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SYNOPSIS

During the last few decades, study on full Heusler alloys (commonly with the
stoichiometry 4>BC; where 4 and B are typically transition metal (TM) elements with d
electrons, whereas in general, C is an element with s, p electrons) has drawn considerable
attention of the researchers because of their very interesting properties, both from the
application and the fundamental points of view. Some of the full Heusler alloys (FHAs) are
well known as shape memory alloys (SMA). Upon cooling, SMAs tend to undergo a structural
transition from a high temperature cubic phase to a low temperature phase with a lower
symmetry, while the volume remains conserved.[1,2] This structural transition is named as
martensite transition, and the temperature at which the transition takes place is known as the
martensite transition temperature (Tv). The FHAs, which are known to undergo martensite
transition, may find their application as various devices, such as, actuator, antenna etc. This
group of FHAs are generally found to be metallic in nature, i.e. there is significant density of
states (DOS) at the Fermi level (Er ) for both the spin channels. On the other hand, in 1983 de
Groot et. al.[3], have mentioned about another class of Heusler alloys, which are half metallic
in nature, with a much reduced DOS in case of one of the spin channels. These alloys may

have potential application as a spin-injector material.

Among the SMAs, magnetic shape memory alloys (MSMAs) are of special interest
because in this case the process of actuation, driven by magnetic field, becomes much faster
than the conventional one (actuation driven by temperature). For room temperature application
of magnetic FHAs as a device, it is necessary that both the ferromagnetic transition
temperature (Tc) and Twm should be above the room temperature. As the shape of the materials
used for devices has to change depending on the external perturbation in terms of heat or
magnetic field, for a device application, it is also desired that the material is ductile enough
such that it can regain its shape every time the perturbation is removed. It has been observed in

the literature that we can tune Tc, Tm and the inherent crystalline brittleness (ICB) by changing



the composition of the alloy.[2,4-9] Hence, extensive studies are going on in searching for

novel magnetic Heusler alloys with desirable mechanical, magnetic and electronic properties.

The elastic properties are among the most important physical properties related to the
structure of materials. In crystalline materials, a high value of ratio of shear modulus (G) and
bulk modulus (B) gives a fairly good phenomenological indication of the inherent crystalline
brittleness of the material.[10] Further, the value of tetragonal shear constant of the cubic
phase of a Heusler alloy can be correlated with the possibility of the martensite transition.[11]
Depending on their chemical composition, the FHAs are shown to possess long-range
ferromagnetic, ferrimagnetic and anti-ferromagnetic configuration, some of these are even
found to carry no net magnetic moment. So, it is of immense interest to have an in-depth
understanding of the magnetic interactions present in these systems. It is found that, in most of
the FHAs, represented as A>BC, primarily B is the moment carrying atom. There is the
presence of a delocalized-like common d-band formed by the d-electrons of the 4 and B atoms,
both of which are typically first-row transition metal atoms as well as carry magnetic
moments.[12] Additionally, there is also an indirect RKKY-type exchange interaction[13]
between the d-electrons of B atoms, which is typically mediated by the s, p electrons of the C
atom. Hence, the C atom also plays an important role in defining the magnetic properties of
these materials.[12,14] The electronic structure of FHAs has been seen to vary from
semiconducting to half-metallic to metallic. The hybridization between different atoms plays
an important role in deciding the electronic structure of the FHAs. Additionally, the value of
Twm depends critically on the hybridization between the atoms and in turn, on, the electronic
structure of the material. Ni2MnGa and Mn;NiGa are two prototype and most well known
magnetic FHASs studied in the literature. In the ground state, Ni-MnGa is known to possess the
conventional Heusler alloy structure and it is ferromagnetic in nature. On the other hand,
MnaNiGa possesses inverse Heusler alloy structure and its ground state magnetic configuration
is ferrimagnetic. Despite the differences in their crystal structures and magnetic properties,

both the alloys show the tendency to undergo martensite transition. In this thesis, in search of



novel magnetic Heusler alloys, we discuss the effects of substitution on mechanical, magnetic
and electronic properties of NizMnGa and Mn2NiGa. We also study in detail, the magnetic and
electronic aspects associated with the martensite transition of various Heusler alloy materials

to probe when a FHA may show a tendency towards tetragonal distortion and when it does not.

In Chapter 1, we discuss the structure, properties and some possible applications of a few
well-known full Heusler alloys. It is then followed by a brief introduction to the computational

method employed in the electronic structure calculations based on density functional theory.

Ni2MnGa is a prototype ferromagnetic Heusler alloy which undergoes martensite transition
at 202 K[15] which is below the room temperature. We already discussed above about the
dependence of physical parameters like Twm , Tc, inherent crystalline brittleness (ICB) and the
magnetic properties on the chemical composition of a particular Heusler alloy. An increase of
Tm have been observed as a result of Cu substitution at the Mn site and Pt substitution at Ni
site of Ni2MnGa.[5, 9,16] Both Cu and Pt are highly ductile material in their bulk form.
Further, Pt and Pd are isoelectronic with Ni while Cu has one electron more compared to Ni.
Hence, a comparative study is expected to yield interesting results if we substitute Ni with Pt,
Pd and Cu in case of NioMnGa. The existence of a modulated structure is known to be a
prerequisite for a large MFIS on applying a small magnetic field. We note that a maximum
magnetic field induced strain of 14% has been reported for Nij7sPto2sMnGa in the
literature.[16] Further, based on a neutron diffraction study, Singh et. a/.[17] have reported the
existence of a modulated structure in Pt doped NizMnGa. In the first part of Chapter 2, we
discuss the effects of Cu substitution on the two prototype Heusler alloys namely, Ni-MnGa
and MnoNiGa. We study the changes in the structural, electronic as well as magnetic properties
of these two systems with Cu substitution of 0%, 25%, 75% and 100% (in most cases) at the
Mn, Ga as well as Ni sites of both the materials. We note that some of these compositions with
Cu at Ga and Mn sites have been experimentally found to be stable.[5,9,18-21] It is observed
that, except for one, all the compositions studied by us are stable in terms of the formation

energy. A new material among these ones, namely, Niz2MnCu shows a promise of exhibiting



magnetic shape memory effect. We find that partial and complete substitution of Mn by Cu
lead to compounds, which are more stable than compounds in which Cu replaces Ni or Ga. Ga
substitution by Cu is predicted to cause a large change in martensite transition temperature.
Our study underlines that in spite of the different crystal and magnetic structure of Ni-MnGa
and Mn2NiGa, the physics of martensite transformation as a result of Cu substitution at Ga, Mn,

and Ni sites in these two materials is the same in these two systems.

In the second part of Chapter 2, we discuss the results of our calculated bulk mechanical
as well as electronic and magnetic properties of NixMnGa substituted by copper (Cu), platinum
(Pt), palladium (Pd) and manganese (Mn) at the Ni site. It is observed that the tetragonal shear
constant, C’, has values close to zero or negative for all the compounds studied here, which
indicates that, for all these materials, the cubic austenite phase might be prone to an elastic
instability and hence, these materials are likely to undergo martensite transition. S. F. Pugh in
1954[10] conjectured that, the elastic property of a material is related to the ratio of the shear
modulus (G) and bulk modulus (B) of that material. In his work, a high value of G/B has been
associated with the inherent brittleness of a crystalline material. Based on the relative values
of G/B and Cauchy pressure (C?), we predict that NioMnGa is expected to be inherently less
brittle than Mn>NiGa, however, PtoMnGa is the least brittle one among the three. From the
analysis of our results of total and partial DOS of the materials, we observe that the
hybridization between the 4p orbitals of Ga and outermost d orbitals of the 4 atom plays a
crucial role in the electronic stabilization of the material as observed in the literature.[22,23]
We also study the Heisenberg exchange coupling parameters and calculate the Curie
temperature using a mean field approximation, and we show the effects of substitution on the

magnetic properties of these materials.

We mentioned above that, there is another group of FHAs which is found to be half
metallic in nature.[3] Generally, many of the Co-based Heusler alloys exhibit this behavior
[24,25]. On the contrary, Co2NbSn and Co2NiGa are found to exhibit SMA property and these

are found to be metallic in nature.[26—28] Currently, Co2NiGa and related alloys have gained



interest among the researchers, as they show SMA property and possess different crystal
structure (inverse Heusler alloy structure), compared to the other Co-based materials, which
are known to possess half metallicity and conventional Heusler alloy structure in their ground
state.[27,28] In Chapter 2, we showed that, the substitution of Ni by Pt in case of NixMnGa
reduces the ICB as well as makes the tetragonal state more stable compared to the cubic phase.
Furthermore, Siewert et. al. have observed an enhancement of Tc in case of Co doping in the
Pt based systems.[16] Additionally, number of valence electrons has been shown to play an
important role in determining the properties of these alloy systems.[8] So, studying the
literature, we can expect that, the effect of replacement of Ni by Pt on various physical
properties of Co2NiGa may turn out to be interesting both from fundamental as well as
application points of view. In Chapter 3, therefore, we discuss the changes in the magnetic,
electronic as well as mechanical properties of 4>,PtGa alloy, where 4 atom and consequently,
the number of valence electrons are varied. Here, 4 atom has been taken to be a first row
transition metal atom (4 being Cr, Mn, Fe, Co). By comparing the energies of various types of
magnetic configurations, we predict that CrPtGa and Mn2PtGa possess a ferrimagnetic
configuration, whereas, FeoPtGa and Co2PtGa possess a long-range ferromagnetic ordering in
their respective ground states. By analysing the results of our calculated electronic, magnetic
and mechanical properties of all these materials, Co2PtGa, Cr2PtGa and Fe:PtGa are found to
be three new FHA systems, which are likely to show the martensite transition. Among these
material, Co;PtGa is likely to possess the highest spin polarization at the Er for both the cubic
and tetragonal phases. It also exhibits the lowest inherent crystalline brittleness as well as the
highest martensite transition temperature (Tm), melting temperature (®n) and Curie
temperature (Tc) - all the three values are found to be well above the room temperature,

rendering Co,PtGa interesting from application point of view.

Heusler alloy systems are well known to show different types of magnetism based on their
chemical composition. In this regard, Fe and Cr substitution at the Mn site of Ni2-MnGa and

Pt:MnGa may lead to interesting magnetic properties as both Fe and Cr have high atomic



moments which are close to Mn. We note that, in bulk, Fe exhibits ferromagnetic (FM)
configuration. On the other hand, both Cr and Mn atoms in their bulk form have anti-
ferromagnetic in the ground state. Additionally, Cr possesses only one electron less than that of
Mn. All these facts may have some interesting role to play in defining the magnetic as well as
mechanical and electronic properties of the substituted materials. In Chapter 4, we therefore,
discuss the effects of Fe and Cr substitution at the Mn site on magnetic, mechanical and
electronic properties of NizMnGa and Pt:MnGa. We predict, on the basis of formation energy,
that, all the substituted 42Mni—BxGa alloys (x = 0.00, 0.25, 0.75, 1.00; 4 = Ni, Pt; B =Fe, Cr)
are stable materials. Further, all the substituted materials which we have studied here are likely
to undergo martensite transition. We have probed how the stability of the austenite and
martensite phase varies with the extent of substitution by Fe as well as Cr atoms at the Mn site.
Further, we also study the bulk mechanical properties of the austenite and martensite phases of
the systems. We predict that the Pt-based systems are inherently much less brittle in
comparison to the Ni-based systems studied here. To predict the ground state magnetic
configuration for all the systems studied here, we probe various possibilities of the magnetic
configuration for these systems. Interestingly, contrary to the unsubstituted case as well as the
case when Mn is substituted by Fe, the substitution of Mn by Cr leads to lowering of energy in
case of an intra-sublattice anti-ferromagnetic configuration compared to the ferromagnetic

configuration.

Both the existing literature and our work show that one group of the FHAs is likely to show
SMA property and is generally metallic in nature whereas another group of FHAs possess high
spin polarization at Er and is not typically prone to a tetragonal transition on cooling. From
both the points of view of fundamental understanding as well as technological application, it
can be interesting to probe the similarities and differences in magnetic, bulk mechanical, and
electronic properties of these two categories of materials. It will also be interesting to see if
there is any FHA which has a tendency to undergo a tetragonal transition and at the same time

possesses a high spin polarization at the Er. Keeping these in mind, in Chapter 5, we probe



the bulk mechanical, magnetic and electronic properties of a series of Ni and Co-based FHAs,
namely, Ni2BC and Co2BC (B =Sc, Ti, V, Cr and Mn as well as Y, Zr, Nb, Mo and Tc¢; C = Ga
and Sn) materials. The choice of these two systems (Ni and Co-based FHAs) depended on the
following facts. It has been observed that, typically, a large amount of work on the FHAs are
on the Ni and Co-based compounds. It is also seen in the literature that, while quite a few of
the Ni-based FHAs tend to undergo martensite transition, many of the Co-based FHAs exhibit
a large spin-polarization at the Er. So one of the interests here is to study if there is a

possibility of coexistence of a tetragonal transition and a high spin polarization at the Er.

Among the two categories of FHAs mentioned above, we find that the values of tetragonal
shear constant show a consistent trend: a high positive value for materials which are not prone
to a tetragonal transition and a low or negative value for the others. Further, we observe that
the Ni-based materials are typically metallic in nature. However, all the Co-based alloys

exhibit a significant spin polarization at the Er (—~66 to 100%). Most of the Ni-based

materials have a 3d band of the minority spin of the 4 atom close to and below the Er . On the
other hand, the peak position of the same band is above the Er for the Co-based materials. We
observe that, in both the cases of Ni and Co-based materials, these 3d levels of electrons with
minority spin play an important role in deciding the ground state. The relationship between the
closeness of the peak corresponding to the e, levels of the 3d down spin electrons of the A
atom to the Er and the tendency of lowering of energy upon tetragonal distortion is found to be
consistent across all the Ni and Co-based materials. Further, a rigid band model, along with the
hybridization between different near-neighbor atoms, supports the results of partial and total
magnetic moments of these systems. It is found that out of the four materials among the forty
materials studied here, which exhibit a martensite phase as their ground state, three of these,
namely, Ni2MnGa, Ni2MoGa and CoNbSn possess a truly metallic nature; on the contrary,

Coz2MoGa exhibits a high spin polarization (~ 86%) at the Fermi level.



In Chapter 6, we present the results of detailed magnetic properties of a few series of
materials, namely A>-xBxXC (4 = Ni or Pt; B=Co; X = Mn, Fe; C = Ga, Sn; x=0.00, 0.25, 0.50,
0.75, 1.25, 1.50, 1.75, 2.00), where the material, at one end (with x = 0.00) shows a SMA
property, but at the other end (with x = 2.00) does not. In this chapter, we have carried out, in
detail, the study on the evolution of the RKKY interaction for the materials, namely,
Niz>—xCoxMnGa, Ni»—xCoxFeGa, Pt «CoxMnGa, PtoxCoxMnSn as a function of x. Our results
suggest that there is a decrease in strength of the RKKY interaction as we increase the Co
substitution at the Ni or Pt site. It indicates that a dominant role is played by the 4 atom’s d-
electron in the formation of coupling between the localized-like moments of B atom in the
A>BC systems studied here. We also report the dependence of the strength of the RKKY
interaction on the magnetic moment B atom. Our study signifies the implicit and important

presence of RKKY interaction in the magnetic FHAs which show martensite transition.

Finally, all the above-mentioned work carried out in this thesis, has been summarized in
Chapter 7 and conclusions have been drawn. This is then followed by a brief discussion on
the possible future work.
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Chapter 1

Introduction

1.1 Introduction

Heusler alloy was discovered more than 100 years back (in 1903) by a German scientist,
Friedrich Heusler. The first discovered Heusler alloy is a Cu-Mn-Al system. The interest-
ing fact about this Cu-Mn-Al system is that, although, none of its constituent atoms are
ferromagnetic in bulk form, the resulting material exhibits ferromagnetic configuration.
Two types of Heusler alloy systems are discussed in the literature: (a) Full Heusler
alloy, with a general formula Ay BC and (b) Half Heusler alloy, with a general formula
ABC'; where A and B are generally elements with d electrons and C' is an element with
s.p electrons. Some of the full Heusler alloys (FHAs) are known as shape memory al-
loys (SMA).[1, 2] Upon cooling, SMAs tend to undergo a structural transition from a
high temperature cubic phase to a low temperature phase with a lower symmetry. This
structural transition is named as martensite transition, and the temperature at which
the transition takes place is known as the martensite transition temperature (Tys). The
FHASs, which are known to undergo martensite transition, may find their application as
various devices, such as, actuator, antenna etc. This group of FHAs are generally found
to be metallic in nature, i.e. there is significant density of states (DOS) at the Fermi level
(Ep) for both the spin channels. On the other hand, in 1983, de Groot et. al.[3] have
predicted about another class of full Heusler alloys, which are shown to be half metallic
in nature, with a much reduced DOS in case of one of the spin channels. These alloys

may have a potential application as a spin-injector material.



1.1.1 Shape memory effect

Some systems are shown to recover their shape after a plastic deformation, this property
of remembering their initial shape is termed as shape memory effect (SME). Alloys, ex-
hibiting shape memory property, are termed as shape memory alloys. For showing SME,
it is necessary that the material undergoes martensite transition, which is a displacive,
diffusionless, volume conserving, first order structural transition. Because of the coopera-
tive movement of the atoms relative to each other, martensite transition is often termed as
a military transformation. Though, it involves very small displacement of the atoms but
macroscopically the change in shape is quite large because of the transition. In conven-
tional shape memory effect, upon cooling, there is a martensite transition from the high
temperature phase to a low temperature, lower symmetry phase, below the martensite
transition temperature. Now, in order to minimise the stress produced because of this
structural transition, there will be a formation of twinning over the whole sample(Figure

1.1). These structural domains (variants) are separated by twin boundaries.
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Figure 1.1: Schematic diagram of martensite transition and twin formation

The twin boundaries are mobile in nature. Due to the easy movement of the twin
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Figure 1.2: Orientation of magnetic moments (a) in absence of magnetic field, (b) in
presence of magnetic field (H)

boundaries, the shape of the materials can be easily deformed by means of lowering down
the temperature or applying mechanical stress on the system, if the material is in its
martensite phase. Now, if we heat the sample, and the temperature reaches above the
martensite transition temperature it will regain its initial high symmetry phase (austenite
phase). This is the conventional shape memory effect. In case of conventional SME, the
shape of the material is controlled by temperature, which makes the process of actuation
slow, especially, when we need to cool the sample. This difficulty can be overcome by
introduction of magnetic shape memory alloys (MSMA). In this case, shape of the SMA
is deformed, i.e. a strain is developed by applying an external magnetic field and this
strain is known as magnetic field induced strain (MFIS).

For a ferromagnet, below Curie temperature, there is a spontancous magnetization
in the absence of an external magnetic field, with the magnetic moments aligned along
their easy axis. For a ferromagnetic SMA, at a temperature, below Tj; and T¢o (Te
> T)y), the twinning will be formed. In a twinned micro-structure the lattice variants
will orient themselves in different directions. Consequently, the magnetic moments will
also be aligned in different directions, depending on the direction of the ecasy axis of the
respective variants. On the application of magnetic field, the moments will try to align
themselves along the applied field. If the magnetic anistropy energy is high enough, such
that the rotation of the magnetic moments away from the direction of the easy axis costs

higher energy compared to the energy required to rotate the twin itself, then the size of



the variants, for which easy axis is along the direction of magnetic field will grow at the
cost of the size of other variants. This will cause a change in the shape of the FSMA

(Figure 1.2).

1.1.2 Crystal structure of Heusler alloys

FHASs in the cubic phase, crystallize in two types of crystal structures, namely, conven-
tional and inverse Heusler alloy structures. In case of stoichiometric FHA (A BC'), there
are four face-centered-cubic (fcc) sublattices centered at (0.25, 0.25, 0.25), (0.75, 0.75,
0.75), (0.50, 0.50, 0.50), (0.00, 0.00, 0.00), which we label as P, ), R and S sublat-
tices, respectively. For conventional Heusler alloy structure (with a formula A BC'), the
A atoms occupy the P and @) sublattices, the B atom occupies the R sublattice and S
sublattice contains the C' atom. This structure shows a Fm3m (number 225) space group.
On the other hand, in case of inverse Heusler alloy structure (with a formula ABAC), A
atom occupies the P and R sublattices and they are termed as A2 and Al, respectively,
B and C atoms occupy the () and S sublattices, respectively. This structure assumes a
F43m (number 216) space group. For the martensite phase, we consider the tetragonal
distortion of the cubic phase. Some Heusler alloys including NipsMnGa and MnyNiGa
may show complicated modulated structures.[4-6] Due to the lack of knowledge about a
suitable starting structure with a well-defined modulated orthorhombic distortion for the
substituted systems studied in this thesis, we consider a tetragonal distortion of the cubic
austenite phase as a first approximation of the structure of the martensite phase.

For both the types of Heusler alloy structure, conventional and inverse as well, the
structure of the non modulated martensite phase are considered as body centred tetrag-
onal. For conventional Heusler alloy structure the space group of the tetragonal phase is
I4/mmm (number 139), whereas for inverse Heusler alloy structure the space group of the
tetragonal phase is 14m2 (number 119).

In this thesis, there are several cases, where we have carried out the calculations for
substitution with different percentages (0%, 25%, 75% and 100%) at different sites of
the studied FHA systems. To incorporate the substitution of percentages 25% and 75%

we have carried out the calculation with sixteen atoms unit cell with P1 symmetry (no



symmetry at all) for both the cubic and tetragonal phases.

1.2 Objectives of the Present Thesis

In the family of the full Heusler alloys, NioMnGa has first been reported in 1983 and
was shown to undergo a martensite transition by Webster et. al.[1] They prepared the
Ni;MnGa sample which has a highly ordered L2, structure (space group Fm3m). It was
observed that NisMnGa is a ferromagnetic material with a Curie temperature of 376 K.
Later on, Ullakko et. al.[2, 7], observed a large magnetic field induced strain (MFIS)
in Ni-Mn-Ga single crystal. They reported about 9.5% MFIS in an magnetic field of
less than 1 Tesla at an ambient temperature. All these studies put together suggested
that NipMnGa is a promising ferromagnetic shape memory alloy. Apart from the shape
memory application, there are significant studies on the occurrence of magnetocaloric
effect in Ni-Mn-Ga systems.[8-10]

In 2005, Liu et. al.[11] prepared a single crystal of MnyNiGa. It has been reported
that it undergoes a martensite transition at 270 K and its Curie temperature is 588 K.[11]
A MFIS of around 4% has been observed in the single crystal of MnyNiGa.[11] Unlike
Ni;MnGa, MnyNiGa crystallizes in F43m structure in the cubic austenite phase. From
the magnetic properties point of view also, it is found to be different from NisMnGa. Both
from experimental and density functional theory based first principles study by Barman
et. al.[12, 13] it has been shown that, MnyNiGa possesses a ferrimagnetic ground state.
Based on experimental study by Singh et. al.[14], it has been observed that, there is
a significant change in the magnetization as Mny;NiGa undergoes martensite transition.
This observation has been confirmed by theoretical study as well.[12, 13] In the martensite
phase the magnetic moment is 1.01 pp/fu. whereas in austenite phase the moment is
around 1.12 pp/f.u. Because of this jump in magnetization in Mn,yNiGa, it shows inverse
magnetocaloric effect[14], which can be utilized in the practical applications. However,
both the systems NisMnGa and MnyNiGa face the difficulties in terms of practical appli-
cation because of their low martensite transition temperature.

For shape memory alloy systems, it is also important to ensure that the martensite

transition temperature is above the room temperature. To this end, there are lot of



studies in the literature on NisMnGa as discussed below. For a number of Ni-Mn-Ga
samples, Lanska et. al.[15] have shown an empirical relationship between the Ty, and
the number of valence electrons per atom (e/a). For a range of compositions based on
Ni-Mn-Ga, Jin et. al.[16] reported that, (a) increased Ni content increases Ty, whether
it replaces Mn or Ga, (b) Ty, increases as Mn replaces Ga but decreases if Ni is replaced
by Mn, and (c) increased Ga percentage will always lower the T, significantly whether
it replaces Ni or Mn. A possible argument has been given for this kind of variation of
Ty as in the last case e/a ratio decreases significantly compared to the average value for
same for Ni-Mn-Ga. However, there are cases in which this correlation fails.[17] Hu et. al.
mentioned about few parameters on which the Ty, depends. Along with e/a ratio, these
are conjectured to be (a) tetragonality of the martensite phase (¢/a — 1), (b) the relative
phase stability between austenite and martensite phase i.e. the energy difference between
these two phases based on first principles calculation, and (c) the value of tetragonal
shear constant (C") (lower the value of C”, higher the Tj/).[17] All these parameters can
be tuned by changing the chemical composition of the materials such that the T, attains
a suitable value for the practical applications as has been observed both from experiments
and first principles based studies.[10, 18-23]

Apart from searching for higher T,;, for practical application, mechanical proper-
ties are also important to probe. In literature, there are several experimental and first
principles based studies on the mechanical properties of NisMnGa.[24-27] Based on ex-
perimental studies, Worgull et. al.[24] measured the three independent elastic constants
for the cubic crystal of NisMnGa, these are C=0.5%(Cy1+C12+2Cyy), Cu, and C'=
0.5x(Cq1-C12). Softening of the tetragonal shear constant C” has been observed during
the martensite transformation.[24] Using density functional theory based first principles
study, Kart et. al.[27] calculated all the elastic constants for both the austenite and
martensite phases. Elastic instability of the cubic austenite phase of NisMnGa has been
indicated by the very small value (5.5 GPa) of C” in this phase. From the values of
calculated elastic constants, bulk modulus (B) and shear modulus (G) have also been
calculated by Kart et. al.[27] Further, S. F. Pugh in 1954, conjectured that, the elastic

property of a material is related to the ratio of the shear modulus (G) and bulk mod-



ulus (B) of that material.[28] In his work, a value of G/B higher than ~0.57 has been
associated with the inherent brittleness of a crystalline material. The calculated G/B
values for the different phases of NisMnGa have been shown to be slightly lower than
0.57.]27] However, in the literature, Ni;MnGa has been mentioned as a fragile material,
which makes it unsuitable for technological application.[29, 30]

For the magnetic shape memory alloys (MSMA), it is also desired that, Te > Ty,
such that we can control the strain developed in the martensite phase by the application
of magnetic field. Co-based systems are shown to exhibit high T¢, as is found in the
literature.[31, 32] Further, Mario et. al. have observed an enhancement of T as a result
of Co doping in the Pt-based systems.[4]

In this regard, we point out that one of the major and important goals of the present
thesis is to search for novel magnetic shape memory alloys in a systematic way, with
better electronic, magnetic and mechanical properties from the application point of view.
Second aspect is to understand the differences and similarities between two classes of
FHAs, which are prone to martensite transition and which are not prone to martensite
transition in terms of electronic, mechanical and magnetic properties. These are described
in detail below, with respect to each individual chapter. The thesis has been arranged in
total of 7 chapters. In the later part of this first chapter, we provide a brief introduction
to the computational method employed in the electronic structure calculations based on
density functional theory.

Taking a cue from the existing literature, that the partial Cu doping at the Mn site
of NisMnGa, leads to increase of martensite transition temperature[10], in first part of
Chapter 2, we discuss the effects of Cu substitution on the two prototype Heusler alloys
namely, NisMnGa and Mns;NiGa. We study the changes in the structural, electronic as
well as magnetic properties of these two systems with Cu substitution of 0%, 25%, 75%
and 100% (in most cases) at the Mn, Ga as well as Ni sites of both the materials, which
are different in terms of structural and magnetic properties.

We know that, both Cu and Pt are highly ductile material in their bulk form. Further,
Pt and Pd are isoelectronic with Ni while Cu has one electron more compared to Ni.

Hence, a comparative study is expected to yield interesting results if we substitute Ni



with Pt, Pd and Cu in case of NisMnGa. The existence of a modulated structure is known
to be a prerequisite for a large MFIS on applying a small magnetic field. We note that
a maximum magnetic field induced strain of 14% has been reported for Nij 75Ptg25MnGa
in the literature.[4] Further, based on a neutron diffraction study, Singh et. al.[33] have
reported the existence of a modulated structure in Pt doped NisMnGa. These two studies
suggest that probing of Pt substitution may be interesting from practical point of view.
In the second part of the Chapter 2, therefore, we discuss the results of our calculated
bulk mechanical as well as electronic and magnetic properties of NisMnGa substituted by
copper (Cu), platinum (Pt), palladium (Pd) and manganese (Mn) at the Ni site. We also
study the Heisenberg exchange coupling parameters and calculate the Curie temperature
using a mean field approximation, and we show the effects of substitution on the magnetic
properties of these materials.

We mentioned above that, there is another group of FHAs which is found to be
half metallic in nature.[3] Generally, many of the Co-based Heusler alloys exhibit this
behavior.[31, 34] On the contrary, CooNbSn and CoyNiGa are found to exhibit SMA
property and these are found to be metallic in nature.[35-37] Currently, CosNiGa and
related alloys have gained interest among the researchers, as they show SMA property and
possess different crystal structure (inverse Heusler alloy structure), compared to the other
Co-based materials, which are known to possess half metallicity and conventional Heusler
alloy structure in their ground state.[36, 37| Our study showed that, the substitution of
Ni by Pt in case of NioMnGa reduces the inherent crystalline brittleness (ICB) as well
as makes the tetragonal state more stable compared to the cubic phase. Furthermore,
Siewert et. al. have observed an enhancement of T in case of Co doping in the Pt
based systems.[4] Additionally, number of valence electrons has been shown to play an
important role in determining the properties of these alloy systems.[23] So, studying the
literature, we can expect that, the effect of replacement of Ni by Pt on various physical
properties of CooNiGa may turn out to be interesting both from fundamental as well
as application points of view. In Chapter 3, therefore, we discuss the changes in the
magnetic, electronic as well as mechanical properties of AsPtGa alloy, where A atom and

consequently, the number of valence electrons are varied. Here, A atom has been taken to



be a first row transition metal atom (A being Cr, Mn, Fe, Co). An estimation based on
DFT calculations has been given on inherent crystalline brittleness, martensite transition
temperature (Tj/), melting temperature (0,,) and Curie temperature (T¢) for each of
the four materials..

Depending on their chemical composition, the FHAs are shown to possess long-range
ferromagnetic, ferrimagnetic and anti-ferromagnetic configuration, some of these materials
are even found to carry no net magnetic moment. So, it is of immense interest to have an
in-depth understanding of the magnetic interactions present in these systems. It is found
that, in most of the FHAs, represented as A; BC, primarily B is the moment carrying
atom. There is the presence of a delocalized-like common d-band formed by the d-electrons
of the A and B atoms, both of which are typically first-row transition metal atoms as well
as carry magnetic moments.[38] The C' atom also plays an important role in defining the
magnetic properties of these materials.[38, 39] Jin et. al.[16], have shown the existence of
an empirical relationship between number of valence electrons present in the system and
magnetic properties (T¢ and saturation magnetization) of Ni-Mn-Ga systems.

Hence, it is expected that, Fe and Cr substitution at the Mn site of NiosMnGa and
Pt,MnGa may lead to interesting magnetic properties as both Fe and Cr have high atomic
moments which are close to Mn. Further while Fe has ferromagnetic, Cr has anti ferro-
magnetic configuration in bulk like Mn Additionally, Cr possesses one electron less than
that of Mn and Fe possesses one electron more. All these facts may have some interesting
role to play in defining the magnetic and also the mechanical and electronic properties of
the substituted materials. In Chapter 4, we therefore, discuss the effects of Fe and Cr
substitution at the Mn site on magnetic, mechanical and electronic properties of NisMnGa
and PtoMnGa. Calculation of formation energy has been carried out to make a prediction
on the stability of AsMn;_, B,Ga alloys (x = 0.00, 0.25, 0.75, 1.00; A = Ni, Pt; B = Fe
and Cr). Further, we have probed how the stability of the austenite and martensite phase
varies with the extent of substitution by Fe as well as Cr atoms at the Mn site. We
also study the bulk mechanical properties of the austenite and martensite phases of the
systems. To predict the ground state magnetic configuration for all the systems studied

here, we probe various possibilities of the magnetic configuration for these systems.



Both the existing literature and our work show that one group of the FHAs is likely to
show SMA property and is generally metallic in nature whereas another group of FHAs
possess high spin polarization at Er and is not typically prone to a tetragonal transi-
tion on cooling. From both the points of view of fundamental understanding as well as
technological application, it can be interesting to probe the similarities and differences in
magnetic, bulk mechanical, and electronic properties of these two categories of materials.
Keeping these in mind, in Chapter 5, we probe the bulk mechanical, magnetic and elec-
tronic properties of a series of Ni and Co-based FHAs, namely, Nip BC' and Co, BC' (B =
Sc, Ti, V, Cr and Mn as well as Y, Zr, Nb, Mo and Tc¢; C' = Ga and Sn) materials. The
choice of these two systems (Ni and Co-based FHAs) depended on the following facts.
It has been observed that, typically, a large amount of work on the FHAs are on the
Ni and Co-based compounds. It is also seen in the literature that, while quite a few of
the Ni-based FHAs tend to undergo martensite transition, many of the Co-based FHAs
exhibit a large spin-polarization at the Ez. So one of the interests here is to study if there
is a possibility of coexistence of a tetragonal transition and a high spin polarization at
the Efp.

RKKY interaction[40] is known to be an important magnetic interaction present in
the MSMA materials.[38] In Chapter 6, we present the results of detailed magnetic
properties of a few series of materials, namely As_,Co,XC (A = Ni, Pt; X = Mn, Fe;
C = Ga, Sn; x=0.00, 0.25, 0.50, 0.75, 1.25, 1.50, 1.75, 2.00), where the material, at one
end (with x = 0.00) shows a SMA property, but at the other end (with x = 2.00) does
not. In this chapter, we carry out, in detail, the study on the evolution of the RKKY
interaction for the materials, namely, Nis_,Co,MnGa, Niy_,Co,FeGa, Pts_,Co,MnGa,
Pty_,Co,MnSn as a function of x. We discuss, the role played by the d-electron of the A
atom in the coupling between the localized-like moments of B atom in the Ay BC systems
studied here.

Finally, all the above-mentioned work carried out in this thesis, has been summarized
in Chapter 7 and conclusions have been drawn. This is then followed by a brief discussion

on the possible future work.
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1.3 Calculational methodology

In this section, we discuss about the theoretical methods, used here to study the structural,
electronic and magnetic properties of the Heusler alloy systems. Here, we employ density
functional theory (DFT) based first principles calculation, to carry out calculations on

the all above mentioned properties.

1.3.1 Many-Body Problems

It is known to us that the physical and chemical behaviours of a material is governed by
the electrons present in the system. Now to get the begaviour of any system, one must

solve the Schrodinger equation,

HU = EV (1.1)

where ¥ denotes the stationary wave function of the system, F indicates the energy eigen-

value and the Hamiltonian of the system is denoted by H, which contains the following

terms,
~ h? N 2 Ng N 2 N1 Z]chQ
H=—) V-
2me = Z 47T€0 Z r; — 1j] 47T€0 Z |RI — Ry|
NNI
Z]@
1.2
47T€0 ZZ r; — (12)

On the R.H.S., the individual term represents

i) Kinetic energy of nuclei,

ii) Kinetic energy of electrons,

iii) Interaction between electrons themselves,

iv) Interaction between nuclei themselves,

v) Interaction between electrons and nuclei, respectively. In the Eq. 1.2, i and ¢y: Planck’s
constant and permittivity of vacuum, r; and Ry: positions of electrons and nuclei, m, and
M7y: masses of electrons and nuclei, e and Zye: charges of electrons and nuclei, N and
N;: numbers of electrons and nuclei in the system,

Now onwards, we use atomic unit, in which %, e, m,, and Fleo are taken as unity.

11



We know that the nuclei are much heavier and therefore, much slower than the elec-
trons. We can hence ’freeze’ the nuclei at fixed positions and assume the electrons to be
in instantaneous equilibrium with them. In other words: only the electrons are kept as
players in our many body problems. The nuclei are assumed to be at rest with respect to
the electrons. They become ‘external’ to the electron cloud. This is an approximation,
which is called the Born-Oppenheimer (BO) approximation.[41] Under BO approxi-
mation, we are left with only three terms in the Hamiltonian, which are
i) kinetic energy of electrons
ii) potential energy due to electron-clectron interaction
iii) potential energy of electrons in the potential of nuclei

The Hamiltonian, only for the electrons can be rewritten as,

1 N N 1 N,Ny 7
[Pl o o T S 1.3
2; Z—i_gj:h‘i—l‘jl ;|I‘i—RI| ( )

Properties of matter primarily involve either the electronic ground state or the elec-
tronic excited states. Here, we will concentrate on the methods for ground state electronic
structure calculations. The simplest electronic system to solve is the well-known hydrogen
atom problem. It is known to us how to solve a one electron system like hydrogen atom.
Now, if we consider a many electron system, then in the expression of the Hamiltonian,
we have to introduce a term which is due to the mutual interaction between the two
electrons (second term of the Eq. 1.3). This term, due to its interdependence, leads to
complication in solving the many-particle problems. Nevertheless, several numerical and
computational methods exist in the literature to tackle this problem.

In this present scope of the thesis, we have used density functional theory (DFT) to
study many electrons systems. DFT allows one to find any observable, in terms of the
ground state electron density of the particular system. In the following, we discuss in

brief, the formalism of DFT.
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1.3.2 Density functional theory

Density functional theory (DFT) has been regularly used in electronic structure calcu-
lations of many body systems. DFT is based on ideas that were around since the early
1920s which was given by Thomas-Fermi theory of electronic structure of atoms (1927).
But Hohenberg and Kohn formulated DFT as an exact theory of a many body system in
1964.[42]

Hohenberg and Kohn Theorem

First theorem- There is a one to one correspondence between the ground state den-
sity (n(r)) and the external potential (V.. (r); the potential due to coulomb interaction be-
tween electron and nucleus (V,,¢(r))). It means that the Hamiltonian is a unique functional
of n(r), and solving time-independent Schrodinger equation, the obtained wavefunction

will also be a unique functional of n(r). So, we can write,
n(r) «— Yln(r)] (1.4)

An immediate consequence is that the expectation value of any observable Ois a

unique functional of the exact ground state electron density.
(¥[n)|O]¥[n]) = Oln] (1.5)

The Eq. 1.3 may be expressed in a compact manner, such as,

H=T+ Vye + Ve (1.6)
where
1 N
N 2
T——§ E V; (1.7)



is the kinetic energy operator, and

R 7,
Vie = — — 1.8
) Do (1.8)

represents the electron-nucleus interaction term and the electron-electron interaction is

represented by

N

. 1
ee — 1.
Vee =D |rs — ;] (19)

i<j

The ground state energy, I, can be written as

Egln] = T[n] + Vieln] + Veeln] (1.10)
where,
Tln] = (U[n]|T|¥[n]) (1.11)
Veeln] = (U[n]|W|Wn]) (1.12)
Vieln] = (W[n]|Voe| U[n]) (1.13)

= /n(r)Vne(r)dr (1.14)

As discussed above, we consider, V,.(r) = V.. (r), so we can write,

Vieln] = /n(r)Vemt(r)dr (1.15)

Now at this point it is convenient to separate the energy expression into two parts
‘system specific part’ and ’'system independent part’. In this case the ’system specific

part’ is the potential energy term due interaction of electron and nucleus given by

Viaeln] = /n(r)Vezt(r)dr (1.16)
The ’system independent part’ is the sum of kinetic energy of electrons and the po-
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tential energy due to electron-electron interaction. This is given by
Fuk[n] = Tn] + Vee[n], called the Hohenberg Kohn functional and it is a universal
functional, as its form is same for all the electronic systems.

So, now we can write

Eyn] = /n(r)Vext(r)dr—i—FHK[n] (1.17)

Second theorem- It states for any positive definite trial density, n’(r) , such that
Jn/(r)dr =N

the exact ground state energy obeys the following relation
Ey < Eyln'] (1.18)

In other words, it can be stated as, the density which minimizes Fiyx[n], is the ground
state density.

The ground energy, can be obtained by minimizing the energy functional of the Eq.
1.17 with respect to density, under the constraint, [n(r)dr = N and satisfy the Euler-

Lagrange equation

(SFHK[TL]

() Ver®) = 0 (1.19)

where p is the Lagrange multiplier.

Applying, Hohenberg Kohn theorem, the ground state energy of the system can be
solved, if the exact form of the universal functional is known. But unfortunately, the
exact form of the Fiyx[n], is not known to us. To overcome this problem, Kohn and Sham
in 1965 gave an idea. They replaced the actual interacting many-body problem with
an auxiliary independent-particle model, under the assumption, that the ground state
density of the original interacting system is equal to that of some chosen noninteracting

system that is exactly solvable.[43]
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1.3.3 Kohn-Sham approach

The idea of Kohn and Sham was to realize that it is not possible to determine the exact ki-
netic energy for an interacting system but we can determine the exact kinetic energy for a
non-interacting system which contributes the major part of the total kinetic energy of the
actual system. Then we can deal with the remainder part in an approximate manner. We
obtain the exact kinetic energy of the non-interacting reference system with the same den-
sity as the real interacting one. The effect of the interaction has been put together by the

inclusion of an effective potential, Vi s. Now, the universal functional can be rewritten as,

Fukln] = T[n]+ Ve[n]
= Ti[n] + (Tn] = Ts[n]) + Enln] + (Vee[n] — Enln])

= Tyn] + Eyn] + En| (1.20)

where, E,.[n] is called the exchange correlation functional, and defined as F,.[n]= (T'[n]—
Tiln]) + (Vee[n] — Enln])

Ey[n], represents the classical coulomb energy of the system, between the electrons.
The exchange correlation energy, E,.[n| contains two parts, i) the kinetic energy difference
between the actual (interacting) and the fictitious (noninteracting) system, ii) the differ-
ence between total electron-electron interaction energy and the classical coulomb energy
between the electrons. But, unfortunately, the exact form of the E,.[n], is not known to
us.

But, we can calculate the kinetic energy of the noninteracting system, using the rela-

tionship,

Ti[n] = —i/@(r)* [V;} ¢i(r)dr (1.21)
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The single particle orbital, ¢;(r) can be obtained by solving single particle equation,

(=% + Valot@l) ) = o (1.22)

we define effective potential Vi, as,

Vis[n(r)] = Ve [n(r)] + Vi [n(r)] + Vae[n(r)] (1.23)
with Vi[n(r)] = %/ |;l(_r’2/|dr’ and Vie[n(r)] = %(nr()r)] (1.24)

are the coulomb and the exchange correlation potentials respectively. From the single-

particle orbitals, we can calculate the density of the real system, following the relationship-

n(r) = 3 o) (1.25)

The Eq. 1.22, is called the Kohn Sham equation.

So we get the form of the non-interacting potential corresponding to the interacting
potential of the real system. Now the challenge is to find out the exchange correlation
term which essentially helps in mapping the interacting system to a pseudo-one-particle
system. Up to now whatever we have done is exact. The various approximations will
come into play to find out the exchange correlation term. Hence, we will discuss briefly

some of them in the next section.

1.3.4 Exchange-Correlation functional

Their are various approximations, on the form exchange correlation functional. Among
them, Local density approximation(LDA) is the simplest one. Within the local density

approximation the exchange correlation energy can be written as

Ey[n(r)] = /n(r) €zeln| dr (1.26)
cze[n], denotes the per electron exchange correlation energy of a uniform electron gas.
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It can be further decomposed into two parts,
€zeln] = €x[n] + €c[n) (1.27)

For uniform electron gas, Dirac calculated ¢,(n) exactly.[44] However the determina-
tion the other part of €,.(n), i.e. €.(n) is more difficult. However, based on Monte Carlo
simulation Ceperly and Alder[45] calculated this part for finite number of electrons, which
form uniform electron gas. Among the different forms of LDA, Vosko-Wilk-Nusair (VWN)
is the most widely used one.[46]

Local density approximation is basically based on the uniform electron gas model,
which can predict good result only when electron density varies slowly with space. But
in most of the practical systems, we must take care of the significant spacial variation
of electron density. So, we need to modify our approximated exchange correlation func-
tional which is done within Generalized Gradient Approximation (GGA). Under GGA,

the general form of the exchange correlation functional is given by

ESCA[(r)] = / effA(n(r),Vn(r)> dr (1.28)

There are several forms available in the literature.[47, 48] For most of our calculations
we used the GGA form given by Perdew-Burke-Ernzerhof (PBE). Now we give brief
discussions on the different codes used in this thesis.

WIEN2k: For magnetic properties, the results from all-electron calculations are typi-
cally very reliable for systems containing first row transition metal atoms. Hence, we have
carried out relativistic spin-polarized all-electron calculations on the optimized geometries
of the studied systems using full potential linearized augmented planewave (FPLAPW)
program.[49] We have also used this method for calculating the electronic density of
states (DOS). For obtaining the electronic properties, the Brillouin zone (BZ) integration
has been carried out using the tetrahedron method with Blochl corrections.[50] Conver-
gence tests have been carried out for all the different parameters for all the codes used

in this thesis. An energy cut-off for the plane wave expansion of about 16 Ry is used
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(RyrKimaz=9.5). The cut-off for charge density is K;,,,=9.5. The number of k-points for
the self-consistent field (SCF) cycles in the reducible (irreducible) BZ is about 8000 (256)
for the cubic phase. The convergence criterion for SCF calculation of energy is about 0.1
mRy per atom. The charge convergence is set to 0.0001.

Vienna Ab initio Simulation Package (VASP): MedeA-VASP has been em-
ployed for the geometry optimization of the systems studied here. The implementation
of projector augmented wave reduces the number of the plane waves in the basis set for
carrying out electronic structure calculation.[51, 52] We have used an energy cut-off of
minimum 500¢V for the planewaves and the convergence of the results has been tested.
The final energies have been calculated with a k-mesh of 15x15x15 for the cubic case.
The number of k-points for the self-consistent field (SCF) calculations has been tested.
The energy and the force tolerance for our calculations were 10 eV and 10 meV/A,
respectively.

CASTEP: Elastic constants of some of the materials have been calculated from
the second derivative of the energy with respect to the strain tensor. For the calcula-
tion of elastic constants, we have used the software package CASTEP (Materials Studio
6.1).[53] We use ultrasoft pseudopotential and PW91 GGA over the LDA for the exchange-
correlation functional.[54] For fine calculations, required for response properties, the num-
ber of k-points and the energy cut-off have been increased from the values used in SCF
calculations till the convergence of the mechanical properties of each individual material
has been achieved. Maximum mesh of k-points has been taken as 17x17x17 and energy
cut-off has been increased up to 1500 eV according to the requirement.

SPRKKR: To gain detailed insight into the magnetic properties of the systems,
we calculate the Heisenberg exchange coupling parameters. We use the Spin-polarized-
relativistic Korringa-Kohn-Rostoker method (SPR-KKR) to calculate these exchange cou-
pling parameters, J;;, within a real-space approach, which is proposed by Liechtenstein et
al[55] and implemented in SPR-KKR programme package.[56] Full-potential method has
been used for the SCF calculations and the results of the same have been used further
for calculating the exchange parameters. The number of k points for the SCF cycles has

been taken as 500 in the irreducible BZ. The angular momentum expansion up to lmax=3
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has been taken for each atom. Curie temperature (T¢) is derived from the Heisenberg
exchange coupling parameters using a mean field approximation (MFA).[57] Convergence
of the T¢ has been tested with respect to the cluster radius, where the cluster radius

(Ri;) is the radius of a cluster of atoms (j) surrounding a central atom, .
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Chapter 2
Effect of Cu, Pt, Pd Substitution on

the Electronic, Magnetic and Mechan-
ical Properties of NisMnGa and MnsNiGa

2.1 Introduction

The tunability of important physical properties of magnetic shape memory alloys such as
martensite transition temperature (Tj;), Curie temperature (T¢) and inherent crystalline
brittleness (ICB) with changing composition has been observed in the literature and
discussed in the previous chapter.[10, 20, 22, 58—63] Ni-Mn-Ga, a well-known such alloy,
shows upto 9.5% magnetic field induced strain (MFIS).[2, 7, 64] With the help of partial or
complete replacement by various elements or altering relative concentrations of manganese
(Mn), gallium (Ga) and nickel (Ni) in NioMnGa, different properties, including those
related to the martensite phase transition, can be probed in search of betterment of these
properties.

Similar to NigMnGa, the recently discovered material MnyNiGa also holds the promise
of practical application as a MSMA with 4% magnetic field induced strain and high mag-
netic transition temperature.[11, 12, 67-69] Contrary to the ferromagnetic behavior, which
is observed in NioMnGa, MnyNiGa is ferrimagnetic in nature.[13] Furthermore, Mn;NiGa
shows promise of existence of an inverse magnetocaloric effect unlike NioMnGa.[70] Hence,
it may be interesting from a fundamental point of view to understand how the Cu sub-
stitution at Ni, Mn and Ga sites affects the properties of MnyNiGa vis-a-vis those of
NigMnGa. This may eventually have a technological implication also, specifically in the

screening of new MSMA materials with desirable properties.
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In the first part of this chapter (Part A), we discuss the results of our calculations
on the effect of Cu substitution in NisMnGa and MnyNiGa. We study the changes in
the structural, electronic as well as magnetic properties of these two systems for Cu
substitution of 0%, 25%, 75% and 100% (in most cases) at the Mn, Ga as well as Ni sites.
As discussed earlier, some compositions with Cu at Ga and Mn sites of NisMnGa have
been experimentally found to be stable.[10, 20, 22, 58—63] In this part of the chapter, we
are particularly interested in the stability and changes in various properties as a result
of small to large Cu substitution in NipMnGa as well as Mny;NiGa. The lattice constant,
the bulk modulus and the probability of martensite transition of the alloys with Cu
substitution are compared with the corresponding properties of the parent compounds.
We study the effect of Cu substitution at Ni, Mn, and Ga sites of NiysMnGa and MnyNiGa
by using a sixteen atom unit cell as mentioned in the first chapter.

The disadvantage related to the mechanical properties of NisMnGa in terms of its
technological suitability has been already addressed in the literature and studies aiming
to improve the ductility of SMA alloys have been carried out in the literature.[71-77]
The eclastic constants are amongst the most important physical properties related to the
structure and the mechanical stability of a material. In the second part of this chapter
(Part B), we carry out in depth study of the bulk mechanical stability in terms of the elastic
stability criteria[78] and elastic constants of MnyNiGa and NipMnGa as well as substituted
at the Ni site by Cu and isoelectronic elements Pt as well as Pd. Since both Cu and Pt are
highly ductile materials, we choose these two elements for substitution with the hope of
improvement of relevant elastic properties of the substituted materials. Further, because
Pt and also Pd are isoelectronic with Ni while Cu has only one electron more than Ni,
a comparative study is expected to be interesting, when we substitute Ni with Pt, Pd
and Cu. The choice of Pt is further driven by some recent interesting experimental and
theoretical observations found in the literature. A maximum MFIS of 14% has recently
been predicted for Pt doped NisMnGa (composition Nij 75Pto2;MnGa)[4] on the basis
of first-principles calculations. Neutron diffraction study establishes the existence of a
modulated structure in Ni; gPtgoMnGa, which is a prerequisite for a large MFIS in small

magnetic fields.[33] It is also shown very recently[79] that Nij sPto2MnGa exhibits sizable
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magnetocaloric effect (MCE) near room temperature. A large increase in martensite
transition temperature has also been reported earlier for Pt-doped Ni-Mn-Ga.[80] Hence,
by studying the literature it appears that, Pt-doped NioMnGa is expected to have similar
or better properties in comparison to NisMnGa in terms of technological applications.
Therefore, we study in detail the elastic properties of NisMnGa,MnsNiGa and its
substituted alloyss. We also carry out calculations of the electronic structures in terms of
the density of states (DOS). In addition, we evaluate the magnetic properties of these alloy
materials in terms of the Heisenberg exchange coupling parameters from which we derive
the Curie temperature (T¢) within a mean field approximation.[81] We also compare the
results of our calculations of mechanical properties where Cu is substituted at Mn or Ga

site of the NisMnGa and some of the substituted alloys.

2.2 Part A: Results and Discussions

In this section, the results of the Cu substitution on the electronic, mechanical and mag-
netic properties of the NigMnGa and MnyNiGa systems have been presented. These data
are compared with the results obtained in the literature, wherever results are available,
and it is observed that our results match well with the earlier data. For Ni;MnGa and
Mn;NiGa compounds, we take an ordered Ay BC' and ABAC type of structure (A, B,
typically elements with d-electrons and C' typically elements with s, p electrons), respec-
tively. We make use of the commonly used structures for both the materials, conven-
tional Heusler and inverse Heusler structures for NisMnGa and MnyNiGa, respectively,
as these are found to be the lowest energy structures. In the austenite phase, NiosMnGa
has a cubic L2; structure.[1] For Mn,NiGa, we have considered the inverse Heusler alloy
structure.[11, 12] To simulate Cu substitution in NipMnGa and Mn,NiGa, we have re-
placed the Ni, Mn or the Ga atoms at their respective sites by Cu atoms, either partially
or fully. For example, in a 16 atom cell, 75 % Cu substitution at the Ni site amounts to
replacing three of the four Ni atoms by Cu atoms in MnyNiGa. To study the stability
of the substituted materials, we have calculated the mixing energy for each system. The
mixing energy can be obtained by subtracting the total sum of the bulk energy of all the

material components, I;, weighted by its concentration ¢; from the ground state energy
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Table 2.1: Calculated values of bulk properties of the cubic structures and the mixing energy, in
electron volts (eV) per formula unit (f.u.), for all the Cu doped NisMnGa compounds are presented here.
Experimental values, wherever available, are given in bold and within parentheses. For comparison,
present calculations yield values of bulk modulii of Cu and Ni to be 135 and 191 GPa, respectively, which
are about 140 and 180 GPa, respectively, from experiments. The negative value of the mixing energy
ensures that the compound is more stable compared to its individual bulk components. More negativity
indicates more stability.

Material Nature of Lattice Bulk Mixing
substitution constant Modulus Energy
(sub-lattice) (A) (GPa) (eV/fu.)
Ni;MnGa None 5.810 161 -1.2390
(5.82) (150)
Nij 75CugosMnGa  Ni by Cu (P) 5.827 149 -1.0999
NiCuMnGa Ni by Cu (P) 5.874 132 -0.7162
CuyMnGa Ni by Cu (P,Q) 5.961 118 -0.2107
NigMno.75Cuo.25Ga Mn by Cu (R) 5.794 155 -1.1671
(5.799)
NigMn0.25Cu0.75Ga Mn by Cu (R) 5.757 160 -1.0952
NiyCuGa Mn by Cu (R) 5.744 162 -1.0117
Nigk’IHGaojg,CuO.% Ga by Cu (S) 5.791 154 -0.9608
NiQNIHGaO.QE‘,CUQ.m Ga by Cll (S) 5.756 155 -0.4335
NisMnCu Ga by Cu (S) 5.733 146 -0.1281

of the total alloy system, Fi, (total energy of the unit cell),

Fniz = Fioe — XiciF; (2~1)

where ¢ denotes different types of atoms present in the unit cell of the material system. A
more negative mixing energy of a system indicates that it is more stable. The equilibrium
lattice constants are obtained by geometry optimization using VASP code.[51, 52] The
reference bulk states considered here for the mixing energies are: fcc for bulk Cu, Ni,
a-Mn and orthorhombic for bulk Ga. The bulk modulus has been calculated from the

double derivative of the total energy, by using the Murnaghan’s equation.[82]

2.2.1 Cu substitution at different sites in NisMnGa

i) Stability and bulk Properties - First, we focus on the effects on the electronic stability
and bulk property because of Cu substitution at different sites in NisMnGa. In Table 2.1,
we compare the lattice constant, bulk modulus and the mixing energy of the austenite

(cubic) phases of all the Cu-substituted NisMnGa (Ni-Cu-Mn-Ga) materials studied in
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this work. We observe that the mixing energy is negative in all the compounds, which
indicates that Cu substitution leads to stable materials even up to 100% replacement
at different sites. The parent compound NioMnGa is found to be the most stable, and
any amount of Cu in the alloy invariably leads to a mixing energy whose absolute value
is lower than that of NiyMnGa. The substitutions at the Ni and Ga sites (P, @ or S
sub-lattices) are energetically less favorable compared to the substitution at Mn site (R
sub-lattice). As is clear from Figure 2.1(a), when Cu substitutes Ga or Ni, the absolute
value of mixing energy decreases linearly with increase of Cu content. In contrast, we
observe that the mixing energy decreases only marginally for Cu substitution at the Mn
site (R sub-lattice). Interestingly, 25% substitution of Cu at Mn yields a reasonably
favorable mixing energy. It is -1.167 ¢V per formula unit (f.u.). This is rather close to
the mixing energy of NipMnGa (-1.239 eV /f.u.). We note that this material has already
been experimentally prepared and it shows promise for practical applications.[10, 20] Cu
substitutions at the Ga and Mn sites seem to cause a slight compression of the unit cell.
This trend has already been observed in experimental results.[20, 60] On the contrary,
replacement of Ni by Cu leads to a systematic expansion of the unit cell. The substantial
difference in the covalent radii of Cu (1.32 A) and Ni (1.24 A) may play a role in the
increase of the lattice parameter a. The slight contraction, observed when Cu replaces
Mn, may also be partly due to the fact that the covalent radius of Mn (1.39 A) is slightly
larger than that of Cu. However, the lattice contraction with the replacement of Ga by
Cu (S sub-lattice) can not be understood in terms of the difference in the covalent radii
alone. In this regard, we note that in these compounds, metallic bonding is also prevalent
and it too is expected to play a crucial role.

it) Prediction of the martensite transition - Here, we try to predict whether a system
is likely to show martensite transition or not based on its energetics. For a thorough cal-
culation of structural phase transitions from first-principles, apart from total energy, also
the various contributions to the free energy, as vibrational, electronic and, if applicable,
also magnetic entropy must be determined.[83, 84] This is computationally demanding in
particular for off-stoichiometric compositions hindering the identification of simple heuris-

tic trends from electronic structure theory. In the literature, it was thus attempted to
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Figure 2.1: (a) Mixing energy in eV per formula unit as a function of Cu substitution at
different sites in NioMnGa. The line is only guide to the eyes. (b) Energy in meV /atom
as a function of ¢/a for different Cu-doped NipMnGa systems. The energy (F) of the
martensite phase is normalized with respect to the austenite phase. ¢/a = 1 corresponds
to the austenite phase. The lines are guide to the eyes only.
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Table 2.2: Total energy differences (AFE in meV/atom) between the austenite and the martensite for
all the Cu substituted NisMnGa materials obtained from VASP calculations are given in second column,
which give a relative estimation of theoretical transition temperatures of different compounds. Whenever
there is no sign of a tetragonal phase or magnetism, the AF values are not given and a dash is put
instead. Third column gives the e¢/a, the number of valence electrons per atom. The last column gives
the information about the possibility of a martensite transition - Y stands for possible transition and
N stands for no transition; an estimate of 1, in Kelvin based on AFE. Note: The AE and T); values
presented in this table are only for the predicted MSM alloys

Material AFE e/a volume austenite
to marten-
site

(meV /atom) A3

Ni,MnGa 6.5 7.5 196.12 Y

N11475Cu0,25MnGa 2.17 7.5625 197.82 Y (25K)

NiCuMnGa - 7.75 202.71 N

CusMnGa - 8 211.81 N

NiQMn0,75CuO.25Ga 6.45 7.75 194.52 Y (65K)

NioMngo5Cug75Ga 15.83 8.25 190.78 Y (165K)

Ni,CuGa - 8.5 189.51 Y

NiQMHGaO‘75CuO,25 16.11 8 194.25 Y (165K)

NizMHG&O‘Q5CHO.75 15.95 9 190.68 Y (165K)

NioMnCu 20.5 9.5 188.43 Y (210K)

correlate other physical observables to the martensitic transition temperature in order to
obtain heuristic rules for compositional trends. These quantities were in particular num-
ber of valence electrons per atom, elastic constants, energy difference between austenite
and the martensite phases (AF), etc.[4, 18, 85-88] e/a, i.e. the number of valence elec-
tron per atom has been identified to be closely related to T, in a large variety of Heusler
alloys. The larger the e/a, the larger is the Tj;. Such a correlation often holds good
within one alloy system, but it is frequently seen to break down when the C-components
or the type of order are changed, e.g., for NiosMnGa and MnyNiGa, where the former has
larger e/a but smaller T);. Chen et. al. argued that a better agreement may be obtained
when the effect of volume is incorporated.[85] But such a description pays only restricted
attention to the specific details of the electronic structure of the system, which are im-
portant for the martensitic instability.[23] The band Jahn-Teller anomaly has significant
effect on the elastic constants, as it leads, in particular, to a softening of C’, which in
turn can be used to improve the prediction of Ty, if the composition and temperature
dependence are taken into account.[86, 87] For a given system, a simple comparison of the

theoretical energy difference AFE between the austenite and martensite state as a func-
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tion of composition can also provide an estimate of T); within a reasonable confidence
interval, as shown, e.g. by Barman ef. «l.[18] This requires a comparison of AF with
the experimental transition temperature of a reference composition. The entropic contri-
butions are neglected, which are assumed to vary only slowly with composition. In the
following, thus, we analyze the values of AE and make a heuristic prediction of T, of
NisMnGa and also MnyNiGa based materials as a function of increasing Cu substitution
at different sites. However, to make a final statement, finite temperature calculations,
taking into account the entropic contribution or detailed experimental measurements are
required which are beyond the scope of the present work.

The martensite phase, that is the low temperature phase, is more stable when the total
energy difference between the austenite and the martensite phases (AFE) is positive subject
to the condition that the calculations of energy for both the phases are performed at the
respective optimized lattice constants within the same set of calculational parameters. We
note that as a first approximation, AF can be considered to be proportional to kgTyy,
where T, is the martensite transition temperature and kg is the Boltzmann constant
and hence, AFE can provide an estimate of Tys.[18, 88] We have estimated Ty, by using
an empirical linear plot (taking cue from Ref.[18]), where the experimental T, values
for known Ni-Mn-Ga compounds as well as some other compounds were plotted against
the calculated AFE values. The T values thus obtained are compiled in Table 2.2. Here
we mention that when we introduce the linear fit, the transition temperatures of some of
the compounds (e.g. NisMnGa) do not quite fall within the confidence interval.[18] The
possible reasons behind this observation may be due to the presence of modulation in the
martensite phase or due to some disorders, including anti-site disorder. We also note here
that the effect of phonons is neglected in the present study. So these empirical values of
the predicted transition temperatures may not necessarily be close to the real values of the
transition temperatures. However, these estimates are expected to give a reliable trend
of martensite transition temperatures of alloys,[18] as the percentage of Cu substitution
is increased, however, this needs to be verified experimentally. The experimental trend
of increase in Tj, with Cu substitution at Mn (R sub-lattice)[10, 20| can be observed

from Table 2.2. We probe the trend of Ty, for Cu substitution at Ga (S sub-lattice) as
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well. We find that AE and hence T}, is large for Cu substitution at Ga (S sub-lattice).
We observe that alloys with as high as 100% Cu substitution at Mn (R sub-lattice)
and Ga (S sub-lattice) are also likely to undergo an austenite to martensite transition.
However, unlike the case of Cu substitution at Mn or Ga sites, which exhibits an increase
in AFE value, substantial substitution of Ni by Cu (P or @) sub-lattice) tends to stabilize
the austenite phase over the martensite phase (Figure 2.1(b)). We summarize that in
NisMnGa, by analyzing both AE and T, values as well as the other bulk properties that
Cu substitution at the Ni site has an opposite effect compared to the substitution at the
Mn and Ga sites.

iii) Electronic Properties - We now discuss about the effect of the Cu substitution
on the electronic structure with respect to the parent material (NiMnGa). In Figure
2.2, we plot the density of states (DOS) as a function of percentage of Cu substitution
for the austenite phase of the Cu-substituted compounds along with the unsubstituted
compounds. Figure 2.2(a), (b) and (c) depict the results of Cu substitution at Ni, Mn and

Ga positions (P and/or @, R and S sub-lattices), respectively. Figure 2.2(c) shows that

—— Ni,MnGa

VA, (c) - Ni,MnGa,,Cu,,
N\ —_— N,zMnGa_HCuJ,
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-._. /;" P o > = S << =
/

—— Ni,;MnGa
........ Ni,Mn_.Cu,.Ga
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Figure 2.2: Total spin-polarized density of states as a function of energy for different
amounts of Cu substitution (a) at the Ni site, (b) at the Mn site, and (c) at the Ga site
in NisMnGa. The zero on the X-axis corresponds to the Fermi level.

NigMnCu, where Ga is fully replaced by Cu, has a large DOS near the Fermi level (at
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Table 2.3: Bulk properties of the cubic structures and the mixing energy in eV per f.u. for all the
Cu-substituted MnyNiGa cases. Experimental values, wherever available, are given in parentheses and in
bold. The negative value of mixing energy ensures that the compound is more stable than its individual
bulk components.

Material Nature of Lattice Bulk Mixing
substitution constant Modulus Energy
(sub-lattice) (A) (GPa) (eV/fu.)
Mn,NiGa None 5.843 114 -0.7394
(5.907 )
Mn; 75Cug2;NiGa  Mn by Cu (Q) 5.858 100 -0.6897
MnNiCuGa Mn by Cu (Q) 5.851 182 -0.5454
CuyNiGa Mn by Cu (Q,R) 5.812 144 -0.6483
MngNi0,75Cu0,25Ga Ni by Cu (P) 5.869 116 -0.6111
MHQN10.25CUQA75G3 Ni bV Cu (P) 5.910 110 -0.3572
Mn,CuGa Ni by Cu (P) 5.940 105 -0.2470
MngNiGa0.75Cu0,25 Ga by Cu (S) 5.831 101 -0.4988
MnyNiGag25Cug 75 Ga by Cu (S) 5.803 117 -0.0678
Mn,;NiCu Ga by Cu (S) 5.805 +0.1276

about -0.5 V), while these peaks are shifted to lower energy by about 0.5 ¢V in case of
the parent NioMnGa. As discussed for the bulk properties including the lattice constant,
Cu substitution at Ni site in NisMnGa yields quite different energetic properties when
compared to the substitution at Mn and Ga sites. We have already discussed that the
possibility of a transition from the austenite to the martensite phase keeps decreasing as
AFE keeps decreasing with increase in Cu substitution at the Ni site (Figure 2.1(b)). Sub-
sequently, it is clear from our results that while NisMnGa shows a martensite transition,
CuaMnGa does not. It is expected that cubic phase of CusMnGa is more stable since the
majority of the DOS of the austenite phase of CusMnGa shifts away from the Fermi level
towards higher binding energy compared to the case of NipsMnGa. It is possible that this
gives stability to the austenite phase which might render a martensite transition unlikely

in case of CusMnGa.

2.2.2 Cu substitution at different sites in Mn,NiGa

i) Stability and Bulk Properties - The overall interesting results as well as the possibility
of a large Cu substitution at different sites in NisMnGa have motivated us to explore Cu
substitution in MnsNiGa. Now, we discuss about the effects of Cu substitution at various

sites of MnyNiGa, on electrnic stability and bulk mechanical properties. We observe that
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the substitution of Cu at different sites is energetically possible in all the compositions
studied, except for MnyNiCu (Table 2.3). While the replacement of Mn by Cu seems to
perturb the system energetically the least (Figure 2.3(a)), replacing Ga by Cu turns out

to be energetically the least favorable.
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Figure 2.3: (a) Mixing energy in eV /f.u. as a function of Cu substitution at different sites
in MnyNiGa. The line is only guide to the eyes. (b) Energy in meV /atom as a function
of ¢/a for different Cu-doped MnyNiGa systems. The energy (F) of the martensite phase
is normalized with respect to the austenite phase. ¢/a = 1 corresponds to the austenite
phase. The lines are guide to the eyes only.

We discuss here the probable reasons of the difference in stability of both the materials
NioMnGa and MnsNiGa when Cu substitutes the Ni, Mn or Ga atoms. In this context, we
note here that the stabilizing effect of an s, p element at the C position in Heusler alloys
with stable martensite phase is well established in the literature. As shown by Zayak et.
al.[89], the stability of the NiyMnGa type Heusler alloys is known to be closely related to

the minority (spin down) DOS at the Fermi level.[23] A double peak structure is observed
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at the Fermi level indicating a covalent interaction between the Ga 4p and Ni 3d states,
which is caused by the 4p and 3d hybridization. This covalent interaction between the
Ga 4p and Ni 3d spin down states is known to play a crucial role in the stability. Our
analysis of the partial DOS shows the signature of this strong hybridization at the Fermi
level for the systems which are stable. The Cu substitution at the Ga site lacks this strong
4p and 3d hybridization. Similarly, when Cu replaces Ni, higher binding energy of the
Cu atom in comparison to Ni leads to a much reduced DOS at the Fermi level. This is
not the case in case of Mn replacements by Cu, such as in non-magnetic NisCuGa and
MnyCuGa which agrees with the results in the literature.[89] So the covalent interaction
in the system is significantly reduced when Cu substitutes either Ni or Ga. We find from
the partial DOS that in the stabler materials, the 3d-3d interaction between the atoms at
the A and B position is also more predominant.

Overall, the results of energetics are qualitatively quite similar to those of NisMnGa.

Further, we concentrate on the bulk properties including the lattice constant. As is
observed in case of NisMnGa, the lattice constant expands whenever Ni is replaced by Cu
(P sub-lattice). On the contrary, for MnyNiGa the lattice constants are close or slightly
lower compared to the parent compound for Cu substitution at Ga (S) or Mn (R or Q)
sites. It is to be noted that there are two possible systems where each of Ni, Mn, Cu and
Ga components are present in equal proportion. In MnNiCuGa, (in Mn;NiGa, out of two
Mn atoms, Mnyy, is fully replaced by Cu which occupies the R sub-lattice), Mn and Ni
occupy symmetry equivalent positions (P and @ sub-lattices), and Cu (R sub-lattice) and
Ga (S sub-lattice) occupy another set of symmetry equivalent positions. On the contrary,
in NiCuMnGa, (arrived at by replacing one Ni fully by Cu out of the two Ni atoms
in NisMnGa) Ni and Cu occupy symmetry equivalent positions (P and () sub-lattices),
and Mn and Ga occupy another set of symmetry equivalent positions (R and S sub-
lattices). We observe that MnNiCuGa is higher in energy compared to the NiCuMnGa
case by about 0.45 eV. On the basis of this, we have disregarded the energetically higher
configuration of the two (i.e. MnNiCuGa) and will concentrate only on NiCuMnGa. We
have also carried out a calculation of CusNiGa where both Mn are replaced by Cu. We

observe that in this case, like MnyNiGa an inverse Heusler alloy structure is energetically
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Table 2.4: Total energy difference (AE in meV /atom) between the austenite and the martensite (tetrag-
onal structure) for all the Cu substituted Mn;NiGa materials obtained from VASP calculations are given
in second column, which give a relative estimation of theoretical transition temperatures of different
compounds. Whenever there is no sign of a tetragonal phase or magnetism, the AF values are not given
and a dash is put instead. Third column gives the e/a, the number of valence electrons per atom. The
last column gives the information about the possibility ol a martensite transition - Y stands for possible
transition and N stands for no transition; an estimate of T; in Kelvin based on AE. Note: The AE and
Ty values presented in this table are only for the predicted MSM alloy.

Material AFE e/a volume austenite to
martensite

(meV/atom) (A3)

Mns,NiGa 28 6.75 199.48 Y

Mn1.75CuO,25NiGa 20 7 200.99 Y (210K)

CuyNiGa - 8.75 196.33 Y

MnsyNig 75Cug05Ga 15 6.8125 202.13 Y (155K)

MngNi0,25CuO.75Ga 1.8 6.9375 206.44 Y (17K)

Mn,CuGa - 7 209.58 N

anNiGaO.75CHOA25 39.63 7.25 198.28 Y (410K)

MngNiGa0.25Cu0‘75 84.20 8.25 195.45 Y (880K)

more stable compared to the conventional Heusler alloy structure. From results of Table
2.1 and 2.2, it is clear that for both the parent compounds, Ni,MnGa and MnyNiGa, the
overall effect of Cu substitution is rather similar. In both the alloys substitution at Mn
and Ga sites shows similar trend, while substitution at the Ni site displays an opposite
trend. This is observed from the martensite phase transition behavior as well, which is
discussed below.

it) Prediction of the martensite transition - We predict the possibility of the martensite
transition for all the systems originated from the parent material, Mn,NiGa. Figure 2.3(b)
summarizes the results for AFE versus ¢/a for all the substituted MnyNiGa compounds. It
is interesting to note that the trends of AFE and hence Ty, as a function of Cu substitution
are also similar in both MnyNiGa and NigMnGa. Large substitution of Cu at Ni (P sub-
lattice) in MnyNiGa is not likely to favor the martensite transition (Table 2.4). Rather,
it tends to stabilize the austenite phase of the system. But the Cu substitution at Mn
(R sub-lattice) and Ga (S sub-lattice) helps in stabilizing the martensite phase, and the
effect is more pronounced in the case of substitution at Ga site. However, we note that
the mixing energies for large amount of substitution of Cu at the Ga site are increasingly
unfavorable in this system of materials (Table 2.4).

i11) Electronic Properties - We plot the DOS as a function of percentage of Cu substi-
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Figure 2.4: Total spin-polarized density of states as a function of energy for different
amounts of Cu substitution (a) at the Ni site, (b) at the Mn site, and (c) at the Ga site
in MnyNiGa. The Fermi level is at 0 eV.

tution for the austenite phase (Figure 2.4). Figure 2.4(a), (b) and (c) depict the results
of Cu substitution at Ni (P sub-lattice), Mn (@, R sub-lattices) and Ga (S sub-lattice),
respectively. The DOS as a function of Cu substitution at the Ga and the Mn site show
similar nature (Figure 2.4(c) and(b), respectively) as in NisMnGa. The substitution of
Cu at the Ni site (P sub-lattice) in both MnyNiGa and NisMnGa alloys also has similar
effect and also yields properties of the substituted materials which are different compared
to when Mn and Ga sites are substituted. It is seen that MnsNiGa exhibits a considerable
number of states at Er which can support a martensitic transition while in Mn,CuGa
number of states at Fr becomes low in both spin channels. Overall DOS in Mn,CuGa
shifts to higher binding energy compared to the unsubstituted compound MnsNiGa. Fur-
ther, in MnyCuGa, like in CusMnGa, the hybridization between Cu and Mn 3d states is
rather weak and both Cu and Mn partial DOS shift towards higher binding energies in
comparison to Ni and Mn partial DOS in NisMnGa and MnyNiGa. All these observations

and trends are rather similar to Ni;MnGa.
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Table 2.5: Total magnetic moments per formula unit for the austenite and the martensite phases of
Cu substituted NioMnGa. The average moment of Mn atoms is given in the parenthesis in each case.
First value in the parentheses corresponds to the average moment of Mn atom, second to the Ni atom,
whenever present. It is to be noted that Cu carries almost zero partial magnetic moment.

Material austenite martensite

(s /E.0) (us/i:0.)
NioMnGa 4.096 (3.413,0.361)  4.115 (3.348,0.418)
Nij 75Cup2sMnGa  4.039 (3.444,0.354)  4.090 (3.389,0.426)
NiCuMnGa 3.762 (3.436,0.271) -
CuyMnGa 3.626 (3.578) -
NioMng 75Cug25Ga  3.184 (3.405,0.326)  3.218 (3.365,0.367)
NiosMng 25Cug75Ga 1.157 (3.377,0.159)  1.081 (3.340,0.129)
Nip,CuGa 0 0
NiosMnGag 75Cugos  4.240 (3.406,0.433)  4.087 (3.338,0.401)
NioMnGag 25Cug 75 4.495 (3.387,0.565)  4.105 (3.311,0.402)
Ni;MnCu 4.292 (3.321,0.506)  4.095 (3.3,0.383)

Table 2.6: Total magnetic moments per formula unit for the austenite and the martensite phases of
Cu substituted Mn,NiGa. The average moments on two inequivalent Mn atoms, Mny;, Mnjs,, and Ni
atom are given in the parentheses in each case separately. First value in the parenthesis corresponds to
the Mny; atom, second to the Mn,;,, atom and third to the Ni atom, whenever present. It is to be noted
that Cu carries almost zero partial magnetic moment.

Material austenite martensite
(pp/tu.) (pp/tu.)

Mn,NiGa 1.188 (-2.371,3.172,0.343) 1.005 (-2.365,3.067,0.274)
Mnj 75Cug25NiGa 0.108 (-2.738,3.228,0.184) 0.180 (-2.676,3.109,0.150)
CuyNiGa 0 0

MnyNig 75Cuga5Ga 0.947 (-2.535,3.193,0.317) 0.926 (-2.439,3.097,0.307)
MnyNig95Cug7sGa 0.549 (-2.733,3.162,0.298) 0.541 (-2.695,3.126,0.294)
Mn,CuGa 0.333 (-2.825,3.126,-) -

MnyNiGag 75Cugos  1.065 (-2.533,3.21,0.357) 0.579 (-2.694,3.092,0.171)
MnyNiGagosCug s 0.817 (-2.798,3.187,0.455) 0.115 (-3.075,3.172,0.026)
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2.2.3 Influence of Cu substitution on the magnetic moments

Now we discuss the effects of the Cu substitution on the magnetic moments in case
of both NiyMnGa and MnyNiGa systems. In order to determine the magnetic ground
state, we have calculated the total energies of the Cu substituted systems with different
starting magnetic configurations.[13, 66| We have probed the phase with net zero magnetic
moment (NM) and ferromagnetic (FM) phases in all the cases. We have found that the FM
configuration is energetically the most favorable for Cu substituted Ni,MnGa as in case
of the parent compound. The NM phase lies at much higher energy as is observed from
the energy versus lattice constant results. In Mn-rich cases, antiferromagnetic (AFM) or
ferrimagnetgic (FIM) configurations of two symmetrically inequivalent Mn atoms in the
unit cell are also possible. We have probed the AFM configurations as well. As is the
case of the parent compound MnyNiGa,[11, 12| the resultant magnetic solution is FIM
in nature for different Cu substituted MnyNiGa alloys. However, the energy difference
of this phase with respect to the FM phase is relatively small. The NM phase has much
higher energy compared to the FM and AFM phases. In Table 2.5 and 2.6, we list the
total magnetic moments as well as the magnetic moments of the Mn (also Ni) atoms for
the Cu-substituted alloys of NiosMnGa and MnsNiGa, respectively. The total magnetic
moments of NisMnGa in the austenite and martensite phases are 4.096 and 4.115 ug,
while for Mny;NiGa these are 1.188 and 1.005 pup, respectively. In case of NipMnGa the
moment of the austenite phase is smaller than that of the martensite phase, while in
case of MnyNiGa the trend is the opposite. For NisMnGa the lowest energy solution
is ferromagnetic in nature, while MnyNiGa has a ferrimagnetic solution. These trends
and the absolute values of the magnetic moments of these materials are in very good
agreement with the results of existing literature.[12, 90] As is the trend in case of parent
compounds, the overall moments of Cu substituted Ni;MnGa system have much larger
values compared to the total moments of Cu substituted MnsNiGa, as the latter has
basically ferrimagnetic character.

Mn-based alloys are generally systems where the moment is primarily due to the
Mn atom.[38] This is clear from Tables 2.5 and 2.6 which display the moments of the Mn

atoms along with the total moments for Cu-substituted alloys of NisMnGa and Mn,NiGa,
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respectively. As is discussed in the literature[91], the moments of Mn atoms in substituted
NisMnGa systems are found to have large value, the maximum being about 3.6 and
minimum about 3.2 pp. For substituted MnsNiGa systems Mny, atom has moments
between about 3 to 3.3 pup. Mnpy; atom has smaller moments and has a ferrimagnetic
orientation with respect to Mnj;,, atom. The values of moments of Mny; atom are in the
range of about 2.3 to 3 pp. Since the moment of the Mn atom is most crucial for the
magnetism in these two alloy systems, the total moment goes down when Cu substitution
is increased at the Mn site itself. Consequently, for 100 % substitution at the Mn site, the
systems turn out to zero net magnetic moment. As expected, the same trend is observed
for the austenite as well as the martensite phases for both NisMnGa and MnyNiGa.
Interestingly, in the austenite phase of NisMnGa, the replacements of Ga by Cu (at S
sub-lattice) induce larger moments in the system leading to a slightly stronger ferromag-
netic system. This is possibly due to the stronger Ni-Mn interaction which prevails due
to the reduction in the lattice constant as a result of Cu substitution at the Ga site. This
reduction leads to an increased moment in Ni due to stronger coupling between Ni and
Mn, as has already been observed in the literature for other Mn based compounds.[91] To
understand the exchange coupling between Ni and Mn further, we calculate the exchange
coupling constant as a function of the normalized distance between Mn and Ni in case
of NiyMnGa and NigMnCu using the SPR-KKR programme package.[56] The results of
these calculations are plotted in Figure 2.5. It is clearly seen from this figure that the
exchange coupling parameters between Ni and Mn in NipMnCu are larger, vindicating
our argument about the increase in interaction between these two atoms in this material.
However, in the martensite phase of NisMnGa where Cu substitutes Ga, the total and
the partial moments remain very close to those of the parent compound. It is observed
that in the austenite phase, the difference between the nearest-neighbor (NN) distances
(dNi—ansdNi—Gajcusdam—ni) of NigMnGa and NipMnCu is 0.032 A. On the other hand,
in the martensite case, the same differs by 0.013 A. Tt is possible that due to the smaller
compression in the martensite phase as a result of substitution of Cu at the Ga site, the
moments are affected less. Therefore, in the martensite phase the substituted system

retains values of the total and partial magnetic moments close to those of the parent com-
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Figure 2.5: Heisenberg exchange parameters J;; of Mn atom with its neighbors as a
function of normalized distance, d/a, where a is the respective lattice constants of the
austenite phases for cubic (a) NiosMnGa and (b) NisMnCu. The lines are guide to the
eyes only.

pound. Similar to NioMnGa, in case of MnyNiGa as well, the lattice constant decreases
with Cu substitution at Ga site. There are two types of Mn atoms: (a) Mnys,, (at R
sub-lattice), (b) Mny; (at @ sub-lattice). We observe that the effective moments of Ni
change in both the austenite and martensite phases. The moment of the Ni atom, which
has only Mn and Ga atoms as NN, increases as the distance between Ni and its NN atom
decreases. In case of Mn, something interesting happens. The Mny;, atom (at R sub-
lattice) has similar moments (absolute value about 3.2 upg) throughout the substitution.
However, Mny; (at @ sub-lattice) with Cu and/or Ga as one of the NN, has increasingly
larger absolute value of moment (absolute value about 2.4, 2.5 and 2.8 up for 0 %, 25
% and 75 % substitution, respectively). This in turn brings the moments of the two Mn
atoms close to each other which is about 3 pp. Since Mny; and Mnyy, have anti parallel
alignment of moments, this results in an increasingly better ferrimagnetic arrangement.
Consequently, this leads to a situation where the total moment of the system primarily
comprises of the moment of Ni atom only. The overall trend for the total moment of the

system is similar in both austenite as well as martensite phases.
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In case of NisMnGa, when Ni is replaced by Cu (at P and/or ) sub-lattice), the
total moment shows a trend of slow decrease with increase in Cu concentration. This is
because, though Mn is providing marginally higher moments as the substitution increases,
the average moment at the Ni site decreases as Cu has no significant moment. The same
trend is observed in the martensite case as well. Similar to Ni,MnGa, when Cu replaces
Ni (P sub-lattice) in MnyNiGa, the average moment at the Ni site goes down as Cu has
a much smaller moment than Ni. Consequently, the Mn atoms have closer but opposite
moments. Hence, the FIM interaction between the two nearest neighbour Mn atoms gets

stronger.

2.3 Part B: Results and Discussions

Now, we present our results of Cu, Pt and Pd substitution at Ni site in NisMnGa on
elastic, electronic and magnetic properties. To simulate the substitution at Ni site in
NisMnGa, we have replaced the Ni atom at its respective site by these substituent atoms.
Commonly used structures, the conventional Heusler and inverse Heusler alloy structures
have been tested for all these materials and conventional structures are found to possess
lower energy. On the other hand, for calculations on MnyNiGa, the inverse Heusler

structure has been used as it has been found to be lower in energy.|92]

2.3.1 Electronic Stability of substituted Ni,MnGa

We discuss now the electronic stability of NioMnGa, and the derivatives of this alloy with
substitution at Ni site. To analyze the electronic stability, we plot the total DOS of
NioMnGa, PtoMnGa, PdoMnGa and CusMnGa in Figure 2.6 at the respective optimized
lattice constants. A double peak structure, as well as a clear pseudogap close to the Fermi
level for one of the spin channels are observed in all the materials except in CusMnGa.
These features arise due to hybridization between the Ga 4p and the outermost d-electrons
of the transition metal atoms (Ni, Pt and Pd) and this is known to play a crucial role in
the stability of these types of materials.[89, 93] On the other hand, the peak occuring just
below the Fermi level (at about -0.2 to -0.4 eV) is expected to give rise to a band Jahn-

Teller instability giving a lower symmetry lowest energy structure in NisMnGa, PtoMnGa
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Figure 2.6: Total DOS of NisMnGa, PtoMnGa, PdoMnGa and CusMnGa at the respective
optimized lattice constants. For NisMnGa there is a double peak structure around the
Fermi level, with one peak at -0.199 eV and the other at 0.482 eV. There is a dip or
pseudo-gap at -0.453 eV. For Pt;MnGa, the peaks are at -0.418 and 0.643 eV, while
for PdyMnGa these peaks are at -0.465 and 0.6 eV. The respective pseudo-gaps are at
-0.661 and -0.799 eV for PtsMnGa and PdyMnGa, respectively. The lower panel gives the
spin-polarized DOS of the same materials. For further details, see text.

and PdyMnGa, but not in CusMnGa.

To gain further insight, we present here the partial DOS (PDOS) of some of the
materials. Figure 2.7 shows the PDOS of Ga atom and its nearest neighbor Pt atom in
PtsMnGa. For comparison, in Figure 2.8, we show the PDOS of Ga atom and its nearest
neighbor (NN) Ni atom in NisMnGa. From analyzing Figures 2.7 and 2.8, we observe a
double peak structure at the Fermi level for down spin channel in the PDOS of both Ga
and its NN atom, Pt and Ni, for PtoMnGa and NisMnGa respectively. This indicates
hybridization of Ga 4p and Ni (or Pt) 3d (or 5d) electrons in down spin channel leading
to stability of the material as discussed in the literature.[89] Similar features appear when
the PDOS of Ga and its nearest neighbors in MnyNiGa (NN of Ga: Ni and Mny;) as
well as PdsMnGa (NN of Ga: Pd) are analyzed. From the PDOS of Ga as well as its NN
atoms, we observe the double peak structure at and a pseudogap close to the Fermi level.
This is a signature of hybridization between Ga and its NN atoms. On the contrary, the

total DOS as well as PDOS of Cu and its nearest neighbor Ni, in CuysMnGa, shows no
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Figure 2.7: PDOS of Ga atom and its nearest neighbor Pt atom in PtosMnGa. The solid,
dotted and dot-dashed lines represent total, up and down spins, respectively. The extent
of hybridization between the Ga and its nearest neighbor atom is shown (see text). The
PDOS of Mn atom is also provided for showing the exchange-splitting.
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Figure 2.8: PDOS of Ga atom and its nearest neighbor Ni atom in NiosMnGa. The solid,
dotted and dot-dashed lines represent total, up and down spins, respectively. The extent
of hybridization between the Ga and its nearest neighbor atom is shown (see text). The
PDOS of Mn atom is also provided for showing the exchange-splitting.

41



Table 2.7: Total magnetic moments per formula unit for the austenite phases of Cu, Pt, Pd and Mn
substituted NisMnGa as well as T« values are listed here. The average partial moments are given in the
parentheses. In the first four rows, first value in the parentheses corresponds to the average moment of
Mn atom, second value to the Ni, Pt, Pd and Cu atom, whichever present. For MnsNiGa, first value in
the parenthesis corresponds to the Mnpy; atom, second to the Mn s, atom and third to the Ni atom.

Material Moments Te

(s /E.0) (K)
NioMnGa 4.096 (3.413,0.361) 414
PdyMnGa 4.151 (3.928,0.121) 206
PtsMnGa 4.155 (3.845,0.139) 176
CusMnGa 3.626 (3.578, 0.04) 800
MnyNiGa 1.188 (-2.371,3.172,0.343) 775

such double peak structure at the Fermi level as well as there is no clear pseudo-gap close
to the Fermi level for either up or down spin channels. Further, due to the (nearly) full
d-band of Cu, the d-orbitals are centered at different energies compared to Ni. These
lead to a lack of strong hybridization for A, BC' systems, between the atoms in the A and
the C' positions in the Cu-based material and consequently a weaker covalent character.
The filling up of the pseudo-gap and decrease in the intensity of the peak close to Fermi
level indicate a weaker Jahn-Teller instability. The overall electronic stability of the cubic
phase is a resultant of these effects. Notably the mixing energy calculations in the first
part of this chapter have shown that the Cu-derived material is much less stable compared
to the parent NipMnGa compound. We concentrate in this part of the chapter (Part B)

mainly on Pt and Pd substitution at the Ni site of NiosMnGa.

2.3.2 Magnetic Properties of substituted Ni;.MnGa

In this subsection, we discuss about the magnetic properties of substituted NioaMnGa
systems. In Table 2.7 we give the magnetic moments calculated using all-electron WIEN2k
package.[49] Here also, we focus on the effects Pt and Pd substitution at the Ni site of
NioMnGa, as in the Part A of this chapter, we discussed the effects of Cu substitution at
different sites of NisMnGa.The total moments increase as Ni is replaced by Pd and Pt at
the Ni site in NisMnGa. This increase is due to the larger moment at the Mn site. As
the Ni atom is replaced by Pd or Pt, the lattice constant increases, leading to larger a

Mn-Mn distance. This probably gives rise to a stronger atomic-like moment in Mn. On
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the contrary, the moment of the A atom (Pt or Pd) is smaller than the one found in case of
NigMnGa. We have further calculated the Heisenberg exchange coupling constants using
SPR-KKR package.[56] We use local density approximation for the exchange correlation
functional.[46] It is observed that for all the materials, in comparison to the other magnetic
coupling terms, the nearest inter-site exchange interaction term is the most important one.
Typically the dominant exchange interactions in most cases are confined to a cluster of
radius (R;;) less than or equal to the lattice constant (a), which we have observed in the
cases of NiysMnGa and NioMnCu in the first part of this chapter. In Table 2.7, we also
present T calculated from the Heisenberg exchange coupling constants within a mean
field approximation as has been done earlier in the literature.[81] It is to be noted that the
experimental T of NisMnGa and MnyNiGa are 376K and 588K, respectively. Keeping in
mind that T¢ calculated from a mean field-approximation always gives an overestimation
of T¢, we find that while the agreement between the experimental and our theoretical
result is good in the former material, the mismatch in case of the latter is quite evident.
We find that PtoMnGa has a much lower T value compared to that of Ni;MnGa. This
is in agreement with the experimental (as well as theoretical) trend of lowering of Te¢
values as a function of Pt-doping in NisMnGa.[4] We now probe the reason behind this
observation. From Table 2.7, it is noted that the A atom in PtoMnGa has a lower moment
(0.139 pp) compared to the moment on Ni atom (0.361 pp) in NipMnGa. Subsequently,
the A-Mn exchange interaction is found to be weaker in the former compound.[94] Since
the A-Mn exchange interaction is the dominant exchange coupling in these materials, T¢
is much smaller in case of PtoMnGa. Further, in Heusler alloys, it has been shown that
T¢ increases upon hydrostatic pressure, i.e. dT¢/dp is greater than 0.[81] In other words,
a positive pressure coefficient of Ty is likely to exist in these materials due to an increased
overlap. In the present case the larger lattice constant in the case of Pt-material may
have led to a reduction of overlap, in turn, leading to a smaller T¢. Furthermore, we
observe that the T shows an anomalous dependence on the total magnetic moment[81]
when Ni is replaced by Pt or Pd in the material Ni,MnGa, namely, the T value decreases
when the total magnetic moment increases as a result of Pt or Pd substitution at the Ni

site. Though for the isoclectronic elements, Ni, Pd and Pt, where the number of valence
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electrons are the same, the total moments increase from NioMnGa to PtoMnGa (Table
2.7), the individual moment on the Ni atom is more than that on Pt/Pd. This causecs a
reduction of the strength of direct interaction in the Pt/Pd-based materials and the J;;
values, hence the value of T, This trend is in agreement with the literature.[95] On the
other hand, for Mn;NiGa, since Mn atom (Mnjy,,) is the next nearest neighbour of another
Mn atom (Mny;) with a ferrimagnetic configuration between the two, this leads to a low
value of total magnetic moment, but individual moments on each type of Mn (Mnyy, and
Mny;) are high as seen in Table 2.7. In this material, therefore, the exchange interaction
(Jij) between two types of Mn atoms (Mnps,, Mny;) is much stronger[96] which may
have given rise to a high Curie temperature as reported in the literature.[11] Hence, to
summarize, we observe here that, there seems to exist no consistently linear relationship
between the value of the total moment and the T of a material as is also observed in case
of experimental results of NioMnGa[5, 6] versus MnyNiGa[11] as well as observed in other
Heusler alloys.[97] Furthermore, the influence of choice of the XC potential on T¢ has
also been probed. The listed T values have been obtained using LDA XC potential. [46]
It has been observed that in most of the cases, the values of T obtained using GGA are
close to but slightly higher compared to the values obtained using LDA, with a maximum

deviation of 100 K. However the trends remain consistent.

2.3.3 Elastic Stability of substituted Ni;MnGa

In this section, we discuss the mechanical stability of the cubic austenite phase of NisMnGa
and its substituted alloys. For cubic lattices, there are only three independent elastic
constants, Cy, C1o and Cyy, and from symmetry, we have the following conditions: Cfy
= (g = (O33; C1p = Cy3 = Ci3 and Cyy = Cs5 = Cge. Table 2.8 lists all the relevant
elastic constants along with the lattice parameters calculated for all the materials studied
here using the CASTEP programme package.[53] The optimized geometries are found to
be very similar to the geometries obtained using the VASP programme package.[51, 52]
It is well-known that the elastic constants Cyy, C" = 0.5%(C}y - Cy2) and Cf, = 0.5%(Cyy
+ C12 + 2C44) can be directly measured from experiments and are related to the TA;,

TA, and LA accoustic phonon modes.[24] Here we compare our calculated data with the
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experimental results wherever available in the literature. For Ni,MnGa, we observe that
the values of C41, Chs and Cyy agree quite well with the available experimental values
of Worgull et. al.[24] and Stenger et. al.[25] However, these results are different from
the data obtained from an earlier experiment of Vasilev et. al.[98] and the issue of this
mismatch has already been addressed in detail by Worgull et. al.[24] For Mn,NiGa also,
we observe that the values of (1, Cio and Cyy agree well with the available experimental
values of Jian-Tao et. al.[99]

For cubic crystal it is well known that the elastic stability criteria are as follows|78]:
Ci1 >0;Cy >0;(Cy-C)>0;(Cyp + 2C12) > 0. From Table 2.7, it is observed
that while most of the criteria are satisfied for all the materials, for some of them, the 3rd
one is not, which then leads to a negative C” value for those (CusMnGa, MnyNiGa and
Pt;MnGa). For the remaining materials, the computed value of C’, the tetragonal shear
constant, is positive but quite close to zero, indicating that, for all the materials studied
here, the cubic austenite phase tends to become unstable with respect to a tetragonal
distortion. To this end, calculation of elastic constants for the tetragonal martensite phase
along with the cubic austenite phase for these materials can be interesting to compare.
These calculations have been carried out in the next chapter, for some of these materials.

Now we discuss the two isotropic mechanical parameters, which are also important
modulii for applications, namely, bulk modulus and shear modulus. The bulk modulus,
B, which is a ratio of volume stress and volume strain and represents the resistance
to fracture. It is connected to the elastic constants as follows: B = (1/3)*(Cy; + 2
C12). The calculated values of B have been listed in Table 2.7. The isotropic shear
modulus, GG, which is the ratio of shearing stress and shearing strain, is related to the
resistance of the material to the plastic deformation. Typically, G is calculated as an
average value of the shear modulii given by formalisms of Voigt (Gy)[100] and Reuss
(GR)[101], which means G = (Gy + GRr)/2. Here it is worth-noting that, in calculating
the GG, Voigt made an assumption that homogeneous strain is maintained throughout the
stressed sample while calculating the modulii. On the contrary, Reuss’s calculation of the
modulii was based on the assumption that homogeneous stress is maintained throughout

the stressed sample in all directions. However, Hill[102] later concluded that the true
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Table 2.8: Calculated bulk mechanical properties of NigMnGa and its substituted materials

Elastic NipsMnGa CusMnGa | MnyNiGa | PtoMnGa | PdoMnGa
properties
Lattice 5.82 5.96 5.87 6.23 6.21
parameter(A) 5.81[92] 5.96[92] 5.84[92]
5.82[1] 5.90[11]
Bulk 158.78 117.56 114.76 177.40 146.75
modulus 161[92],146]24] 118[92] 114[92]
(B)(GPa) 170[103],156][104] 115.51[99]
Shear 66.26 53.65 64.57 30.31 50.13
modulus 63.6]24],61.4[25], 67.16[99]
(Gv)(GPa) 57.96 [105],80.4[98]
Shear 6.19 -0.13 -17.39 -128.04 9.07
modulus 10.56[24],14.78[25] -60.46[99]
(Gr)(GPa) 18.44[105],77.69[98]
Gy/B 0.42 0.46 0.56 0.17 0.34
Cq1 (GPa) 162.20 117.49 106.28 145.75 151.94
152.0[24], 156[25], 90.55[99)]
139.4[105],213[98]
Cyq (GPa) 108.72 89.45 111.87 66.34 80.95
103[24], 103[106], 124.42[99]
98[25], 91[105]
Cia (GPa) 157.07 117.60 119.00 193.22 144.16
143[24], 143[25], 128[99)
122.6[105], 87[98]
C? (GPa) 1835 2815 713 126.88 63.21
40[24], 45[25), 3.58[99)]
31.6[105], -5[98]
C’(GPa) 2.57 -0.05 -6.36 -23.73 3.89
4.5[24], 14]99] -18.72(99]
8.4[105], 63[98),
Poisson’s 0.31 0.30 0.26 0.42 0.36
ratio

values of the shear modulii would lie in between the two values given by Voigt[100] and
Reuss[101] and can be considered as an average of the two. The argument given by him
is that the samples can not be in equilibrium under the assumption of constant strain
or constant stress. In many cases the difference between the values given by these two
methods is within the experimental accuracy. Hence, although there is no particular
justification given in the literature for using the Hill’s averaging method, it is generally
used and, by and large, it seems to work well. Analytical expressions of Gy and Gg
in terms of elastic constants are given as: Gy = (1/5)*(Chy - Cia + 3%Cyy) and G =
(5*¥Cu*(Chy - C19)) /(4*Cay + 3%(Chy1 - Cr2)). Table 2.7 lists all the Gy and Gg values for
all the materials. We observe that the Gy values agree well with the experimental values
(which are derived from the experimental elastic constants Cyy, C12 and Cyy for both

NioMnGa and MnyNiGa) wherever the results are available. The G values are found to
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differ considerably from the Gy values. In all cases studied here, including the parent
compounds, Gy is found to have reasonable value, but the value of Gg is very different
which is contrary to the general trend where the two values are very close and while Gy
gives the higher limit, G’y sets the lower limit. We note that GGy, and G'i being close to
each other is a general trend which is observed in the literature for predominantly half-
metallic or semiconducting full and half-Heusler alloys.[107-110] Therefore, we probe now
the reason behind the large underestimation of G values for all the compounds studied
here. A well-known observation is : for stable cubic crystals, typically the value of C1y
is 2 to 2.2 times greater than each of the remaining constants. But from Table 2.7, it
can be noted that the values of C}; are only slightly different from those of C15 and this
small difference is either positive or negative for all the alloys. Further, as a result of this
small difference between C7; and C1s, the constant C” is seen to possess either a negative
value or a value close to zero when positive. From the expressions of the shear modulii,
it is seen that the difference between C; and Cip (= 2*C’) comes as a multiplicative
factor in the numerator in the expression of G, unlike Gy,. Hence, a small value of C’
manifests itself in bringing down the value of G'x. On the contrary, 2*C” comes only as
an additive factor in the numerator of the expression of Gy, so a large dominance of the
Cyy term in the expression yields reasonable values of Gy, for all the compounds. It is
worth-noting here that in the literature it has been shown that shear modulii obtained
from Voigt formalism (Gy) and Reuss formalism (Gr) for many materials, including few
Heusler alloys, are very close as discussed above. Further, we wish to point out here that
since the experimental Gy values (derived from the experimental elastic constants) agree
with the calculated data on the materials studied here, we consider only the Gy value
as the shear modulus (G) for further consideration, though it is to be noted that Gy is
typically expected to be the higher limit of G. Since in our further discussion, we are
only interested in the relative values or in the trend of different mechanical properties, the
slightly higher value of the shear modulus is not expected to affect the following analysis
of the results.

We now focus on the value of Cauchy Pressure, CP, which is defined as C? = (5 -

Cys. According to Pettifor[111], a simple relationship exists between the sign of CP and
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Figure 2.9: Cauchy pressure, CP, versus Gy /B; a linear fitting of the data is carried
out and shown here. An inverse linear-type relation is seen to exist between the two
parameters (see text). The line is just the guide to the eyes.

the metallicity of the materials. A large negative value of C? indicates a strong covalent
bonding in the material, or in other words, represents a more directional character of the
bonds. On the other hand, increasing positivity of this term means increasing extent of
non-directional bonding as in metals. It is found that all these materials have positive
CP values. Further, along this line, there is another simple and empirical relationship,
proposed by Pugh[28] which says that the plastic property of a material is related in the
following way to the ratio of the shear and bulk modulus of the material. A high value
(greater than ~ 0.57) of ratio of shear and bulk modulus, namely, G/B, is connected
with the inherent brittleness of a crystalline material. By analyzing the Gy /B values
from Table 2.8, we find that PtoMnGa is expected to be inherently less brittle than
NiyMnGa. The Gy /B ratio of the former turns out to be 0.17, which is much lower
than all the substituted alloys, including the parent compound NioMnGa. It is indeed
interesting to note that the Gy /B value of PtoMnGa is comparable or lower than the
Gy /B value of metal Cu and Pt, and slightly higher than that of Au as is found from
the standard literature. The Poisson’s ratio is calculated from the expression, v = 0.5 *
(3*B/G - 2)/(3*B/G + 1). A value smaller than 0.33 is considered to be associated with
an inherently more brittle material. As per the Gy /B as well as the v values (calculated

using B/Gy values), MnyNiGa seems to be inherently more brittle compared to the other
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materials. Since recent studies indicate the importance of PtoMnGa from studies related
to MFIS and MCE, we probe its elastic properties in detail while comparing the same
with the parent compound NiMnGa. From Table 2.8, it is evident that PtoMnGa has
a very high Poisson’s ratio and Cauchy pressure as well as a very low Gy /B value when
compared to NisMnGa. Further, the calculated value of Young’s modulus for PtoMnGa is
found to be 85.15 GPa, while Ni;MnGa has a value of 181.01 GPa. This is consistent with
the trend of the comparative values of C? and Poisson’s ratio as well as Gy /B values of the
two compounds (See Table 2.8). Furthermore, we compare the Debye temperature (©p)
values calculated from the elastic constants for NisMnGa and PtoMnGa. For the former,
the ©p value has been obtained to be 411K (which is close to the value 419K obtained
from the phonon density of states calculated using CASTEP programme[53]). This value,
however, is somewhat higher from the reported experimental value of 261K[112] and earlier
theoretical result of 323K.[27] Our calculated ©p value for PtosMnGa is observed to be
lower than the value of NisMnGa and it is found to be 200K obtained from the averaged
sound velocity.[27] It is worth noting that from our study, we only predict the trend and

note that Pt-doping in Nip;MnGa is likely to give rise to lowering of Debye temperature.

2.3.4 Comparative study of Elastic Stability of substituted (Ni,

Pt, Pd);MnGa and Mn;NiGa

In this subsection, we discuss about the mechanical stability of NisMnGa, PtoMnGa,
Pdy,MnGa, Mno,MnGa, based on the calculated values of the elastic constants of these
materials. It is observed from Figure 2.9, that the inherent brittleness decreases with Mn
replacement by Cu in NisMnGa. Taking a cue from this finding, we probe the effect of
replacement of Mn by Cu in PtoMnGa and also PdsMnGa on the ICB of these materials.
We mention here that though there are studies in the literature on substitution of various
elements in different sites in Ni-Pt-Mn-Ga compounds[4, 113], Cu doping at the Mn site
in PtoMnGa (or PdoMnGa) was not considered earlier. Here first we study the stability
of all the Pt-derived materials. Figure 2.10(a) shows the percentage of Cu-substitution
at Mn site versus mixing energy for PtoMnGa. It is found that this substitution leads

to stable compounds with negative mixing energies. Further, we find that the material
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Figure 2.10: (Top panel) Mixing energy in e¢V/fau. as a function of Cu substitution at
Mn sites in PtoMnGa. The line is only guide to the eyes. (Bottom panel) Energy in
meV /atom as a function of ¢/a for PtoMn;_,Cu,Ga system with x=0.00, 0.25, 0.75, 1.00.
The energy (E) of the martensite phase is normalized with respect to the austenite phase.
¢/a = 1 corresponds to the austenite phase. The lines are guide to the eyes only.
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Table 2.9: Calculated bulk mechanical properties of PtoMnCu, PdaMnCu, NigMnCu, and MnyNiCu

Elastic properties PtoMnCu | PdaMnCu | NigMnCu | MnsNiCu
Lattice parameter(A) 6.07 6.01 5.75 5.83
Bulk modulus(B)(GPa) 204.48 192.32 146.61 124.54
Shear modulus(Gy )(GPa) 38.67 76.23 74.08 53.04
Shear modulus(Gpg)(GPa) - 29.87 11.96 -116.70

Gy/B 0.19 0.40 0.51 0.43
C11(GPa) 122.43 211.11 153.41 86.66
Cuu(GPa) 105.47 117.65 120.07 107.18
Ciz (GPa) 245.50 182.93 143.21 143.26
Cr (GPa) 140.03 65.27 23.14 36.08

C'(GPa) 6153 14.09 5.10 983
Poisson’s ratio 0.41 0.32 0.28 0.31

Pt,CuGa possesses a low Gy /B ratio of 0.12 and a high Poisson’s ratio of 0.44. Pd;CuGa
has a Gy /B value of 0.26 and Poisson’s ratio is 0.39. We have also tried to assess the
effect of replacement of Ga by Cu on the properties of PtsMnGa, PdoMnGa, NioMnGa,
and MnyNiGa (Table 2.9). From Table 2.9 we observe that, the CP values are high
positive for all four materials PtoMnCu, PdoMnCu, NioMnCu and MnyNiCu, suggesting
the dominant metallic nature of bonding in these materials. Further, in Figure 2.9, we
plot all the available data for C? versus Gy /B calculated in case of NisMnGa and the
partially and fully substituted compounds. We find that overall, there is a clear trend of
inverse (linear) relationship between Gy /B and CP. In the literature also, it is observed
that, the higher the C?, the lower the ratio G/B; in particular, a nearly-linear inverse
correlation between the Cauchy pressure and the G/ B ratio is well established for various
related compounds.[114] Along with the alloys studied, we have also plotted the C? and
(v /B values for Cu bulk calculated by us in Figure 2.9, for comparison.

Further C” values are found to be negative for PtoaMnCu and MnyNiCu, which stands
for probable mechanical instability of the cubic phase of these two materials. However, we
note that, in the Part A of this chapter, we observed that MnyNiCu is also electronically
unstable, as it is having positive formation energy. By summarizing all the data, we
find that interestingly PtoCuGa is expected to possess the least Gy /B value and highest
Poisson’s ratio among all the compounds studied here. Furthermore, in context of MSMA
properties of these materials, we have probed the probability of martensite transition for

the compounds with Cu-substitution at Mn site in both PtoMnGa and PdyMnGa. In
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Figure 2.10(b) we plot the energy versus the tetragonality (lattice constant ratio ¢/a) for
the compounds with Cu-substitution at the Mn site in PtoMnGa. It is interesting to find
that all the substituted compounds are likely to be prone to martensite transformation
as is seen in case of the parent compound.[4] It is to be noted that for all the Pt and
Pd-derived compounds, the conventional Heusler alloy structure has been found to have
a lower energy compared to the inverse structure and hence we have taken the former

structure for all these compounds.

2.4 Conclusion

In the first part of this chapter, we investigate in depth the effect of Cu substitution in
NioMnGa and MnsNiGa alloy systems. We study the stability and properties of these
substituted compounds and in the process explore the possibility of finding new magnetic
Heusler alloys. We study the changes in the structural, bulk mechanical, electronic and
magnetic properties of these two systems as a result of Cu substitution at the Ni, Mn as
well as Ga sites. It is observed that, except for one, all the stoichiometric compositions
studied by us are stable in terms of the mixing energy: Complete replacement of Ga by
Cu in Mn3NiGa leads to an unstable compound. NipMnCu shows a promise of martensite
transition, though it has much smaller mixing energy compared to the parent compound,
NisMnGa. From the results of mixing energy values it is clear that partial and even
complete substitution of Mn by Cu lead to compounds, which are more stable than the
compounds in which Cu replaces Ni or Ga atoms. It is further to be noted that partial
and also complete replacement of Mn by Cu yield mixing energies close to the parent
compounds, NiosMnGa and MnsNiGa. As discussed in literature, the probable reason of
this stability seems to originate from the strong hybridization of the 4p clectrons of Ga
and the 3d electrons of Ni atom (in case of Ni;MnGa) or Mn atom at the Ni site (in case
of Mn;NiGa).

Both the NisMnGa and MnyNiGa alloy systems are least destabilized, structurally
and electronically, when Mn is substituted by Cu. Keeping this in mind, we note that
Cu substitution, specifically at the Mn site, in both NisMnGa and MnyNiGa, can lead

to interesting possibilities in terms of tuning the stability of the martensite phase, the
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transition temperature as well as the magnetocaloric effect. Furthermore, substitution of
Ga atom by Cu is predicted to cause a large change in martensite transition temperature,
though larger substitutions are increasingly energetically less favorable. On the other
hand, interestingly, substitution at the Ni site by Cu leads to stabler cubic austenite
phase over the tetragonal phase. Our detailed investigations on substitution of Cu at
Ni, Mn and Ga sites in both NisMnGa and MnsNiGa provide a clear picture as to how
the magnetic and electronic properties change as a result of substitution. Consequent to
these results, our present study underlines that the physics of martensite transformation
including the possible magnetic shape memory effect as a result of Cu substitution at Ga,
Mn and Ni sites is the same in these two different alloy systems.

In the second part of this chapter, we investigate the effect of Pt, Pd and Mn sub-
stitution at the Ni site in NisMnGa alloy system on the mechanical properties of these
substituted compounds. We also include the Cu substitution at the Ni site of NiosMnGa
for the sake of comparison. The elastic constants agree well with the literature wherever
the data are available. It is observed that for all the Heusler compounds studied here the
shear modulus obtained using Reuss formalism is much lower compared to the one given
by Voigt formalism. Hence we consider the Gy as the shear modulus. We have explained
this difference numerically in terms of the values of the tetragonal shear constant C’ of
the materials. However, it remains a conceptually open question as to why the G'g values,
for NigsMnGa and the substituted alloys, are so much underestimated compared to the
Gy values. Detailed analysis is warranted for the same, which is beyond the scope of the
present work. Further, when the Cauchy pressure (C?) of different materials is compared
it is observed that, a trend of a nearly linear inverse correlation exists between the C7
and the Gy /B ratio among all the materials studied. This trend is already phenomeno-
logically established in the literature for various other compounds. Based on the relative
values of Gy /B and CP, we predict that Ni;MnGa is expected to be inherently less brittle
than Mn,NiGa, while PtoMnGa is the least brittle one among the three. Further, a Cu-
substitution at the Mn site for PtsMnGa seems to have led to an increase of the CP value
and Poisson’s ratio and, there is a substantial reduction in the Gy /B value, rendering

Pty;CuGa a material with the least inherent crystalline brittle, among all the materials

53



studied here.

From analyzing our results of total and partial DOS of the materials, existence of a
double peak structure at the Fermi level and a pseudo-gap close to the Fermi level is found
for the stable materials. This indicates hybridization and interaction of p states of the
C atom and d electrons of the A atom leading to electronic stability of the material as
observed in the literature. Further, our result of the magnetic properties is in agreement
with the observed trend of lowering of T values as a function of Pt-doping in NisMnGa.
Furthermore, we observe that the T¢ shows an anomalous dependence on the total mag-
netic moment when Ni is replaced by Pt (or Pd) in the material NipMnGa|[81], namely,
the T¢ value decreases while the total magnetic moment increases as a result of Pt (or
Pd) substitution at the Ni site as has been observed in the literature for similar Heusler
alloys.[95]

Finally, the present study along with the studies in the literature indicates that, Pt
substitution at the Ni site, along with the substitution of Cu at the Mn site, may lead to
a higher martensite transition temperature as well as reduction of the Gy /B and Young
modulii values and increase of the C? value and the Poisson’s ratio indicating a lowering of
the inherent crystalline brittleness in these substituted materials, which may be promising

from technological application point of view.
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Chapter 3

Electronic, Magnetic and Mechanical
Properties of AoPtGa (A = Cr, Mn,
Fe, Co) Heusler Alloys

3.1 Introduction

In the last chapter, we have discussed about the effects of substitution on electronic, mag-
netic and mechanical properties of two prototype Ni and Mn based Heusler alloys, namely,
NioMnGa and MnyNiGa. We have observed that most of those substituted systems are
likely to undergo martensite transition, which is one of the most important aspects of
the Heusler alloys from the point of view of practical application. We have also discussed
about the tunability of the martensite transition temperature (Tj;), Curie temperature
(T¢) and mechanical property as well, with the change of chemical composition of the
Heusler alloy. As discussed earlier, for high temperature application of a magnetic shape
memory alloy, it is desirable to have Tj; and T above the room temperature as well as
better mechanical properties in terms of ductility.

Unlike the above-mentioned two prototype magnetic Heusler alloys, which are metallic
in nature, a class of full Heusler alloys has been shown, by de Groot et. al., to exhibit
half metallicity.[3] The density of states in one of the spin channels vanishes at the Fermi
level and consequently, these materials may have a potential application as spin-injector
materials. Generally, many of the Co-based Heusler alloys exhibit this behavior, for
example: CoyCrGa, CooMnGa, CoaMnSn.[34, 31] Further these materials are not prone
to tetragonal distortion. However, CosNbSn and CosNiGa are found to be prone to

martensite transition and these are found to be metallic in nature.[35-37, 115-117] Hence,
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it may turn out to be interesting to probe if there are some Co-based Heusler alloys which
show both the features i.e. martensite transition as well as high spin polarization at the
Fermi level.

Recently, Co,NiGa and related alloys have gained interest among the researchers.
Some of these have been studied in detail theoretically[36, 37] as well as have already
been prepared experimentally.[115, 116] Interestingly, CooNiGa is prone to martensite
transition as well as it possesses a different (inverse Heusler alloy) structure unlike many
of the other Co-based systems, which are known to exhibit half-metallicity, no martensite
transition and are found to possess the conventional Heusler alloy structure in their lowest
energy state. These findings in the literature have motivated us to probe CosNiGa-derived
Heusler alloy systems in detail.

In the previous chapter, we have shown that, substitution of Ni atom by Pt in case of
NisMnGa leads to reduction of the inherent crystalline brittleness (ICB) of the material
and it makes the tetragonal state more stable compared to the cubic phase. Besides
that, Co-based systems are shown to exhibit high T¢, as is found in the literature.[31, 32]
Further, Mario et. al. have observed an enhancement of T as a result of Co doping in the
Pt-based systems.[4] So, taking the results from the literature into account[4, 118, 119],
we expect that, the effect of replacement of Ni by Pt in CosNiGa may lead to modification
in various physical properties which may be interesting both from application as well as
fundamental points of view. Furthermore, number of valence electrons has been shown to
play an important role in determining the properties of the Heusler alloy systems.[15, 16]
In this chapter, therefore, we discuss the changes in the magnetic, electronic as well as
mechanical properties of A;PtGa system as A is varied. The number of valence electrons of
the A element, which is a first row transition metal atom (TM), is changed systematically
(A being Cr, Mn, Fe and Co). Among these materials MnyPtGa is already experimentally
prepared and theoretically studied.[39, 120-122] It shows an inverse Heusler alloy structure
and possesses a ferrimagnetic configuration as is the case for MnyNiGa.[96] A point to note
is thatMnyPtGa, in its ideal stoichiometric configuration, is shown to exhibit martensite

transition from theoretical calculations[39], however, experimentally it is not the case.[121]
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3.2 Results and Discussion

3.2.1 Geometry Optimization, Electronic Stability and Possibil-

ity of Martensite Transition

Geometry Optimization - Geometry optimization has been carried out for both the
possibilities of structures, i.e. conventional and inverse Heusler alloy structures, for all
the materials, using VASP code.[51, 52] We have carried out full geometry optimization
which include, relaxing atom positions, unit cell volume and shape, for each of these
structures.  Electronic Stability and Ground State Magnetic Configuration -
Here we discuss about the electronic stability and ground state magnetic configuration
of the systems studied here. For A;PtGa (A being Cr, Mn, Fe and Co), the formation
energies in the cubic structure have been calculated and compared (Table 3.1) for both
the inverse and conventional Heusler alloy structures with different starting magnetic con-
figurations to probe the lowest energy state, both in terms of crystal structure and the
magnetic configuration. We have considered three different kinds of magnetic configura-
tions: long-range ferromagnetic (FM), ferrimagnetic (FIM) ordering and a configuration
having net zero magnetic moment (NM) having all partial moments ideally zero. For FM
configuration, all the moments of the A and Pt atoms are parallel to each other. Only
one magnetic arrangement is possible under the FIM configuration in case of the conven-
tional Heusler alloy structure, with A and Pt atoms being anti-parrallel to each other. In
this case the FIM type of magnetic configuration is almost similar to the FM configura-
tion of the respective structure because the magnetic moment associated to the Pt atom
is always almost negligible. It is observed that this configuration, after optimization of
structure, converges to the FM configuration. Consequently, we have not included any
results corresponding to this magnetic structure (FIM) in Table 3.1.

In case of inverse Heusler structure, under FIM configuration, there are actually three
types of magnetic configurations possible. This is because there are two structurally
inequivalent A atoms, noted as A1l and A2 atoms which are occupying the crystallograph-

ically inequivalent sites, (0.25, 0.25, 0.25 and the fcc equivalent sites) and (0.50, 0.50,
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Table 3.1: Comparison of formation energies between inverse and conventional Heusler alloy structure of
the cubic phase of different materials with different magnetic configurations. Optimized lattice parameters
(aopt) are also reported. Values from the literature are given along with the references which are shown
in square brackets.

Material Crystal Magnetic Formation aimit(A) Aopl (A)
structure | Configuration | Energy (kJ/mol)
Inverse FM -62.63 6.10 6.10
(converged to FIM)

Inverse FIM -62.63 6.10 6.10
CroPtGa Inverse NM +2.88 6.10 5.99
Conventional FM +6.36 6.10 6.22
Conventional NM +68.92 6.10 6.03
Inverse FM -72.75 6.13 6.15
Inverse FIM -117.67 6.13 6.13

6.13[39]
MnyPtGa Inverse NM +25.45 6.13 5.93
Conventional FM -71.29 6.10 6.21
Conventional NM +45.98 6.10 5.94
Inverse FM -99.58 6.00 6.00
Inverse FIM -36.98 6.00 6.02
Fe,PtGa Inverse NM +47.89 6.00 5.91
Conventional FM -29.46 6.00 6.02
Conventional NM +37.67 6.00 5.91
Inverse FM -58.83 5.95 5.95
Inverse FIM -23.22 5.95 5.89
CoyPtGa Inverse NM -12.72 5.95 5.90
Conventional FM -46.57 5.95 5.93
Conventional NM -14.35 5.95 5.90

0.50 and the corresponding fcc equivalent sites), respectively. In the first case (FIM-1),
the moment of Pt atom is taken to be anti-parallel to the A atoms (both Al and A2
atoms are parallel to each other). Another ferrimagnetic configuration (FIM-2) is that
where moments of Al and A2 are anti-parallel to each other and the moment of Pt is now
parallel to A2. The third ferrimagnetic configuration (FIM-3) is that where moments of
Al and A2 are anti-parallel to each other again and the moment of Pt is parallel to Al.
However, after optimization, the FIM-1 configuration converges to the corresponding FM
structure. FIM-2 and FIM-3 turn out to be energetically same for all the systems. As a
consequence, for the inverse structure, we are only reporting the results of FIM-3 (which
is same as FIM-2) configuration (expressed as FIM hereafter) in the table and for the

latter part of the discussion.
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In Table 3.1, we report the initial guess value of the lattice parameter (a;,;;) which has
been chosen from the literature in case of MnyPtGa. For CroPtGa, FesPtGa and CooPtGa,
ainir has been chosen intuitively. In the same table, the optimized lattice parameter (aqp)
after full geometry optimization has also been reported along with the formation energies.
More negative values of formation energy in case of inverse Heusler alloy structure (Table
3.1) suggest that all the systems studied here possess the inverse structure, which is con-
sistent with the valence electron rule.[123] For CroPtGa and MnyPtGa, inverse Heusler
alloy structure with FIM configuration and for FesPtGa and CooPtGa the inverse struc-
ture with FM configuration possess the lowest formation energy. Further calculations of
properties of these materials are carried out for these respective lowest energy structures
only.

Possibility of Martensite Transition - As we discussed in the previous chapter
also, Heusler alloys may have the potential to be used as shape memory alloy device if they
undergo a structural phase transition, namely, martensite transition. As is well-known
this is a transition from a (low temperature) non-cubic phase to a (high temperature)
cubic phase above a certain transition temperature, known as martensite transition tem-
perature, Tjy;. This transition requires that the non-cubic phase must have lower energy
compared to the cubic phase. Therefore, we applied tetragonal distortion on the cubic
system to probe whether there is a lowering of energy with respect to the cubic phase
in their respective ground state magnetic configuration. A global minimum has been ob-
served for all the materials at a ¢/a > 1 (c is the lattice parameter along the z axis and
a is the same along x or y direction) as shown in Figure 3.1. The relative volume change
between the cubic and tetragonal phases is nominal (Table 3.2). It is to be noted here
that the starting magnetic configuration for both the cubic and tetragonal phase has been
taken to be the same in our calculations.

Here first we discuss in detail about how we arrive at the volume change between
the high temperature cubic and the low temperature tetragonal phases as reported in
Table 3.2. We first consider the fully optimized lattice parameter for each case (Table
3.1) and assume that both the cubic and tetragonal phases have the same volume. Then

we vary the ratio of ¢ and a keeping the volume same as that of the optimized cubic

99



100 F

80 -5~ Ni,MnGa
B -©= Cr,PtGa
60 - -~ Mn,PtGa
—e— Fe,PtGa

i Co,PtGa

E(meV/atom)

08 09 10 11 12 13 14 15
cla

Figure 3.1: Variation of the total energy of A;PtGa (A = Cr, Mn, Fe, Co) systems in
their respective ground state magnetic configurations as a function of ¢/a. Equilibrium
c/a values are expected to be around 1.3 to 1.4 for all the systems. The energy of the
tetragonal phase has been normalized with respect to that of the cubic phase of the
respective system. Hence, energy F in the Y-axis signifies the energy difference between
the cubic and tetragonal phase. NisMnGa is presented as a reference material. The lines
are guide to the eyes only.

phase (Table 3.1). If a system shows a lowering of energy for ¢/a > 1, then we obtain
the value of that particular ¢/a for which the energy of the system is the lowest. Next,
we vary the volume of the tetragonal phase keeping that same ¢/a. From there we get a
variation of energy as a function of total volume of the tetragonal phase. The volume for
which the energy of the tetragonal phase is minimum we consider that as the equilibrium
volume of the tetragonal phase. Then we calculate the relative change in volume between
the optimized cubic and tetragonal phase, which we report in Table 3.2. The maximum
variation of volume is about 2.6% which is for MnyPtGa. This conservation of the volume
and lowering of energy as a result of tetragonal distortion indicate that these materials
are likely to be prone to martensite transition.[18, 103]

To obtain the approximate values of T, we have used the following equation[18, 88]:

ksTy = AE (3.1)
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Table 3.2: Calculated lattice parameter (c/a).q, martensite transition temperature (Tj/) relative change
in volume between the optimized cubic and tetragonal phase (|JAV]/V) and difference of energy hetween
the two phases (AF) as well. Values from the literature are given along with the references which are
shown in square brackets.

Material | (¢/a)e, | AE(meV/atom) | Tar(K) | JAV]/V( %)
CryPtGa 1.41 71.94 834.5 1.00
Mn,PtGa 1.33 41.06 476.3 2.60
1.32[39) 3.13[39]
FeoPtGa 1.29 4.40 51.0 0.11
CoyPtGa 1.37 76.43 886.6 1.50

where kp is the Boltzman constant and we have used the following conversion factor, 1
meV = 11.6 K. The calculated Ty, values are also listed in Table 3.2. It is found that
except Fey,PtGa, all the alloys are expected to possess a martensite transition temperature

which may be well above the room temperature and CoyPtGa yields the maximum value.
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Figure 3.2: Variation of the total magnetic moment and partial moments of A;PtGa (A
= Cr, Mn, Fe, Co) systems as a function of ¢/a. The lines are just guide to the eyes.

3.2.2 Magnetic, Electronic and Mechanical Property

Analysis of Magnetic State - Now, we discuss about the magnetic and electronic

properties of all the systems studied here. In Figure 3.2, we present the variation of total
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Table 3.3: Calculated magnetic moments and Curie temperatures for both austenite (u., Tc,.) and
martensite phases (i, Tc¢). In the parentheses of the second and fifth columns, first two values are
corresponding to the inequivalent A2 and A1 atoms (A = Cr, Mn, Fe, Co) and the third value corresponds
to the Pt atom. P, and P, are the percentage of spin polarization at Fermi level for cubic and tetragonal
phase, respectively. The values from the literature are given in the table in case of MnyPtGa, along with
the relevant reference in square bracket.

Material :uc(/LB) Pc(%) TC,C(K) :ut(:uB) Pt(%) TC,t(K)

CoyPtGa 3.25 80.14 584 2.89 71.59 724
(1.57, 1.60, 0.21) (1.33, 1.58, 0.14)

FeoPtGa 5.16 1.96 972 5.06 42.34 909
(2.21, 2.86, 0.23) (2.32, 2.75, 0.16)

MnyPtGa 0.44, 0.44[39] 24.18 583, 0.86, 0.75[39] 20.75 | 490, 326[39]
(-3.31,3.60, 0.08) | 23[39] | 799[39] | (-2.76, 3.42, 0.14) | 26[39]

CryPtGa 1.00 74.39 1500 0.28 5.26 1540
(-2.21, 2.95, 0.22) (-2.74, 2.92, 0.04)

magnetic moment and partial moments as a function of ¢/a for all the systems. Table 3.3
presents the magnetic moments, percentage spin polarizations (P, and P; for cubic and
tetragonal phases, respectively) and Curie temperatures (calculated from the Heisenberg
exchange coupling parameters as discussed earlier) in their respective cubic and tetragonal
phases. From the Tables 3.1 and 3.3 it is clear that CroPtGa and MnyPtGa are likely
to be ferrimagnetic; on the other hand, Co,PtGa and Fe,PtGa may possess long-range
ferromagnetic ordering, in their respective ground states. The results from the literature,
wherever available, have been presented in the same table and it is found that the matching
between the data from literature and our calculations is reasonably good. For CryPtGa,
the alignment of spin for Cr2 atom is found to be opposite to that of Crl atom. Same
is observed in case of MnyPtGa also, resulting in a ferrimagnetic ground state as in the
case of MnyNiGa.[96] It is worth mentioning that both Cr and Mn atoms possess anti-
ferromagnetic ground state in their bulk forms. So for this type of (inverse Heusler alloy
structure) crystal structure, where two A atoms are the nearest neighbor of each other, the
resulting magnetic configuration seems to get influenced by the magnetic configuration of
the bulk A atom. This is also the case for the other two materials, namely, CosPtGa and
FesPtGa. Both these materials have a long-range ferromagnetic ordering and notably
both Co and Fe atoms are having ferromagnetic ground state in their respective bulk

forms.

62



Cr,PtGa-Aust Cr,PtGa-Mart

AT Y\ PNV A BN
W M2
i ‘N/\rr\\j:

Cr2-d

DOS(states/eVif.u.)

i
-

11 11 IA' -
ond AhonvnbNonNvohomo
1

L E .

6 4 -2 0 _ 2 6 4 -2 0 2
Energy(eV)

Figure 3.3: Spin polarized DOS of CryPtGa (Left Panel). Cubic phase (Austenite), (Right
Panel). Tetragonal phase (Martensite).

Electronic Density of States - The origin of ferrimagnetism in both cubic as well
as tetragonal phases for CraPtGa can be understood from the electronic density of states
presented in Figure 3.3. The moments of Crl and Cr2 atoms are opposite to each other
(Table 3.3) because of the anti-parallel nature of the spins of Crl and Cr2 atoms below
the Fermi level, which is evident from the partial DOS (Figure 3.3). Further, the density
of states of Crl and Cr2 atoms gives rise to unequal anti-parallel moments in Crl and
Cr2 atoms, resulting in a ferrimagnetic ground state for CroPtGa. Similar is the case for
MnyPtGa. Figure 3.4 gives the total and partial DOS for CosPtGa in cubic as well as
tetragonal phase. While in case of CroPtGa, from the partial DOS of the two Cr atoms,
the presence of exchange splitting is clearly evident, the exchange splitting is not clear
in case of both the Co atoms of CooPtGa. In both the materials CroPtGa and Co,PtGa
partial DOS of Pt atoms show: (1) the up and down spin DOS are almost compensated,
(2) there is no significant contribution of DOS near the Fermi level.

Variation of Magnetic Moments as a Function of ¢/a - To understand the
underlying reason behind the variation of magnetic moments as a function of ¢/a (Figure

3.2) as well as stability of the tetragonal phase over cubic phases, we calculate and analyse
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Figure 3.4: Spin polarized DOS of Co,PtGa (Left Panel). Cubic phase (Austenite), (Right
Panel). Tetragonal phase (Martensite)

the spin polarized total and partial density of states for both cubic and tetragonal phases
(Figure 3.3 and 3.4). We also show the DOS of the e, states of the minority d electrons
(5d for Pt and 3d for other TM atoms) near the Fermi level for A1, A2 and Pt atoms
as a function of ¢/a (Figure 3.5 and 3.6) for two typical materials, namely, CroPtGa and
CooPtGa. The first material is ferrimagnetic and the other one is ferromagnetic in their
respective lowest energy states.

We observe from Figure 3.2 that there is very little change in the total magnetic mo-
ment of FeaPtGa as a function of ¢/a which is observed for both the cubic and tetragonal
phases as is evident from the values given in Table 3.3. For CosPtGa, we find that, there
is a maximum at ¢/a=1 but in the tetragonal phase, the total moment decreases, which
can be correlated with the increased distance between Col and Co2 atoms resulting in a
weaker long-range ferromagnetic interaction between them. On the contrary, for Mn,PtGa
the total moment increases in the tetragonal phase. Being the nearest neighbors, Mnl
and Mn2 atoms are anti-ferromagnetically coupled to each other. Hence, in this case
the increased separation between Mnl and Mn2 makes the anti-ferromagnetic interaction

weaker in the tetragonal phase compared to its cubic phase which results in a larger total
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Figure 3.5: Spin-polarized DOS of CroPtGa and corresponding minority 3d e, level elec-
trons of Crl (top panel), as well as Cr2, and e, states of the minority 5d electrons of Pt
atom (bottom pancl) as a function of ¢/a, maximum value taken to be 1.1 for showing
the splitting of levels.

moment in the tetragonal phase. For CroPtGa the maximum of total magnetic moment at
¢/a=1 can be correlated with the high spin polarization (75%) at the Fermi level in cubic
phase. However, in the tetragonal phase the spin polarization has decreased significantly
(5%) as is also seen from the corresponding partial moments on Crl and Cr2 atoms. This
decrease in spin polarization in the tetragonal phase leads to the reduction in the total
moment in the tetragonal phase with respect to the cubic phase of CroPtGa. We observe
that in all the cases, the magnetic moment is found to be primarily due to the A atoms as
is observed from Table 3.3. The change in the total magnetic moment between cubic and
tetragonal phase is observed to be maximum for CryPtGa. Because the total moment is
substantially lower in the low temperature phase, both CroPtGa and CoyPtGa are likely
to show an inverse magnetocaloric effect.[124]

T from Heisenberg Exchange Coupling Constants - Now we discuss the Heisen-
berg exchange coupling paramaters in the cubic phase. In Heusler alloys, there is a direct

exchange interaction and an indirect RKKY-type of interaction.[40] In the prototype
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Figure 3.6: Spin-polarized DOS of Co,PtGa and corresponding minority 3d e, level elec-
trons of Col (top panel), as well as Co2, and e, states of the minority 5d electrons of Pt
atom (bottom pancl) as a function of ¢/a, maximum value taken to be 1.1 for showing
the splitting of levels.

shape memory alloy, NisMnGa, which possesses a conventional Heusler alloy structure, a
strong ferromagnetic direct interaction exists between the Ni and Mn atoms, whereas the
interaction between the two Mn atoms is of indirect nature.[38, 92] In case of MnyNiGa,
with an inverse Heusler alloy structure, there is a direct anti-ferromagnetic interaction
between the two inequivalent neighboring Mn atoms.[96] This interaction is observed to
be much stronger compared to the direct exchange interaction observed between the Ni
and Mn atoms as is observed in case of NisMnGa. In Figure 3.7, we present the Heisen-
berg exchange coupling parameters (J;;) between ith and jth atoms for A,PtGa materials
(A = Cr, Mn, Fe, Co), as a function of normalized inter-atomic spacing between them
in their cubic phase. The J;;’s for intra sublattice (A1-Al, A2-A2) and inter sublattice
(A1-A2, A1-Pt, A2-Pt) are depicted here. It is quite clear from the plots that in all cases
the A1-A2 interaction is the most dominant one and plays a crucial role in determining
the T¢ value of the corresponding material. A weak oscillatory type of indirect exchange

interaction is observed for intra sublattice exchange interactions (A1-Al and A2-A2),
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which is an indication of presence of RKKY type of interaction in these systems.
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Figure 3.7: J;; parameters between different atoms of A;PtGa as a function of distance
between the atoms 7 and j (normalized with respect to the respective lattice constant).
The lines are guide to the eyes only.

The Curie temperatures for both the austensite and martensite phases have been
calculated from the Heisenberg exchange coupling parameters following the approach of
Liechtenstein et. al.[125] In the literature, it has been mentioned that, in the mean field
approximation, there is an overestimation of Curie temperature.[126-128] It has been
argued that, in the mean field approximation, spin fluctuations are neglected and the
magnetic moments are taken to be more rigid, which causes an overestimation of Curie
temperature. Further, it is known that a change in Ty is observed during a structural
transition.[39] This has been experimentally observed by Khovailo et. al.[129] for Ni-Mn-
Ga alloy system. This change is because of the differences in the partial moment and
interatomic spacing between the two phases. The strength of hybridization between the
atoms depends on their separation. The hybridization and the magnetic moment of the
interacting atoms control the strength of exchange interaction between the atoms[130],
and consequently, the T of the corresponding system, as has been observed from our

results (Table 3.3). The Curie temperatures for all the systems are expected to be higher
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compared to the room temperature for the both cubic and tetragonal phases.

Spin Polarization - Table 3.3 suggests that the spin polarization (P) at the Fermi
level for CooPtGa is the highest in both the cubic and tetragonal phases compared to
all the other materials. This is much higher than the spin polarization of the prototype
shape memory Heusler alloy, NioMnGa. This can be understood from Figure 3.4, which
presents the spin projected DOS of cubic as well as tetragonal phase of this material. We
can see that in both the cases, the minority spin has a significantly larger contribution
to the DOS at the Fermi level compared to the majority spin. MnyPtGa and FesPtGa
exhibit lower spin polarization compared to CooPtGa. We have already discussed that
CroPtGa possesses high spin polarization in the cubic phase but in the tetragonal phase
spin polarization is considerably low.

Stabilization of Tetragonal Phase versus the Density of States - The stabi-
lization of the tetragonal phase over the cubic phase of the shape memory Heusler alloys
has been argued in the literarure using the band Jahn-Teller mechanism.[35, 90] In a
latter chapter, for a series of Ni and Co-based FHAs with a conventional structure, i.e.
the Ay BC' type, we show[117] that the closeness of DOS peak of the minority spin 3d
electrons of A atom, with e, symmetry is closely related to the possibility of martensite
transition. Here, in this work, all the materials possess inverse heusler alloy structure
(ABAC). A detailed analysis of density of states shows that for these systems the sta-
bility of the tetragonal phase over its cubic phase can be correlated with the presence of
minority DOS peak corresponding to the e, levels of d electrons close to the Fermi level
for A2 and Pt atom in their respective austenite phase. Here we show in detail DOS of
two representative cases, one of CraPtGa and another CooPtGa. Figure 3.5 and 3.6 show
partial and spin polarized DOS of CroPtGa and CosPtGa, respectively. From Figure 3.5
we observe that, at ¢/a = 1, DOS peak of 3d electrons with down spin (of e, symmetry)
of Cr2 atom is located just above the Fermi level (about +0.43 eV). Under tetragonal
distortion, this peak is split into two. For ¢/a = 1.1, one part of the peak enters below
Fermi level and other part moves above the Fermi level. The same kind of changes is
also observed with the minority DOS of the e, levels of 5d electrons of Pt atom which is

located at the same energy as in case of Cr2 atom, in the cubic phase. The redistribution
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of density of states for these two atoms as a function of tetragonal distortion leads to the
reduction of free energy and to stabilization of the tetragonal phase over the cubic phase.
However, for Crl atom, not much change is observed in the peak of minority DOS peak
for the ¢4 levels of 3d electrons under tetragonal distortion.

In case of CopPtGa also, we find the same kind of redistribution in the DOS of e, states
of minority spin 3d electrons of Co2 and 5d electrons of Pt atom under the tetragonal
deformation (Figure 3.6). The single DOS peak of e, states of 3d electrons with minority
spin for Co2 atom is observed at 4+0.33 eV. Under tetragonal deformation this single peak
splits into two parts, one part of the peak moves to the higher energy side (+0.35 ¢V for
c/a = 1.05) and another part of the peak moves toward the Fermi level (+0.19 eV for
¢/a = 1.05). Here also we find that there is small change in the DOS of e, states of 3d
electrons of Col atom, causing not much of a change in the moment of Col atom as a
function of ¢/a. For both the materials CroPtGa and CoyPtGa, we find that the tetragonal
distortion leads to the change of peak position of DOS of e, levels of d electrons, primarily
of the A2 and Pt atoms. Consequently, the moment of A2 atom contributes significantly
toward the total moment. This is the reason the variation of total moment as a function
of ¢/a follows primarily the variation of the moment of A2 atom (Figure 3.2). For all the
materials studied here, we find minimum change in the moment of A1 atom as a function
of ¢/a. We note here that Luo et. al.[131] have observed for Mn,NiGe which is also an
inverse Heusler alloy, the variation of magnetic moment of the two inequivalent Mn atoms
follows different trend because of their different chemical surroundings leading to different
hybridization effects.

Tetragonal Ground State versus Tetragonal Shear Constant- We have dis-
cussed above from the electronic properties, the possibility of the studied materials to be
prone to tetragonal distortion, we now focus on the mechanical properties, specifically
the tetragonal shear constant (C’). The elastic constants of all the materials have been
calculated in their cubic phase. There are three independent elastic constants for a cubic
structure. These are Cy;, Cio and Cyy. These three elastic constants can be found by
calculating energies for three different types of strain on the From these three linearly

independent energy versus strain data, we can find out Cqq, Ci2 and Cyy. The applied
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Table 3.4: Mechanical properties of the austenite phase of materials

Material C11 Clg C44 C’ B Gv GR Gv/B CP @m (K)

(GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa) (GPa) | (£ 300K)
CryPtGa | 151.08 | 135.96 | 99.86 7.56 | 141.00 | 62.94 | 16.97 0.45 | 36.90 1445
MnyPtGa | 120.11 | 140.67 | 100.32 | -10.28 | 133.82 | 56.08 | -30.36 | 0.42 | 40.35 1262
Fe,PtGa | 190.53 | 166.93 | 109.87 | 11.80 | 174.80 | 70.64 | 25.40 0.40 | 57.06 1679
CooPtGa | 140.18 | 199.71 | 110.22 | -29.77 | 179.87 | 54.22 | -125.11 | 0.30 | 84.49 1381

strains have the form as (4, 4, 4, 0, 0, 0), (0, 0, §%/(1-62), 0, 0, §) and (4, 4, (1+8) 21,
0, 0, 0). 0 has been taken in the range of -0.02 to +0.02 in steps of 0.005. To start with,
we calculate the equilibrium lattice parameter (ag) as well as equilibrium volume (Vy),
and the corresponding energy is considered as the equilibrium energy (Eg). Then strain
is applied to the system. Under this strained condition, the energy (F) is calculated and
subsequent to that, the elastic constants are obtained from our calculations as discussed
below. The energies % are plotted as a function of applied strain and fitted with a
fourth order polynomial. The second order coefficient of the fit gives the elastic constants.
For the cubic crystal the elastic stability criteria are- Cy; > 0; Cyy > 0; C11-Cho > 0; Cpy
+ 2C15 > 0.[78] Tt is observed that all the alloys satisfy these conditions but the 3rd
condition is not satisfied by some of the materials. This leads to a negative value of C’
for those materials. Rest of the materials show small positive values of C’. This softening
of " indicates the instability of the cubic phase. For the prototype shape memory alloy,
NioMnGa, the softening of C” is already observed from experiment.[132] For CryPtGa
and FeoPtGa, (' is a small positive quantity, with values 7.56 GPa and 11.80 GPa, re-
spectively. On the other hand, Co,PtGa and MnyPtGa exhibit negative values for the
same.

We know that Cauchy pressure (CF) is defined in terms of the difference between the
values of C'2 and Cyy. Taking cue from the literature[28], we predict from our calculations
that, CooPtGa is likely to possess the lowest inherent crystalline brittleness. The upper
panel of Figure 3.8 shows an inverse linear relationship between C* and G/B (= Gy /B).
This inverse linear relationship between these two parameters is already reported in lit-
erature for a large number of systems.[114, 118] Figure 3.8(a) suggests that the ICB of
CoyPtGa is quite low with respect to that of Ni;MnGa. The bottom panel of Figure 3.8

shows the variation of G/ B as a function of atomic number (Z) of the A atom of A,PtGa
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(A = Cr, Mn, Fe, Co). It is to be noted that the value of G/B is lowest for Z = 27, i.e.
for CooPtGa. In the literature[133], it has been mentioned that the materials with lower
value of G are likely to undergo shear deformation and become more prone to ductility
instead of brittle fracture when strain is applied which indicates about a lower inherent

crystalline brittleness.
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Figure 3.8: (a) C? versus GG/B plot: A linear fitting has been done, which shows an
inverse linear relationship between them. NisMnGa is used as a reference material. (b)
G /B versus Z plot. Z is the atomic number of the A atom. The lines are just the guide
to the eyes.

High Melting Temperature of the Studied Systems - For high temperature
application of a material, it is mandatory to have a high melting temperature as well. Fine
et. al.[134] have correlated the elastic constant Cy; of the cubic metallic as well as inter-
ametallic systems with the melting temperature by the following empirical relationship

with an uncertainty of +300K:

Om(K) = 553K + 5.91 x Cy, (G Pa) (3.2)
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Using the above equation, we calculate the ©,, values for all the systems, studied here.
From our calculations (Table 3.4) it is predicted that the melting temperature of these
systems are sufficiently high leading to a possibility of application of these materials as
SMA even at high temperature. This is particularly true for CoyPtGa, which is predicted
to possess a high 6, (1381 £+ 300K)as well as a high T, (around 886 K),, which are well

above the room temperature.

3.3 Conclusion

From first-principles calculations, we study the electronic and magnetic properties of
AsPtGa (A being Cr, Mn, Fe and Co) Heusler alloys. We predict a few new materials
with Pt being an essential ingredient. By comparing the energies of various types of
magnetic configurations, we predict that CroPtGa and MnyPtGa are likely to possess a
ferrimagnetic configuration, whereas, FeoPtGa and Co,PtGa may exhibit a long-range fer-
romagneic ordering in their respective ground states. Analyzing the electronic, magnetic
and mechanical properties of all these materials, CosPtGa, CroPtGa and Fe,PtGa are
predicted to be three new full Heusler alloy systems, which are likely to show the marten-
site transition. Among these, CoyPtGa is likely to possess the highest spin polarization
at the Fermi level for both the cubic and tetragonal phases. It also exhibits the lowest
inherent crystalline brittleness as well as the highest martensite transition temperature
(Thr), high melting temperature (©,,) and high Curie temperature (T¢); all of these well
above the room temperature. All these observations render Co,PtGa interesting from

both application as well as fundamental points of view.
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Chapter 4
Effects of Cr and Fe Substitution at

Mn site of NioMnGa and PtoMnGa

4.1 Introduction

Interesting magnetocaloric properties as well as an increase of Tj; have been experimen-
tally observed as a result of Cu substitution at the Mn site of prototype Heusler alloy
NioMnGa.[10, 20] Motivated by these studies, we have studied in detail the effects of
medium to large Cu substitution at Mn site of NisMnGa and Mns;NiGa and the results
of the same have been presented in the second chapter of this thesis. We show that a
systematic increase of martensitic transition temperature (T)/) is likely as the amount
of substitution of Cu at Mn site increases. Further, a difficulty in case of technological
application of NisMnGa is that its brittleness is somewhat large.[29, 30] Therefore, we
have studied in detail the elastic properties of the austenite phases of NiosMnGa, and some
of its substituted alloys and presented the results in the same chapter. We observe that
Cu substitution at the Mn site leads to a decrease in the inherent crystalline brittleness
(ICB) of the material (see Figure 2.9 of this thesis). In chapter 3, we have predicted
a new material CosPtGa which has higher T); and lower ICB compared to NioMnGa.
Tunability of Tjs, T¢ and ICB has been a subject of active research for last couple of
decades.

Recently, in the literature there have been studies where Mn has been replaced by Fe in
NisMnGa and existence of a modulated phase is observed in this substituted material.[135]
Furthermore, substitution of Fe at the Mn site has gained importance due to a report of
decrease in the brittleness of the material.[136, 137] Moreover, it is interesting to note that

some composition of Fe substituted alloy yields Tj; which is close to room temperature
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as well as higher than that of Ni;MnGa.[136, 138] These studies on Fe substituting the
Mn atom are important from the point of view of application. It is also interesting
that Fe has only one electron more than Mn and has high atomic moment close to Mn.
On the other hand, in bulk, while Fe bulk has ferromagnetic (FM) configuration, Mn
in bulk form exhibits an anti-ferromagnetic (AFM) configuration. Hence, analysis of a
systematic substitution of Mn by Fe may provide interesting microscopic insight into the
elastic, magnetic and electronic properties of the substituted alloys.

In this work, in addition to Fe, we choose Cr atom as well, for replacing Mn. The
motivation behind substituting Cr at the Mn site is that both the elements in bulk form
are anti-ferromagnetic in their ground state. Additionally, Cr possesses only one electron
less than that of Mn and possesses high atomic moment similar to Mn. These facts may
have some interesting role to play in defining the magnetic properties of the substituted
materials. Though there exist a few relevant studies in the literature[136-138], the sta-
bility of different phases (austenite and martensite) of the materials and the trend of
changes in the properties, as a result of increasing substitution of Fe and Cr at the Mn
site of NisMnGa , has not been systematically studied so far. We are, thus, particularly
interested in the comparative study of stability and magnetic properties of alloys derived
from NioMnGa, resulting from substitution of Mn by Cr and Fe atoms. Probing the possi-
bility of martensite transition in materials with Mn substituted by Fe and Cr at different
percentages of substitution may also lead to results, important from both application and
fundamental points of view.

Recently, as has been discussed in the first chapter of this thesis, for Pt doped NisMnGa
(composition Nij 75Ptp25MnGa)[4], a maximum MFIS of 14% has been predicted on the
basis of first-principles calculations. The existence of a modulated structure, which is a
prerequisite for a large MFIS[33], has also been shown for Ni; gPty.MnGa, by Neutron
diffraction study. Significant magnetocaloric effect (MCE) near room temperature has
also been found in Nij gPtg2MnGa.[79] Further, a large increase in martensite transition
temperature has already been reported for Pt-doped Ni-Mn-Ga in the literature[80] as
well as a decrease in the ICB compared to NioMnGa has been predicted by us (in the

carlier chapter) in case of PtoMnGa and some of its substituted alloys, for example,
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Pt;CuGa.[118] Hence, it is clear that, Ni;MnGa, with substitution by Pt at Ni site is
expected to have better properties compared to the parent compound (NisMnGa) which
may be suitable for technological applications. This has motivated us to probe further
the effect of Ni substitution by Pt in NiyCrGa and NiyFeGa.

Therefore, in the present chapter, we carry out calculations on the stability and of
various properties of AoMn;_,B,Ga (x = 0.00, 0.25, 0.75, 1.00; A = Ni and Pt; B
= Fe and Cr) and present the results. All these alloys have been found to possess a
conventional Heusler alloy structure in their ground state configuration. To study the in-
between compositions, it has been assumed that the substitution is possible without any
kind of phase segregation and consequently, the trend of the energetic stability following
the substitution has been obtained from the formation energy calculations of the materials
as a function of substitution. We have shown the changes in the formation energy and
the martensitic stability as a function of x. For the austenite phase, we consider the
cubic symmetry (L2; structure) and for the martensite phase, we consider the tetragonal
distortion of the cubic phase. As is known, some Heusler alloys including NisMnGa show
complicated modulated structures. In what follows,, we present and analyze the bulk
mechanical and magnetic properties of the materials, NioCrGa, NisMnGa, NisFeGa as

well as PtoCrGa, PtoMnGa and PtoFeGa.

4.2 Results and Discussion

4.2.1 Electronic Stability of the bulk austenite and martensite

phases

We now, we discuss and compare the electronic stability of the bulk austenite and marten-
site phases of the Heusler alloys, studied here. From the energy calculations, we find that
the conventional Heusler structure of all the materials AoMn;_,B,Ga (x = 0.00, 0.25,
0.75, 1.00; A = Pt, Ni; B = Fe, Cr) is lower in energy in comparison to the corresponding
inverse structure in the cubic phase. We perform the calculations of the formation energies
of all the materials in ferromagnetic configuration using VASP code[51, 52| since the par-

ent compounds PtoMnGa and NioMnGa show FM configuration of the Mn atoms.[4, 92]
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Figure 4.1: (a) Formation energy plotted for NigMn;_,Cr,Ga for x = 0, 0.25, 0.75 and
1.0: The formation energy decreases as the Cr concentration increases. (b) Probability
of martensite transition shown for NisMn;_,Cr,Ga: Equilibrium ¢/a values are expected
to be around 1.25 to 1.3 for the whole composition range. The energy for the martensite
phase has been normalized with respect to the energy of the austenite phase. The line
joining the data points is just a guide to the eyes.

Calculated values of formation energy of the austenite phase with conventional Heusler
alloy structure and ferromagnetic configuration, for all the substituted compounds, are
presented in upper panels of Figures 4.1 to 4.4. The negative value of the formation energy
indicates that the compound is more stable compared to the respective individual bulk
components. More negativity indicates more stability. From these figures, it is clear that
the formation energy as a function of x of all the compounds A;Mn;_,B,Ga (with A = Pt,
Ni; B = Cr, Fe; x =0, 0.25, 0.75 and 1) is negative. The parent compounds PtoMnGa and
NigMnGa are found to be energetically the most stable ones and overall, Cr substitution
gives rise to less stable compounds compared to the Fe substituted and parent Mn-based
compounds. It is also observed from the figures that this trend is same for both cubic
austenite and non-modulated tetragonal martensite phases. The tetragonal phase shows
more negative formation energy compared to their respective cubic austenite phase and
this result gives the indication that the tetragonal phase is the lower temperature phase
for all the materials. This observation also corroborates with the results presented in
lower panels of Figures 4.1 to 4.4 which give the plot of ¢/a versus the relative energy, i.e.

energy of tetragonal phase normalized to the energy of the respective cubic phase; ¢ being
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Figure 4.2: (a) Formation energy plotted for NigMn;_,Fe,Ga for x = 0, 0.25, 0.75 and
1.0: The formation energy decreases as the Fe concentration increases. (b) Probability of
martensite transition shown for NisMn;_,Fe,Ga: Equilibrium c¢/a values are expected to
be around 1.25 to 1.35 for the whole composition range. The energy for the martensite
phase has been normalized with respect to the energy of the austenite phase. The line
joining the data points is just a guide to the eyes.

the lattice constant along the z-direction and a is the lattice constant along the x (and y)-
direction. We find that as is seen in case of PtoMnGa, NisMnGa, and NisFeGa (observed
in the literature), all the substituted alloys including the stoichiometric PtoCrGa, PtoFeGa
and NipCrGa show a stable tetragonal phase which is lower in energy compared to the
respective cubic phase. It is worth noting that for the Pt-based alloys, AFE (energy
difference between cubic and tetragonal phases) is reasonably more compared to the Ni-
based alloys. We also observe that AE systematically increases as Mn is substituted by Cr
and Fe. The effect is more pronounced in NisMnGa and its substituted alloys compared
to the Pt-based alloys. We show later that the cubic and tetragonal phases have very
close equilibrium volume. All these observations put together indicate that the materials
studied here are likely to show martensite transition. This warrants a detailed study of
the bulk mechanical, electronic and magnetic properties of these materials, since these
materials may turn out to be interesting from both application and fundamental points
of view.

For a given system, a comparison of the energies of the austenite and martensite

phases, AFE, may give an estimate of the trend of the martensite transition temperature,
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Table 4.1: Calculated lattice parameter and trend of martensite transition temperature. Values from
the literature are given along with the references which are shown in square brackets.

Material eupic(A) (¢/a)eq A (meV/atom) | Ty (K)
PtoFeGa 6.18 1.34 70.51 817.92
6.19[139]
6.23 1.30 59.40 689.04
Pt,MnGa | 6.09[140], 6.23[141] 1.30[141]
6.23[139]
Pt,CrGa 6.23 1.30 60.23 698.67
6.23[139]
5.76 1.35 17.04 197.66
NipFeGa | 5.77[142], 5.76[135] | 1.33[142], 1.33[135), 142[143)
5.77[143] 1.35(144]
NisMnGa 5.80 1.22 6.18 71.69
5.81[142], 5.81(92] | 1.22[142],1.25[145] 210[146]
Ni,CrGa 5.80 1.26 14.88 172.61
5.81[139]

Ty, for different systems, within a reasonable confidence interval.[18] Following this, we
calculate and analyze AF and make a heuristic prediction of the values of T, for PtoCrGa,
PtoMnGa, PtoFeGa as well as NipCrGa, NigMnGa and NisFeGa which are tabulated in
Table 4.1. We wish to point out here that the trend in the T, values over the absolute
value of the martensite transition temperature is what is meaningful here and hence the
trend only is considered for our further analysis related to the martensite transition.

We observe that all the materials, studied here, are likely to have higher T, than
NigMnGa. The trend is as follows: Mn-derived alloys have lowest T, followed by Cr-
derived and further followed by Fe-derived compounds for both A = Pt and Ni. Though
the experimental value of martensite transition temperature of bulk NiyFeGa is lower than
that of NisMnGa, which is different from our predicted values (see Table 4.1), we wish
to note here that the experimental samples may have inherent defects and that may be
one of the reasons for this mismatch in the trend between our calculational result and the
experimental value. As is observed from this table, the data are seen to be agreeing well
with the literature. The (c¢/a)., values of the ¢/a parameter for the optimized martensite
phase for all the compounds are seen to be within the range of values of 1.22 to 1.35;
this range matches with the same as is observed for most of the MSMAs found in the

literature.
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Figure 4.3: (a) Formation energy plotted for PtoMn;_,Cr,Ga for x = 0, 0.25, 0.75 and
1.0: The formation energy decreases as the Cr concentration increases. (b) Probability of
martensite transition shown for PtoMn;_,Cr,Ga: Equilibrium c¢/a values are expected to
be around 1.3 for the whole composition range. The energy for the martensite phase has
been normalized with respect to the energy of the austenite phase. The line joining the
data points is just a guide to the eyes.
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Figure 4.4: (a) Formation energy plotted for PtoMn;_,Fe,Ga for x = 0, 0.25, 0.75 and
1.0: The formation energy decreases as the Fe concentration increases. (b) Probability
of martensite transition shown for PtoMn;_,Fe,Ga: Equilibrium c¢/a values are expected
to be around 1.3 to 1.35 for the whole composition range. The energy for the martensite
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joining the data points is just a guide to the eyes.
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guide to the eyes only.

4.2.2 Magnetic Properties

In this subsection we discuss about the magnetic properties of all the systems studied here.
First we probe the ground state magnetic configuration for their bulk austenite phase.
In Figure 4.5 and Figure 4.6 we have plotted, for both FM and AFM configurations,
the energy of the Ni-based and Pt-based systems, respectively, as a function of unit cell
volume in their cubic phases. We have also carried out calculations of total energy in the
phases with net zero magnetic moment. But the formation energies of these are found to
be positive which implies that this type of magnetic configuration will subject the system
to electronic instability and are not considered further and not shown in the figures as well.
We have considered two types of anti-ferromagnetic configurations as starting magnetic
configurations: AFM-I and AFM-II, which we describe now.

In all of our calculations, we have used P1 symmetry so there are four formula units
corresponding to the conventional A, BC' structure in each case. In our considered su-
percell, there are eight A atoms and four B atoms. In the AFM-I type of configuration,
spins of the A atoms are taken to be anti-parallel to the spins of the B atoms. So it is an
inter-sublattice anti-ferromagnetic configuration. On the contrary, AFM-II type of spin

configuration is an intra-sublattice anti-ferromagnetic configuration. In this, all the A
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normalized with respect to energy of ground state magnetic configuration. The lines are
guide to the eyes only.

atoms have the same spin and ferromagnetic configuration. But out of the four B atoms,
two are considered to have spin configurations parallel to the A atoms; and moments of the
other two B atoms are taken to be anti-parallel to the other B atoms and consequently to
all the A atoms. However, the AFM-I type of magnetic configuration is found to converge
to the ferromagnetic configuration. Hence, we have not included the results correspond-
ing to this magnetic structure in Figures 4.5 and 4.6. For A;MnGa and AsFeGa (A =
Pt, Ni), AFM-II type of magnetic configuration has been found to be higher in energy
though energetically very close to the FM configuration. However, for A;CrGa (A = Pt,
Ni) the AFM-II magnetic configuration is found to be lower in energy compared to the
respective FM configuration. These indicate that for AoMnGa and A;FeGa, long-range
ferromagnetic ordering is the ground state magnetic configuration whercas for A;CrGa
the ground state magnetic configuration is AFM-II. Following this finding related to the
alloys having Cr as B atom, we have repeated all the calculations of A,CrGa (A = Ni
and Pt) taking into consideration the AFM-II magnetic configuration and considered the
AFM-II phase only for all further calculations. We mention here that from this point
onwards, AFM indicates AFM-II only (in Figure 4.5 and 4.6 as well).

First and foremost, we analyze the formation energy of the austenite and martensite
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Table 4.2: Magnetic moments for the austenite and martensite phases; in brackets we provide the value
of the partial moments; the first and second numbers correspond to the B and A atoms. Values from the
literature are given along with the references which are shown in square brackets.

Materials Austinitic phase Martensitic phase
(pp/fu.) (up/fu.)

Pt,FeGa 3.258(3.025, 0.088) 3.401(2.970, 0.204)
3.24[139]

PtoMnGa 4.169(3.671, 0.138) 4.173(3.627, 0.188)

4.15[139)], 3.86[141]
Pt,CrGa 0.000(£3.013, £0.019) | 0.000(%3.009, £0.003)

NiyFeGa 3.343(2.812, 0.286) 3.349(2.656, 0.380)
3.27[139], 3.31[142) 3.36[142]
Ni;MnGa 1.093(3.296, 0.357) 4.155(3.231, 0.425)

4.05[139], 4.17[142], 4.096[92] | 4.23[142], 4.115[92]
Ni,CrGa 0.000(+2.629, +0.026) 0.000(£2.654, +0.009)

phases of these two materials and find that the formation energy is consistently negative,
implying the electronic stability. Further, in Figure 4.7, we plot the ¢/a versus AFE (energy
of the tetragonal phase is normalized with respect to the energy of the respective cubic
phase). We find that for Ni;CrGa as well as PtoCrGa, upon complete optimization of
geometry (calculated from VASP[51, 52] and cross-checked using CASTEP[53] packages),
the system always converges to at the tetragonal phase. This may be due to the much
larger AF values in these materials in the AFM-II magnetic configuration, in comparison
to the energy difference in their respective FM configuration. The equilibrium c¢/a values
for both the materials fall in the range of 1.25 to 1.3 which indicates the possibility of a
martensite transition though it is to be noted that these materials are not likely to exhibit
ferromagnetic properties.

Next we discuss the change in magnetization of the systems as they undergo structural
transition from cubic phase to the tetragonal phase. It is observed from Table 4.2 that, our
results on the magnetic moments of the systems match well with the literature wherever
available. We also observe that for both Mn and Fe-based alloys, total magnetic moment
increases as the system undergoes the transition from cubic to tetragonal structure. On
the other hand, the Cr-derived systems have anti-ferromagnetic configuration in both
the austenite and martensite phases. In the Heusler alloys discussed here with general
formula AsBC (A = Pt, Ni; B = Fe, Mn, Cr; C = Ga), the main contribution to the

total magnetic moment comes from the B element (Fe, Mn, Cr). One possible origin
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of magnetic moment of the A element is due to the induction from B atom as observed
in the literature.[126] We see from Table 4.1 that the lattice parameters of the Pt-based
systems are much larger compared to the Ni-based systems. This gives rise to a larger
B-B distance and leads to the possibility of more localization of magnetic moments on
the B sublattice. It is to be noted that Sosioglu et. al.[91] have studied a series of Heusler
alloys CugMnC' and PdoMnC' (C' = In, Sn, Sb, Te). They have observed a very small
induced moment in Cu and Pd, whereas the total moments of the systems were mostly
contributed by the Mn sublattice. Further, the increased lattice parameter in Pt-based
systems as observed by us causes a larger separation between A and B atoms. Hence
we see from Table 4.2 that the partial moments of A atoms decrease in Pt-based alloys
compared to the Ni-based ones. As a result, the total moment of the system depends on
both the factors: moment of the B atom as well as the induced moment on the A atom.

Figures 4.8 and 4.9 give the energy versus volume plots for the optimized austenite
and martensite phases of NigBGa and Pty BGa, respectively (B = Fe, Mn, Cr) in their
respective lowest energy magnetic configurations. The volume conservation in each case
between the austenite and martensite phase is highlighted by marking the equilibrium

volumes for each of the phases. The maximum change of volume being about 1.96%.
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This indicates that while the Mn and Fe-based compounds are prone to be FSMA, the

Cr-based alloys are likely to show AFSMA properties.
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Figure 4.10: Heisenberg exchange parameters J;; of Cr atom with its neighbours as a
function of normalized distance d/a where a is the lattice constant of the austenitic phase
for (a)NipCrGa (b)Pt2CrGa in their correct magnetic ground state (AFM) configuration
in the cubic phase. The lines are just guide to the eyes.

4.2.3 Heisenberg exchange coupling constant of AFM Ni,CrGa
and Pt,CrGa

In Figure 4.10, we show the variation of J;; in their magnetic ground state (AFM configu-
ration) of NioCrGa and PtoCrGa. The calculations for intra-sublattice AFM configuration
have been performed within coherent potential approximation implemented in the SPR-
KKR code,[56] by considering that 50% of the body-centered site(fractional coordinates
0.5, 0.5, 0.5 and its fcc equivalent sites) is occupied by up spin Cr atom (Crl) and rest 50%
of the site is occupied by down spin Cr atom (Cr2). From Figure 4.10, as expected, we
can see that Cr1-Crl interaction is almost identical with the Cr2-Cr2 interaction for the
materials. Also the interaction is of RKKY type as is indicated by the J;; plots. One more
interesting point to note for these systems is that the magnetic interaction between Crl-
Crl (also Cr2-Cr2) is exactly cancelled by the Cr1-Cr2 (Cr2-Crl) interaction. These two
strong and mutually cancelling exchange interactions may have led to the intra-sublattice

anti-ferromagnetic ordering as the ground state magnetic configuration for both of these
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systems.

4.2.4 Density of states of cubic phases

Ni,CrGa

DOS(states/eVif.u.)

-6 -4 -2 0
Energy(eV)

Figure 4.11: Total DOS and Spin polarized DOS for Ni-based materials; solid line repre-
sents the total DOS and the majority and minority spin DOS are shown by dash-dotted
lines

First we discuss the density of states (DOS) of the Ni;BGa (B = Cr, Mn, Fe) systems
and we compare these results with the PtoBGa systems. Figure 4.11 shows the total DOS
of all the Ni-based materials along with the spin polarized DOS. From the total DOS we
can see that for NisMnGa, there is a double peak structure very close to the Fermi level.
The implication of this peak and also the peak in the minority DOS very close to Fermi
level which plays a crucial role in favouring martensite transition have been discussed in
detail in the literature and also in chapter 2 of this thesis.[118, 90] From Figure 4.11,
it is clear that all the Ni-based materials are having a prominent Ni d-electron derived
peak very close to (and also below) the Fermi level. While for Fe and Mn cases, the
minority spin makes the major contribution, in case of Cr, both the spin densities of
states show similar intensity. We note that it is expected from their respective DOS that
the tetragonal distortion may lower the energy of these systems compared to their cubic
structure, which can be very well explained by band Jahn-Teller distortion mechanism

as has been observed in case of NioMnGa in the literature.[35, 90, 104, 117] Similarly for
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lines

Pt-based systems also, we can find from Figure 4.12, that such peaks in the DOS exist
which are very close to the Fermi level.It is interesting to observe that the contributions
of the majority and minority spin DOS close to Fermi level are similar in both the Pt and

Ni-based systems.

4.2.5 Mechanical Properties

Mechanical Properties of the bulk Austenite phase

Now we discuss the mechanical properties of the cubic austenite phase of PtoMnGa,
NigMnGa and their substituted alloys. All the relevant parameters are listed in Table 4.3
and we observe that there is a good matching with the results available in the literature.
As we discussed in the earlier section, the complete geometry optimization of PtoCrGa
and NiyCrGa directly led to the more stable martensite phase. Therefore, in Table 4.3 we
list the bulk mechanical parameters of the austenite phases of only NiosMnGa, NigFeGa,
Pt,MnGa and PtoFeGa. For cubic lattices, only three independent elastic constants exist,
C11, C19 and Cyy, where, symmetry dictates that: Cyy = Coy = Cs3; C1s = Cos = (13 and
Cy = Cs5 = Cgg. The three experimentally measurable elastic constants are: Cyy, C' =

0.5*(011 - 012) and CL = 0.5*(011 + 012 + 2044).

87



Table 4.3: Bulk mechanical properties of austenite phase of materials. Values from the literature are

given along with the references which are shown in square brackets.

Elastic constants | PtoFeGa | PtaMnGa NisFeGa NisMnGa
C1(GPa) 151.75 145.75 162.41 162.48
162.2[142],166.0[135] | 152.0[24]
Cu(GPa) 70.33 66.34 109.78 108.91
103.8[142],109.8[135] | 103[24]
Ci2(GPa) 210.86 193.22 177.51 157.32
165.5[142],168.9[135] | 143[24]
B (GPa) 191.15 177.40 172.48 159.04
164.4[142],168.0[135] | 146[24]
Gy (GPa) 30.37 30.31 62.85 66.38
61.62[142],65.3[135] | 63.6[24]
Gpr (GPa) -199.91 -128.04 -21.03 6.23
-4.23[142],-3.70[135) | 10.56[24]
Gy /B 0.16 0.17 0.36 0.42
Cr(GPa) 140.53 126.88 67.73 48.41
C'(GPa) -29.56 -23.74 -7.56 2.58
-1.6[142)-1.5[135] | 4.5[24]
Op (K) 200 200 399 411
B/C’ -6.46 -7.47 -22.81 61.64
A -2.37 -2.79 -14.52 42.21

These parameters are related to the experimental acoustic phonon modes TA;, TAy
and LA.[24] From Table 4.3, we compare our calculated elastic constants with the exper-
imental and earlier theoretical results, wherever data are available in the literature. The
mechanical stability of the cubic phase signifies the following conditions: (1) Cy; > 0; (2)
Cyy > 0; (3) (C11-Cha) > 0; (4) (C11+2C5) > 0.[78] We note that the third one is not met
with most of the alloys studied here. For stable cubic crystals, the value of (' is found
to be much higher than that of C'5. However, we find from Table 4.3 that the values of
C1; are either marginally higher or even lower than those of Ci5. As a result of this, the
tetragonal shear constant C’ (= 0.5%(Cy - C'12)) is seen to have either a value close to zero
or a negative value. This implies that these materials are prone to a tetragonal distortion.
The fact that the martensite phases possess more negative formation energy (see Figures
4.1 to 4.4) compared to the austenite phases for all the materials corroborates with this.
The softening of the C” parameter is closely related to the possible martensite transition
as is observed in the literature and also in this thesis.[24, 27]

The bulk modulus, B, is connected to the elastic constants in the following way:

B = (1/3)*(C11 + 2 Ch2). The calculated values of B have been listed in Table 4.3.
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The isotropic shear modulus, G, is related to the resistance of a material to the plastic
deformation. In literature, it has been shown[102] that the value of G lies in between
the values of shear modulii given by formalisms of Voigt (G)[100] and Reuss (Gg)[101],
which means G = (Gy + Gpg)/2. We observe from Table 4.3, that for austenite phase
of NisMnGa, the experimental G value is close to the Gy value while G value is largely
underestimated, which is due to the small positive or negative values of C’. Following
this observation, we consider only the Gy value as the shear modulus (G) though it
is generally considered to be the higher limit of the same. This particular aspect, in
regard to this set of Heusler alloys, showing martensite transition, has been discussed in
the literature and also in chapter 2.[118] Further, as discussed in detail in the previous
chapter, a combination of a large value of GG/ B and a small value of Cauchy pressure (CP)
corresponds to a large ICB. In the present work, we observe that the trend of ICB goes
as : ICB (NioMnGa) > ICB (NigFeGa) > ICB (PtoMnGa) > ICB (PtoFeGa). Further
we have calculated the Debye temperature (©p) from the averaged sound velocity which
is dependent on the longitudinal and transverse elastic wave velocities of the material
which are in turn derived from the bulk and shear modulii of a material.[27, 147] We
observe that both the Pt-derived alloys have similar ©p values which is true for the Ni-
derived alloys as well. The available experimental value for Ni;MnGa has a much smaller
value[112] which may be partly due to the somewhat larger value of shear modulus (Gy)
used in our calculations. Furthermore, we calculate the anisotropy factors of the austenite
phase.[148] The anisotropy factor for the austenite phase, A, has been defined as follows:
A =2*%Cyy/(Chy - C12). If the material is completely isotropic, A = 1. On the other hand,
values away from 1 (smaller or larger) give the measure of degree of clastic anisotropy.
From our calculations the austenite phases of all the materials show large degree of elastic
anisotropy. We wish to note here that, materials which undergo martensite transition

possesses high value of A.[149]

Mechanical Properties of the bulk Martensite phase.

In this subsection, we discuss the bulk mechanical properties of the martensite phases

of all the materials. All the relevant parameters are listed in Table 4.4 and we observe
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Table 4.4: Bulk mechanical properties of martensite phase of materials. Values from the literature are

given along with the references which are shown in square brackets.

Elastic constants | PtoFeGa | PtaMnGa | Pt,CrGa NisFeGa NisMnGa | NipCrGa

C11(GPa) 271.68 237.68 244.58 225.31 219.11 221.11
248.5[135) |  252[27]

Cs3(GPa) 270.76 264.14 255.19 230.22 200.94 201.52
207.1[135] 194[27]

Cyu(GPa) 65.50 66.30 80.23 93.49 96.49 104.98
104.8[135] 100[27]

Ces(GPa) 97.88 116.83 84.13 84.37 86.49 76.99
45.3[135] 55[27]

C12(GPa) 181.52 171.73 156.00 142.90 111.30 108.13
96.0[135] 74[27]

Ci3(GPa) 152.26 141.74 147.18 153.52 144.48 135.70
158.1[135] |  144[27]

B (GPa) 198.20 183.32 182.78 175.51 159.80 155.94
169.8[135] 158[27]

Gy (GPa) 67.65 68.83 68.52 69.66 71.82 75.07

Gr (GPa) 63.67 58.66 64.09 58.47 55.68 61.53

Gg (GPa) 65.66 63.75 66.30 64.07 63.75 68.30

Gr/B (Gy/B) | 0.33 (0.34) | 0.35 (0.38) | 0.36 (0.37) | 0.37 (0.40) | 0.40 (0.45) | 0.44 (0.48)

C'(GPa) 45.08 32.98 44.29 41.21 53.91 56.49

76.3[135] 89[27]
B/C 4.39 5.56 4.13 4.26 2.96 2.76
Op (K) 291 287 294 403 403 411

that there is a good matching with the results available in the literature. The mechanical
stability of the tetragonal phase signifies the following conditions: (1) All of Cy, Cs3, Cuya,
Css > 0; (2) (C11-Cia) > 0; (3) (C11+C53-2C13) > 0; (4) (2(C11+Cha)+Cs3+4C13) > 0.]78]
We observe that for all the materials, the above-mentioned conditions are fulfilled and
this indicates that the tetragonal phase is mechanically as also electronically (see Figures
4.1 to 4.4) stable. Next we analyze the results of the shear and bulk modulus and the
ratio between these.

From the absolute values of G/ B, which for the ease of comparison with the respective
values of the austenite phase, taken as G/ B, it is clear that for Ni-derived compounds,
the values are close to the those of the austenite phase. On the other hand, for the
Pt-based compounds, the G/ B value is larger in the martensite phase compared to the
austenite phase, indicating that the ICB is expected to be higher in this phase compared

to that in the austenite phase. It is interesting to see that for all the 6 materials studied,

values of the shear modulus given by the formalisms of Voigt and Reuss are similar and
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the G is not underestimated in the martensite phase as observed in case of the austenite
phase of the same material. Consequently, in the martensite phase, the ratios Gy /B,
Ggr/B and Gy /B are quite close to each other. Since the tetragonal phase is the lower
energy state for all the materials studied here, probably for the ground state of a Heusler
alloy material, the ratios of shear and bulk modulus, given by Hill[102], Voigt[100] and
Reuss[101], are close to each other as has been observed for the cubic half-metallic Heusler
alloys.[107-110]

The Debye temperature (©p) values for the martensite phase for all the compounds
are calculated and tabulated in Table 4.4. It is observed that for the Ni-based alloys the
©p values are similar to each other as well as to the values for the austenite phase. On
the contrary, for PtsMnGa and PtyFeGa, the ©p values are clearly much larger compared
to the values obtained for their respective cubic phase. In this context, it is to be noted
that the ©p values are derived from G and B values.[27, 147] In case of NiyBGa (B =
Fe, Mn and Cr), not only the values of bulk modulus are similar between the two phases,
but also the G (G for austenite phase) values are close to each other (NigyBGa, B = Fe,
Mn and Cr). As a consequence, the Op values are similar for austenite and martensite
phases in case of Ni-based alloys. Also we observe that all the three materials have values
which are very close to each other. For PtyBGa (B = Fe, Mn and Cr) the shear modulus
in the cubic austenite phase has lower value, implying that the resistance to a plastic
deformation is lower in these materials compared to their Ni-derived counter-parts. On
the other hand, the values of shear modulus in the martensite phase are much comparable
in Ni and Pt derived systems. As a consequence, higher ©p values result as is observed

from our calculations.

4.3 Conclusion

Using first-principles density functional theory based calculations, we investigate the ef-
fects of Fe and Cr doping at the Mn site on mechanical, electronic, and magnetic prop-
erties of PtoMnGa as well as NisMnGa for comparison. We find that these substitutions
are likely to yield stable compounds. Contrary to the Fe substitution, the Cr substitu-

tion at the Mn site leads to lowering of energy for an intra-sublattice anti-ferromagnetic
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configuration compared to the ferromagnetic ordering. In this work, we predict two intra-
sublattice anti-ferromagnetic alloys, namely, PtoCrGa and NigCrGa, which are likely to

show martensite transition.
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Chapter 5
Probing the Possibility of Coexistence
of Martensite Transition and Half-metallicit

in Ni and Co-based Full Heusler Al-

loys

5.1 Introduction

It is clear from the literature, that in terms of different physical, including, structural,
electronic and magnetic properties, the full Heusler alloys show a rich variety. Among
the full Heusler alloys (FHA), both conventional and inverse Heusler structures have been
observed. In terms of the electronic structure, there are various categories among the
FHAs. While some of these alloys prefer to be in a metallic state, some are found to
be semiconducting in nature, and some are having a large spin-polarization at the Fermi
level.[1, 3, 150, 151] If the FHAs are magnetic in nature, their properties may change
when a magnetic field is applied which can be of interest in terms of potential technolog-
ical application. Hence, specially, magnetic Heusler alloys are gaining increasing interest
among the researchers. In the literature, various magnetic ground state configurations
are observed in case of full Heusler alloys. While some alloys carry net zero magnetic mo-
ment, many of these exhibit a long-range ferromagnetic ordering and are expected to show
magnetic shape memory alloy (MSMA) property. Further, it has also been observed that
some of these alloys including MnyNiGa, MnyNiln even show long-range ferrimagnetism
and also some alloys even exhibit anti-ferromagnetism[11, 12, 66, 152—154] or as shown in

this thesis (previous chapter) few alloys may possess intra-sublattice anti-ferromagnetism.
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It is of particular interest that, as it has been shown in the literature as well as in
some of the earlier chapters of this thesis, that, out of all the full Heusler alloys, only a
few undergo the martensite transition. These alloys are prone to a cubic to non-cubic
distortion when temperature is lowered, and the volume is practically conserved in this
transition; these alloys are generally likely to exhibit the technologically important SMA
property. These FHAs in general are found to be metallic in nature. On the other hand, it
has been observed that there is another group of full Heusler alloys which are half-metallic-
like in nature, with a much reduced density of states (DOS) at the Fermi level in case of one
of the spin channels. These materials generally do not show the tendency of undergoing
a tetragonal distortion. However, an application in the field of spintronics is a possibility
for these materials. From both the points of view of fundamental understanding as well as
technological application, it can be interesting to probe the similarities and differences in
magnetic, bulk mechanical, and electronic properties of these two categories of materials.
It will also be interesting to see if there is any FHA which has a tendency to undergo a
tetragonal transition and at the same time possesses a high spin polarization at the Fermi
level.

Keeping these aims in mind, in the present chapter, we systematically probe the mag-
netic, bulk mechanical, and electronic properties of a series of Ni and Co-based full Heusler
alloys (in total forty materials) using density functional theory (DFT) based electronic
structure calculations. The choice of these two systems (Ni and Co-based FHAs) is due to
the following facts. First and foremost, it has been observed in literature that typically,
a large amount of studies dedicated to the FHAs are on Ni and Co-based compounds.
It is found that while quite a few of the Ni-based FHAs tend to undergo martensite
transition, many of the Co-based FHAs exhibit a large spin-polarization at the Fermi
level. Tt has also been pointed out in the literature, that while the magnetic interactions
are somewhat different in the Ni and Co-based FHAs, the total energy variation for an
austenite to martensite phase transition is similar.[88] Hence, a comparative study may
be interesting and also important for detailed understanding of various physical proper-
ties of these alloys. The primary interest is to study the possibility of co-existence of

tetragonal transition versus a high spin polarization at the Fermi level. Further, we look
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for new ferromagnetic materials so that the realization of MSMA property in these may

be a possibility.

5.2 Results and Discussion

In this section we discuss our observed results. As is well-known, the full Heusler alloys,
as for example, the prototype NisMnGa, commonly assume an ordered A, BC' structure,
where typically A, B are elements with d-electrons and C' are elements with s, p electrons.
Here, we have carried out calculations on Ni and Co-based systems. So Ni and Co are
taken as A atom and C' = Ga as well as Sn. As for the B atom, we have taken into
consideration and consequently tested the electronic stability of the first five atoms of the
first as well as second rows of the transition metal atoms, Sc, Ti, V, Cr and Mn as well
as Y, Zr, Nb, Mo and Tc are considered as the B atom. All the systems studied here

possess conventional Heusler alloy structure.

5.2.1 Geometry Optimization and Electronic Stability

Lattice parameter and Atomic number Z of B atom - For the cubic phase, the
L2, structure has been assumed for all the structures studied here, namely, Ni, BC' and
CoyBC (B = Sc, Ti, V, Cr and Mn as well as Y, Zr, Nb, Mo and Tc; C' = Ga and Sn).
The geometry has been optimized to obtain the converged lattice parameter, using VASP
code.[51, 52] Figure 5.1 and Figure 5.2 show the variation of this lattice parameter as a
function of Z of B elements of A;BC' alloy (A = Ni, Co; C' = Ga, Sn). The B atoms
correspond to the period IV of the periodic table (first row transition metal atoms; Sc
ete) and the period V (second row transition metal atoms; Y etc). Therefore, in Figure
5.1 and Figure 5.2, we have mentioned the period numbers IV and V in the legends.

For the Niy BC' materials, it is observed, as the atomic number of B elements increases,
with a saturating trend towards higher Z, lattice parameters of the materials decrease
for a fixed row of the periodic table (Figure 5.1). This may happen due to the increasing
electro-negativity and decreasing atomic radius of atoms across the column. Further,
for these materials we observe (in the left panel of Figure 5.1) a sudden increase in the

lattice parameter value for Z of B = 24 (i.e. Cr atom). It is to be noted that out of
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all the materials studied here, a deviation from the ferromagnetic nature is expected for
NiyCrSn as well as NipCrGa as described in an carlier chapter (chapter 4).[154] These two
materials have lower energy for a long-range intra-sublattice anti-ferromagnetic (AFM)
ordering compared to the ferromagnetic (FM) one. This difference in the long-range
magnetic interaction between the FHAs with B = Cr and the other B atoms indicates
that the Cr-based materials are possibly of a different class compared to the rest of the
FHAS, considered here and this may be the reason behind the deviation from the observed
trend. It is to be further noted that for the AFM ordering, the lattice parameter (shown
by a black square) is even larger compared to the corresponding FM phase. However,
the long-range magnetic interaction in all the materials with A = Co is ferromagnetic. It
is worth-noting that for these Co-based materials the lattice parameters show a smooth
decrease as we increase the Z of the B atom (Figure 5.2). As discussed above for Ni-
based systems, this may, again, be due to the increase of electronegativity and decrease of
atomic radius across the column which may have led to the shrinkage of the electron cloud
around the B atom, and consequently, of the whole unit cell. It has been observed that
there is an increase in the lattice parameter values when we go from period IV to period
V, for both Ni and Co-based materials. Increase of atomic radius is observed across the
row, going from period IV to V. and the above-mentioned trend may be attributed to this
increase.

Formation energy and Atomic number Z of B atom - Figure 5.3 as well as
Figure 5.4 suggest that the formation energy (Eyory) is negative for all of the materials
with C' atom = Ga, except NiyTcGa which is having a marginally positive formation
energy. It is to be noted that CosTcGa has a marginally negative formation energy
and hence in reality these materials may not turn out to be electronically stable. It is
well-known that negative formation energy signifies ease of formation of the material and
in turn, may indicate energetic stability; more negativity indicates more stability of the
material. A few of the materials, Ay BC, where C' = Sn, like Ni;MoSn, Nis T'cSn, CosCrSn,
CooMoSn and CoyTcSn, are having positive formation energy. These calculated values
and the prediction that these particular materials are electronically unstable, matches

with the results wherever available in the literature.[139] The AFM phases for NisCrGa
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and Ni,CrSn have very close but slightly smaller Fy,,,, compared to the respective FM
case. It is observed from both the figures that, overall, there is a trend of electronic
stability decreasing as Z of B atom increases. However, for B = Mn, the stability has
increased compared to the previous B element. This suggests an interesting preference for
the Mn atom in the B position for the Heusler alloys with [.2; structure in both the cases
when A atom is Ni or Co. Similar is the case with B = Zr. It is seen that, for Y, i.e. the
first atom of the second row of the transition metal atoms (period V) at the B position,
the formation energy is somewhat unfavorable compared to the next case of B = Zr. The
origin of this has been found to be electronic in nature - analysis of the density of states
for B = Zr, presented later in this chapter, indicates a lowering of binding energy in this
material compared to the B =Y case. For our further discussions, we concentrate only
on the materials which, from our calculations, are found to be electronically stable.
Electronic Stability of the Tetragonal phase - We calculate the difference be-
tween the energy of the cubic (E¢) and tetragonal (F7) phases of all the electronically
stable materials. Figure 5.5 shows this energy difference, AE = Fp - FE¢ (in units of
meV per atom), as a function of the ratio of lattice constants ¢ and a for some typical
materials. From our calculations, we find that only a few of the materials, among all the
electronically stable and magnetic FHAs we study here, exhibit the tetragonal phase as a
lower energy state. Among all the Ni-based alloys, we find that Ni;MoGa, Ni;CrGa and
Ni,CrSn possess a lower energy for the tetragonal phase over the cubic phase similar to
NisMnGa, which have a tetragonal ground state, as has already been established in the
literature. From Figure 5.5, we also observe that Ni;VGa and NipsVSn have very flat en-
ergy curves with no clear minimum in the Iy - Fe versus ¢/a curve. Further, we observe
that though in case of NioMnSn, there is a cubic ground state, there is also a very subtle
signature of a tetragonal phase which is evident from the clear asymmetric nature of the
Er - E¢ versus c¢/a curve for this material (Figure 5.5). It is observed that NisMoGa does
not carry any magnetic moment in its ground state. Further, NisCrGa and Ni,CrSn are
found to possess an intra-sublattice AFM phase as a ground state. It is to be noted that,
in this present study our concentration will be only on the alloys which will have a FM

phase in its ground state. So, for Ni-based alloys, further on, we will discuss only about
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Ni;MnGa and NisMnSn.

Out of all the Co-based alloys studied here, we observe that only two alloys are likely
to show energetically lower martensite phase over the cubic austenite phase. Out of these
two, while CoyNbSn is already known in the literature[35], CooMoGa is not reported till
date. From Figure 5.5, it is clearly seen that for CooMoGa a significant energy differ-
ence exists between the cubic and tetragonal phases. This indicates that a martensite
phase transition is possible in this material. It is expected that the martensite transi-
tion temperature for CooMoGa will be higher than NioMnGa since the energy difference
between the austenite and martensite phase of the former is evidently much larger than
that of the latter. This expectation is because it is argued in the literature, that, relative
values of AFE can be indicative of the relative values of martensite transition tempera-
tures of two alloys.[18, 88] A cubic ground state is observed for most of the Co-based
alloys, including the two well-known Co-based half-metallic-like materials CooMnSn[155]

and CosMnGa.[156] It is interesting to note that there are three more alloys which show
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Table 5.1: Martensite transition temperature of the four ferromagnetic materials. Values from the
literature are given along with the references which are shown in square brackets.

Material (c/a)eq AFE(meV /atom) Ty (K) [AV|/V( %)
NigMnGa 1.22 6.05 70.18 0.30
1.22[154], 1.22[142] 6.18[154] 70.51[154], 210[146]
NisMoGa 1.27 11.08 128.58 0.36
CoaMoGa 1.37 19.58 227.13 1.96
CoyNbSn 1.11 10.63 123.33 0.08
233[157]

a state of cubic symmetry having a lowest energy while the tetragonal phases of these
materials are energetically very close (within 25 meV) to the respective austenite phases.
The AFE versus c/a plots of these materials, namely, CooVGa, CoyCrGa and CosTcGa
are included in Figure 5.5 which clearly depict this energetic aspect.

In Table 5.1 we report the calculated tetragonal transition temperature (7y) of those
materials which are expected to exhibit tetragonal transition among the materials studied
here. These are calculated based on the values of AFE using the conversion factor 1 meV
= 11.6 K. As discussed above, these T); values are not to be considered as the absolute
values of the transition temperature. These values are listed here to only give a trend
of the expected transition temperatures for different materials as has been done in the
literature earlier.[18, 88] Out of the four ferromagnetic materials (magnetic aspect of
the materials is discussed in detail in the next subsection) showing the possibility of
a tetragonal transition, we find that Ni;MnGa has the lowest Ty, value; on the other
hand, CosMoGa is expected to have the highest transition temperature. The optimized
c¢/a values for all the four materials are given in Table 5.1. CosMoGa is found to have
the highest value of about 1.4. Furthermore, volume conservation between the cubic
and the tetragonal phases (Table 5.1) as well as an energetically lower tetragonal phase
(Figure 5.5) which are observed here are generally indicative of the martensite transition.
Therefore, from the present study, among the materials studied here, two Ni-based and
two Co-based FHAs are likely to exhibit SMA property. Out of which one Ni and one
Co-based alloys are well-known MSMA materials, namely NioMnGa and CosNbSn. On
the other hand, CooMoGa and NisMoGa are two new materials which are predicted in

this work to exhibit martensite transition.

101



5.2.2 Magnetic Properties

Table 5.2: Magnetic properties of austenite phase of Co-based materials Z; is the total number of
valence electrons. P denotes the spin polarization at the Fermi level. Values from the literature are given
along with the references which are shown in square brackets.

Material | ju (pp) | Z-24 | palps) | po(ps) | polps) | Tc(K) | P(%)
CosScGa 0.00 0 0.00 0.00 0.00 - -
0.25[158]
CoyTiGa 1.00 1 0.62 —0.14 —0.01 161 97
0.75[159] 0.40[158] 130[159]
0.82[160] 0.40(159] 128[160]
CoVGa 2.00 2 0.95 0.18 —0.01 356 100
1.92[161] 0.91[31] 352[161]
2.00[31] 368(31]
CoyCrGa 3.03 3 0.77 1.59 —0.05 418 92
3.01[162] 0.9(162] | 1.28[162] | —0.07[162] | 419[162]
495[162]
CoaMnGa 4.10 4 0.77 2.73 —0.07 586 68
4.0[32] 700(32]
CoYGa 0.00 0 0.00 0.00 0.00 - -
CoyZrGa 1.00 1 0.61 —0.11 —0.01 166 94
CoaNbGa 2.00 2 1.04 —0.01 0.00 397 100
1.39[163]
2.00[34]
CoosMoGa 2.93 3 1.22 0.51 —0.01 180 86
CoyTcGa 3.95 4 1.37 1.26 —0.04 711 71
CosScSn 1.05 1 0.67 —0.14 —0.02 207 80
CoyTiSn 2.00 2 1.07 —0.06 0.00 409 100
1.96[161] 371[161]
Co,VSn 3.00 3 1.08 0.89 —0.02 291 100
1.21[161] 95[161]
1.80[31] 103[31]
CooMnSn 5.03 ) 0.98 3.23 —0.06 897 76
5.02[31] 0.88531] | 3.25[31] 899[31]
CoyYSn 1.05 1 0.67 —0.10 —0.02 162 79
CoyZrSn 2.00 2 1.10 —0.09 0.01 449 100
1.46[161] 448[161]
CosNbSn 1.98 3 0.97 0.07 0.01 37 66
0.69[161] 105[161]

Total and Partial Magnetic Moments - Table 5.2 gives the total and partial
moments for the electronically stable Co-based materials. The values available from the
literature are also listed in the table for a few materials, wherever available and we note
that the matching is very good with the existing calculated data. With the experimental

results the matching is reasonably good as well. It is seen that each of Ga and Sn atoms
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has negligible moments in all cases. We observe that, as opposed to the materials with
A = Ni atom, those with A = Co atom have significant contribution from the A atom
to the total moment. However, when the B atom is non-magnetic, in a few cases, the
moment on the Co atom is either zero or much less compared to its bulk moment. As
the moment on the B atom increases, the moment of the Co atom gets larger but always
largely underestimated compared to the value of its bulk moment (about 1.7up). This
is expected due to the delocalized-like common d-band between the A and B atoms.|[38]
For period IV, when B = Cr and Mn, there is a slight decrease in the partial moment of
the Co atom, but not in the total moment value of the respective systems. For all the
Co-based alloys, the moments are very close to an integer value and this is generally the
signature of a half-metallic material. Further, from Table 5.2, we note that these FHAs
follow the Slater-Pauling rule as is seen earlier in case of many Co-based FHAs.[34, 164]
As a consequence of this rule, we get an almost linear variation of the magnetic moment
with the atomic number of B elements for all the Co-based materials. It is seen that there
is a deviation from the Slater-Pauling rule only for CooNbSn which has been observed and
explained in the literature.[34] Due to their typical electronic structure, all the Co-based
compounds are seen to exhibit (Table 5.2) a high spin polarization at the Fermi level (Er)
in comparison to the Ni-based compounds. It is worth-noting that from our calculations,
Ni;MnGa and Ni;MnSn have spin-polarization of ~28 and ~21%, respectively which are
much lower compared to the values of Co-based alloys, as expected.

Heisenberg Exchange Coupling Parameters - To gain insight into the magnetic
interactions in detail, using SPR-KKR programme package[56], we calculate and present
the results of our calculation of the Heisenberg exchange coupling parameters, J;;, (i and
J being pairs (A, A) and (A, B)) only for the alloys which are magnetic and likely to
favor tetragonal distortion and consequently exhibit martensite transition. We also show
the same parameters for some other related alloys for the purpose of comparison. Most
of the materials chosen for presentation have relatively large moment on the B atom so
that the (A, B) exchange interactions are always significant. In the left panels of Figure
5.6, 5.7 and 5.8, the J;; parameters for different compounds are plotted. The right panels

give the interaction parameters, .]ibj““’; which are J;; parameters, divided by the product
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Figure 5.6: J;; parameters between different atoms of NioMnGa and NipMnSn as a func-
tion of distance between the atoms 7 and j (normalized with respect to the respective
lattice constant). Lines are just guide to the eyes.

of the moments of the ¢ and j atoms.

Figure 5.6 gives the Heisenberg coupling parameters for NioMnGa and NioMnSn which
exhibit the effect of the change of the C' atom, and consequently the lattice parameter.
Figure 5.7 contains the values for CooMnGa and CosMoGa to understand what is the role
of the B = Mn over the Mo atom. Similarly, we plot the exchange parameters for alloys
CooMnSn and Co,NbSn in Figure 5.8. The results match well with the literature wherever
the data are available.[92, 165] It is seen that there is a RKKY[40] type of interaction for
the (A, A) and (B, B) pairs.[38, 91| The oscillatory behaviour of the J;; parameters as
a function of distance between the atoms ¢ and j (normalized with respect to the lattice
constant), is a well-known signature of the same. Further, it is seen that between the A
and the B atoms there is a signature of a significant direct interaction whenever B atom
has a strong moment. From Figure 5.6, we observe that the direct interaction between
Ni-B atom is stronger in case of NioMnGa compared to the case of NioMnSn. This is
due to the increased lattice constant and hence weak coupling in case of the latter. It is
also found that the direct interaction is somewhat stronger than the RKKY interaction
in case of both the materials, though it is quite clear that, as expected and observed in
the literature[91, 38], both these types of magnetic interactions are important in these
materials.

The magnetic interactions in the Co-based materials shown here exhibit a somewhat
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similar trend. It is found that for the materials favouring tetragonal transition, CooMoGa
(Figure 5.7) and CoaNbSn (Figure 5.8), the direct A-B magnetic interaction is small and
to some extent comparable to the indirect RKKY-type interaction between A atoms. In
the former material, as is evident from Table 5.2, the moment on Mo atom is somewhat
larger compared to that on the Nb atom in case of the latter material. Consequently,
the strength of the direct interaction in the former alloy, between B atom (Mo) and A
atom (Co) is found to be slightly stronger. From Figure 5.7 and 5.8, we observe that for
the materials CooMnGa and Co,MnSn, having high magnetic moments (4.10 and 5.03
i, respectively), which are of the order of the moments possessed by the two Ni-based
materials discussed above, the direct A-B interaction is much stronger compared to the
RKKY-type indirect interactions (A-A or B-B). A decrease of partial moment of the
Mn atom is observed in case of CooMnGa over NisMnGa (2.73 in CooMnGa versus 3.41
pup in NigMnGa). But due to larger moment on the A = Co over Ni atom, the direct
interaction strength between Mn and the respective A atoms, is much larger in the former
material, as seen from the top left panels of Figure 5.6 and 5.7. Hence, the delocalized-like
common 3d band between Mn and Co atom in case of CooMnGa is expected to be more
effective compared to the case of NisMnGa. We observe from Figure 5.6, 5.7 and 5.8 that,
relatively, the RKKY-type indirect interactions are slightly stronger for the C' = Sn over
the €' = Ga case. It is to be noted here that Sn has one valence electron more than Ga.

It is known that the magnetic interactions in the Heusler alloy materials having a large
moment on B atom, comprise of a large contribution from the A-B direct interaction. At
the same time, contribution of the A-A and B-B indirect RKKY type of interaction is
important as well. The materials, which have high moment on the B atom, typically
exhibit a large A-B direct interaction when compared to the strength of RKKY-type
interaction. However, when the Jibjf”"e parameters are analyzed, for the majority of the
materials, it is seen that, both the direct A-B interaction and RKKY-type interaction
between i and j (i and j being A and B) atoms, are somewhat similar in strength. This
observation reiterates the fact that the magnetic exchange interactions are not only the
function of i-j distances (as is evident from Figure 5.6 to 5.8), but also of the individual

magnetic moments of the ¢ and j atoms which becomes clear when we present the Jf}a’"e
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plots versus d/a.

Based on the J;; parameters of the six materials discussed above, the Curie temper-
atures of the materials within a mean field approximation[81] have been calculated to
probe further into the possible MSMA property. For NisMnGa and NisMnSn, the Curie
Temperature (T¢) values are 410 and 365 K, respectively. These values as well as the J;;
parameters match quite well with both experimental and calculated values reported in
the literature[92, 165] as well as from our work. We note that the experimental values are
generally underestimated compared to the theoretical values. This is because of the mean
field approximation used for the calculation as discussed in chapter 3. For some of the
Co-based materials T values are presented in Table 5.2. We observe that the calculated
values match very well with the previously reported data, wherever these results are avail-
able. It is interesting to note that due to the small values of J;; for CooNbSn the value of
the Curie temperature for this material is very low and this is consistent with the experi-
mentally observed room-temperature paramagnetism of this material.[166] Similarly, due
to weak RKKY-type interaction of pair (A, A) with a somewhat comparable A-B direct
interaction, the Te value for another Co-based material, which has been predicted from
our present work, namely, CoosMoGa, is expected to be low (below room temperature) as

well.

5.2.3 Bulk Mechanical Properties

Table 5.3: Bulk mechanical properties of austenite phase of Ni-based materials. Values from the
literature are given along with the references which are shown in square brackets.

Material CM Clg C44 C/ B GV GR Gv/B
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) | (GPa)
NioVGa 193.20 183.32 109.36 4.94 186.62 67.59 | 11.56 | 0.36
NiyMnGa 165.41 159.45 113.67 2.98 161.44 69.39 7.16 0.43
152.0[24] | 143[24] | 103[24] | 4.5124] | 146[24] |63.6124]
NisMoGa | 197.36 206.36 103.40 -4.5 203.36 60.24 | -12.04 | 0.30
NisMnSn 161.02 137.46 92.56 11.78 145.31 60.25 24.73 | 0.41
158.1[167) | 128.5[167] | 81.3[167] | 14.8[167] | 138.4[167]
87[104] | 8[104] | 140[104]

After presenting the results of magnetic properties of the austenite phase of the mate-

rials, now, we discuss about the bulk mechanical properties of the same phase since from
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Table 5.4: Bulk mechanical properties of austenite phase of Co-based materials. Values from the
literature are given along with the references which are shown in square brackets.

Material C11 Clg C44 C/ B GV GR Gv/B
(GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa)
CoyVGa | 266.52 | 162.12 | 126.83 | 52.20 | 196.92 | 96.98 | 80.68 | 0.49
198[168]
CoCrGa | 233.02 | 182.82 | 136.77 | 25.1 199.56 | 92.10 | 49.20 | 0.46
CooMnGa | 254.87 | 165.27 | 142.69 | 44.80 | 195.14 | 103.53 | 76.14 | 0.53
199[104]
CoyMoGa | 180.92 | 163.60 | 114.10 | 8.66 | 169.38 | 71.92 | 19.44 | 0.42
CooTcGa | 249.54 | 186.10 | 123.87 | 31.72 | 207.25 | 87.01 | 57.29 | 0.42
CooMnSn | 234.63 | 136.75 | 119.05 | 48.94 | 169.38 | 91.01 | 75.68 | 0.54
CoyNbSn | 164.95 | 184.99 | 80.80 | -10.02 | 178.31 | 44.47 | -30.77 | 0.25

the point of view of technological application, these properties are important. For demon-
strating the similarities and differences, we concentrate on eight typical FM materials and
present the detailed results of the same. Three of these FM materials are likely to favour
a tetragonal distortion at low temperature and these materials are NigMnGa, CosMoGa,
CooNbSn. The other group of alloys consists of materials having a cubic ground state.
Among these alloys, the following compounds have been considered - CoyVGa, CosCrGa,
CoyMnGa, CooMnSn and NioMnSn, which are expected to have a cubic symmetry at the
lowest temperature. Tables 5.3 and 5.4 contain the bulk mechanical properties of these
above-mentioned Ni and Co-based alloys, respectively. Values of few other materials are
also listed in Tables 5.3 and 5.4, for comparison. It is observed that the overall agreement
with the values from the literature is reasonably good.

There are three independent elastic constants for a cubic structure. These are Cyy, Cya
and Cy. Cyp > 0, Cyy > 0, C11—Cy3 > 0 and C;;+2Cy5 > 0. From the tables containing
elastic constants we can see that first, second and fourth conditions are satisfied for all
the materials listed here, but the third condition is not satisfied by some of the materials.
These mechanical properties of the materials are now discussed in detail below.

Tetragonal shear constant (C’) - This is defined as 0.5x(C1;—Ci2). A value of
C’" which is close to zero or negative indicates that the material is prone to tetragonal
distortion. It is clear from Table 5.3, that for NioMnGa, as expected, the tetragonal shear
constant is rather close to zero. For NisMoGa the value of C’ is found to be negative, which

indicates that it has a mechanically unstable cubic austenite phase, which corroborates

108



the result presented in Figure 5.5. It is interesting to note that NisVGa has a value of C’
close to that of Ni;MnGa. From Figure 5.5, we observe that it has a flat region near ¢/a =
1, in the energy versus c¢/a curve. Hence, in this case the ground state symmetry can not
be properly ascertained as is evident from our elastic constants and energetics results. Tt
is important to mention here that the stoichiometric NioMnSn is a material which is not
known to undergo martensite transition and we find that the tetragonal shear constant
has a slightly larger positive value (about 12 GPa) compared to NioMnGa.

From Table 5.4, it is observed that two Co-based materials show a negative or close
to zero value for C'. Out of these, CooNbSn is known to be prone to the non-cubic
distortion.[35] Among the materials, namely, CoosMoGa, Coy,VGa, CosCrGa, CoyCrGa,
CoyMnSn, CoyTeGa, except the first alloy all the others have a large positive value for
the C" constant. It is also observed from Figure 5.5 that, while for CooMoGa, there is
a clear indication of the tetragonal phase being the lowest energy state, this is not the
case for the other materials. So the combined study of energetics and bulk mechanical
properties of all the materials indicates that the only two Coy BC' materials which are
likely to undergo tetragonal transition and exhibit MSMA property are CooNbSn and
CooMoGa.

Inherent Crystalling Brittleness (ICB) - The calculated values of bulk modulus,
B, have been listed in Tables 5.3 and 5.4 for Ni and Co-based materials, respectively.
The isotropic shear modulus, G, is related to the resistance of the material to the plastic
deformation. In literature, it has been shown[102] that the value of G lies in between
the values of shear modulii given by formalisms of Voigt (G'v)[100] and Reuss (Gg)[101],
which means G = (Gy + G'r)/2. As has been discussed for austenite phase of NipMnGa in
chapter 2[118] the experimental G value is close to the calculated Gy value while G value
remains largely underestimated. This occurs due to the small positive value of C”. This
particular aspect, observed for similar FHAs which are prone to martensite transition,
has been discussed in detail in the chapter 2.[118] Following this observation, we consider
Gy value as the value of shear modulus (G) though it is generally considered to be the
higher limit of the same.[102] Further, as discussed in chapter 2, a simple and empirical

relationship, given by S. F. Pugh|28], proposes that the plastic property of a material is
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out and shown here. An inverse linear-type relation is seen to exist between the two
parameters (see text). The line is just guide to the eyes.

related to the ratio of the shear and bulk modulus of that particular material. A high
value (greater than ~ 0.57) of ratio of shear and bulk modulus, namely, G/ B, is related to
the inherent crystalline brittleness of a bulk material. A value below this critical number
phenomenologically signifies that the material’s ICB is low. From Table 5.3, we find that
the values for Ni-based materials are below this critical value and hence the ICB of these
materials is low though the well-known FHA, NisMnGa, has a somewhat higher value
compared to the materials containing platinum in place of Ni as shown in the chapter 2.
We note that NisMoGa shows a negative value of C’, as well as the lowest value of G/B
among all the materials and hence it is expected to have a low ICB. Therefore, it appears
from the points of view of energetics (Figure 5.5) and the bulk mechanical properties, it is
a promising material, though not so when the magnetic properties are considered. Table
5.4 lists the bulk mechanical properties for some of the Co-based FHAs studied here. The
two materials which are likely to show a tetragonal ground state, namely, CooNbSn and
CosMoGa, are expected to exhibit ICB smaller or comparable to that of NisMnGa; the
corresponding /B values are 0.25 and 0.42 GPa, respectively. All the CoyBC' alloys
have G/B values comparable to or larger than that of CooNbSn.

Cauchy Pressure - We now focus on the value of Cauchy Pressure, C?, which is

defined as C? = (5 - Cyy. In Figure 5.9, we plot the available data for C? versus Gy /B
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calculated in case of some of the Ni and Co-based materials. We find that overall, there
is a clear trend of inverse (linear) relationship between Gy /B and CP. Interestingly, this
type of nearly-linear inverse relationship between the Cauchy pressure and the G/ B ratio
seems to be a rather general observation as it is observed in the literature for various
types of materials.[114, 118]

Finally, after analyzing the bulk mechanical as well as the magnetic properties and the
energetics, out of all the materials studied, only two new materials, namely, NisMoGa and
CoyMoGa, emerge to be promising in terms of application as an SMA material. However,
due to the absence of any magnetic moment in NisMoGa, this material is not expected to
be suitable as an MSMA material. Further, the problem with CosMoGa is that a low T¢
indicates an absence of ferromagnetism in CooMoGa at room temperature as is observed

in case of CoysNbSn as well.

5.2.4 Electronic Properties: Density of States

Analysis of Total and Atom-Projected Partial DOS

After discussing the energetics, magnetic and bulk mechanical property of the cubic
austenite phase, we now analyze the electronic property in terms of the total and partial
density of states of different atoms of various materials. We have carried out calculations
on all the eletronically stable materials but here we concentrate on and present the results
of the austenite phases of eight typical FM materials as discussed above. These materi-
als are NisMnGa, CosMoGa, CooNbSn, which are to exhibit a tetragonal symmetry as
well as CoaVGa, CoCrGa, CooMnGa, CooMnSn and NisMnSn, which are to possess a
cubic symmetry, at the lowest possible temperature. First we will discuss the total and
atom-projected DOS of these systems in the cubic phase.

Total DOS: It is seen that the valence band width for all the materials is about the
same, which is roughly about 6 eV (Figure 5.10 to 5.13). Now we discuss in detail about
the hybridization observed in the total DOS and the trend of the corresponding formation
energy for a few typical materials. The two-peak structure in the down DOS at the Fermi
level for both Ni and C' atoms indicating about substantial hybridization among these

atoms is evident from Figure 5.10. This covalent interaction between the Ga 4p and Ni
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Figure 5.10: The left and right set of panels depict the density of states of NisMnGa
and Ni,MnSn materials, respectively. From top to bottom panel, first the total density
of states as a function of energy has been plotted. Next panel shows the partial density
of states of the Ni atom. Partial density of states of the Mn atom and the C' atom are
shown in the third and the fourth panels. The Fermi level is at 0 eV.
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states of the Co atom. Partial density of states of the B atom and the Sn atom are shown
in the third and the fourth panels. The Fermi level is at 0 eV.

3d minority electrons plays a crucial role in the stability of the material. We note here
that the overlapping and the two-peak structure of the DOS is also prominent in case
of A and C atoms of CoyZrGa, which has a highly negative formation energy (Figure
5.4). On the other hand, in CoyCrGa, the two-peak structure and the overlapping of
DOS for both the A and C' atoms are not quite substantial below the Fermi level and the
formation energy is found to be low as well (Figure 5.4). Further, Figure 5.13 depicts the
DOS for B =Y and Zr. These plots indicate a lowering of binding energy (less negative
value of formation energy) in the B = Y material compared to the B = Zr case. This
corroborates with the trend of the formation energy values of these materials. It is to be
noted that the contribution from the A atom plays a crucial role in this. Zayak ct. al.[89]
have earlier shown that the stability of the NisMnGa type Heusler alloys is closely related
to the minority DOS and the hybridization at and around the Fermi level; this has been
argued in other cases as well.[23]

When the total DOS is analyzed, a large exchange splitting has clearly been observed

for systems which have Mn as the B atom. From Figure 5.10 to 5.12, we observe that for
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Figure 5.13: The left and right set of panels depict the density of states of CosYGa and
CoyZrGa materials, respectively. From top to bottom panel: first the total density of
states as a function of energy has been plotted. Next panel shows the partial density of
states of the Co atom. Partial density of states of the B atom and the Ga atom are shown
in the third and the fourth panels. The Fermi level is at 0 eV.

Ay BC systems (A = Ni, Co; B = Mn; €' = Ga; Sn), the occupied DOS of the B atom
is dominated by the majority spin whereas the unoccupied DOS is dominated by the
minority spin. For NisMnGa and NisMnSn, the majority DOS of the Mn atom is centred
around -1.2 eV and -1.5 eV, whereas the minority DOS of the same atom is centred
around 1.5 eV and 1.3 eV for the respective systems. For CooMnGa and CosMnSn, the
position of the occupied majority spin DOS for Mn atom is at about -0.7 ¢V and -1.1
eV, respectively, while the position of the unoccupied minority DOS peak is at about 1.8
eV and 1.6 eV. For Co,CrGa also, we observe a large separation between the occupied
majority DOS peak (at about -0.1 V) of Cr atom and unoccupied minority DOS peak
(at about 1.7 eV).

Partial DOS: Now we analyze the partial DOS of few of the important A and B
atoms, to understand the nature of DOS close to the Fermi level.

Ni Atom - The DOS in case of the two Ni-based alloys are similar (Figure 5.10).
However, since Sn atom contains one extra valence electron compared to the Ga atom in
the C position, the peak positions of the total DOS of the Mn atom are shifted towards
lower energy in case of the materials with C' = Sn. At this point, it is worth-mentioning

that it has already been discussed in the literature that a rigid band model is a suitable
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model to understand the trends when the C' atom is changed.[104] We observe that a
similar situation is seen to arise when the A atom is changed from Ni to Co, which is
discussed below.

Co Atom - Co has one valence electron less than Ni. Hence, a larger contribution of Co-
derived levels compared to the Ni-derived levels in the unoccupied part of the respective
DOS is expected. When DOS of NipMnC' is compared with that of CooMnC', this is
clearly evident (Figure 5.10, 5.11 and 5.12). Among the materials with C' = Ga and A =
Co, only CooMoGa is a material which is likely to show a martensite transition (Figure
5.5). It is seen that it has the first unoccupied DOS peak very close to the Ep (Figure
5.11). Among the materials studied here with C' = Sn and A = Co, only CoyNbSn is
known to be prone to non-cubic distortion[35] and it has an unoccupied DOS peak close
to Ep as well. On the contrary, when we analyze the DOS of Coo,MnGa (Figure 5.11)
and CooMnSn (Figure 5.12), which do not show the tendency of a tetragonal distortion
as well as are known to possess high spin polarization at the Fermi level, we observe that
the first unoccupied DOS peak is further away from Er compared to the materials which
are prone to tetragonal distortion, namely CooMoGa (Figure 5.11) and CoaNbSn (Figure
5.12).

Mn Atom - There are four out of eight materials analyzed in detail in this chapter
which contain Mn atom in the B position. When we compare the total DOS of the Mn
atom at the B position, in all the four materials considered here, it is clearly seen that
majority of the DOS of the down spin occupies the unoccupied region above the Fermi
level, while the up spin electrons primarily have negative binding energies. As opposed to
the down spin DOS, which has one major peak in all the four cases, the up spin electrons
typically occupy two energy ranges, one around 1 and one around 3 eV below Er. Due
to one extra electron in Sn atom compared to the Ga atom in the C' position, the peak
positions of the total DOS of the Mn atom are shifted towards lower energy in case of
the materials with C' = Sn. To elaborate, first we compare the DOS of the down spin of
Mn in the four alloys NisMnGa, NisMnSn, CooMnGa and CosMnSn in the cubic phase.
While, for Ni-derived alloys, DOS of Mn atom in the unoccupied part peaks at about 1.5

eV in case of €' = Ga, it peaks around 1.2 ¢V when €' = Sn. The corresponding peak
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positions for CooMnGa and CosMnSn are at about 1.8 and 1.6 eV, respectively. In case of
the up spin DOS, there are two ranges of predominant DOS in all the four materials. For
the first such range, which is closer to the Fermi energy, the peak positions are at about
-1.3, -1.5, -0.7 and -1.1 for Niy;MnGa, NisMnSn, CooMnGa and CosMnSn, respectively.
For the range which is at a much higher binding energy, the peak positions are at about
-3.2,-3.2, -2.5 (also one slightly weaker one at -2.8) and -2.5 (also one slightly weaker one
at -2.8) eV for NisMnGa, NigMnSn, CooMnGa and Co,MnSn, respectively. It is observed
that these peaks of the DOS are not sharp but broad ones, with shoulders on either or

one of the sides.

Electronic Stability of the Tetragonal phase from DOS

After discussing the electronic property of the cubic austenite phase, we now analyze the
electronic property in terms of the density of states of different materials as a function of
c/a. We concentrate on the eight typical FM materials as mentioned above. A tetragonal
distortion has been imposed on all these eight materials. To highlight the difference
between the two symmetries, we will concentrate on the detailed results of cases only with
a few typical cases of ¢ and a ratio (¢/a = 1.00, 1.05 and 1.10). The aim is to understand
the electronic stability or instability of the tetragonal phase of these compounds from the
DOS results, which is discussed below for selected eight materials.

Ni;MnGa versus NisMnSn :

Figure 5.14 contains the density of states of the cubic and tetragonal phases, with ¢/a
varying from 1.00 to 1.10 in steps of 0.05 for materials NisMnGa and NigMnSn. First we
analyze Figure 5.14 for the cubic phase. We observe that there is a peak at around -0.2
eV for NisMnGa and at around -0.5 eV for NisMnSn, respectively. This peak is derived
from the 3d electrons of the Ni atoms with down spin having e, symmetry and is known
to play a crucial role in the stabilization of the tetragonal phase in case of NisMnGa.[104]
The density of states of the down spin 3d electrons with {9, symmetry of these A atoms
corresponds to the peaks with reasonably higher binding energy. This is the case for both
the materials. On the other hand, detailed investigation suggests that the B atom = Mn

has negligible contribution near the Fermi level; both for the up and down spin. The up
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Figure 5.14: The density of states as a function of energy has been plotted for the cubic
and tetragonal phases, with ¢/a varying from 1 to 1.10 in steps of 0.05 for materials
NiosMnGa and NisMnSn in left and right panels, respectively. Panels below show the
down spin density near the Fermi level derived from e, states of the 3d electrons of the A
atom, for the respective materials. The Fermi level is at 0 eV.

spin electrons of A atom also do not significantly contribute to the DOS at around -0.2
and -0.5 eV (as mentioned above) for NisMnGa and NisMnSn, respectively.

As ¢/a is increased , some systematic changes in the density of states are clearly visible
from the lower panels of Figure 5.14 to 5.17. For NioMnGa, it is seen that the peak near
the Fermi level, at about -0.2 eV, derived from the down spin DOS, has been split into
two peaks when ¢/a is changed. This has been observed and argued about in detail in the
literature.[104, 169, 170] As a result of the tetragonal distortion, the degeneracy of the
sub-bands near the Fermi level is lifted. As a consequence, a redistribution of the density
of states of the 3d electrons and in turn a reduction of the free energy occurs. This is the
so-called band Jahn-Teller effect which is known to result in the lowering of energy under
tetragonal distortion and it is observed in many of the FHAs including NisMnGa.[104, 169]
For NisMnSn as well, it is seen that the most prominent change is the splitting of the peak
at about -0.5 eV[104] upon the tetragonal distortion as seen from Figure 5.14. However,
it is well-known that stoichiometric NisMnSn is not expected to have tetragonal ground
state. It has been argued in the literature that the band Jahn-Teller effect is sensitive to
the DOS at the Er in the cubic phase. The closeness of the degenarate peak for NisMnGa
(at about -0.2 eV with respect to Ep) over NioMnSn (at about -0.5 ¢V with respect to

Er) is an indication of the possibility of lowering of energy as a function of tetragonal
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Figure 5.15: The density of states as a function of energy has been plotted for the cubic
and tetragonal phases, with ¢/a varying from 1 to 1.10 in steps of 0.05 for materials
CosMoGa and CooMnGa in left and right panels, respectively. Panels below show the
down spin density near the Fermi level derived from e, states of the 3d electrons of the A
atom, for the respective materials. The Fermi level is at 0 ¢V.

distortion in the former.[104, 169] We find that the density of states at the Fermi level in
case of cubic phase of Ni;MnGa is relatively more in comparison to NisMnSn, which is
evident from the relative position of the peak due to the e, states of the 3d electrons near
the Fermi level in the two materials (Figure 5.14).

CoosMoGa versus Co,MnGa:

Figure 5.15 gives the plot of DOS with different ¢/a values for CooMoGa versus
CooMnGa. In case of CooMoGa there is a large peak in the minority DOS just above
the Fermi level (at about 0.3 ¢V with respect to Ey). Detailed analysis shows that this
peak at the minority DOS has contributions from all three atoms i.e. (Co, Mo, Ga), but
the major contribution comes from the e, levels of 3d electrons of Co atom. We find that
these e4 levels of Co atom have a major role to play in the stabilization of the tetragonal
phase, similar to the ey levels of 3d electronsof Ni atom in case of NisMnGa. It is observed
that, in case of CooMoGa also, band Jahn-Teller distortion plays a significant role in sta-
bilizing the tetragonal phase. The DOS of down spin electrons close to the Fermi level
is high, which leads to the instability of the cubic phase of this material while it is not
the case in CooMnGa. In case of the latter material, the minority DOS almost vanishes
at Fp. Further, here, the e, levels of 3d electrons of Co atom are located farther away

from the Fermi level (at about +1.0 eV with respect to Fr). For both the materials the
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Figure 5.16: The density of states as a function of energy has been plotted for the cubic
and tetragonal phases, with ¢/a varying from 1 to 1.10 in steps of 0.05 for materials
CoaNbSn and CosMnSn in left and right panels, respectively. Panels below show the
down spin density near the Fermi level derived from e, states of the 3d electrons of the A
atom, for the respective materials. The Fermi level is at 0 eV.

B atom does not contribute to the minority DOS at the Fermi level but it contributes
significantly to the large DOS observed for the up spin electrons at the Fermi level in case
of CooMoGa. The peak positions of the DOS in the unoccupied part of the energy for
CooMoGa and CooMnGa are different due to the difference in hybridization of Co atom
with the Mo and Mn atoms, respectively.

Co3;NbSn versus Co;MnSn :

Figure 5.16 gives the plot of DOS with different ¢/a values. As in case of Ni;MnGa,
for CoaNbSn also we can find same type of evolution of density of states as a function of
c/a and e  states of 3d electrons of Co atom play the key role in the tetragonal transition.
In austenite phase of CooNbSn the e, peak of 3d electrons of Co atom is just above Fermi
level (at about +0.05 eV). Under tetragonal distortion this peak is split into two: one
part being above the Fermi level and another one being below the Fermi level. This
splitting lowers the overall energy of the system and the tetragonal phase tends to be the
ground state structure compared to the cubic structure. In the literature[35], it has been
observed that at the Fermi energy, the contribution to DOS mainly comes from the 3d
bands of Co and Nb. We observe from Figure 5.12 that Sn atoms also contribute. In the
cubic phase, Co atom has a single large peak just above the Ep. But under tetragonal

distortion, this single peak is split into two and the energy of the tetragonal phase is
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Figure 5.17: The density of states as a function of energy has been plotted for the cubic
and tetragonal phases, with ¢/a varying from 1 to 1.10 in steps of 0.05 for materials
CoyVGa and CoyCrGa in left and right panels, respectively. Panels below show the down
spin density near the Fermi level derived from e, states of the 3d electrons of the A atom,
for the respective materials. The Fermi level is at 0 eV.

lower compared to the cubic phase. It has been observed[35] that the band Jahn-Teller
distortion is the cause of the structural transition in this material. On the other hand, as
seen from Figure 5.12 and 5.16, for CooMnSn, the peak due to e, levels of 3d electrons of
Co atom is located at a higher energy (at about +0.8 €V) compared to CooNbSn. After
the application of the tetragonal distortion this single peak is split into two for CooMnSn
as well(Figure 5.16). However, after splitting both the peaks lie above Er which does not
yield to overall lowering of energy of the system.

Co,CrGa versus Coy,VGa:

From Figure 5.17, it is observed that the single peak of the e, levels of the 3d electrons
of Co atom above Ep is split for CooVGa as observed in the other cases. However, after
splitting both the peaks lie above Er. Consequently, there is no lowering of energy of
the system possible under the tetragonal deformation. For Co,CrGa, the single peak
corresponding to the e, states in the cubic phase is located at an even higher (positive)
energy with respect to the Fermi level. Therefore, in this case also lowering of energy under
tetragonal deformation is not possible, which is consistent with the results presented in
Figure 5.5.

Finally, we find that in all the materials, as a result of tetragonal distortion, the

degeneracy is lifted for the 3d sub-bands in the minority spin channel of A atoms, which
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is present close to the Fermi level. Subsequently, as a result of this band Jahn-Teller
effect, a redistribution of the density of states of these 3d electrons takes place. In all the
materials,[35, 83] which favour a tetragonal deformation, a substantial density of states
very close to the Fermi level has been observed. As a result of the redistribution of the
DOS, under tetragonal distortion, due to closeness of the peak in DOS to the Fermi level,
the energy gets lowered in these materials. Consequently, the possibility of martensite
transition is found to be high. In other words, the band Jahn-Teller effect is found to be,
as expected, quite sensitive to the DOS at or very close to the Fr in the cubic phase.
Further, for these materials, a negative or very close to zero value of tetragonal shear
constant, C’, has also been observed, as is expected.[35, 83] For the set of materials,
which have cubic phase in their lowest energy phase, under tetragonal distortion, the
splitting of the levels of minority spin 3d electrons is observed as well but the peaks are
away from the Ep, resulting in a reduced density of states at E'p. Therefore, in these
systems, the lowering of free energy as a function of tetragonal distortion is not possible,
which renders the tetragonal transition unlikely. This observation is corroborated by the

relatively large and positive values of C” for all these materials.

5.3 Conclusion

In this chapter, we present our results on the bulk mechanical, magnetic and electronic
properties of a series of Ni and Co-based full Heusler alloys, namely, Ni; BC' and Coy, BC
(B = Sc, Ti, V, Cr and Mn as well as Y, Zr, Nb, Mo and Tc¢; C' = Ga and Sn). After full
geometry optimization and establishing the electronic stability from the formation energy,
we carry out the calculation of different properties to probe and understand, the simi-
larities and differences in the properties of these materials. Out of all the electronically
stable compounds of the total forty Ni and Co-based materials, most of the Ni-based ma-
terials are expected to show a non-magnetic ground state. On the other hand, Nio,MnGa
and NipMnSn as well as all the Co-based materials are ferromagnetic in nature (except
CoyScGa and CoyYGa). Further, from the Heisenberg exchange interaction parameters,
it is seen that the materials exhibit similar nature in terms of the relative contributions of

the direct and RKKY-type nature of the magnetic interactions. The trend of the calcu-
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lated values of Curie temperature for various materials, obtained from the J;; parameters,
matches reasonably well with the literature. From the point of view of bulk mechanical
properties, the values of tetragonal shear constant show consistent trend: high positive
for materials not prone to tetragonal distortion and low or negative for others. A general
trend of nearly-linear inverse relationship between the Cauchy pressure and the GG/ B ratio
is predicted for both the Ni and Co-based materials.

It is observed that the Ni-based materials are typically metallic in nature. However, all
the Co-based alloys exhibit a significant spin polarization at the Fermi level. Most of the
Ni-based materials have a 3d band of the minority spin of the A atoms close to and below
the Er. On the other hand, the peak position of the same is above the Er for most of
the Co-based materials. We observe that, in both the cases of Ni and Co-based materials,
the 3d levels of the Ni and Co atoms play an important role in deciding the ground
state. Further, the results of DOS following, the replacements of the A, B, C' sites of the
Ao BC' materials by different atoms, indicate that in general a rigid band model explains
the differences in the electronic structure of both the Ni and Co-based materials to a
large extent. This model along with the hybridization between atoms, further supports
the results of partial and total moments of these systems. The relationship between the
closeness of the peak corresponding to the e, levels of the 3d down spin electrons of the A
atom to the Fermi level and the tendency of lowering of energy upon tetragonal distortion
is consistent across all the Ni and Co-based materials.

Finally, from our study on the two categories of materials, it is clear that out of
all the materials which we study here, only four FHAs show a tendency of undergoing
martensite transition. Out of these four materials, which have a conventional Heusler
alloy structure and exhibit a clear possibility of finding a tetragonal phase as their ground
state, three of them, namely, Nio,MnGa, Ni;MoGa and CosNbSn have a metallic nature
as is observed in case of majority of the MSMA material. On the other hand, from our
calculations, CooMoGa is predicted to be a shape memory alloy with a reasonably high

spin polarization at the Fermi level.
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Chapter 6
Study of Effect of Co Substitution on
the Magnetic Properties of Ni and Pt-

based Heusler Alloys

6.1 Introduction

In the literature, as well as in the earlier chapters of this thesis, the possibility of two types
of application of the full Heusler alloys (FHA) has already been discussed. One category of
Heusler alloys is likely to be used as shape memory alloys and these are metallic in nature
whereas another category is likely to be used as spin-injector materials due to the high spin
polarization at the Fermi level. Both these types of Heusler alloys have generated immense
interest among the researchers, theoreticians and experimentalists alike, because of the
wide diversity of physical properties of these materials. In this chapter, we concentrate
on some aspects of the magnetic properties of these materials. The full Heusler alloys
may have ferromagnetic, ferrimagnetic, anti-ferromagnetic and also non-magnetic (net
and partial atomic moments being zero or negligible) configurations, depending on their
chemical composition. Along with these long-range orderings present in these systems, it
may be interesting to study the similarities and differences between the various magnetic
interactions present in the above-mentioned two categories of FHAs. In most of the full
Heusler alloys, As BC', B is the primary moment carrying atom. In many of the Heusler
alloys, A, BC, there is the presence of a delocalized-like common d-band formed by the
d-electrons of the A and B atoms, which are both typically first-row transition metal
atoms.[38] Additionally, there is also an indirect RKKY-type exchange mechanism[40]

between the B atoms, primarily mediated by the electrons of the C atoms, which also
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plays an important role in defining the magnetic properties of these materials.[38, 91] In
the literature, Staunton et. al.[171] have discussed the role of RKKY interaction behind
the origin of magnetic anisotropy of a system.

In the previous chapter, we have shown in detail the similarities and differences be-
tween the Heusler alloys which are likely to show martensite transition and which are not,
in terms of some aspects of the electronic, magnetic as well as mechanical properties. In
this chapter, we focus our interest on how the magnetic exchange interactions, mainly the
RKKY type of interaction between the B atoms itself of the A; BC' systems evolve as a
function of substitution: we consider that at one end there are materials which are prone
to martensite transition (generally metallic in nature) and at the other end there are
materials which are not prone (typically half-metallic in nature) to it. Here, we present
the results of our study on the nature of RKKY type of interaction present in four sets of
materials: Nis_,Co,MnGa, Nis_,Co,FeGa, Pty_,Co,MnGa, Pty_,Co,MnSn where x =
0.00, 0.25, 0.50, 0.75, 1.25, 1.50, 1.75, 2.00. In all the cases the material is likely to show
SMA property at one ends (for x = 0.00) and is predicted to be half-metallic at the other

(for x = 2.00).

6.2 Results and Discussion

The Heusler alloys (A3 BC') studied here possess L2, structure that consists of four inter-
penetrating face-centered-cubic (fcc) sub-lattices with origin at fractional positions, (0.25,
0.25, 0.25), (0.75, 0.75, 0.75), (0.5, 0.5, 0.5), and (0.0, 0.0, 0.0). As mentioned in the ear-
lier chapters, for the conventional Heusler alloy structure, the first two sub-lattices are
occupied by A atom and the third by B and fourth by C" atom. While we study the Co
substitution in four A;BC' systems (NiaMnGa, NijFeGa, PtosMnGa and Pt;MnSn), the
Co atom substitutes the A atom only. First, we carry out full geometry optimization of all
the materials corresponding to x = 0.00, 0.25, 1.75, 2.00, using the 16 atom cell (with P1
symmetry). After obtaining the equilibrium lattice constants of the four above-mentioned
materials using VASP[51, 52], we plot the same. A linear variation of the lattice constant
is observed. We deduce the lattice constants of the other materials, corresponding to x =

0.50, 0.75, 1.25, 1.50 by the method of interpolation. As mentioned above, we studied here
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four sets of materials, Niy_,Co,MnGa, Nis_,Co,FeGa, Ptys_,Co,MnGa, Pts_,Co, MnSn
with x = 0.00, 0.25, 0.50, 0.75, 1.25, 1.50, 1.75, 2.00. At the two ends of the composition,
i.e. for x = 0.00 and x = 2.00, all the materials except PtoMnSn are already reported in
the literature. We predict in this work, that Pt;MnSn also possesses conventional Heusler
alloy structure and ferromagnetic ordering in its ground state as well as is likely to exhibit

the martensite transition.

4 Ni, ,Co,FeGa
Ni, ,Co,MnGa 4 | -e-Fe
"*--...__._ ::-(l:\l?
3_ -.~‘~.~~. 3_ —%— Total
=& ~=Ni @ -9--0-0-0--0-0----
=-®-Mn
-m-Co
—_ 2F e 2F
3
w I ILEE L EE LT EE TR
= 1 - - 1
= A - -
= ERCEY Stk Sl EECEY ke, Sl | 1
5//“'\, /—\
4 -, . 4“"*-.
Pt,,Cohinsn ®~ <o il SN
L0 hE S .
3 - 3-PtZ,XCOXMnGa T
o
| -&-Pt - -m-Co
2 ¥ Total 2 LAL 3 ::—-‘Fr':na\
LR T .
1F = e 1F- *-m
-
g -A-—p-A--g--k-4--A PR Sk el et S |
0.0 05 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

X

Figure 6.1: x dependence of magnetic moments for Niy_,Co,MnGa, Niy_,Co,FeGa,
Pts_,Co,MnSn, Pty_,Co,MnGa. The line is only guide to the eyes.

Total and partial moments- We observe from Figure 6.1 that for the three sets of
materials namely, Nis_,Co,MnGa, Pto_,Co,MnGa, Pts_,Co,MnSn the variation of total
moment () follows the same trend, which is as follows: for lower value of x, iy increases
and then starts to fall at a higher x value, attaining a maximum value in between the
range of x = 0.00 to x = 2.00. For Ni,_,Co,MnGa, the nature of variation of the moment
as a function of x matches with the existing literature.[172] The variation of the total
moment as a function of x can be well understood from the variation of the partial atomic
moments for the respective systems. We find that for Ni,_,Co,MnGa, Pts_,Co,MnGa,
Pts_,Co,MnSn, the partial moment of Co and Mn-atom decreases linearly as a function
of x. This may be because, as we move towards the higher value of x, the lattice parameter
of the systems decreases which leads to decrease of the Mn and Co partial moment. But

as the absolute value of moment of Co-atom is much larger compared to that of Ni or Pt,
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the total moment increases initially with increasing value of x. However, this increasing
factor has to compete with the continuous reduction of the partial moments of Co and
Mn-atom, which dominates at higher value of x. This results in a fall of the total value
of the moment. Because of these two competing factors, initially we get a maximum
value of pur and then it falls, finally it reaches a value which is very close to an integer
value following the Slater Pauling rule.[34] On the contrary, the total magnetic moment of
Niy_,Co,FeGa system increases linearly as a function of x. This type of linear variation
may arise due to the following factors: (1) the partial moments of Fe and Co atom over
the entire range of x remain almost constant which is probably due to the fact that the
lattice parameters for the two end materials NiyFeGa (a = 5.76 A) and CoyFeGa (a =
5.73 A) are very close, (2) hence, the only controlling factor in this case is the change
of moment of the whole system due to the substitution of Ni atom by Co atom, which
is always positive and proportional to the substitution and thus, effectively results in a
linear increase of the total moment of this system.

Energy vs c/a curve- We have applied a tetragonal distortion on the cubic phase
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Figure 6.2: Variation of the total energy of (a) CooMnGa, CooFeGa, CooMnSn (b)
NisMnGa, NisFeGa, PtsMnGa, Pt;MnSn in their respective ground state magnetic con-
figurations as a function of ¢/a. Energy F in the Y-axis signifies the energy difference
between the cubic and tetragonal phase. Some results of these figures are part of published
literature.[117, 173] Estimated values of Tj; for Ni;MnGa, NisFeGa, PtosMnGa,PtoMnSn
are 70 K, 197 K, 817 K, 56 K respectively, which match well with literature.[18] The
dashed line is only guide to the eyes.
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of all the stoichiometric (end) materials to probe whether those are prone to undergo
tetragonal distortion or not. In the upper panel of Figure 6.2, we find that for some
materials there is no lowering of energy under tetragonal distortion. For this set of ma-
terials (with x = 2.0), namely Coo,MnGa, CoyMnSn, CoyFeGa, the cubic phase is the
lowest energy state (¢/a = 1) and therefore, these are not likely to undergo martensite
transition.[117, 118, 141] In the lower panel of Figure 6.2 we observe that for all the mate-
rials shown here (i.e. Ni;MnGa, NijFeGa, PtsMnGa, PtoMnSn), energy of the systems is
lowered under tetragonal distortion which indicates a possibility of martensite transition
in these materials. Except PtoaMnSn, which is predicted in this thesis for the first time,
the other three materials, namely Ni;MnGa, NioFeGa and PtosMnGa are already reported

to undergo martensite transition.[4, 143, 169]
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Figure 6.3: J;; of Mn atom with its neighbours as a function of normalized distance d/a
for Niy_,Co,MnGa system. a is the lattice parameter for x=0.00, 0.25, 0.50, 0.75, 1.25,
1.50, 1.75, 2.00. The lines are only guide to the eyes.

Direct exchange interaction- Now we discuss (Figure 6.3 to Figure 6.6) the Heisen-
berg exchange coupling parameters (J;;) between Mn or Fe with other magnetic atoms
of Ni_,Co,MnGa, Niy_,Co,FeGa, Pty ,Co,MnGa, Pty ,Co,MnSn systems (x = 0.00,
0.25, 0.50, 0.75, 1.25, 1.50, 1.75, 2.00), as a function of interatomic spacing in the units
of lattice parameter (a). Calculation of Heisenberg exchange coupling parameters has

been carried out using SPR-KKR package.[56] We study the evolution of the magnetic
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Figure 6.4: J;; of Fe atom with its neighbours as a function of normalized distance d/a
for Niy_,Co,FeGa system. a is the lattice parameter for x=0.00, 0.25, 0.50, 0.75, 1.25,
1.50, 2.00 (x=1.75 case has not converged). The lines are only guide to the eyes.

exchange interaction in going from a material which may show the SMA property (x =
0.00) to another which is not likely to show the SMA property (x = 2.00). We will first
probe the inter-sublattice exchange interactions present in the system. We know that for
conventional Heusler alloy structure (A3 BC), A atom is the nearest neighbour of the B
atom. Therefore, the magnetic exchange interactions between the A and B atom will be
of direct type.[38, 91, 130, 126] From Figure 6.3 we observe that, for the off stoichiometric
systems where both Ni and Co are equidistant atoms from the Mn atom, the Heisenberg
exchange coupling constant is much weaker between Mn and Ni compared to that between
the Mn and Co atoms, as a direct consequence of the lower magnetic moment of Ni atom
compared to that of Co atom. For Niy_,Co,FeGa (Figure 6.4), we observe the same, i.e.
the direct exchange coupling constant between Co and Fe atom is much stronger compared
to that between Ni and Fe. Similarly, from Figure 6.5 and Figure 6.6, we observe that in
case of Pt-based systems, the exchange coupling constant between Mn and Co is much
higher compared to that of between Mn and Pt, as a consequence of much lower magnetic
moment of Pt atom compared to Co atom. In case of direct exchange, the interaction
energy is sizable only between the nearest neighbors. It dies very fast with distance. Fig-

ure 6.7 shows how the nearest neighbor exchange interaction energy varies with the Co
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Figure 6.5: J;; of Mn atom with its neighbours as a function of normalized distance d/a
for Pty_,Co,MnSn system. a is the lattice parameter for x=0.00, 0.25, 0.50, 0.75, 1.25,
1.50, 1.75, 2.00. The lines are only guide to the eyes.

substitution. For Nis_,Co,MnGa we observe that, the direct exchange coupling constant
between Mn and Co atom is maximum (16.94 meV) at x = 0.25, then falls almost lin-
carly to its minimum value (9.57 meV) at x = 2.00. But the exchange coupling constant
between Mn and Ni atom increases linearly as a function of Co substitution for the same
system. For the rest of the systems i.e. Niy,_,Co,FeGa, Pty_,Co,MnSn, Pts_,Co,MnGa,
the direct exchange interaction energy between B and Co atom varies in the same way
as found in case of Niy_,Co,MnGa. In all the cases, the exchange coupling constant
decreases almost lincarly with increasing x. For Niy_,Co,FeGa and Pty_,Co,MnSn the
nearest neighbour exchange interaction energy between B atom and Ni or Pt, (depending
on the system) increases almost linearly as a function of Co substitution. To understand
the trend of the variation of nearest neighbour direct exchange interaction, we show how
the product of the magnetic moments of A and B atom varies as function of Co substi-
tution, in Figure 6.8. Here we find that the product upg * puc, varies in the same way as
that of exchange coupling energy between B and Co atom as shown in the Figure 6.7.
This is also true for the Ni (or Pt) and Co atom. In case of Pty ,Co,MnGa, we find
that the direct exchange interaction energy between Mn and Pt atom increases first for

lower value of x, then falls, after attaining a maximum value in between x = 0.00 and x
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Figure 6.6: J;; of Mn atom with its neighbours as a function of normalized distance d/a
for Pty_,Co,MnGa system. a is the lattice parameter for x=0.00, 0.25, 0.50, 0.75, 1.25,
1.50, 1.75, 2.00. The lines are only guide to the eyes.

= 2.00. The same trend has been observed for the product jips, * pupe. This observation
shows that there is a strong dependence of the direct exchange interaction between two
magnetic moments on the product of the interacting moments.

Curie temperature from Heisenberg coupling constant- We have calculated the
ferromagnetic transition temperature (T¢) for all the stoichiometric and off-stoichiometric
materials, studied here. T has been calculated from the exchange coupling parameters
as has been done earlier in the literature.[175] A stronger ferromagnetic coupling yields
higher value of T¢. Figure 6.9 shows the variation of calculated T as a function of Co
substitution. For the stoichiometric cases (x = 0.00, x = 2.00), we compare our calculated
Te, with the existing literature. The experimental values of T are shown as black square
in Figure 6.9, wherever available. We observe that the calculated and the experimentally
measured T values are quite close for the stoichiometric materials. We observe that with
increasing percentage of Co doping, T increases, which can be attributed to the much
stronger direct exchange coupling between B and Co atoms compared to that of the B and
Ni or Pt atoms. Kanomata et. al.[172] have shown experimentally how T¢ varies with x
for Nis_,Co,MnGa system. We notice that there is a discrepancy between our calculated

and experimental values[172] of T¢ in the nonstoichiometric region of Niy_,Co,MnGa,
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Figure 6.7: In panels from top to bottom, nearest neighbour direct exchange interaction,
J'as (A=Co, Ni or Pt; B=Mn or Fe depending on the system) as a function of Co dop-
ing, x for Nis_,Co,MnGa, Nis_,Co,FeGa, Pty_,Co,MnSn, Pty_,Co,MnGa, respectively.
Dashed line is a guide to the eye.

which may be because of our consideration of ideal Pm3m symmetry of the materials
without the presence of any kind of defects or disorder.

RKKY type indirect exchange interaction- RKKY type of interaction plays a
very important role in the systems where the localized moments are far apart to have
any direct exchange interaction. There are studies on the RKKY interactions in various
dilute magnetic systems, where the magnetic atoms like Mn or Fe are present in a very low
concentration in a nonmagnetic metallic host material,[176] and the presence of RKKY
interaction between the localized-like moments (Mn or Fe) was reported. This interaction
was via the conduction electrons of the host material, which may be from atoms, Au,
Ag, Mo, Zn etc. Not only in metallic systems, RKKY interaction has been seen to play
a crucial role in determining the magnetic property of dilute magnetic semiconductor
also.[177] Experimentally the presence of long range oscillatory type of magnetic exchange
interaction between the localized Mn moments of NisMnSn and PdsMnSn was confirmed
by Noda et. al.[178] using neutron spin wave scattering method.

In this chapter, all the systems studied contain either Mn or Fe atom as the B atom,
and the magnetic moments are mainly confined to these atoms. As all the systems studied

here possess conventional Heusler alloy structure (A BC'), the separation between the
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Figure 6.8: In panels from top to bottom, x dependence of product of magnetic mo-
ments of A and B atom (pua*xup)for Nis_,Co,MnGa, Ni,_,Co,FeGa, Pty_,Co,MnSn,
Pts_,Co,MnGa, respectively. Dashed line is a guide to the eye.

B atoms (Mn or Fe depending on the system) is too large to have a direct exchange
interaction between them. For this kind of Heusler alloy structure, B atom is surrounded
by eight A atoms, which makes the A atoms play a very important role in determining the
magnetic exchange interactions between B atoms themselves. The localized-like nature of
the magnetic moment of the B atoms spin-polarizes the free-like electrons present in the
system and these spin-polarized conduction electrons effectively couple the B atoms.[95]
Previously in the literature[38] it was mentioned for AsMnC systems (A = Cu, Pd; C
= Al, In, Sb), that the conduction electrons of the C' atom take part in the coupling
between Mn atoms. In a recent study[91] the role of conduction electron of A atom has
also been confirmed for a number of Mn-based Heusler alloys. In the systems studied
here, C-atom is fixed (when x is varied), which is Ga for Niy_,Co,MnGa, Niy_,Co,FeGa,
Pts_,Co,MnGa and Sn for Pty_,Co,MnSn. However with the substitution, nature of the
atom at A site changes. Here we will discuss only about the role of A-atom in the RKKY
interaction between B atoms themselves. It is to be noted that the spin polarization
of the conduction electron will depend on the value of partial magnetic moment of the
B atom and the number of the conduction electrons present in the system. Now as we

move from NisMnGa to CooMnGa we are effectively reducing the number of conduction

132



700 L +
(@ 1000 b) o
o RO I
,
500 ," 600 ’/
< 400f +" 400t .-*
“6 1 1 L 1 N 1
= : — 700F ol
800r | eoof ey
i , ,
600} *” 500 )/
‘ ’
[ ! (c) 400 . (d)
¢
40or s00F ¢
005~ JaoopS
00 10 20 00 10 20
X

Figure 6.9: x dependence of Curie temperature (T¢) for (a)Niy_,Co,MnGa, experimental
values of T¢ for NioMnGa and Co,MnGa have been taken from Ref[1] and Ref[32], respec-
tively (b)Niy_,Co,FeGa, experimental values of T¢ for NisFeGa and CosFeGa have been
taken from Ref[143] and Ref[174], respectively (c¢)Pts_,Co,MnSn, experimental value of
T for CooMnSn has been taken from Ref[32] (d)Pty—,Co,MnGa, experimental value of
T for CooMnGa has been taken from Ref[32]. Dashed line is a guide to the eye.

electrons of the system, as Ni has one more d-electron compared to Co-atom. This may
cause a weaker coupling between the Mn atoms themselves. From Figure 6.10(a) we find
that for Ni)MnGa (x = 0.00) the Mn-Mn interaction is the most oscillatory in nature
(Heisenberg exchange coupling constant varies between 1.39 meV (d/a = 1) to -0.25 meV
(d/a = 1.73)) whereas for Co,MnGa the oscillation is minimal (varies between 0.2 meV
(d/a =0.71) to -0.02 meV (d/a = 1.58)). It is to be noted that the oscillatory nature gets
reduced gradually as we move from NigMnGa to CooMnGa. For Niy_,Co,FeGa system
also, we observe the same kind of variation for Fe-Fe interaction as we move from x =
0.00 to x = 2.00. For x = 0.00 i.e. for NigFeGa the amplitude of Fe-Fe RKKY interaction
varies between 1.96 meV (d/a = 0.71) and -0.76 meV (d/a = 1.41) which is the strongest
among the Niy_,Co,FeGa series.

In going from Pt-based systems to Co-based systems (Figure 6.10(c) and Figure
6.10(d)) also, we are reducing the number of conduction electrons. One more factor
which we must consider when we discus about Pty_,Co,MnSn and Pts_,Co,MnGa is,
the change in lattice parameter between the compounds corresponding to x = 0.00 and

2.00. On the other hand, for Nis;_,Co,MnGa and Ni,_,Co,FeGa this change is nominal
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Figure 6.10: Jg_p (B=Mn or Fe depending on the systems) as a function of
normalized distance d/a for (a)Niy,_,Co,MnGa (b) Niy_,Co,FeGa (c)Pts_,Co,MnSn
(d)Pty_Co,MnGa. a is the lattice parameter for different values of x. The lines are
only guide to the eyes.

as both Ni and Co has very close values of atomic radius. As we move from PtoMnSn
(a = 6.46 A) to CopMnSn (a = 5.98 A) there is a contraction of lattice parameter of
about 0.48 A. For Pt;MnGa (a = 6.23 A) to CooMnGa (a = 5.72 A), a contraction of
about 0.51 A takes place. This larger lattice parameter for Pt-based systems causes
more localization of the Mn partial magnetic moment (3.97 pp and 3.82 pp in PtoMnSn
and PtoMnGa, respectively) compared to the values in the Co-based systems (3.19 up
and 2.73 pp in case of CooMnSn and CosMnGa, respectively). Bose et. al.[130] have
mentioned that the strength of exchange interaction between two interacting magnetic
moments also depends on the values of the respective magnetic moments. Therefore, if
we focus on Figure 6.10(c) we observe that the Mn-Mn exchange interaction energy for
x = 0.00 (PtoMnSn) oscillates between a maximum value of 1.21 meV (d/a = 1.00) and
minimum value of -1.29 meV (d/a = 1.73) but oscillation becomes weaker gradually as
we increase x and for Co,MnSn it varies between 1.61 meV (d/a = 0.71) and 0.03 meV
(d/a = 0.58). Tt indicates RKKY type of interaction is stronger in PtoMnSn compared to
CooMnSn, which may be because of the more localized-like Mn-moments in PtoMnSn. For
Pts_,Co,MnGa system also we find that for x = 0.00, RKKY type of interaction between

Mn-Mn is the most oscillatory (for PtoMnGa it varies between -1.33 meV and 1.94 meV

134



at d/a = 0.71 and 1.00, respectively) and gradually with increasing x, the interaction
becomes less oscillatory in nature.

Density of states for Ni,_,Co,MnGa and Pt,_,Co,MnSn - Figure 6.11, depicts
the spin polarized and atom projected density of states (DOS) of Niy_,Co, MnGa for some
representative values of x (0.00, 0.50, 1.50, 2.00). We observe that the spin polarization
at the Fermi level is maximum for x = 2.00, i.e. for CooMnGa, as minority density of
states almost vanishes there. Majority density of states is found to move towards the
higher energy side with increasing Co substitution at Ni site and this supports a rigid
band model.

For all the cases, we observe a large exchange splitting in the density of states of Mn
atom. For Mn atom, the occupied density of states is dominated by the majority spin
whereas the unoccupied region is dominated by the minority spin. In case of Ni;MnGa (x
= 0.00), the majority peak of DOS corresponding to the Mn atom is centred around -1.1
eV whereas its minority peak is centred around +1.3 eV. This exchange splitting for Mn
atom decreases gradually with increasing value of x and becomes minimum for x = 2.00,
where the majority peak is centred around -0.6 ¢V and minority peak is centered around
+1.5 eV. In going from Ni;MnGa to CooMnGa, the localized nature of the Mn magnetic
moment is reduced, which effectively causes an weaker RKKY type of indirect coupling
between them for the latter, which has been observed earlier.

From Figure 6.11(a), we observe a peak in the minority DOS, which is very close to
the Fermi level. A detailed analysis shows that this peak is derived from the e, states of
3d electrons of Ni atom. In literature, the role of this peak in assisting the martensite
transition has been extensively discussed. Here we observe that, this peak diminishes
gradually as we move towards the CooMnGa end, and the DOS of minority spin electrons
gets reduced at the Fermi level. Complete substitution of Ni by Co atom makes the
system half metallic-like but the majority density of states of Ni atom changes hardly
near the Fermi level as a function of substitution of Co at Ni site. The reduction of the
minority carriers with increasing Co substitution at the Ni site effectively reduces the
conduction electrons present in the system, causing a weaker exchange coupling between

the localized-like Mn moments, which we observe in Figure 6.10. For Co atom, DOS for
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Figure 6.11: Spin polarized and atom projected density of states of (a)Nip_,Co, MnGa
(b)Mn (¢)Ni (d)Co, for x=0.00, 0.50, 1.50, 2.00 (We have not shown the density of states
for all values of x for better clarity of the figure).

both majority and minority spin channels move to the lower binding energy side with
increasing value of x.
Figure 6.12 shows the spin polarized total and partial density of states for Pty ,Co,MnSn

for the same representative x values (x = 0.00, 0.50, 1.50, 2.00). From Figure 6.12(a),
we observe that the systems become rather close to half-metallic for x = 2.00, i.e. for
CooMnSn, whereas PtoMnSn (x = 0.00) is a metallic system. We find that there a clear
shift of the majority density of states towards the higher binding energy with increasing
value of x. Similar to the Niy_,Co,MnGa case, the exchange splitting of the Mn atom
is maximum for x = 0.00 and minimum in the case of x = 2.00. For x = 0.00 and x =
2.00, the peaks corresponding to the majority spin are centred around -1.9 eV and -1.0
eV, whereas the corresponding minority peaks are centred around +1.2 eV and +1.4 eV,
respectively. It suggests that the magnetic moment of Mn atom is much more localized-
like in case of PtoMnSn in comparison to the CooMnSn system. This may be because
of the much larger lattice parameter of the former one. Next we focus on the DOS of
Co and Pt atoms. We observe that the increase in the majority DOS of Co atom with
increasing value of x is almost counterbalanced by the decrease of the majority DOS of

Pt atom at the Fermi level. But the minority DOS decreases gradually with increasing
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value of x for both Pt and Co atoms at the Fermi level. As a result, the effective number
of conduction electrons of the system seems to decrease as we move from x = 0.00 to
x = 2.00. In going from PtoMnSn to CooMnSn we observe a gradual decrease in the
strength of RKKY type of interaction (Figure 6.10(c)) mainly due to two facts: (a) mag-
netic moment of the Mn atom become more delocalized-like, (b) continuous reduction of
the number of conduction electrons, with increasing value of x. For the other two sets of
systems, namely, Ni,_,Co,FeGa and Pty_,Co,MnGa, we observe the same kind of evo-
lution of the electronic structure as a function of x as in case of the other two systems
discussed above. Both Niy_,Co,FeGa and Pty_,Co,MnGa seem to be metallic for x =
0.00 and become almost half-metal for x = 2.00, as the minority spin DOS diminishes

gradually with the increase of Co substitution.
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Figure 6.12:  Spin polarized total and atom projected density of states of
(a)Pte_,Co,MnSn (b)Mn (¢)Pt (d)Co, for x=0.00, 0.50, 1.50, 2.00 (We have not shown
the density of states for all values of x for better clarity of the figure).

6.3 Conclusion

Using density functional theory based calculations we study the effects of Co substitution
in Ni and Pt-based Heusler alloys which are likely to show SMA. Our results suggest that
there is a decrease in strength of the RKKY interaction as we increase the Co doping at

Ni or Pt site. It indicates about the dominant role played by the d-electrons of A atoms in
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the formation of coupling between localized-like moments of B atom in the A BC' systems
studied here. We also report the dependence of the strength of the RKKY interaction on
the localized-like nature magnetic moment of B atom. Our study signifies the implicit
and important presence of RKKY interaction in the magnetic Heusler alloys which are

likely to show martensite transition.
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Chapter 7

Summary and Conclusion

7.1 Summary

The well known prototype magnetic shape memory Heusler alloys NisMnGa and MnyNiGa
undergo a structural transition (martensite transition) from cubic to non-cubic symmetry
below a certain transition temperature, which is below the room temperature. In the
literature[10], copper doping at the Mn site of NioMnGa is shown to result in an increase in
the martensite transition temperature (Tj;), compared to the parent material NioMnGa.
This has motivated us to probe the effects of the copper substitution partially or even
completely, at the different sites of NisMnGa and MnyNiGa. It has been observed that
substitution at Ni site stabilizes the cubic phase, while that at Ga and Mn sites tends
to favor tetragonal distortion in both the systems. Overall, it has been observed that
despite the presence of differences in terms of crystal structures and ground state magnetic
configurations between these two systems, the physics of effects of Cu substitution on the
tetragonal transition is rather similar.

Further, it is known that, NisMnGa possesses poor mechanical property. Since, both
bulk Cu and Pt have high ductility, the effects of Pt, Cu and Pd substitution at the Ni site
of NisMnGa have been probed on the bulk mechanical, as well as electronic and magnetic
properties. On the basis of our studies, it can be conjectured that, some amount of Pt
substitution at the Ni site, along with Cu substitution at the Mn site in NisMnGa may
lead to a promising magnetic shape memory alloy, with possible martensite transition
temperature above the room temperature and reduced inherent crystalline brittleness.
But, as Pt is substituted at the Ni site of the NigMnGa, Curie temperature is predicted
to decrease significantly (for PtoMnGa, To=176K) with respect to the parent material
NioMnGa (Te= 414K).
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Hence, in order to screen Heusler alloy materials for which T will lie above the room
temperature, we probe Co-based full Heusler alloys (FHA), which are known to exhibit
high T¢. The Co-based FHAs are generally half metallic in nature and do not show
a possibility of martensite transition (except for a very few materials, e.g. CosNbSn).
Recently, CosNiGa has been reported to undergo martensite transition. Further, our
calculated results and the existing literature suggest that Pt substitution at the Ni site
of NiyMnGa, leads to improvement of mechanical property and results in a Tjy; which
is above the room temperature. These above-mentioned findings motivate us to probe
a hitherto unexplored material, which is CosPtGa. Further, as the number of valence
electrons per atom is known to play an important role in deciding the electronic properties
of these systems, we carry out a comparative study of CroPtGa, MnyPtGa, FesPtGa and
CooPtGa. We predict that all these materials are likely to undergo martensite transition.
For MnyPtGa the same has already been theoretically shown in the literature. Among
the studied materials, CooPtGa is likely to possess the highest spin polarization at the
Fermi level for both the cubic phase ( 80%) and tetragonal phase (( 71%)). Among
all the materials we studied in this thesis, this novel material is expected to exhibit
among the studied materials the lowest inherent crystalline brittleness as well as the
highest martensite transition temperature (880K), and high melting (1380K) and Curie
temperatures (580K). All of these predicted temperatures being well above the room
temperature render CooPtGa interesting from the application as well as fundamental
points of view.

The family of Heusler alloys is well known to exhibit a wide diversity in terms of mag-
netic configuration which include ferromagnetic, ferrimagnetic and anti-ferromagnetic. In
this regard, as both Mn and Cr are antiferromagnetic in bulk form, the effects of Mn
substitution by Cr (and also Fe) in NiyMnGa and PtoMnGa have been probed. From this
study we predict that, NisCrGa and Pt;CrGa are two novel Heusler alloys, which may
possess intra-sublattice anti-ferromagnetic configuration in the ground state and these
materials show the possibility of undergoing martensite transition as well.

Apart from predicting possible novel magnetic shape memory alloys with better prop-

erties, in this thesis, study has also been carried out on the differences and similarities
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in terms of the electronic, bulk mechanical and magnetic properties between following
two classes of FHAs, based mainly on Ni and Co-atoms, (1) which are likely to undergo
martensite transition (generally metallic in nature) (2) which are not likely to undergo
martensite transition (generally half metallic in nature). It is also probed that, if there
is any possibility of existence of magnetic full Heusler alloy systems which exhibit high
spin polarization at Fermi level (Ey) as well as show tendency to undergo martensite
transition. Studying around forty full Heusler alloy systems (A2BC, A = Ni,Co; B =
Sc, Ti, V, Cr, and Mn as well as Y, Zr, Nb, Mo, and Tc; C' = Ga and Sn), it has been
observed that, contrary to the second set, in case of the first set of materials, there is
a softening of tetragonal shear constant and a high density of states (DOS) at or very
close to Ep. The outermost e, levels of the 3d (minority spin) electrons of the A atom
is found to mainly contribute to this DOS. This closeness of the e, levels to Ex indicates
a lowering of overall energy as a result of an applied tetragonal distortion in the first set
of materials. During this course of study, the system CoosMoGa has been predicted as a
novel ferromagnetic Heulser alloy, which is likely to undergo martensite transition (T); =
886K) and exhibit high spin polarization at the Fermi level in both cubic (~ 80 %) and
tetragonal (~ 72 %) phases.

In the ferromagnetic full Heusler alloy systems (A, BC'), RKKY interaction plays an
important role in deciding the magnetic properties of the system. The partial moments of
the primary-moment-carrying B atoms are coupled mainly by the RKKY interaction. We
study the evolution of RKKY interaction for the systems Niy_,Co,MnGa, Nis_,Co,FeGa,
Pty_,Co,MnSn, Pty_,Co,MnGa as a function of x (x=0.00, 0.25, 0.50, 0.75, 1.25, 1.50,
1.75, 2.00), where at one end (x = 0.00), the material is likely to favor tetragonal transition
and at the other end (x = 2.00) the material is likely to exhibit cubic ground state. It has
been observed that there is a decrease in the strength of RKKY interaction as we increase
Co substitution at the Ni or Pt site of the Ni and Pt-based alloys. Our study indicates
about the dominant role played by the valence d-electrons of the A atom in the formation
of coupling between the localized-like partial moments of B atom in the Ay BC' systems
studied here. The dependence of the strength of this RKKY interaction on the magnetic

moment of B atom has also been probed. This study signifies the implicit and important
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presence of RKKY interaction in the magnetic FHAs which favor martensite transition.

7.2 Conclusion

The first aspect of the present thesis is to search for the novel magnetic shape memory
alloys in a systematic way, aiming at betterment of properties from the application point
of view. From literature it is well known that the properties of these systems can be tuned
by means of substitution. In this work, it has been predicted that partial Ni substitution
by Pt, combined with partial Mn substitution by Cu in prototype Heusler alloy NisMnGa
may lead to some interesting magnetic material which has a significantly high martensite
transition temperature and better mechanical properties. causes a significant increase in
martensite transition temperature and improvement of mechanical property. However, in
this case, the major drawback is that, with increasing Pt substitution, the Curie tempera-
ture decreases and comes down well below the room temperature for PtoMnGa. After an
intuitive search and optimized selection of the substituent element and the substituting
site, CooPtGa has been predicted as a probable promising high temperature magnetic
shape memory alloy. This novel material is expected to possess low inherent crystalline
brittleness as well as high Curie, melting and martensite transition temperatures. Along
with these properties, CosPtGa is shown to exhibit high spin polarization in both the
cubic and tetragonal phases as well. Further, based on DFT based first principles calcu-
lations, we predict two novel alloys with intra-sublattice anti-ferromagnetic configuration,
namely PtoCrGa and NipCrGa for the first time. Both these systems are expected to favor
martensite transition. Experimental validation of all these novel materials is awaited.
The second aspect of the present thesis is to study the differences and similarities
between two classes of FHAs: (1) which are likely to undergo martensite transition (with
typically metallic nature), (2) which are not likely to undergo martensite transition (gen-
erally with half-metallic nature). It has been observed that, for the first set of materials,
the presence of high density of states at or very close to the Ep, especially for the outer-
most e, levels of 3d electrons (minority spin) of the A atom is observed, which leads to a
lowering of overall energy as a result of an applied tetragonal distortion. This observation

is associated with a softening of tetragonal shear constant in the cubic phase. Both these
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observations put together indicate that the tetragonal phase is energetically favorable for
the studied first set of Ay BC' systems. Further, an implicit and important presence of a
stronger RKKY interaction has been observed for the first set in contrast to the second

set of materials.

7.3 Future outlook

The present work suggests following directions for future studies.

(1) In this thesis, CoaPtGa, has been predicted as a promising magnetic shape memory
alloy with reasonably high Curie, melting and martensite transition temperatures and
improved mechanical properties. The well known shape memory alloys e.g. NisMnGa,
Mn,;NiGa accommodate significant amount of magnetic field induced strain, and these
systems are well known to possess modulated structure in the martensite phase. So it
will be interesting for us to probe the possibility of existence of modulated structure for
CoyPtGa, which is a prerequisite for a MFIS.

(2) There is a major part in this work, where we have suggested probable shape memory
alloys. We have compared the stability of austetenite and martensite phases, based on the
energy difference between the cubic austenite phase and the non modulated tetragonal
phase of the systems. All these calculations are a zero temperature calculation, hence,
the effects of finite temperature has not been included. It will be very much interesting
to compare the free energy differences between the austenite and martensite phases as
a function of temperature. This approach may yield a better prediction of T, for the
probable novel shape memory alloys.

(3) We wish to study in detail the magnetic properties of MnoY Z systems (Y'=Co, Ni;
Z= s, p elements) based on first principles calculations as MnyY Z series is less explored

compared to the NiY Z systems.
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