagnetism in Ru,FeSi stems from the B2 disorder present in this alloy.

5. Ferromagnetism appears in Ru,Fe(Sii~Ge) alloys because of onset of L2 ordering
in these alloys.

6. These studies show that both antiferromagnetic and ferromagnetic alloys can be
obtained in these alloy systems depending on the composition and chemical ordering.

7. R-W ratio of alloys containing Ru is found to be greater than unity indicating the

absence of half-metallic character in these alloys. DOS calculations for RuzFe(Si;.

xG¢y) alloys supports this result.
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Chapter 5: Investigations on (Mn,.,Co,), VAl and (Mn,.,Co,),VGa alloys

Most of the literature on half-metallic Heusler alloys is devoted to ferromagnetic alloys with
very less attention to ferrimagnetic alloys. Due to the internal spin compensation,
ferrimagnets have a low magnetic moment which gives rise to low stray fields. Such half-
metallic ferrimagnets can be used to measure the spin polarization of samples without
perturbing their magnetic domain structures [RADE91a, RADE91a). Half-metallic materials
exhibiting high spin polarization and no stray magnetic fields are in demand for fabricating
new and efficient spintronic devices [RADE91a, HVAN95a, WEPI96a, FWUS09a]. Figure
1.6(a) shows that Mn,VZ alloys are ferrimagnets according to S-P rule. Ferrimagnetic
Mn,;VZ Heusler compounds have been the subject of a few theoretical studies [ESAIO5a,
KOZDO06a]. 4b initio calculations have predicted half-metallic electronic structure with high
polarization in compounds with Z = Al, Ga, In, Si, Ge, and Sn with a band gap for majority
spin carriers and a ferrimagnetic ground state [KOZDO06a]. A gap in the majority spin band in
Mn,;VGa based MTJs has been confirmed by their negative TMR at room temperature
[CKLE13a]. 4b initio calculations have demonstrated that progressively substituting for Mn
with Co in ferrimagnetic Mn,VAI(Si) compound can lead to zero moment or a fully
compensated ferrimagnet (FCF) [IGALO7a]. Table 5.1 (cited from reference IGALO07a)
shows the effect of Co doping on atomic magnetic moments of Mn;VAl alloy. For the alloy
with x = 0.5 i.e. MnCoVALl, total number of valence electron is 24 and the total moment M;
vanishes completely. As Co concentration increases, each Co atom can hybridize more
strongly with its neighboring Co atoms thereby increasing the Co spin moment while that of
Mn atoms decreases slightly. For all compositions of (Mn;xCox)2VAl, Co spin moment
aligns parallel to that of V and antiparallel to that of Mn spin moment, thus keeping their

ferrimagnetic character intact. The most interesting point is that although M; of MnCoVAlI
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vanishes, the compound itself is made up of strongly magnetic components. Therefore this

composition is referred to as a fully commentated ferrimagnet.

Table 5.1: Atom-resolved spin magnetic moments in (Mn;-,Co,); VAl alloys [from IGALO07a]

x Mn Co A"/ Al Total S-P

0 -1.573 1.082 0.064 -2.000 -2.0
0.025 -1.573 0.406 1.102 0.074 -1.899 -1.9

0.05 -1.580 0.403 1.090 0.073 -1.799 -1.8

0.1 -1.564 0.398 1.067 0.069 -1.600 -1.6

0.2 -1.522 0.412 1.012 0.059 -1.200 -1.2

0.3 -1.484 0.456 0.953 0.047 -0.804 -0.8

04 -1.445 0.520 0.880 0.034 -0.404 -0.4

0.5 -1.388 0.586 0.782 0.019 ~0 0

Some attempts have been made to search for FCF in ferrimagnetic Mn3Ga and
substituted Mn;.,Ga alloys [HNII96a, BBAL0O7a, HKUR11a, HKUR11b, MHAKI13a,
WFER13a). These attempts have yielded ferrimagnetic thin films with low saturation
magnetization (M;) of 0.65pp and intrinsic spin polarization (P) of 0.58 [HKURI1a].
However, these pseudo-ternary alloys exhibit tetragonal DO,; structure instead of the stable
L2, structure of a full Heusler alloy. Practical difficulties in maintaining the nominal
stoichiometry and preventing oxidation during the preparation of Heusler alloys with high
Mn content have been the main deterrents as evidenced by very few experimental reports on
bulk and thin films of Mn,VAI [KHIB81a, MKAW81a, YYOS81a, HITO83a, TAKAS83a,
CJIAOla, TKUB09a, MMEI11a], Mn,VGa [KRKUO8a, CKLE13a] and (Mn,;.Co,);VGa
[KRKU10a] alloys. These studies also reveal a general lack of L2, order and the presence of
significant amounts of V-Z (where Z = Al, Ga) type disorder in most of the reported alloys. It

has to be pointed out that no attempt has been made to extract spin polarized currents from
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Chapter 5: Investigations on (Mn,,Co,)VAIl and (Mn,.,Co,)VGa alloys

full Heusler based ferrimagnets and FCF to the best of our knowledge. Hence, the nature and
the application potential of Heusler based FCFs have not been properly assessed so far. In
this chapter, a detailed study of the effect of Co substitution for Mn in Mn,VAI and Mn;VGa
alloys on their structural and magnetic properties is presented. Spin polarization study on
(Mn,,Co,),VAI alloys has also been performed since nearly zero moment alloy has been

obtained in this system.

5.1.  Preparation of alloys

Polycrystalline (Mn,_,Co,),VAIl and (Mn;,Co,);VGa (0 < x < 0.5) alloy ingots were
prepared by arc melting method followed by homogenization at 1173 K for 24 h and
quenching in ice + water mixture as described in the second chapter. The overall composition

of the alloys as determined by EDS analysis is presented in Table 5.2 and Table 5.4,

respectively.

Table 5.2: Nominal composition. measured composition. lattice parameter, unit-cell volume.

Bragg factor Rg of Rietveld refinement of (Mn,-,Co,)>VAI (0 <x <0.5) alloys.

Alloy Nominal Measured a(A) Unit-cell Rp
ID Composition Composition volume (A°)
x=0 Ml‘leAl Mn2A05V0_95AI| 00 5.84 199.18 6.93
x=0.25 Mm‘,‘CO(),sVAl Mm 46C00,56V| oAlo 98 5.81 196.12 7.01
x=10.50 MnCoVAI Mn, ¢Cop 99V 0Al) 01 5.78 193.10 7.56

5.2 (Mn;..Coy,): VAI (0 <x<0.50) alloys
5.2.1. Crystal Structure
Figure 5.1 shows the room temperature XRD patterns of (Mn;..Co,),VAI alloys.

Presence of super-lattice reflections (111) and (200) in all the XRD patterns confirms that all
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(Mn;.4Co,), VAL alloys prepared in this study exhibit the stable L2, structure of full Heusler

alloys.
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Figure 5.1: Room temperature XRD patterns of (Mn;.,Co,), VAL alloys with 0 < x < 50.

Simulated XRD patterns for the alloys with L2, structure are also shown for comparison

Degree of atomic ordering in the alloys was estimated from the ratio of the intensity (Fua) of
the super-lattice reflections from (111) and (200) planes using the relations 2.3 and 2.4 4
described in section 2.2.1. §=0.95 and a = 0.06 estimated for Mn, VAl alloy indicates g high
degree of L2, order in this alloy with only about 2.5% of X sites being occupied by improper
(i.e. Y and Z) atoms and < 6% of the Y (or Z) site being occupied by Z (or Y) atoms.
Similarly, S () values of 0.96 (0.06), and 0.94 (0.05) obtained for (Mn;+Co,), VALl alloys
with x = 0.25 and x = 0.5, respectively, indicate high degree of B2 order in these alloy

compositions as well. The lattice constant a of the cubic alloys with x = 0, 0.25 and 0.5 are
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5.84 A, 5.81 A and 5.78 A, respectively. The contraction in lattice with increase in Co
substitution is expected as the atomic size of Co (= 1.67 A) is smaller than that of Mn (= 1.79
A). The linear decrease in lattice parameter a with increase in x shows that Co atoms
effectively substitute for Mn atoms in the lattice. The lattice constant for Mn, VALl (or alloy
with x = 0) can be compared with the values reported in the literature for bulk (5.87 A
[HITO83a] and 5.92 A [TAKAS83a)) and thin films (5.84 A) [MMEI11a] of Mn,VAL alloy.
Meinert et al. found that co-sputtered Mn,VAI films on MgO (001) substrate exhibit L2,
order with significant V-Al type disorder [MMEI11a]. They also observed that 1.2; order
disappears in the alloy upon substitution of Co for Mn in Mn;Co,VAl films. An earlier
report on bulk Mn;VAI [CJIAO1a] alloys did not show clear evidence of the super-lattice
reflections in the XRD patterns. On the other hand, the alloys reported in this work exhibit
clear evidence of L2, order. EDS analysis performed on our samples revealed as much as 2.7
wt.% deviation in composition of the alloys from the nominal value despite the care taken in
the preparation (c.f. Table 5.2). This final composition of the alloys has to be borne in mind
while interpreting the results since the properties of Heusler alloys are extremely sensitive to

compositional variations.

5;2.2. Magnetic properties

Figure 5.2 shows the thermo-magnetization (M-T) curves recorded for (Mn.
,Co,)2VAl alloys with various Co concentrations (x = 0, 0.25 and 0.5) under an applied field
of 100 Oe. Tc was found to decrease with increase in Co substitution. T¢ for x = 0, 0.25 and
0.5 are 750 K, 423 K and 105 K, respectively. Tc obtained for the alloy with x = 0 is in
agreement with the value of 760 K reported in the literature [CJIAOla]. Decrease in Tc with
increased substitution of Co for Mn in (Mn,_.Co,)2VAl alloys can be attributed to reduction in

magnetic moment due to the appearance of antiferromagnetic interaction between Mn and Co
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atoms [IGALOQ7a]. The drastic reduction in 7¢c with increase in x observed in this series of

alloys has resulted in the MnCoV Al alloy to have an unexpectedly low 7¢ of 105 K. This

could have serious implications on the application of this alloy in spintronic devices.
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Figure 5.2 Thermo-magnetization (M-T) curves of (Mn,;..Co,); VAl alloys recorded at 100 Oe.

2
- — 0.08 b —
3.0Ha) T=300K S (b) 7=300 K
1 |
5
--..E0 0 ......................................................................
-
=

_2 iy P A i F P R |
-10-8 6 4 -2 0 2 4
H (kOe)

6 8 10

H (kOe)

Figure 5.3: (a) Variation of initial magnetization (M) with applied magnetic field (H) and (b)
Complete M-H loops for (Mn;.,Co,), VALl alloys. Insets show the corresponding data for

MnCoV Al alloy recorded at 25 K.
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Initial magnetization (M-H) curves and full M-H loops recorded for all the alloy
compositions at room temperature are shown in Figure 5.3(a) and 5.3(b) respectively. Insets
in Figure 5.3 shows the corresponding data recorded at 25 K for MnCoVAl alloy with 7¢ of
105 K. According to the Slater-Pauling (S-P) rule, the compound Mn,; VAl should have M, = -
2pp as a result of anti-parallel alignment of Mn and V moments [IGAL(07a]. Since Co
moments prefer parallel alignment with V moments and Mn moments align antiparallel to the
V moment, M, gets reduced with increased Co substitution at Mn sites [IGAL07a]. X-ray
magnetic circular dichroism studies on Mn,_,Co,VAl films show that antiparallel alignment

of Mn and V is preserved for Co substitution of up to x = 0.5 [MMEII 1a].

Table 5.3: Saturation magnetic moment (M;), M, calculated using nominal composition
(Mnom) and EDS measured composition (Mgps), effective anisotropy constant (K.s), Curie
temperature (7¢) and intrinsic spin polarization P of (Mn,_.Co,); VAl alloys.

x M Mnyom/ Meps Ko Tc P
(1s) (uB) x10°Jm?) (K)
0 1.88 2.00/1.90 7.56 750 0.57
0.25 0.84 1.00/0.80 1.19 423 0.59
0.50 0.07 0/0.06 0.61 105 0.60

M, values calculated using Eq. 1.5 for the nominal composition of the alloys with x = 0, 0.25
and 0.50 are 2.0pg, 1.0ps and Opg, respectively. M, determined from the M-H data of the
alloys with x = 0, 0.25 and 0.50 are 1.88ug, 0.84up and 0.07ps, respectively. Comparison of
the measured M with the corresponding M, value predictéd by S-P rule (c.f. Table 5.3) shows
a slight deviation in the experimentally measured value from the theoretically predicted value
for the nominal composition. This deviation can be explained in terms of small variation in
stoichiometry (Table 5.2) and weaker hybridization between Co—V states as compared to that

of Mn-V states, resulting in domination of Mn-V antiferromagnetic interaction over Co-V
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ferromagnetic one [KRKU10a]. If one takes the above factors into account, it is evident that
Co substitution for Mn in (Mn;.,Co,),VAI alloys decreases the M, and leads to a zero moment
FCF when Co and Mn concentrations are equal, i.e. in MnCoVAI alloy. It has to be pointed
out that the attempts to obtain FCF in Mn3Ga [HKUR11a] and MnCoVGa [KRKU10a] have
so far yielded the lowest M of 0.65pus and 0.37pp, respectively. Interestingly, the films of
Mn;_;Co, VAl are claimed to have a high degree of disorder which influences their magnetic
properties [MMEI11a]. Because of this disorder, FCF is expected in Mn; sCogsV Al film at a
much lower Co substitution as compared to the bulk case. However, the absence of 1.2; order
as well as the lack of information on the actual composition complicates the interpretations of
the results obtained for the films. In order to fully comprehend the nature of FCF, some
associated magnetic properties of (Mn;.,Co,);VAl alloys have been investigated.

Assessment of the magnetic anisotropy in a material is important to evaluate its
potential for spin torque applications. Effective magnetic anisotropy constant Keg 1S
commonly used to represent this parameter. K. can be estimated from the initial
magnetization (M—H) curves using the law of approach to saturation (Eq. 2.23 and Eq. 2.24).
K.t for the alloys with x = 0, 0.25 and 0.5 are 7.56 x 10* Jm>, 1,19 x 10* Jmand 0.61 x 10*
Jm®, espectively. Koy decreases with increase in Co content in (Mn,_,Co,),VAI alloys and
the lowest value was obtained for the FCF with x = 0.5. Ky of full Heusler alloys are
generally of the order of 10° Jm™. The lower K of (Mn;..Co,);VALI alloys mainly stems
from their low M;. Hence, lower M, imposes a limitation on the maximum possible K in
these ferrimagnets which depends mainly on the magneto-crystalline anisotropy term c.
However, it has been shown (as in the case of Mn3Ga [WSYU12a)) that thin films of the
same material often exhibit a higher K than the bulk. Hence, it may be possible to obtain

higher K in thin films of (Mn;_,Co,), VAl alloys.
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Paramagnetic Curie temperature, 6, was estimated for (Mn;..Co,)>VAl alloys from the
temperature dependence of inverse susceptibility (x™") data beyond T¢ (cf. Figure 5.4) using
the Curie-Weiss law (Eq. 2.11). 8, determined for all the alloys are negative (-69 K, -98 K
and -120 K for x = 0, 0.25 and 0.5, respectively) confirming ferrimagnetic ordering in the

alloys.
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Figure 5.4: Inverse magnetic susceptibility data for 7> Tc of (Mn,..Co,);VAl alloys.

5.2.3. Spin polarization

Figure 5.5 shows selected PCAR conductance curves recorded for (Mn,;.Co,), VAl
alloys at 4.2 K with interfacial scattering factor Z = 0. The solid line corresponds to the best
fit to the modified BTK model [GISTO1a] as discussed in section 2.4.1. The low Z value
obtained in these fits shows that the PCAR data could be fit well to the ballistic BTK model.

The contact resistance in these measurements can be related to the contact diameter d using

quasiclassical transport theory by the relation,
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PN e N
R=(1+2Z )(Wl2 +Y(d)2d) 5.1)

where I, is mean free path of electron for typical hole conduction in superconductors (= 20

nm), p is the electrical resistivity at 4.2 K and pre-factor y= 1 for mechanical point contacts

[BNIK99a].
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Figure 5.5: Normalized conductance curves recorded for (Mn,.,Co,), VALl alloys with Z = 0.
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R = 25 Q obtained for these measurements corresponds to a d = 18 nm. If d is less than the
mean free path of electrons in metals, the contact is ballistic. Since d estimated from Eq. 5.1
is larger than the average mean free path of electrons in metals, a diffusive contact is
expected. However, the physical contact in a typical PCAR experiment is much larger than
this value. Considering that the low Z conductance curves in the normalized conductance
curves shown in Figure 5.5 represent ballistic electron transport, which indicates that the
superconducting wire tip makes multiple point contacts with the sample. Superconducting
gap (4) values estimated from fit to PCAR data were in the range of 0.85-0.95 meV. which
are much lower than the bulk superconducting band gap of Nb (~1.5 meV). This also
suggests the presence of multiple point contacts in the experiments [BNIK99a, SKCLO04a].
Intrinsic spin polarization P was estimated from the curves with Z = 0. P increases with Co
substitution from 0.57 for the alloy with x = 0 to 0.60 for the x = 0.5 alloy. The relatively high
P value obtained for the FCF alloy MnCoVAL alloys in this study may be compared with
those reported for other ferrimagnetic materials such as Mn;Ga (P = 0.58) [HCURI la] and
SrLaVMoOs (P = 0.50) [HASA10a]. PCAR studies contirm the half-metallic nature of (Mn;.

+Cox)2VAl alloys.

5.3. (Mn;1Co,),VGa (0 <x<0.50) alloys
Structural and magnetic investigations performed on (Mn,.,Co,);VGa alloys are described

below.

5.3.1. Crystal Structure

Figure 5.6 shows the XRD patterns of (Mn;Co,);VGa alloys recorded at room
temperature. For the alloy with x = 0, both (111) and (200) super-lattice peaks are present
indicating that these alloys crystallized in the stable L2; structure of full Heusler alloys.

However for the alloys with x = 0.25 and 0.50, (111) reflection is present but (200) reflection
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is absent. Absence of only (200) reflection in the XRD pattern of these alloys is surprising
since B2 type disorder would result in the elimination of only the (111) peak and A2 disorder

will ensure that both (111) and (200) peak are absent. To understand this result, the XRD

patterns
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Figure 5.6: Room temperature XRD patterns of (Mn;.Co,),VGa alloys with 0 < x < 0.50.

Simulated XRD patterns for the alloys with L2, structure are also shown for comparison.

for (Mn;.,Co,),VGa alloys with L2; structure were simulated using CaRIne crystallography
3.1™ software (cf. Figure 5.6). One can see that (200) peak is absent even in the simulated
pattern for these two alloys with L2, unit cell. If all the constitute elements are from the same
period of the periodic table, their nearly equal scattering amplitudes can lead to the
cancellation of both (111) and (200) peaks in the XRD pattern [BBALO7a]. Though all the

elements in the present alloys are from the same period, the Y (i.e. V) and Z (i.e. Ga) are far

TH-1483 09612126

121



Chapter 5: Investigations on (Mn,_;Coyx): VAl and (Mn,.Co,)>VGa alloys

apart in the period. Hence, the difference in their scattering amplitudes viz., (£ - f) is
significant enough to be detected. resulting in the observation of the (111) peak in all the
XRD patterns. In the case of the (200) peak. the contribution from Mn (X) / Co (X")
scattering amplitudes come into play. Since both these elements appear in between V and Ga.
the (2f; - (/i + f-)) term becomes very small, thereby redudng the intensity of the (200) peak to
undetectably small values for the quaternary alloys. The degree of atomic ordering in the
alloys was estimated using relations 2.3 and 2.4. § = 0.95 and « = 0.02 estimated for Mn,VGa
alloy indicates a high degree of L2, order in this alloy with only about 2.5% of X sites being
occupied by improper (i.e. Y and Z) atoms and 2% of the Y (or Z) site being occupied by Z
(or Y) atoms. Since both the calculated and experimental intensities for (200) peaks are zero
for the alloys with x = 0.25 and 0.50, this analysis could not extended to these two alloys.
However, the ratio [(/)/h20)e/(1111/520)1] for x = 0.25 and 0.50 was found out to be 0.94 and
0.95 which indicate high degree of L2, ordering for these two alloys as well. The lattice
parameter of the samples with x = 0, 0.25 and 0.5 was determined to be 5.92 A.5.87 A and
5.80 A. respectively. Contraction in lattice with increase in Co substitution is expected as the
atomic size of Co (1.67 A) is smaller than that of Mn (1.79 A). Lattice parameter for x = 0 is
comparable with the earlier reported value of 5.905 A [KRKUO08a]. The observed reduction

in unit cell volume with increase in Co content supports the above argument.

Table 5.4: Nominal composition, measured composition, lattice parameter. unit-cell volume

and Bragg factor Ry of Rietveld refinement of (Mn;-,Co,)2VGa (0 < x < 0.5) alloys.

Alloy 1D Nominal Measured a(A)  Unit-cell Ry
Composition Composition volume (A%)
x=0 Mn,VGa Mn; .06 Vo.95Gag 99 5.92 207.47 8.93

x=0.25 Mm 5COU 5VG8 Ml'll SLJCO(;;MV[ ]_;Gﬁn 03 5.87 202.26 0.01
x=0.50 MnCoVGQGa M[‘lo ngO{;_usV| ngGau_qu 5.80 195.11 6.23
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5.3.2. Magnetic properties

Figure 5.7 shows the thermo-magnetization (M-T) curves for various Co concentrations
(x =0, 0.25 and 0.5) recorded under an applied field of 100 Oe. T was found to decrease
with increase in Co substitution. 7¢ for the alloys with x = 0, 0.25 and 0.5 are 763 K, 478 K
and 367 K, respectively. These values may be compared with the values of 783 K
[KRKUO8a], 538 K [KRKU10a] and 141 K [KRKU10a] reported for the respective alloy
compositions in the literature. The decrease in magnetic ordering temperature with increase
in Co substitution can be attributed to the reduction in magnetic moment as theoretically

predicted due to the appearance of antiferromagnetic interaction between Mn and Co atomg

[QFLI12a).
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Figure 5.7: Thermo-magnetization (M-T) curves of (Mn;Co,),VGa alloys recorded at an
applied field of 100 Oe.
Paramagnetic Curie temperature, 6, was estimated from the inverse susceptibility (;(“') versus

temperature (7) plots (Figure 5.8) obtained using the Curie-Weiss law. For all the alloys 6,

was found to be negative (i.e., -64 K, -83 K and -99 K for x = 0, 0.25 and 0.5, respectively)
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confirming ferrimagnetic ordering in all the alloys. 4b initio calculations performed on
Mn,VGa [KOZD06a] and (Mn;.,Co,),VGa (x < 0.5) [QFLI12a] alloys with L2; structure
show that all these alloy compositions have a ferrimagnetic ground state in agreement with
the S-P rule. Neutron diffraction studies on the isostructural and isoelectronic compound
Mn,;VAl [HITO83a] and X-ray magnetic circular dichroism measurements on Mn;VGa
[CKLE13a] and (Mn,;.Co,), VAl alloys [MMEI1 1a] also provide evidence for a ferrimagnetic

coupling between Mn and V atoms in these alloys.
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Figure 5.8: Inverse magnetic susceptibility of (Mn;..Co,),VGa alloys T > T¢.
Table 5.5: Saturation magnetic moment (M), M, calculated using nominal composition

(Mnom) and EDS measured composition (Mgps), effective anisotropy constant (Keg), Curie

temperature (7¢c) of (Mn;_,Co,),VGa alloys.

x M, Myom/ MEDs Kegr Tc
(1B) (D) x10°Jm?)  (K)

0 1.84 2.00/1.86 7.41 768
0.25 0.85 1.00/0.92 2.50 478
0.50 0.30 0/0.22 0.82 367
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Room temperature initial magnetization and M-H loops obtained for all the alloy
compositions are shown in Figure 5.9(a,b). According to the S-P rule, Mn,VGa alloy should
have M; = -2pp due to anti-parallel alignment of the Mn and V moments. Since the Co
moments prefer parallel alignment with V moments and Mn moment align antiparallel with

the V moment, M, gets reduced with Co substitution [QFLI12a]. M; recorded for the alloys
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Figure 5.9: (a) Variation of initial magnetization (M) with applied magnetic field (/) and (b)

Complete M-H curves for (Mn,;.,Co),VGa alloys.

with x = 0, 0.25 and 0.50 are 1.84pp, 0.85up and 0.30up, respectively, while their
corresponding value predicted by S-P rule are 2.00up, 1.00pp and Opg, respectively. The S-P
rule merely considers the total number of valence electrons in the full Heusler alloy to predict
the M, values mentioned above. The limitation of this simple rule is evident when one
compares the M, values of 1.97us, 0.97pp and 0.12up, respectively, predicted for the
respective alloy compositions by ab initio calculations based on GGA[QFLI12a]. The other
factor one has to bear in mind is the actual composition of the alloy for which the saturation

magnetization has been measured would be different from the nominal composition on which
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the S-P and ab initio predictions are based on. This report also indicates high spin
polarization (P) of 95% and 94% for the alloys with x = 0 and 0.25, respectively. For x=0
and x = 0.25 alloys, the deviation in measured A from both the S-P rule and ab initio
prediction can be explained on the basis of small variations in stoichiometry (cf. Table 5.4)
and the possible presence of small amount of X-Z disorder as reported in case of Mn,VGa
[CKLEI13a] and Mn;VAI [MMEII la] compounds, which reduces the Mn moment because of
antiferromagnetic coupling between the Mn antisites. For the alloy with x = 0.5, the S-P rule
predicts M; = Oug since the alloy has Z, = 24. However, ab initio calculation [QFLI12a]
performed on MnCoVGa alloy with the nominal L2; unit cell with appropriate elements in
their Wycoff positions predicts a M; of 0.12pug with Fermi level lying in the deep region of
valence bands with reduced spin polarization of P = 34%. Additionally, the ab initio studies
reveal a change in the sign of M; from negative (characteristic of ferrimagnetic Heusler
alloys) to positive (characteristic of ferromagnetic Heusler alloys) values for alloys with x >
0.5. But, Z estimated from the EDS data for this alloy composition in our studies, viz.,
Mg 9sC0005 V1 08Gages is 23.78 with corresponding M, of -0.22pg as per S-P rule. We
prepared a few more alloys with same nominal composition which resulted in alloys with
actual compositions of Mng97C00.92V1.00Ga1.02 (Z, = 23.6) and Mng9sC0093V109Gaig (£ =
23.7) as indicated by EDS analysis. M; value obtained for these ferromagnetic alloys from M-
H measurements are 0.48pg and 0.40ug, respectively. Thus, Z; variation from 23.6 to 23.8
decreases Ms by 0.18ug. Figure 5.10 shows the variation of M values predicted by the ab
initio calculations (open circles) [QFLI12a] and those obtained experimentally with different
Z.s (filled squares). It is evident from the figure that the experimental M; values between Z, =
23 and Z = 24, deviate from the theoretical prediction. This deviation could be attributed to

the presence of Mn(Co)-Ga type intersite disorder in the synthesized alloys as observed
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earlier [CKLE13a]. Linear fit to the experimental M; versus Z; data for Z, > 23 shows that M,
= Oup for an alloy composition with Z; = 24.1. Though, it is extremely difficult to synthesize
an alloy with such precise Z; value, the above reasoning confirms the possibility of obtaining
a FCF in alloys with Z = 24.1. 100% spin polarization predicted for (Mn;.Cox),VGa alloys

with x > 0.5 indicate that this alloy composition can exhibit high spin polarization.
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Figure 5.10 Saturation magnetization (M;) values predicted by ab initio calculations

[QFLI12a] and those obtained experimentally for alloys with different Z,’s.

Kesr values for the alloys were calculated from the M-H data depicted in Figure 5.9.

K.t was found to decrease with increase in x. K. value for x =0, 0.25 and 0.5 are 7.41 x 10*
Jm™,2.50 x 10* Jm and 0.82 x 10* Jm™, respectively. These alloys too exhibit relatively low

Kesr as compared to typical Heusler alloys, in line with (Mn,4Co,), VAl alloys.
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5.4

Summary

In this chapter, structural, magnetic and half-metallic properties of bulk (Mn;-,Co,),VAI and

(Mn;-;Co,)2VGa alloys have been investigated. Some of the important results obtained from

these studies are as follows:

1.

2.

All alloys exhibit the stable L2, structure of full Heusler alloys.

Tc decreases with increase in x because of appearance of antiferromagnetic
interaction between Mn and Co atoms in both the series of alloys.

Analysis of temperature dependent inverse susceptibility data above T¢ confirms
ferrimagnetic nature of all the samples.

Measured M; of the alloys shows some deviation from M, value predicted by S-P
rule and ab initio calculations. Variation in sample stoichiometry from the nominal
composition and the presence of small amount of Mn(Co)-Z disorder in the alloys
could account for this deviation in M from the theoretically predicted value.

Intrinsic spin polarization and magnetic properties of (Mn;—Coy)VAIl alloys show
that MnCoVALI alloy composition is a half metallic FCF. Co substitution for Mn in
Mn, VAl increases the instrinsic spin polarization (i.e., half-metallic character).

For (Mn;—Co,),VGa alloys, the lowest magnetic moment value of 0.3up was obtained
for the alloy with composition Mng 9sC00.95V1.08Gao 99 with Z; = 23.8.

Analysis of M; versus Z, data shows that a FCF with zero moment could be expected

in (Mn;,Co,),VGa system for an alloy with Z, = 24.1.
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Chapter 6: Conclusion and scope for future work

6.1. Conclusion

In this thesis, selected ternary and quaternary full Heusler alloys based on 3d and 4d
transition metals have been investigated. Ferromagnetic Co,FeGe;.,Six and CozFeGa.,Six
were chosen based on reports in the literature on the use of cobalt based alloys in
magneto-resistive devices. Ru,FeSi,.,Ge, and (Ru;Co,),FeSi alloy were investigated due
to the possibility of obtaining both antiferromagnet and ferromagnet in the same system
which can lead to an all Heusler alloy based spin valve. (Mn;.xCox)2VAI and (Mn,.
£C0,)2VGa alloys were studied due to the growing demand for Heusler alloys with low or
no stray fields. Most of the results presented through these investigations are new which
would be of interest not only from the fundamental view point of understanding the effect
of structure, disorder and compositional dependence of magnetic and half-metallic
properties of these alloys but also from the application aspect. Some of the salient results
obtained and conclusions drawn from the current thesis work are mentioned below:

In Co2FeZisSiy, (Z = Ge, Ga and 0 < x < 1) series of alloys, CozFeSi alloy
crystallizes in L2 structure but super-lattice reflections are absent in the XRD patterns of
the alloys with high Ge and Ga concentrations due to nearly equal scattering factors of
Co, Fe, Ge and Ga. The Rhodes-Wohifarth (R-W) ratio for all the alloys is less than unity
indicating half-metallic character in these alloys. In the alloy series with Z = Ge, M; of
the alloy with x = 0 follows the S-P rule. However with increase in Si content, M;
deviates from the value predicted by the S-P rule. For the alloy series with Z = Ga, M; of
alloys with x =0, 0.25 and 0.50 follow the predictions of S-P rule, but M; of alloys with x
= (.75 and 1.00 deviate from this rule. This deviation from the S-P rule can be attributed

to the presence of DOs disorder in the alloys as revealed by ab initio studies. For the
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series with Z = Ge, on-site Coulomb exchange parameter U need to be considered in the
calculation to get the moment predicted by S-P rule. When DO; disorder is introduced,
the magnetic moment decreases for all alloys except the alloy with x = 0, as observed
experimentally. DOS calculations show that half-metallicity can be retained in Co,FeGe;.
xSi, alloys despite the presence of DO; disorder and the presence of Ge has a strong
stabilizing effect on the electronic structure at the Fermi level and hence the half-
metallicity of these alloys. For the series with Z = Ga, total magnetization is accurately
predicted by the GGA and gets overestimated by the inclusion of U for alloys with x <
0.25, which indicates that the electron repulsion is less dominant in alloys with high Ga
concentration. Contrary to the alloys with ordered L2, structure, half-metallicity was
destroyed in all the alloys except the alloy with x = 0.75 when 12.5% DOj; disorder was
introduced in the L2, unit cell. Half-metallic character and high degree of L2, order in
these alloys were ascertained by using both ab initio and magnetization studies. High
effective anisotropy constant (Ker = 1.12 x 10° Jm™) observed in bulk CoyFeSi alloy
points towards possible application of the thin film form of this alloy in magnetic media
development.

Though RusFeSi;.«Ge; alloys do not exhibit the (111) super-lattice reflection due
to the nearly equal scattering factors of Fe and Ge atoms, ab initio studies show that
ferromagnetism exhibited by the alloys with x > 0 cannot be possible without these alloys
possessing a highly ordered L2, structure. Ru,FeSi alloy shows antiferromagnetic
behavior with Ty = 270 K. As Ge concentration is increased, the strength of
ferromagnetic interactions increases as depicted by an increase in Tc. Variation of

Heisenberg exchange integral with interatomic distance for the alloys shows strong
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ferromagnetic first nearest neighbor (NN) interaction between the Fe atoms in the ordered
L2, structure resulting in ferromagnetic behavior in the alloys for x > 0. However for B2
disordered Ru;FeSi alloy, second NN interaction between the Fe atoms sitting in the 4a
and 4b positions interact antiferromagnetically, resulting in antiferromagnetism in this
alloy. When Co was substituted for Ru in (Ru,.,Co,),FeSi system, Ru rich compositions
i.e.,, x = 0 and x = 0.25 exhibited disordered B2 structure, but with increase in Co
concentration L2; ordering appeared in the alloys. M; for the alloys with x = 0.50, 0.75
and 1.00 are lower than the predicted values, possibly due to DOj3 disorder present in the
alloys. Possibility of obtaining alloys with antiferromagnetic as well as ferromagnetic
interactions of different strengths is shown by these studies on the two series of alloys. R-
W ratio for the alloys containing Ru is found to be greater than unity, indicating the
absence of half-metallic character in these alloys.

(Mn.,Co,)2VZ (Z = Al, Ga and x = 0, 0.25 and 0.50) alloys crystalize in highly
ordered L2; structure. Due to appearance of antiferromagnetic interaction between Mn
and Co atoms, T¢ of the alloys was found to decrease with increase in x. M of the alloys
deviates from the values predicted by S-P rule because of weaker hybridization between
Co-V states as compared to that of Mn—V states. Co substitution for Mn in Mn;VZ
decreases M, and leads to a FCF for the composition with equal amounts (mol%) of Co
and Mn i.e. in MnCoVAI/Ga alloy. Spin polarization studies carried on this alloy system
for the first time, identify the FCF composition to be half-metallic with an intrinsic spin

polarization of 0.60.
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6.2. Scope for future work

The present investigations on ternary and quaternary Heusler alloys show how the
structural, magnetic and half-metallic properties of these alloys could be tailored by
atomic substitution and variation in atomic disorder. There is still a lot of scope for
exploring the effect of various other substituents in these full Heusler compounds.

Ge stabilizes half-metallicity in Co,FeGe,.,Si; alloys and hence thin films of these
alloys are potential materials for fabricating GMR and TMR devices. Bulk Co,-based
alloys have high K values which can improve further in their nano-granular form.
Hence, studies on thin films of these alloys would help in harnessing their properties for
device applications.

Recently, 7y as high as 353 K [NFUK13a] has been reported in antiferromagnetic
epitaxial thin films of Ru;MnGe. In this context, it would be interesting to study thin
films of Ru based alloys to develop films with high 7y. Similarly, Mn based
ferrimagnetic alloys can be further studied in thin film form to realize ferrimagnets and
FCF.

Neutron diffraction and X-ray magnetic circular dichroism measurements on the
Ru-based and Mn-based alloys would throw more light on our understanding of the
antiferromagnetic and ferrimagnetic ordering in these alloys. Nearly equal X-ray
structure factors of elements from the same period can reduce the intensity of the super-
lattice peaks and hence it is not easy to infer the presence of chemical disorder in such
cases. These ambiguities can be resolved if neutron diffraction experiments can be

performed on these alloys.
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