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Abstract

The materials which respond reversibly to the environmental stimuli and adjust their phys-

ical, geometrical, mechanical and electromagnetic properties are often classified under the

generic name “smart materials”. Shape-memory alloys (SMA)which have the peculiar ability

to remember their original shape after deformations easilyfit into this category. With the dis-

covery of large magnetic field-induced strain in Ni-Mn-Ga magnetic SMA (MSMA), research

in this area had flourished very rapidly. In this thesis, we have investigated various facets of

Mn2NiX (X= Al, Ga, In, Sn) materials, a possible set of shape memory alloys, with the help of

first-principles electronic structure calculations. We have explored the energetics as a function

of tetragonal deformation of the high temperature cubic phase in order to ascertain whether

these materials would indeed exhibit shape memory effect. The results have been positive and

encouraging, which motivated us to explore the origin behind the martensitic transformations,

the key signature of potential shape memory effect, in these alloys. An investigation into the

lattice dynamics of these materials pinpointed nesting in the Fermi surfaces of one of the spin

bands as the mechanism behind the martensitic transformation. This study also indicates the

existences of pre-martensitic modulated phases in all the materials. A deep exploration into

the magnetic structures as a function of pressure, the crystal structure and chemical composi-

tion established that these materials would exhibit complex noncollinear spin structures only

in a particular arrangement of atoms in the lattice and underfinite pressure. This phenomenon

carries, at least theoretically, the signature of magneticbarocaloric effect and adds to the list

of functional capabilities of these materials. A quest for obtaining improvements in existing

functionalities and for discovering more functionalities, led us to investigate the effects of

anti-site disorder in selected sublattices on the magneticproperties. Our calculations indicate

that due to presence of anti-site disorder, the martensitictransformations in these materials

can be obtained by relatively small magnetic fields and that the materials would exhibit in-

verse magnetocaloric effects, both features being desirable for applications pointof view. In

a nutshell, the results presented in this thesis demonstrate the potentials of Mn2NiX materials

as a new series of multifunctional materials.

xiii
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Chapter 1

Introduction

During the past few decades, human intellects with the aid ofscience and technology have

transformed the unimportant looking materials into sophisticated ones that can efficiently be

utilized in advanced electronics and machineries. These developments would have never been

achievable without immense improvements in the techniquesof alloying, smelting and forg-

ing. With the combination of state-of-the-art theoreticalmethods and cutting-edge experimen-

tal techniques, we are now capable of unlocking the deepest mysteries hidden in the world of

the materials. The knowledge of engineering material properties like physical, electrical,

mechanical, thermal, optical, elastic, electromagnetic etc., have empowered us to fabricate

materials with suitable properties for technological applications. The quest for novel mate-

rials that could miniaturize the mechanical, optical and electronic products and devices with

improved properties and provide control over its functionalities like sensing, actuation, elec-

tromagnetic shielding, etc., has introduced a new class of materials called multifunctional

materials. “Smart materials” belong to a special class of multifunctional materials that have

sensing and actuation capabilities [1].

1.1 Smart materials

“Smart materials” or functional materials are the fruits ofextensive research activities over

the past few decades on technologies like tuning the materials mechanically for desired func-

tional achievements, and thus to provide improved thermal and electrical properties [2–6].

1
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2 Chapter 1. Introduction

These materials interact with their immediate environments to exhibit adaptive characteristics

that fulfill previously impossible functions. Despite the fact that US miliary and aerospace

departments had started to utilize smart materials from late sixties, it is only in recent times

that these materials find applications in construction, transport, medical, leisure and domes-

tic areas. These materials couple one or more properties together such that changing of one

automatically changes the other. The changes in the materials can be achieved by external

stimuli like stress, temperature, moisture, electric and magnetic fields. In addition, the term

“smart materials” can be associated with those materials that can (i) respond reversibly to the

changes in the surrounding environments, and (ii) provide an optimal response upon changes

in the physical, geometrical, mechanical or electromagnetic properties. Researchers in this

field are currently toiling in overcoming the unavailability of space, inadequate operating

temperature, poor response time and forbidden cost. In thisrespect, it has to be mentioned

that we have achieved considerable progress in the field of automotive sensors and actuators,

integration with miniscule microcontrollers and advancedsoftwares. A sensor is a device that

converts a mechanical signal to nonmechanical output, while an actuator does the exact op-

posite. One of the main advantages of these materials is thattheir mechanical response is one

or more orders of magnitude larger compared to the response from conventional material be-

havior such as thermal expansion. There are many groups of smart materials, each exhibiting

a particular property which can be harnessed in a variety of high-tech and everyday appli-

cations. These include piezoelectrics [7, 8] and electrostrictives [9] (coupling of mechanical

and electric fields), piezomagnetics [10] and magnetostrictives [11] (coupling of mechani-

cal and magnetic fields), and shape memory materials (coupling of thermal and mechanical

fields) [1]. Depending upon the nature of coupling, smart materials can further be divided

into two categories. Piezoceramics [12], piezoelectric polymers [13, 14], magnetostrictive

ceramics, shape memory alloys and magnetic shape memory alloys exhibit direct coupling

between mechanical and nonmechanical fields, whereas electro-rheological fluids (ERF) [15]

and magneto-rheological fluids (MRF) [16], combine those fields via the viscosity of the ma-

terials [1].

TH-1377_09612113



1.2. Shape Memory Alloys (SMAs) 3

1.2 Shape Memory Alloys (SMAs)

Shape memory alloys are the special kind of intermetallic compounds which have the pecu-

liar property of remembering their original shapes and sizes, even after undergoing a structural

deformation. First significant step towards the discovery of shape memory effect happened

in 1930 [3]. The pseudoelastic behavior of Cu-Au alloys was first discovered by Swedish

scientist ArneÖlander in 1932 [17]. In 1938, Greninger and Mooradian [18, 19] observed

a displacive and diffusionless phase transformation from a high temperature phase to low

temperature phase in Cu-Zn alloy. The term “shape memory” was first coined by Vernon in

1941 for his polymeric dental material [20]. Although the potential applications of SMAs

were realized immediately after their discovery, their commercializations did not take place

instantly. The reasons for the delay were due to the conventional melting, possessing, ma-

chining techniques and most importantly, due to the financial issues. Applications of SMAs

in the engineering industry had started after Buehler and his colleges accidentally discovered

NiTi while searching materials for heat shielding [21, 22].They observed that in addition to

exhibiting good mechanical properties, comparable to somecommon engineering metals, the

material also possesses a shape recovery capability. Following this observation, in honor of its

discovery at the Naval Ordnance Laboratory (NOL), US, the term “NiTiNOL” was proposed

[23]. The discovery of NiTiNOL resulted in flurry of activities in the field of SMAs among

the researchers. Thereafter, changes occurring in material’s properties due to operation of

heat, variation in compositions and appearance of micro-variants were widely investigated

and researchers began to understand the underlying physics[1]. The shape memory effect is

the recovery of the original structure of the material deformed by external forces as a result of

increase in temperature, even if the applied force is relatively large. This property demands

that these materials should possess higher energy density.However, low frequency response

of the materials acts as a hindrance to limit their applications. In the next few subsections,

some key features associated with shape memory alloys are described.

1.2.1 Martensitic Transformation (MT)

The martensitic transformation is often characterized by spontaneous symmetry-breaking dis-

placive, diffusionless first-order phase transformation which is known to occur in many metal-

lic alloys. The name martensite is after the German metallurgist Adlof Martens [24]. This
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4 Chapter 1. Introduction

transformation portrays cooperative, homogeneous movements of atoms rather than long

range diffusive displacements of atoms. The tiny movements of atoms, usually less than

the interatomic distances, relative to their neighbors, result in extremely large macroscopic

changes. The organized movements of large number of atoms with their neighbors are re-

ferred as military transformation, in contrast to civiliandiffusion based phase transformation.

As a consequence of diffusionless character of martensitic transformation, the martensitic

phase is forced to form at low temperature, since diffusion is not conceivable in experimental

time scale even to the interstitial atoms [25].

Crystallographically martensitic phase transformation is thought to occur via two mech-

anisms: (i) the Bain strain and (ii) the lattice invariant shear mechanism. The former was

proposed by Bain in 1924 [26], which supplies the necessary strain for FCC to BCC structural

transformation. This homogeneous volume conserving deformation produces 20% contrac-

tion along thez axis and expands the other two perpendicular axes (x andy) by 12% in the

BCC structure.

During the martensitic transformation, the atoms are displaced in a very tiny amount rela-

tive to their neighbors to facilitate the formation of martensitic variants. However, the macro-

scopic effect is quite large which deforms the crystal structure. The passage of a slip disloca-

tion through a crystal causes the formation of a step. The passage of many such dislocations

on parallel slip planes causes macroscopic shear. Althoughslip causes a change in shape but

not a change in the crystal structure [27].

According to the theory of martensitic transformation, thedeformation that ignites the

transformation must produce an invariant-plane strain, anundistorted and unrotated inter-

face created due to the combination of large shear componentand a small dilatational strain.

However, the Bain strain cannot transform the structure alone, since no rotation is capable

of modifying Bain strain into an invariant-plane strain. Nevertheless, when it combined with

rigid body rotation, the overall homogeneous deformation produces an invariant-line strain;

a stress-free and unrotated line joins the two phases. But, the experimentally observed shape

deformation is an invariant-plane strain, and thus the above combination produces wrong crys-

tal structure. This discrepancy is resolved with an additional contribution of shearing effect

generated from slipping and twinning of micro-structures under lattice-invariant deformation

[28]. The Bain strain and rigid body rotation produce a largestructural deformation, while the

TH-1377_09612113
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homogeneous lattice-invariant shear minimizes the strainenergy generated by the deformation

and produces the exact martensitic structure. [29–36].

1.2.2 Shape Memory Effect (SME)

Shape memory effect describes the ability of materials to recover the original shape of plas-

tically deformed sample upon heating. This phenomenon is characterized with the crys-

talline phase change known as “thermoelastic martensitic transformation”. At a temperature

below the critical temperature, known as final martensitic temperature (Mf ), the austenite

phase completely transforms into martensitic structure. In this situation, the microstruc-

tures are designated with self-accommodating twins. Sincethe twinned martensitic struc-

ture is soft, it can easily be deformed to detwinned structures after applying appropriate

amount of stress. Heating above a critical temperature, known as final austenite tempera-

ture (Af ), while unloading, recovers the original shape of the sample by converting the de-

twinned structure back into austenite structure [1]. The complete transformation cycle from

austenite→martensitic→austenite can better be understood from a thermomechanicalloading

path, plotted in a 2D stress-strain-temperature diagram (F 1.1).

In F 1.1,σ represents the uniaxial stress on the sample andε is the corresponding

strain measured along the direction of the applied stress. Suppose, we begin at an initial po-

sition (point A), where the material is completely austenite. A stress-free thermal cooling

up to a temperature Mf (point B) causes the material to completely transforms intotwinned

martensitic structure. After this point, several percentage yields can be obtained with tiny

amount of stress. When the stress level exceedsσs, reorientation of the twinned martensitic

variants along the direction of the applied stress starts. At the end of the plateau, i.e., at the

stress levelσ f , the variants are completely oriented and detwinned martensitic structure is

achieved. After this point, stress increases very rapidly against tiny increment in strain upto

a point C. Unloading the stress while keeping the material’stemperature fixed results in a

linear decrease to a point D. At this point, the detwinned structure contains BD amount of

residual strain. Upon heating, detwinned martensite starts transforming into austenite phase

when a critical temperature, known as austenite start temperature (As), is reached (point E).

The volume fraction of the austenite phase compared to the detwinned martensitic phase in-

creases upon further increment in temperature and at a pointF, the material fully recovers the
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6 Chapter 1. Introduction

F 1.1: Stress-Strain-Temperature plot exhibiting the shapememory effect of a typical
NiTi shape memory alloy [1].

residual strain and transforms completely into the austenite phase. Subsequent cooling below

the temperature Mf again results in the formation of self-accommodated twinned martensitic

variants, but with no associated shape change, and the wholecycle of the SME can be re-

peated. The above described phenomenon is called one-way shape memory effect, or simply

SME, because the shape recovery is achieved only during heating after the material has been

detwinned by an applied mechanical load [1].

The mechanism of shape memory effect described above allows the materials to remember

only the high temperature austenite phase. However, it is possible for shape memory alloys to

remember the shape of the martensitic phase under certain conditions [37, 38]. Two-way effect

is not intrinsic to shape memory materials. Nevertheless, the materials adopt this behavior

TH-1377_09612113



1.2. Shape Memory Alloys (SMAs) 7

after some specific thermomechanical treatments known as “training” procedure [3]. This

property facilitates a spontaneous shape change of shape memory materials on both heating

and cooling. Once the material has learned the behavior, it is possible to modify the shape

of the material in a reversible way between the two shapes, only by changing of temperature

across Af and Mf without application of stress.

1.2.3 Pseudoelasticity

Pseudoelasticity or superelasticity represents a reversible elastic response of SMAs to the

applied stress which occurs due to martensitic phase transformation between austenite and

martensitic phases [39]. Contrary to the phenomenon described in the previous subsec-

tion, where temperature triggered the mertensitic transformation, pseudoelasticity is related

to stress-induced transformation at a fixed temperature. A pseudoelastic loading path gener-

ally starts well above the temperature Af , where stable austenite exists. Due to applied load

on the austenite phase, detwinned martensite phase startedto develop, and finally it returns

to the initial austenite structure when the applied stress vanishes, thus the material behavior

resembles elasticity [1]. A loading path (path 2) illustrating the pseudoelastic effect in details

is shown in F 1.2.

When the material is mechanically loaded above temperatureA f , the austenite phase elas-

tically transformed from point A to B. The line passing through the temperature Ms (marten-

sitic start temperature) intersects the loading path at point B. Therefore, the stress level at this

point, i.e., (σMs), indicates that the material is on the verge of martensitictransformation. The

volume fraction of detwinned martensitic phase compared toaustenite phase increases as one

moves from point B to C. The stress level at point C, i.e., (σM f ), where the loading path meets

with the line passing through the temperature Mf , confirms the end of the transformation.

Further loading beyond point C only increases the deformation in the detwinned martensite

phase. When the stress is released, the detwinned martensitic phase elastically unload to point

E. At this point, since the unloading path intersects the line passing through the temperature

(As), the detwinned martensitic phase starts to convert into austenite phase. The strain re-

covery completes at point F which indicates end of the transformation. The material then

elastically unloads to point A. The above loading and unloading cycle represents a hysteresis
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8 Chapter 1. Introduction

F 1.2: Phase diagram and two possible pseudoelastic loading paths [1].

in stress-strain diagram which accounts for the total dissipated energy during the transforma-

tion. The stress level corresponding to the beginning and ending of the transformation and

the size of the hysteresis loop depend on the shape memory materials. Since the detwinned

martensitic structure is formed during the transformationdue to applied stress on austenite,

they are called stress-induced martensite. There are many thermomechanical loading paths

(like path 1) that also yield the formation of stress-induced martensite [1].

1.2.4 Applications of Shape Memory Alloys

In late sixties, the first successful technical use of shape memory alloys occurred for join-

ing and fastening of tube and pipe couplings in aircraft and marine technology [3, 40]. The

successful use of cryogenic Ni-Ti-Fe and Ni-Ti-Nb SMAs in high pressure hydraulic systems

resulted in a large scale production of couplers in the following years [3, 41]. The latter SMA

TH-1377_09612113



1.3. Magnetic Shape Memory Alloys (MSMAs) 9

is utilized in wire warp technology for nuclear application[42]. Ni-Ti based SMAs cannot be

operated in hydrogen environment with high temperature andhigh pressure, due to hydrogen

embrittlement. Super-elastic Ni-Ti SMAs have been registering continuous growth in applica-

tions like antennas, clothes, eyeglass, dental archwires and guidewires, etc. [3, 41]. The SMAs

which possess wide hysteresis loop are used in variety of fastening applications [43]. Ther-

mal shape memory actuators are used in thermal pressure control valves (Mercedes-Benz),

carburetor ventilation valves, anti-scald valves, fire detection, smart idle screws, viscosity

compensating devices, air-conditioning and ventilation devices [44]. Electrical shape mem-

ory actuators have replaced solenoid and electrical motors[41]. At present, huge demand for

these actuators have been observed in robot technology, andmost promisingly, several pro-

totypes have been invented and successfully implemented. The most significant achievement

of SMAs in medical science is to minimize the invasion procedure [45]. Medical devices

build with SMAs are manufactured such that they can enter into the body through small open-

ing, and change their shape inside the body cavity [42]. Needle wire localizer consisting of

Nitinol is used to detect breast tumors because the subsequent surgery is more exact and less

invasive [3]. A tube of SMA is inserted into clogged blood vessel, and due to body heat the

memory material expands, which open the clogged arteries. Shape memory materials are ap-

plied for hip replacement and to repair broken bones [1]. Theindustrial safety valves build

with Ni-Ti-Cu SMA are extensively used in petrochemical, semiconductor and pharmaceu-

ticals industry and large oil and gas boilers, in order to minimize mishaps from toxic fluids

and highly flammable materials [46]. Shape memory alloys gained popularity in recent past

and at present, it is very active and promising research area. Researchers from all over the

world frequently discovering new exciting physics based upon the already existing SMAs and

materials with improved functional properties than the previous to overcome the barriers for

advanced technological applications.

1.3 Magnetic Shape Memory Alloys (MSMAs)

After the invention of prominent shape memory effect in NiTi material, research activities on

the new shape memory alloys with better functionalities hadflourished. In particular, young

researchers became excited due to the promises that those materials could efficiently act as

actuating and sensing devices. Suddenly, huge demands of shape memory based technologies
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were generated because they promised to be economical. The industries were contemplat-

ing on replacing the large complicated electro-mechanicaldevises with tiny and cheap shape

memory crystals which consume less energy and can work for long time. Contrary to these

expectations, it turned out that ordinary shape memory process in electro-mechanical devices

is not really applicable. The hindrance occurs due to inherent slow heating and cooling rate

against thermal control and therefore, additional devicesare required to expedite the process,

which in turn would increase cost and volume of the devices. The possibility of controlling

shape memory effect by means other than temperature had opened up a research field aimed

at designing next generation sensors and actuators which can operate efficiently at higher fre-

quencies. Since controlling the magnetic field is easier than temperature, potential devices

based on this effect were expected to be technologically much simpler.

In 1842, while examining a simple of iron, Joule invented that magnetic field can alter the

dimensions of material which is merely an interplay betweenstructural and magnetic degrees

of freedom [47, 48]. Such an interplay, inherent to all magnetic materials, produces small

changes to the dimensions of the cell. However, the deformation of the crystal structure in

shape memory alloys originates from different microscopic mechanism. Normal ferromagnets

like Fe and Ni exhibit strain associated with magnetostriction is∼10−4%, while materials with

large magnetostriction, for example Tb-Dy-Fe alloys (Terfenol-D), exhibit strain of nearly

0.1% [49]. In contrast, maximum magnetic field-induced strain (MFIS) achieved in magnetic

shape memory materials till now is∼10% [50–52], two order of magnitude larger than those

corresponding to conventional magnetostriction. Magnetic shape memory alloys possess all

the properties of ordinary (non-magnetic) shape memory alloys. In addition to temperature

and stress, magnetic field plays the role of extra degrees of freedom to achieve the desired

functional effect.

Due to long-range magnetic ordering, below the Curie temperature, the martensitic vari-

ants (structural domain) remain magnetized [53]. The magnetizations of magnetic domains

within those martensitic variants align themselves along their easy axis in such a way that

it minimizes the magnetostatic energy [53–55]. If the magnetic anisotropy is weak, applied

magnetic field only rotates magnetization directions of magnetic domains within martensitic

variants which results in very small changes in dimensions and correspond to conventional

magnetostriction. However, when the magnetic anisotropy is high and rotation of magnetic

domains significantly increase the magnetic energy, the magnetic field orients the structural

domains such that their magnetization axis becomes alignedwith the external applied field
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[56]. The difference in Zeeman energy [57] between the martensitic variants controls their

rotational motion which brings about significant changes inthe dimensions of the material

[56, 58]. Generally, the deformation caused by induced strain is not restorable after the re-

moval of the magnetic field. Reversibility in shape changes can only be achievable for small

deformation. Besides heating the material, other possibilities to recover the induced strain

are: rotation of the magnetic field and application of stressperpendicular to the magnetic

field [56]. By extending the concept with conventional shapememory alloys, pseudoelastic

or superelastic effect in magnetic shape memory alloys are termed with a prefix “magnetic”.

However, the main difference between thermally and magnetic-field induced pseudoelasticity

is that the latter does not rely on the twin boundary motion, but on the coupling of structural

and magnetic parameters at microscopic level leading to thepossibility of inducing marten-

sitic transformation upon application of a magnetic field. External magnetic field triggers the

forward or reverse martensitic transformation depending upon whether austenite or martensite

possess the higher magnetizations. Similar to thermally induced pseudoelasticity, the forward

and the reverse transition in presence of magnetic field generates hysteresis loop [56].

1.3.1 Ni-Mn based Magnetic Shape Memory Alloys (MSMAs)

Till date, the most investigated magnetic shape memory alloy is Ni2MnGa. This material

generated tremendous interest when it was discovered because it exhibited a two-way shape

memory effect and produced magnetic field-induced strain (MFIS) of about 6.6% in a mag-

netic field of less than 1 Tesla [59]. Subsequently, intense research has been carried out for

over more than a decade. The primary focus has been to understand the structural and mag-

netic properties of these materials along with the mechanism of the mertensitic transformation.

Numerous Xray diffraction (XRD) and Neutron scattering experiments have beenperformed

to probe the crystal structure and structural parameters for the parent and the product phases of

Ni2MnGa [60–65, 68]. The high temperature austenite phase was unambiguously reported to

be crystallizing in L21 structure, popularly known as Heusler structure [60–65] (F 1.3).

Originated after a German engineer and chemist Friedrich Heusler, who investigated such an

alloy in 1903, this intermetallic structure was found to be ferromagnetic. The associated space

group is Fm̄3m (space group number 225) and can be best visualized with four interpenetrat-

ing FCC sublattice at (0,0,0), (0.50,0.50,0.50), (0.25,0.25,0.25) and (0.75,0.75,0.75). The oc-

tahedral symmetric positions, i.e., the last two sublattices, are occupied with Ni atoms and the
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F 1.3: The cubic unit cell of the L21 Heusler structure. The blue, red and green spheres
represent Ni, Mn and Ga atoms, respectively. Ni atoms occupy(0,0,0) and (0.50,0.50,0.50)
sublattices, Mn atom sits in (0.50,0.50,0.50) sublattice and Ga atom fills (0.75,0.75,0.75)
sublattice.

tetrahedral sublattices, i.e., first two sites, are occupied with Ga and Ni atoms, respectively. In

Wyckoff notation, site symmetry of the first two occupied poisons aredesignated as 4a and 4b,

and the last two equivalent occupied sites as 8c. Cu2MnAl is considered as prototype for this

class of materials. Experimental investigations found that the martensitic phase of Ni2MnGa

has nonmodulated tetragonal and orthorhombic structures [60, 63, 65, 68]. In addition to these

martensitic phases, metastable premartensitic modulatedphases are observed with (c/a)< 1

indicating a precursor phenomenon prior to the martensitictransformation [60, 64, 66, 68–

71]. The unusual large magnetic field-induced strain in a moderate field, the observed large

magnetocaloric effect [72] and the large negative magnetoresistance [73] makes the material

a promising candidate for technological applications.

The understanding of the physics behind the martensitic transformation in Ni2MnGa started

with the understanding of precursor phenomenon in materials undergoing phase transition [5].

Precursor phenomenon or pretransitional phenomenon has been observed in varieties of ma-

terials like High TC superconductors [74], ferroelectrics [75], manganites [76, 77] and shape

memory alloys [78] via elastic constants and phonon anomalies [5]. This phenomenon arises

as a result of mesoscopic texture within a single thermodynamic phase [5]. However, changes
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in the physical properties occur at the nanometer level which result in satellite peaks in diffrac-

tion patterns implying the presence of modulated structures [79–83]. These meta-stable struc-

tures occur as an intermediate phase during the martensitictransformation and decide the way

in which material approaches towards the martensitic phase. This type of transformation oc-

curs due to lower resistive forces along specified directiondecided by the symmetry of the

high temperature phase. The high symmetric intrinsically unstable BCC structure lowers its

symmetry due to internal displacements of each [110] planesalong the<11̄0> direction. It is

important to mention that this property is not only limited to materials possessing cubic sym-

metry [5]. According to Friedel [84], since the transformation occurs at temperature higher

than the Debye temperature, the crystal structure stabilizes due to excess phonon entropy

caused by softening of phonon mode (acoustic TA2) over the entire Brillouin zone [85]. The

many observed varieties of the modulated (premartensitic)structures occur due to degrees of

shuffling of [110] atomic planes with<11̄0> vibration, which determines the periodicity of

the stacking sequence in that phase. The periodicity of shuffled planes in the modulated struc-

tures is related to the pronounce softening of TA2 phonon mode [5]. In 1947, while studying

the kinematics of martensitic transformation inβ-brass, Zener [86] proposed a model of soft

mode that incorporated the elastic response of highly symmetric unstable austenite phase to

energetically lower vibrational excitation. Since the shear elastic constant C′ is a measure

of resistance against a shear stress applied across [110] plane in<11̄0> direction, the theory

predicted that it would attain low value in the austenite phase compared to the other elastic

moduli. Latter theoretical and experimental evidences showed that materials with BCC sym-

metry possess very low value of shear modulus. In effect, the softening of phonon branch

and low value of shear modulus are the signatures of an unstable BCC structure that provide

a channel through which the martensitic transformation canoccur [5]. Certain shape mem-

ory alloys exhibit complete softening by exhibiting an anomalous dip in TA2 phonon branch.

This means that the phonon branch attains a minima at a particular wave vectorq,0. The dip

becomes more pronounced during cooling which means that theanomalous phonon branch

softens most than the other branches. The origin of this anomaly is traced back to the nesting

features of Fermi surfaces at specified wave vectors [87, 88]. Here, it is important to mention

that the position of the dip depends on the compositions of the material. Although this kind

of low energy excitations is not a necessary characteristicfor the martensitic transformation

to occur, however, it significantly alters the actual transformation path [5]. The wave vector

corresponding to the pronounced phonon anomaly is related to the periodicity of the shuffling

of atomic planes in modulated structure [89].
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The theory of soft modes was first proposed by Anderson [90] and Cochran [91] for fer-

roelectrics to describe the structural phase transitions.They identified a particular transverse

phonon branch whose displacement pattern is identical to the atomic displacements of the

materials undergoing martensitic transformation. The restoring force of this branch weakens

during cooling and finally frequency corresponding to that vibration branch vanishes at the

transition temperature [5]. As a consequence, the parent phase becomes unstable and trans-

forms into a low temperature structure.

Upon cooling below the martensitic temperature (TM), the additional reflected peaks and

diffraction angles in the X-ray diffraction measurements suggest existence of a periodical

shuffling of atoms (modulation) along the [110] direction. Different types of modulated struc-

tures were found till now. If the modulation is formed in sucha way that 5th atomic plane

along (110) direction remains in its original position, i.e., one period of modulation is accom-

modated in 5 (110) atomic planes, the structure is referred as 5M (M stands for monoclinic)

modulation structure [64, 66, 70]. The corresponding modulation wave vectorq/qmax= 0.4.

However, based on more accurate results it was modified toq/qmax= 0.43. Similarly, for 3M

modulated structure, the modulated wave vector was reported q/qmax= 0.33 [67, 70]. On the

other hand, the structure 7M can be more complicated than a simple sine wave [65]. It can be

a combination of several harmonics which leads toq/qmax= 0.28 [27].

For Ni2MnGa, pronounced softening of TA2 vibrational branch along [110] direction oc-

curs at wave vector ofζ0= 0.33 which implies the existence of premartensitic modulated

structure [67, 70]. Experimental results reveal that premartensitic transformation begin at

temperature TPM= 260 K, which is well above the martensitic transformation temperature

(TM= 202 K) [92]. The energy of the soft mode increases as one approaches to the martensitic

transformation temperature which signifies that softeningof the vibrational mode is related

to the premartensitic structure rather than to the martensitic one [27, 93]. It was shown that

TPM strongly depends on the external magnetic field while TM has no such field dependence

[94]. Analysis of the inelastic neutron scattering data in Ni-Al confirmed the presence of pre-

martensitic structures. However, no measurement of premartensitic transformation tempera-

ture has been reported in Ni-Al. Apparently, the only relevant difference between Ni-Al and

Ni2MnGa is that the latter possesses a long range ferromagneticorder [95, 96]. Martensitic

transformation in Ni2MnGa can be suppressed with increasing the Ni content at the expense

of Mn one [97]. The above facts clearly demonstrate that the coupling between magnetic and
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elastic parameters drive the premartensitic transformation. However, recent experimental in-

vestigation on low energy spin wave and phonon anomaly in Ni2MnGa showed no existence

of magneto-elastic coupling between the respective parameters [27]. Therefore, the physical

understanding of the microscopic origin of premartensitictransformation still remains incom-

plete and various characteristics have to be further examined in details before concluding to a

comprehensive theory.

Low martensitic temperature (TM∼220 K) [60], having Curie temperature just above the

room temperature (TC∼376 K) [60], brittleness in single crystalline form and excessive de-

pendence of magnetic field-induced strain on the material structure pose restriction on the

utilizations of Ni2MnGa. Other Ni2MnX (X= Al, Ge, In, Sn, Sb) [56, 98–101] Heusler alloys

are incapable of exhibiting shape memory effect. Nevertheless, for all the materials, total mag-

netizations in the austenite phase are quite high (∼4 µB), mainly for large localized moments

in Mn sublattice (∼3.5µB). The total magnetizations are one of the important parameters for

F 1.4: The cubic unit cell of the Hg2CuTi inverse Heusler structure. The blue, green, yel-
low and red spheres represent MnI, MnII, Ni and Ga atoms, respectively. MnI, MnII, Ni and
Ga atoms occupy (0,0,0), (0.25,0.25,0.25), (0.50,0.50,0.50) and (0.75,0.75,0.75) sublattices,
respectively.

judging the industrial potentials of shape memory alloys, since magnetic field-induced strain

is directly proportional to it. Therefore, quest for shape memory alloys with better functional-

ities automatically leads to Mn2NiX materials, different aspects of which I studied intensively

during my doctoral work.
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Till date, the research on Mn2NiX materials is rather few as the research on these materials

with a focus to explore shape memory properties started veryrecently. The first successful at-

tempt to measure the crystal structure of Mn2NiSn was made way back in 1987 by Helmholdt

and Buschow [102]. The Rietveld refinement analysis of theirNeutron diffraction data col-

lected at 4.2 K manifested that the crystal structure differs from usual Heusler structure. The

results of Helmholdt and Buschow [102] revealed that the structure is inverse Heusler or

Hg2CuTi which is obtained from the Heusler structure when the position of Mn atom at

(0.50,0.50,0.50) and Ni atom at (0.25,0.25,0.25) (in Ni2MnGa) are interchanged, keeping

position of the other two species unchanged (F 1.4). The structure can be associated

with the space group F̄43m (space group number 216). Due to lower point group symmetry

(non-centrosymmetric cubic structure) than Fm3̄m space group, the degeneracy of 8c Wyckoff

position is now broken, and occupied crystal positions (0.25,0.25,0.25) and (0.75,0.75,0.75)

are denoted by 4c and 4d, respectively. After a long gap of 18 years, Liuet al. [103] first

observed the shape memory effect in Mn2NiGa. The material showed a martensitic trans-

formation (TM) at 270 K and a quite high Curie temperature (TC) of 588 K, which is higher

than prototype material Ni2MnGa. The excellent field controllable shape memory effect up to

4% had been observed in this material. These results projectMn2NiGa as a new promising

shape memory material with functional parameters like TM and TC better than Ni2MnGa. The

only shortcoming of this material, in comparison to Ni2MnGa, is its low magnetizations of

about 1.2µB/f.u [103–107]. Interestingly magnetic measurements on Mn2NiSn obtained sig-

nificantly high magnetizations of about 2.5µB/f.u. [102] and 2.95µB/f.u. [108]. These results

thus indicate that the physics of Mn2NiX materials could be quite interesting and thus worth

exploring.

1.4 The role of first-principles electronic structure calcula-

tions in understanding materials properties

An understanding of materials properties from microscopicpoint of view can be obtained

from ab initio calculations of their electronic structures. This means that one has to obtain the

solution of Schrödinger equation for electrons in real solids, where their quantum mechanical
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behavior is determined by the presence of other electrons and atomic nuclei. For such a many

body interacting system, exact solution of the Schrödinger equation is not possible. How-

ever, this situation can be overcome by appropriate approximations. Recent advancements in

computational powers and developments in the accuracy and efficiency of calculation strate-

gies have greatly expanded our capabilities. Along with theimprovements in computer based

knowledge, theoretical breakthrough in the fields of nonempirical and parameter free “first-

principles” methods have been achieved which project the many body interacting system onto

a noninteracting single particle one, where a single term, known as exchange-correlation term,

contains all the information about many body interactions [109–111]. Integration of first-

principles based methods with advanced softwares facilitate tackling problems of wide variety

accurately and successfully within reasonable time periods [110, 112–120]. Over the years,

application of these methods in calculating the electronicstructures of collinear and complex

noncollinear magnetic ground states [121–124], dynamicalproperties of materials [125–127]

and simultaneous comparison of these results with experimental observations confirmed the

accuracy of these methods. Various problems related to disordered alloys [128–135] have

also been encountered with these sophisticated tools. Now-a-days, these methods are widely

accepted to predict properties of new materials where experimental evidence is not present.

Therefore, we conclude that first-principles electronic structure methods are the essential the-

oretical tools to calculate the properties of the materialsthat we have planned to investigate

during my doctoral research accurately.

1.5 Outline of the thesis

The available results on Mn2NiX alloys revealed that the materials may have interesting func-

tional properties worth investigation. In particular, thepromising features of Mn2NiGa war-

rant deeper explorations into the physics of these materials. In this thesis, we carry out first-

principles based detailed investigations into the following aspects of Mn2NiX (X= Al ,Ga, In,

Sn) materials:

1. the possibilities of observing the SME in all the materials.

2. the mechanism behind martensitic phase transformationsin these materials.
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3. the magnetic structures of these materials and their possible connections to their func-

tionalities.

4. the effect of chemical ordering and the possible consequences on the functionalities.

In the following paragraphs we briefly describe the contentsof chapters of my thesis,

starting from the second one.

Chapter 2 contains a description of the theoretical background on techniques that have

been used. It starts with a brief description of the Density Functional Theory (DFT) formal-

ism, a robust and efficient tool to solve many body problem in condensed matter physics in

a computationally tractable way. Various implementationsof the DFT which are used in this

work are described next. In this work, we have used four different implementations: the Plane

Wave Pseudopotential (PWPP) method, the Full Potential Linearized Augmented Plane wave

(FP-LAPW) method, the Full Potential Korringa Kohn Rostoker (FP-KKR) method and the

Exact Muffin Tin Orbital (EMTO) method. The choice of a particular implementation depends

on the nature of the problem. In the Pseudopotential method,the central idea is to replace the

actual crystal potential by an artificial (Pseudo) potential such that the wave functions in the

core and in the valence regions join smoothly across the boundary in order for the quantum

mechanical operators be expressible in a simple plane wave basis set with a reasonable com-

putational cost. A more accurate description of the potentials and wave functions are provided

by the full potential methods and FP-LAPW is one of them. In this method, the core region is

described by a Muffin-tin approximation to the crystal potential. The FP-KKR and the EMTO

methods are based on multiple scattering approaches. The importance of these methods is

that the energy spectrum is obtained by solving the Green’s function and hence the configura-

tion averaging in case of disordered systems can be carried out in an efficient way. The most

extensively used method to treat chemical and magnetic disorder is the Coherent Potential

Approximation (CPA). Both FP-KKR and EMTO methods, in theircurrent implementations,

use CPA to study disorder, while for PWPP and FP-LAPW methods, the disorder is mod-

eled by construction of large and artificial supercells. Thus, if the system possesses chemical

and/or magnetic disorder, FP-KKR-CPA and EMTO-CPA methods are advantageous to use.

In Chapter 3, we first explore the possibilities of realizingshape memory effects in Mn2NiX

(X= Al, Ga, In, Sn) alloys, followed by an analysis of their electronic structures. We find vol-

ume conserving structural transformation from cubic (austenite) to nonmodulated tetragonal

(martensite) phases in all four systems. We come to this conclusion based upon the energy
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landscapes (energy versus (c/a) plot, where (c/a) determines the tetragonal deformation) as

in all four cases global minima are obtained for (c/a), 1. In addition, we find shallow min-

ima in the energy landscapes of all four, which are indicative of the existences of modulated

premartensitic structures. From the trends in the energy landscapes, we conclude that only

Mn2NiGa and Mn2NiAl would be suitable for practical applications, since the TM for these

two materials only, would lie close to the room temperature.The trends in the energetics

across the materials are explained by the hybridizations between Ni and two Mn atoms occu-

pying crystallographic inequivalent positions in the inverse Heusler structure. We conclude

that a relatively weaker hybridization between the magnetic atoms is responsible for a nearly

stable cubic phase at low temperatures for Mn2NiIn and Mn2NiSn. The magnetic moments

of the alloys are governed by the Mn atoms which are antiferromagnetically coupled and

thus produce a smaller net moment in comparison to Ni2MnX alloys. The net moments in

Mn2NiIn and Mn2NiSn are smaller than the other two alloys by at least a factorof two. These

trends are consistent with the weak hybridizations betweenthe magnetic atoms in Mn2NiIn

and Mn2NiSn arising due to larger distances between the magnetic atoms. Thespelements do

not seem to play any direct role, except modifying the relative inter-atomic distances between

the magnetic constituents influencing the hybridizations between them. Thus, the physical

properties of these materials can be related to the relativesizes of thespconstituents. In a nut-

shell, this chapter demonstrates the shape memory possibilities in all four alloys considered

and discuss their electronic structures and magnetic properties, making a comprehensive and

comparative study.

In Chapter 4, we carry out investigations into the lattice dynamics of Mn2NiX alloys in

order to understand the origin of the martensitic transformations in these systems. In our

study, the transverse acoustic TA2 branch in the phonon dispersion plots for Mn2NiX mate-

rials along [ξξ0] direction,ξ being the phonon wave vector, show unstable phonon modes,

which are in accordance with our results of Chapter 3 that high temperature austenite phases

of these materials are unstable. We try to explain the qualitative and quantitative features

in the phonon dispersion plots from the vibrational densities of states, features in Fermi sur-

faces and elastic constants. We find that pure mechanical instabilities can be associated with

Mn2NiGa and Mn2NiAl. We understand the features of the vibrational densities of states from

the inter-atomic force constants associated with their nearest neighbor environments. We find

that the nesting features in the minority band Fermi surfaces are responsible for the anoma-

lous phonon instabilities in these systems. The phonon wavevectors at which the instabilities
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are most pronounced indicate the possibilities of occurrences of premartensitic modulated

phases, corroborating our findings of Chapter 3. However, the results also indicate that these

premartensitic modulated phases could be quite complex andfurther investigations, both ex-

perimental, and theoretical, into this aspect are necessary.

In Chapter 5, we investigate the ground state magnetic structures of Mn2NiX alloys.

Specifically, we look into possibilities of stable noncollinear spin structures by computations

on various spin spiral states. Till now, to the best of our knowledge, no magnetic shape mem-

ory alloy is reported having noncollinear magnetic structure as the magnetic ground state.

Previous calculations on Ni2MnGa and Ni2MnAl alloys in Heusler structure did not find any

spin spiral state as the lowest energy state. Our calculations showed that under about 3.5%

compressions of the lattices, that is under external pressure, magnetic structures of Mn2NiGa,

Mn2NiAl and Mn2NiSn transform from a collinear ferrimagnetic state to noncollinear states,

which are combinations of different planar spin spirals. For Mn2NiIn, further compressions

would be necessary to stabilize a noncollinear state. This phenomenon carries tremendous

importance with respect to functionalities of these materials as this may be a signature that

these materials would exhibit magnetic barocaloric effect (BCE). Our analysis shows that the

hybridizations between the two spin bands (up and down) openup a hybridization gap at the

Fermi level. This along with the nesting of spin-majority and spin-minority parallel Fermi

sheets is responsible for the stabilizations of the spin spiral states over the collinear ones. We

analyze these results further by computing the inter-atomic and intra-atomic exchange interac-

tions. The results demonstrate that the magnetic frustrations of the Mn atoms at the octahedral

sublattices stabilize the noncollinear spiral structures. Simultaneous investigations of the spin

wave excitations of Ni2MnX systems in Heusler structure demonstrate that the inverse Heusler

type arrangement is necessary to obtain stable noncollinear spin configurations in Ni-Mn-X

systems. In summary, the work of this chapter shows another distinctive feature of Mn2NiX

systems arising out of the structural arrangements of atoms, and that the effects of this on the

ground state spin structures can be utilized for functionalfeatures.

In Chapter 6, we focus on the effects of chemical order on the functionalities in Mn2NiX

alloys. Recent experiments on Mn2NiGa and Mn2NiSn predicted that the arrangements of var-

ious species in these two systems are not exactly perfectly ordered inverse Heusler, but that

the octahedral sites have disordered NixMn1−x configurations. Our investigations show that

the introduction of such anti-site disorder on the octahedral sublattices improves the magneti-

zations by and order of magnitude in all four alloys under consideration. The impact from the
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functionality point of view is that it magnifies∆M which is the magnetization in the marten-

sitic phase with respect to that in the austenite phase, resulting in a large Zeeman energy at

relatively small magnetic field, a feature that facilitatesmartensitic transformation with appli-

cation of relatively small magnetic field. The magnitude of∆M being negative implies that

these materials exhibit inverse magnetocaloric effect (MCE), a requirement for Green technol-

ogy in refrigeration, for example. The results of this chapter is extremely significant as they

demonstrate that the intrinsic partial disorder in these materials lead to significant advantages

over the prototype Ni2MnX systems with regard to various functionalities.

Chapter 7 concludes with a summary of the main results of the thesis. The importance of

these results along with the possible extensions are discussed thereafter.
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Chapter 2

Methods for calculating electronic

structure in solids

2.1 Introduction

The electronic structure of a solid can be obtained by solving the many body Schrödinger

equation

HΨ(r1, r2, ..., r i, ...,R1,R2, ...,RI , ...) = EΨ(r1, r2, ..., r i , ...,R1,R2, ...,RI , ...) (2.1)

whereΨ(r1, r2, ..., r i , ...,R1,R2, ...,RI , ...), the many body wavefunction, contains all the in-

formation about electrons and nuclei. The indicesi andI are for electrons and atomic nuclei,

respectively.H is the Hamiltonian andE the total energy of the system. The Hamiltonian

describes the motion of each individual electron and nucleifor every atom in the system and

thus, takes the following form

H = −~
2

2

∑

I

∇2
I

MI
+

1
2

∑

I,J

ZI ZJe2

|RI − RJ|
− ~

2

2

∑

i

∇2
i

mi
+

1
2

∑

i, j

e2

|r i − r j |
−

∑

i,I

ZIe2

|r i − RI |
(2.2)

where MI denotes nuclear mass, mi is the electron mass,RI and r i stand for nuclear and

electron coordinates, respectively, and Z denotes the atomic number. The first and third terms

in the Hamiltonian are kinetic energies of nuclei and electrons, respectively. The second,

23
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fourth and fifth terms are Coulomb interactions between nuclei and nuclei, electrons and

electrons and electrons and nuclei, respectively.

The nuclear degrees of freedom can be disentangled from the electronic ones via adia-

batic approximation [136]. Being much lighter than the ions, electrons can move much faster

than nuclei in the solid. The time scale for the electronic relaxation is usually much smaller

than the ones for the ions. This effectively means that the ions can be considered at rest

while studying the electronic degrees of freedom. Thus the total wave function of the system

can approximately be written as the product of the functionsdescribing the ions and the elec-

trons. Thus the electronic structure problem can be solved by concentrating on the many body

Schrödinger equation for electronic degrees of freedom only. Within this approximation, the

electronic description can be given as,

Heψe = Eeψe (2.3)

where the Hamiltonian is given by

He = −
~

2

2

∑

i

∇2
i

mi
+

1
2

∑

i, j

e2

|r i − r j |
−

∑

i,I

ZIe2

|r i − RI |
= T +W+ Vext (2.4)

The first term,T, is the kinetic energy of the electrons. The second term,W, is the Coulomb

potential and the third term,Vext is the external potential.

2.2 Density Functional Theory (DFT)

In spite of simplifications achieved by the adiabatic approximation, the problem still remains

a many body one and is practically impossible to solve for solids even with modern day

computers. The Density Functional Theory (DFT) developed half a century ago, provides an

excellent way to circumvent this problem.

Due to its remarkable success in describing the ground stateproperties of large number of

materials in different forms like bulk, surfaces, interfaces, nanostructures, DFT has become

the essential computational tool of modern day electronic structure calculation. Instead of

complicated many body wave function formalism, which depends on the coordinates of all
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the electrons in the system, DFT immensely simplify the manybody problem by constructing

the ground state properties as functionals of single particle electronic charge density. The

basis of DFT is the following two theorems proposed by P. Hohenberg and W. Kohn [109]

Theorem I: For any system of interacting particles in an external potential Vext(r ), the

potentialVext(r ) is determined uniquely, except for a constant, by the ground state particle

densityn0(r ) [110].

Theorem II: A universal functionalfor the energyE[n] in terms of densityn(r ) can be

defined, valid for any external potentialVext(r ). For any particularVext(r ), the exact ground

state energy of the system is the global minimum value of thisfunctional, and the densityn(r )

that minimizes the functional is the exact ground state density n0(r ) [110].

Since the functionalE[n] is not known, the Hohenberg-Kohn theorems, at first, appear

to be inappropriate for practical application. However, Kohn and Sham later transformed

the rather abstract looking theorems into a practical scheme [111]. The basic idea of Kohn-

Sham approach is the introduction of an auxiliary noninteracting electronic system where the

electrons are exposed to an effective external potentialVe f f(r ). The constrains on the effective

potential is that the resulting density of the noninteracting system equals to the density of the

true interacting system. This procedure of Kohn-Sham alongwith the variational principle

leads to Schrödinger-like equations:

(HKS − ǫi)φi(r ) = 0, (2.5)

whereǫis are the eigenvalues and HKS is the effective Hamiltonian.

HKS = −
1
2
∇2 + Ve f f (in Hartree units) (2.6)

with

Ve f f = Vext(r ) + VHartree(r ) + Vxc(r ) (2.7)

The second term is called Hartree potential,

VHartree =
1
2

∫

n(r )n(r ′)
|r − r ′| drdr ′ (2.8)
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and the last term is exchange-correlation potential definedas,

Vxc =
δExc[n]
δn(r )

(2.9)

whereExc is the difference between the kinetic energy plus the internal interaction energies of

the true interacting many body system and those of the auxiliary single particle system with

electron-electron interactions replaced by the Hartree energy. The density is calculated from

single-electron orbitals

n(r ) =
N

∑

i=1

|φi(r )|2 (2.10)

and the total number of electron is

N =
∫

n(r ) dr (2.11)

Within the Kohn-Sham approach, expression for the ground state energy functional turns out

to be

EKS = Ts[n] +
∫

Vext(r )n(r ) dr + EHartree[n] + Exc[n] + EII (2.12)

whereEII is the interaction between the nuclei. The single particle kinetic energyTs is given

by

Ts =
1
2

N
∑

i=1

∇2φi(r ) (2.13)

Equations 2.5 - 2.7 are well-known Kohn-Sham equations, with the resulting densityn(r ) and

the total energyEKS given by equations 2.10 and 2.12. These equations have single particle

form with the potential that must be found self-consistently with the resulting density.

The above formulae represent the non-spinpolarized Kohn-Sham scheme for electrons in

a solid. The spin-density functional formalism is obtainedby introducing two spin-densities

n↑(r ) andn↓(r ). They are solutions of the Kohn-Sham equations 2.5 for the same effective

potential as above, the only modification occurring in the exchange-correlation part. Now, the
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spin-dependent exchange-correlation potential can be written as,

Vσ
xc([n

↑, n↓; r]) =
δExc[n↑, n↓]
δnσ(r )

(2.14)

where (σ =↑ or ↓) depends on both the spin densities.

The solution of the equation 2.5 requires certain approximations for the exchange and cor-

relation term because they are not known exactly, except forthe free (homogeneous) electron

gas. The most widely used approximations are the Local Density Approximation (LDA) and

the Generalized Gradient Approximation (GGA). Within the LDA, the exchange-correlation

energy density per electron is assumed to be the same as that in a homogeneous electron gas

[111]

ELDA
xc [n] =

∫

d3rn(r )εhom
xc (n(r )) (2.15)

whereεhom
xc is the sum of the exchange and correlation energies of the homogeneous elec-

tron gas of densityn(r ). Along with the electron density, GGA [137, 138] includes its local

gradient into the exchange-correlation functional

EGGA
xc [n] =

∫

d3rn(r )εGGA
xc (n(r ), |∇n|) (2.16)

Several different forms forεGGA
xc , the GGA energy density per electron, have been suggested.

Moreover, over the past several years, in addition to the GGAfunctional, other approximations

for the exchange and correlation have also been developed [139–145].

Different choices of the basis sets to express the Kohn-Sham orbitals, the solution of

equation 2.5, led to the construction of different electronic structure methods. There are three

major groups of methodologies practiced now-a-days: the PseudoPotential methods, the Full

Potential methods and the Green’s function based methods. In this thesis, we have used all

three methods. In the next section, we describe these methods briefly.
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2.3 Pseudopotential method

In this method, the strong core potential of an atom is replaced by a pseudopotential. It is done

in such a way that the ground state wavefunction corresponding to the “Pseudo-Hamiltonian”

mimics all electron valance wavefunction outsider a cut-off radius. The construction of the

pseudopotentials removes the wiggles in the wave functionsof the inert nuclei in the core

region, resulting in a continuation of smooth valance wavefunctions there. As a result, the

pseudo-wavefunctions can be represented by a reasonable number of plane waves, making the

method computationally tractable. In the next subsections, we briefly describe constructions

of pseudopotentials and their evolutions.

2.3.1 The Phillips-Kleinman Construction

The pseudopotential approach originated from orthogonalized planewave (OPW) [113, 146]

method, where the valance wavefunctionsϕυ are expanded using a basis set containing planewaves

that are orthogonalized to the core statesϕc,

φOPW(k +G) = φPW(k +G) −
∑

α,c

< ϕc|φPW(k +G) > ϕα,c (2.17)

whereφPW is a planewave andφOPW is the OPW and the summation is extended over core

states (c) and atom (α). The pseudo states are defined as

ϕPS
υ = ϕυ +

∑

α,c

aυcϕα,c (2.18)

with aυc =< ϕα,c|ϕPS
υ >

The pseudo states satisfy a Schrödinger like equation withan additional contributionVR

to the Hamiltonian,

VR =
∑

α,c

aυc(ευ − εα,c)|ϕα,c >< ϕα,c| (2.19)
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AddingVR to the original potentialV leads to the Phillips-Kleinman pseudopotentialVPK

VPK = V + VR (2.20)

Outside the cut-off radiusr c, VPK becomes equal toV since the core wavefunction vanishes.

2.3.2 Norm-Conserving Pseudopotentials (NCPP)

Since the days of Phillips-Klieinman construction, the sophistication and the efficiency of

pseudopotentials have been improved to satisfy the following goals: (i) it has to be as soft as

possible, (ii) it should be as transferable as possible, (iii) the pseudo-charge density should

produce the valance charge density as accurately as possible. The Norm-Conserving Pseu-

doPotentials (NCPP) are pseudopotentials constructed such that the pseudo-wavefunctions are

exactly equal to the actual valance wavefunctions outsider c, whereas insider c, the pseudo-

wavefunctions differ from the true wavefunctions [147, 148]. However, the normis being

conserved, i.e.,

∫ rc

0
dr r2ϕPS∗(r)ϕPS(r) =

∫ rc

0
dr r2ϕ∗(r)ϕ(r) (2.21)

The wavefunctions and eigenvalues are different for different angular momenta,ℓ. Pseudopo-

tentials of these type are often called semi-local. The measure of transferability is provided

by logarithmic derivatives atr c,

1
ϕPS(rc,E)

dϕPS(rc,E)
dr

=
1

ϕ(rc,E)
dϕ(rc,E)

dr
(2.22)

The equation holds exactly forE equal to the atomic reference energy.

2.3.3 Ultrasoft Pseudopotentials (USPP)

In 1990, Vanderbilt proposed [149–151] a new and radical idea for generating pseudopoten-

tials, which differ significantly from the concept of Norm-conservation. Pseudo-wavefunctions

generated in this way, matches to the all-electron wavefunctions outsider c, as prescribed

within norm-conserving pseudopotentials scheme. However, inside r c they are allowed to
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soften as much as possible. The norm-conserving constraintis removed to accomplish this.

Although this introduces some complications, but greatly reduce the number of plane waves

required to construct the basis set. The three-fold complications inherent to the construction

of ultrasoft pseudopotential are: (i) since the wavefunctions are not necessarily been normal-

ized, they introduce a non-trivial overlap into the secularequation, (ii) the pseudo charge

density cannot simply be obtained with just calculating
∑

ϕ∗ϕ as done with norm conserv-

ing pseudopotentials. Rather, a term need to be added in the core region, (iii) relaxation of

the norm conservation results in a less transferable pseudopotentials. Nevertheless, usage

of these pseudopotentials over the years in large scale calculations proved their reliability in

condensed matter calculations and most importantly, the cost of generating these kinds of

pseudopotentials is negligible compared to the cost of calculations where they are used.

2.4 Projector Augmented Wave (PAW) method

The drawback of pseudopotential method is that all the information of the full wave function

close to the nuclei is lost. This can influence the calculations of certain properties, such

as hyperfine parameters and electric field gradients. The second major disadvantage of this

method is that one has a priori no idea of when the approximation yields reliable results in

the real material environment. A more general approach is the Projector Augmented Wave

(PAW) method, introduced by Blöchl in 1994 [152], as an extension of both Augmented Plane

Wave (APW) [114–116] and pseudopotential methods. PAW method is categorized in a class

of “all-electron” methods, in which the full information about the wavefunction is available.

The basic idea of the PAW method is to divide the wavefunctioninto two parts: a partial wave

expansion within an atom centered sphere, and an envelope function outside. The two parts

are then matched smoothly at the sphere edge. In this section, we present a brief description

of this formalism.

We first introduce a linear transformation̂T which maps computationally convenient

smooth wavefunctions|ψ̃ > to the physically relevant all-electron wavefunctions|ψ >

|ψn >= T̂ |ψ̃n > (2.23)
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where n is a quantum state label, consisting of band index, spin andk-vector index. The

ground state smooth wave function is then obtained by solving the Kohn-Sham equations

T̂ †ĤT̂ |ψ̃n >= ǫnT̂ †T̂ (2.24)

Since the true wave functions are already smooth at a certaindistance from the core, which

requires that the transformation must be unitary beyond theaugmentation cut-off and a sum

of atom-centered contributions inside

T̂ = 1+
∑

a

T̂ a (2.25)

wherea is an atom index and̂T a= T̂ a(r − Ra) = 0 for |r − Ra| > ra
c. The cut-off radii ra

c is

chosen such that there is no overlap between augmentation spheres. Within the augmentation

region, the smooth wavefunction can be expanded into smoothpartial waves̃φa

|ψ̃n >=
∑

ia

ca
ni|φ̃

a
i > (2.26)

Similarly the all-electron counterpart can be written as

|ψn >=
∑

ia

ca
ni|φa

i > (2.27)

Now, the transformation can be fully expressed in terms of partial waves

|φa
i >= (1+ T̂ a)|φ̃a

i >=⇒ T̂ a|φ̃a
i >= |φa

i > −|φ̃
a
i > (2.28)

Hence the true wavefunction are expressed as

|ψn >= |ψ̃n > −
∑

ia

ca
ni|φ̃

a
i > +

∑

ia

ca
ni|φa

i > (2.29)

where the expansion coefficients are need to be determined. Since the transformation operator

T is linear, the coefficients must be linear functionals of the smooth wavefunction

ca
ni =< p̃a

i |ψ̃n >≡ Pa
ni (2.30)
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where p̃a
i are some smooth projector functions. The non-overlapping condition of the aug-

mented spheres forces the one-center expansion of smooth wavefunctions
∑

i < p̃a
i |ψ̃n > |φ̃a

i >

to be identical with|φ̃a
i >. This is equivalent to the completeness relation

∑

i

|φ̃a
i >< p̃a

i | = 1 (2.31)

which in turn implies that

< p̂a
i1 |φ̂

a
i2 >= δi1,i2 (2.32)

i.e. smooth projector functions and partial waves are mutually orthonormal within the aug-

mentation sphere. Using equations 2.29 and 2.30, we obtain aclosed form for the transforma-

tion operator

T̂ =
∑

a

∑

i

(|φa
i > −|φ̃a

i >) < p̃a
i | (2.33)

which allows us to get the true, all-electron, Kohn-Sham wavefunctionψn(r )= 〈 r | ψn 〉

ψn(r ) = ψ̃n(r ) +
∑

a

∑

i

(φa
i (r ) − φ̃a

i (r )) < p̃a
i |ψ̃n > (2.34)

It is generally convenient to introduce the one center expansions

ψa
n(r ) =

∑

i

ψa
i (r ) < p̃a

i |φn > (2.35)

ψ̃a
n(r ) =

∑

i

ψ̃a
i (r ) < p̃a

i |φn > (2.36)

which enable us to express the true wavefunction in a compactform as,

ψn(r ) = ψ̃n(r ) +
∑

a

(ψa
n(r ) − ψ̃q

n(r )) (2.37)

explicitly separating the extended-space and the atom-centered contributions.

The above expression is often exploited to obtain compact expression for various quanti-

ties in PAW method. The first term can be evaluated on an extended grid, or on a soft basis
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set, while the last two terms are evaluated on fine radial grids.

2.5 Linearized Augmented Plane Wave (LAPW) method

The Linearized Augmented Plane Wave (LAPW) method originally is a modification to the

Augmented Plane Wave (APW) [114–116] method. In APW method,the space is divided into

two regions and two different sets of basis functions are used: radial solutions of Schrodinger’s

equation inside non-overlapping muffin-tin spheres centered on atoms and plane waves in the

remaining interstitial regions

ϕ(r ) =



























Ω−1/2
∑

G

cGei(G+k).r r ∈ I
∑

ℓm

Aℓmuℓ(r)Yℓm(r̂ ) r ∈ S



























(2.38)

whereϕ is a wavefunction,Ω is the unit cell volume anduℓ is the regular solution of

{

− d2

dr2
+
ℓ(ℓ + 1)

r2
+ V(r) − Eℓ

}

ruℓ(r) = 0 (2.39)

Here,cG andAℓm are expansion coefficients,Eℓ is a parameter andV is the spherical compo-

nent of the potential inside the sphere. The coefficients are related with the following matching

condition at the boundary of muffin-tin sphere R,

Aℓm =
4πiℓ

Ω1/2uℓ(R)

∑

G

cG jℓ(|k +G|R)Y∗ℓm(k +G) (2.40)

The APWs lack variational freedom to allow for changes in thewavefunctions as the band

energy deviates from the reference energyEℓ. This means that, at a fixedk-point, band ener-

gies cannot be obtained from a single diagonalization. Rather, one needs to solve the secular

determinant as a function of energy and the determinant is recalculated for a range of energies

to locate the roots. This traditional search for the APW eigenvalues is cumbersome and com-

putationally very demanding. Another difficulty involved with APW method is that it is very

hard to extend this formalism to incorporate general crystal potentials. Within this potential

correction, known as non muffin-tin correction or non spherical correction, the muffin-tin po-

tential has been complemented with a non-spherical part inside the artificial sphere. However,
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in a non-spherical potential the different orbitals experience different effective potentials. This

differs from the idea of spherical average that is used to determine the radial functions. There-

fore, the radial functions no longer represent the exact solutions inside the sphere, whereas the

potential correction does not affect the choice of basis functions in the interstitials. The task

of finding APW eigenvalues becomes somewhat more troublesome due to asymptotic prob-

lem. During the process of finding energy eigenvalues, one might encounter some energies

for which uℓ(r ) becomes very small or even equal to zero at the muffin-tin sphere boundary.

Inserting this in the evaluation of the APW matching condition (equation 2.40), yields a very

large or infiniteAℓm, and thus the plane waves and the radial functions decouple at muffin-tin

boundary.

O. K. Andersen proposed a method in which the plane waves and their derivatives are

made continuous by matching to the radial functions at fixedEℓ plus its derivatives with

respect toEℓ [117]. This choice of functions as the basis set circumventsthe problems arising

from APW method, and provides a flexible and accurate way to the band structure calculation.

This is known as the LAPW basis set.

In the interstitial region, LAPW basis functions have the identical form with the APW

basis functions. Inside the muffin-tin sphere, the APW augmentation has been replaced byuℓ

and its energy derivatives ˙uℓ, evaluated at fixed linearization energyEℓ

ϕ(r ) =



























Ω−1/2
∑

G

cGei(G+k).r r ∈ I
∑

ℓm

[Aℓmuℓ(r) + Bℓmu̇ℓ(r)]Yℓm(r̂ ) r ∈ S



























(2.41)

whereBℓm are the co-efficients for the energy derivatives analogous toAℓm. Inside the sphere,

the LAPWs have more variational freedom than APWs. This is due to the fact that, ifEℓ

differs slightly from the band energy,ε, a linear combination would produce the APW radial

function constructed at band energy

uℓ(ε, r) = uℓ(Eℓ, r) + (ε − Eℓ)u̇ℓ(ε, r) +O((ε − Eℓ))
2 (2.42)

The energy derivatives ˙uℓ satisfies,

{

− d2

dr2
+
ℓ(ℓ + 1)

r2
+ V(r) − Eℓ

}

ru̇ℓ(r) = ruℓ(r) (2.43)
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This method introduces errors of order (ε−Eℓ)2 in the wavefunctions and (ε−Eℓ)4 in the band

energies. Because of the higher order of the errors, the LAPWs form a good basis set over a

relatively large energy regions, such that all the valance band may be typically treated within

a single set ofEℓ. Moreover, in this method, at a givenk-point, the energy bands are obtained

with a single diagonalization.

2.6 Korringa, Kohn and Rostoker (KKR) Green’s Function

method

In 1947 Korringa [118] and in 1954 Kohn and Rostoker [119] independently proposed a

Green’s function based method for solving the electronic structure [153]. The method is

based upon multiple scattering formalism and thus can be easily combined with techniques

for performing configurational averaging in disordered systems. The most important features

of these KKR Green’s function based formalism are that it separates the structural part from

the potential part, and Green’s functions provide a naturalapproach to a localized description

of electronic properties that can be adapted to alloys and other disordered systems.

Suppose that the system is composed of an assembly of non-overlapping spherical muffin-

tin potentials centered on each lattice site of a crystal. Then, the crystal Green’s function

G(r , r
′
; E) can be evaluated from the free space Green’s functiong(r , r

′
; E) by

G(r , r
′
; E) = g(r , r

′
; E) +

∫

dr
′′
g(r , r

′′
; E)V(r

′′
)G(r

′′
, r
′
; E) (2.44)

whereV(r
′
) denotes the assembly of muffin-tin potentials. In reality, the above equation

can not be used for calculations because of convergence problem. Instead, a cell-centered

angular momentum based representation is introduced. Let’s first consider the cell-centered

representation ofg(r , r
′
; E)

g(r + Rm, r
′
+ Rn; E) = g(r , r

′
+ Rn − Rm; E) = −i

√
E

∑

L

JL(r )HL(r
′
+ Rn − Rm) (2.45)
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whereHLs are the Hankel functions. Using the addition theorem of Hankel functions,

HL(r
′
+ Rn − Rm; E) =

i√
E

∑

L′
gmn

LL′
(E)JL′ (r ; E) (2.46)

and utilizing the following abbreviations

JL(r ; E) = jℓ(
√

Er)YL(r )

HL(r ; E) = hℓ(
√

Er)YL(r )
(2.47)

the free electron Green’s function can be expressed as

g(r + Rm, r
′
+ Rn; E) = −i

√
Eδmn

∑

L JL(r<; E)HL(r>; E)

+
∑

LL′ JL(r ; E)gmn
LL′

JL(r
′
; E)

(2.48)

The structure constants are defined by

gmn
LL′

(E) = −4πi
√

E(1− δmn)
∑

L′′
iℓ−ℓ

′
+ℓ
′′
CL

′′

LL′
HL′′ (Rm− Rn; E) (2.49)

with the Gaunt coefficients

CL
′′

LL′
=

∫

dΩYL′′ (r )YL′ (r )YL(r ) (2.50)

Similarly, the crystal Green’s function has the cell-centered representation as follows,

G(r + Rm, r
′
+ Rn; E) = −i

√
Eδmn

∑

LJL(r<; E)HL(r>; E)

+
∑

LL′ JL(r ; E)Gmn
LL′
JL(r

′
; E)

(2.51)

with

JL(r ; E) = Pℓ(
√

Er)YL(r )

HL(r ; E) = Qℓ(
√

Er)YL(r )
(2.52)

The second term, in equation 2.48, represents the contribution of the multiple scattering or

back scattering to the Green’s function and produces the band structure. The relation be-

tweenGmn
LL′

(E) andgmn
LL′

(E) can be obtained by inserting the above expressions for the Green’s
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function into the integral equation

Gmn
LL′

(E) = gmn
LL′

(E) +
∑

L′′m,

gmm
′

LL′
(E)tm

′

L′′
Gm

′
n

L′′L′
(E) (2.53)

where t-matrixtm
′

L′′
is defined as

tm
′

L′′
=

∫ ∫

drmdr
′
mJL(rm′ ; E)tm

′
(rm′ , r

′
m′ ; E)JL′ (r

′
m′ ; E) (2.54)

When the scattering centers are aligned periodically in thecrystal,Gmn
LL′

andgmn
LL′

can be Fourier

transformed as,

Gmn
LL′

(Rm− Rn; E) =
1
τ

∫

τ

GLL′ (k,E)eik(Rm−Rn)dk (2.55)

gmn
LL′

(Rm− Rn; E) =
1
τ

∫

τ

gLL′ (k,E)eik(Rm−Rn)dk (2.56)

whereτ is the volume of the first Brillouin zone. Substituting them into equation 2.53, one

gets

GLL′ (k,E) = gLL′ (k,E) +
∑

L′′
gLL′ (k,E)tL′′GL′′L′ (k,E) (2.57)

Finally,

GLL′ (k,E) =
∑

L′′
[δL′′L − gL′′L(k,E)tL]gL′′L(k,E) (2.58)

Then, the crystal Green’s function is given by

G(r + Rm, r
′
+ Rn; E) = −i

√
Eδmn

∑

LJL(r<; E)HL(r>; E)

+JLm(r )
∫

dk
τ

exp(ik.(Rm − Rn))
∑

L′′ gLL′′ (k,E)[1 − tg(k,E)]−1
L′′L′
JL′n(r

′
)

(2.59)

The band structure is then calculated by finding the zeros of the determinant of the matrix

appearing in equation 2.58 for eachk

det|δLL′ − tL(E)gLL′ (k; E)| = 0 (2.60)
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The procedure determines the energy eigenvalues as a function of k and hence, yields an

energy dispersion relationE(k). The zeros of the KKR matrix gives the poles of the Green’s

function; each pole corresponds to the eigenstate of the Hamiltonian.

2.7 Exact Muffin-Tin orbital (EMTO) method

The EMTO method is another Green’s function based method forcalculating electronic struc-

tures of materials [154–158]. It improves accuracies of calculated quantities to the degree

at per with the Full-Potential (FP) methods like LAPW and removes the demerits of other

similar methods based upon Atomic Sphere Approximation (ASA) [159, 160].

In this method, the space consists of overlapping muffin-tin spheres. Within the over-

lapping muffin-tin approximation, the effective single-electron potential is approximated by

spherical potential wellsvR(rR)−v0 centered on lattice sites R plus a constant potentialv0, i.e.,

v(r ) ≈ vmt(r ) ≡ v0 +
∑

R

[vR(rR) − v0] (2.61)

By definition,vR(rR) becomes equal tov0 outside the potential sphere of radiussR. For fixed

potential spheres,vR(rR) andv0 are determined from the following functional,

Fv[{vR}, v0] ≡
∫

v(r ) − v0 −
∑

R

[vR(rR) − v0]dr (2.62)

Then, the minimization condition can be expressed as

∫

Ω

δFv[{vR}, v0]
δvR(r)

dr = 0 (2.63)

and

∂Fv[{vR}, v0]
∂v0

= 0 (2.64)

HereΩ is the unit cell volume. The solutions of integro-differential equations 2.63 and 2.64

give the optimalvR(rR) andv0 and the procedure is known as Optimized Overlapping Muffin-

Tin (OOMT) potential method.
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In the EMTO formalism, the single-electron Schrȯdinger-like equations are solved sepa-

rately within the units defined around each lattice sites. The calculation of effective single-

electron potential involves integrations over the real space which are carried out using Spher-

ical Cell Approximation (SCA) [158] technique.

In this method, Schrödinger-like single-particle Kohm-Sham equation can be solved by

expanding the Kohn-Sham orbital in terms of exact muffin-tin orbitalsψ̄a
RL(ǫi, rR), i.e.,

φi(r ) =
∑

RL

ψ̄a
RL(ǫi , rR)va

RL,i (2.65)

The expansion coefficients,va
RL,i are determined from the condition that the above expansion

should be solution to the equation 2.5 in the entire space. Inthe interstitial region, where the

potential is approximated byv0, the basis functions can be described as the solutions of the

wave equation,

{∇2 + κ2}ψa
RL(κ

2, rR) = 0 (2.66)

whereκ2 = ǫ − v0, andǫ is the energy. The functionsψa
RL(κ

2, rR), referred to as the screened

spherical waves [155], can be expanded in terms of real harmonicsYL′ (r̂R′ ) around any siteR
′

as

ψa
RL(κ

2, r̄R) = f a
Rℓ(κ

2, rR)YL(r̂R)δRR′δLL′ +
∑

L′
gR′ℓ′(κ

2, rR′)YL′(r̂R)SR′L′RL(κ
2) (2.67)

the expansion coefficientsSR′L′RL(κ2) are the elements of slope matrix, andf a
Rℓ(κ

2, rR) and

gR′ℓ′(κ2, rR′) are the head and tail function, respectively.

Inside the potential sphere, the basis set is represented bypartial wavesφa
RL(ǫ, rR)

φa
RL(ǫ, rR) = Na

Rℓ(ǫ)φRℓ(ǫ, rR)YL(r̂R) (2.68)

whereNa
Rℓ(ǫ) is the normalization function. The functionsφa

RL(ǫ, rR) are the solutions of the

radial Schrödinger equation

δ(rRφRL(ǫ, rR))

δ2
R

=

(

ℓ(ℓ + 1)

r2
R

+ vR(rR) − ǫ
)

rRφRL(ǫ, rR) (2.69)
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To match the functions together smoothly, auxiliary free electron solutionsϕa
RL are introduced

in the region between the two spheres,

ϕa
RL(ǫ, rR) = f a

Rℓ(κ
2, rR) + ga

Rℓ(κ
2, rR)DRℓ(ǫ) (2.70)

whereDRℓ(ǫ) is the logarithmic derivatives ofϕa
RL(ǫ, aR) calculated at ra= aR. Finally, the exact

muffin-tin orbitals are constructed as the superposition of the screened spherical waves, the

partial waves and the free-electron solution, i.e.

ψ̄a
RL = ψ

a
RL(κ

2, rR) + Na
Rℓ(ε)φRℓ(ε, rR)YL(r̂R) − ϕa

Rℓ(ǫ, rR)YL(r̂R) (2.71)

With the exact muffin-tin orbitals defined in equation 2.71, the trial wave function 2.65 around

siteR can be expressed as

φ(rR) =
∑

L Na
Rℓ(ǫ)φRℓ(ǫ, rR)YL(r̂R)va

RL+
∑

L ga
Rℓ(κ

2, rR)YL(r̂R)

×∑

R′L′

[

SRLR′L′(κ2) − δR′RδL′LDa
Rℓ(ǫ)

]

va
R′L′

(2.72)

The trial function will be a solution of equation 2.5 for the muffin-tin potential 2.61 inside the

potential sphere forℓ ≤ ℓmax. A so-called “kink cancelation equation”, equivalent to the KKR

secular equation must hold,

∑

RL

aR′
[

Sa
R′L′RL(κ

2
j ) − δR′RδL′LDa

Rℓ(ǫ j)
]

va
RL, j = 0 (2.73)

The difference between the slope matrix and the logarithmic derivative matrix is called the

kink matrix,

Ka
R′L′RL(ǫ j) = aR′S

a
R′L′RL(κ

2
j ) − δR′RδL′LaRDa

Rℓ(ǫ j) (2.74)

The solutions of equation 2.73 are the single electron energies and wave functions. These

solutions can be obtained from the poles of the path operatorgR′′L′′RL defined for a complex

energyz by

∑

R′′L′′
Ka

R′L′R′′L′′(z)g
a
R′′L′′RL(z) = δR′RδL′L (2.75)

Total energy is calculated from the total charge density utilizing the Full Charge Density
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(FCD) technique [161–163]. The EMTO-FCD total energy is separated into the kinetic en-

ergy, the exchange-correlation energy and the electrostatic energy. Furthermore, the latter is

divided into the intra-cell and inter-cell contributions.Then, the total energy becomes,

Etot = Ts[n] +
∑

R

(

FR
intra[nR] + ER

xc[nR]
)

+ Finter[nR] (2.76)

where the intra-cellFR
intra[nR] and exchange-correlation energiesER

xc[nR] depend only on the

charge density within the actual cell, whereasFinter[nR] depends on the charge distributions

around different cells andTs[n] is a nonlocal functional of the density.

2.8 Modeling of the chemical or substitutional disorder

The calculations of desired properties using first-principles electronic structure methods are

straightforward in periodic ordered materials. However, computation of those properties in

low symmetry materials, such as random alloys, creates enormous problems. Particularly,

the faithful representation of the randomness (disorder) in these alloys poses significant chal-

lenges to computational scientists. Ideally, the proper description of the random (disordered)

alloys on a randomly generated impurity distribution requires large supercells, which render

standard electronic structure methods unfeasible [164]. Therefore, to simulate the accurate

random environment of disordered Mn2NiX materials through periodic structure Coherent Po-

tential Approximation (CPA) and Special Quasirandom Structure (SQS) methods have been

used in this doctoral work.

2.8.1 Coherent Potential Approximation (CPA)

In condensed matter calculations, Coherent Potential Approximation (CPA) scheme has been

in wide use to simulate the disordered environments in solids. The method was introduced

simultaneously by Soven [165] in connection with disordered electronic systems and Taylor

[166] in connection with the lattice dynamics of mass disordered alloys in 1967. Numerous

applications over the years like calculations of lattice parameters, elastic constants, mixing

enthalpy, etc., with an accuracy similar to the ordered systems, has proven the capability of

CPA method as state-of-the-art technique for electronic structure calculations in disordered
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alloys. The main approximation is that the disordered alloymay be replaced by an ordered

effective medium, the parameters of which are determined self-consistently. The impurity

problem is treated within the single-site approximation. This means that one single impu-

rity is embedded in an effective medium and no information about the individual potential

and charge density beyond the sphere or polyhedra around this impurity is provided. Let us

consider a substitutional alloyAaBbCc, . . . , where the atoms A, B, C, . . . are randomly

distributed among lattice sites. Here, a, b, c . . . are the atomic fractions of the A, B, C, . . .

atoms, respectively. The Green’s function g and the alloy potentialPalloy are used to describe

the above system. In a real alloy, due to the disorder in the environment, the alloy potential

varies even around the same type of atoms. There are two important approximations within

the CPA. First, it assumes that the local potentials around acertain type of atom from the alloy

are the same, i.e., the effect of the local environment is neglected. These local potentials are

described by the potential functionsPA, PB, PC, . . . . Second, the system is replaced by a

monatomic set-up described by the site independent coherent potentialP̃. In terms of Green’s

functions, the real Green’s functiong is approximated by the coherent Green’s function ˜g. For

each alloy componenti = A, B, C, . . . a single-site Green’s functiongi is introduced. The

main steps to construct the CPA effective medium are as follows. First, the coherent Green’s

function is calculated from the coherent potential with an electronic structure method.

g̃ =
[

S − P̃
]−1

(2.77)

hereS denotes the structure constant matrix corresponding to theunderlying lattice. Next,

the Green’s functions of the alloy componentsgis are determined by substituting the coherent

potential of the CPA medium by the real atomic potentialPi, which is given by

gi = g̃+ g̃
(

Pi − P̃
)

gi; i = A, B,C (2.78)

Finally, the average of the individual Green’s functions should reproduce the single-site part

of the coherent Green’s functions, i.e.,

g̃ = agA + bgB + cgC + ..... (2.79)

The above three equations are solved iteratively, and the output g̃ andgi ’s are used to deter-

mine the electronic structure, charge density and total energy of random alloys.
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2.8.2 Special Quasirandom Structure (SQS)

The basic idea in developing SQS is to mimic the actual local random environment of alloys

without generating large supercells and multiple supercell configurations. SQS generates a

small periodic structure with target composition that bestsatisfies pair and multi-site correla-

tion functions corresponding to a random alloy up to a certain distance [164]. Upon relaxation,

the atoms in the structure are displaced away from their equilibrium position, creating a dis-

tribution of local environments that can be considered as representation of randomness in the

original alloys. The theory of SQS has been developed based upon the assumption that the

electronic interactions in the given alloys have short range character [164, 167–169].

From statistical point of view, an N-atom per unit cell periodic alloy of random environ-

ment is characterized by multi-site correlation functions
∏

k,m. Here (k,m) corresponds to the

figure defined by the number ofk atoms located on its vertices (k= 1, 2, 3. pairs, triangle,

tetrahedral etc.), whilembeing the order of nearest-neighbor distance separating them (m= 1,

2 are first, second neighbors etc.). The correlation functions are averages of the products of

site occupations (σk= ±1 for binary alloys and±1, 0 for ternary alloys) of figurek at a dis-

tance m [167]. The optimum SQS for a given configurations are obtained when the following

relation is satisfied

(
∏

k,m

)S QS=<
∏

k,m

>R (2.80)

Where<
∏

k,m >R is the ensemble-averaged correlation function of random alloy.

The structure generated by SQS method has been used successfully in the investigation of

equilibrium volumes, densities of states, band gaps [167–169], etc. The method gives better

results to those properties which depend on local atomic arrangements, such as formation and

mixing enthalpies, charge transfer, optical properties and local lattice relaxations [164, 170–

175]. The main advantage of this method over conventional supercell method is that the

former utilizes the knowledge of multi-pair correlation functions to decide the position of an

atom in the cell, while the latter randomly places the atoms in the cell. Thus, SQS provides a

better picture of an actual random alloy [175].
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2.9 Summary

In this chapter, we have briefly discussed the state-of-the-art computational techniques used

in condensed matter physics, i.e., DFT based methods, to retrieve useful information from the

materials I have investigated. Four different implementations of DFT, (i) Plane Wave Pseu-

doPotential method, (ii) Full-Potential LAPW method, (iii) Full Potential Korringa Kohn Ros-

toker (FP-KKR) method and (iv) Exact Muffin Tin Orbital (EMTO) method, are used in this

dissertation. The usage of a particular method depends on the nature of the problem. Based

upon the fact that core electrons remain inert during chemical reactions, within pseudopoten-

tial approximation, wiggles in the core wavefunctions are replaced by a smooth continuation

from valance wavefunctions, which reduce the computational cost immensely. More accurate

representation of the crystal potential (wavefunction) were done in Full Potential based meth-

ods. In FP-LAPW method, the original crystal potential is divided into two regions, inside and

outside of the Muffin-Tin spheres. The solution from these two regions are matched smoothly

at the boundary of the Muffin-Tin spheres. The most important feature that makes Green’s

based formalism an efficient tool to calculate the disorder related properties is that they can

be seamlessly integrated to the methods for computing configurations averaged quantities, a

must for systems with substitutional disorder. The Extensively used method to address the

chemical and magnetic disorder is CPA. Within their currentimplementations, FP-KKR and

EMTO methods include CPA to investigate the effects of disorder, whereas pseudopotential

and FP-LAPW methods modeled disordered environment with the construction of large and

artificial supercells, which can be sometimes prohibitively large.
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Chapter 3

Electronic structure, phase stability and

possibilities of shape memory behavior in

Mn2NiX alloys∗ †

3.1 Introduction

Since the pioneering work of Websteret al. [60] there has been enormous interest in the

magnetic shape memory alloys (MSMA) which undergo from the magnetic high-temperature

cubic (austenite) phase to variants of tetragonally distorted phases, and show an extremely

large strain in a small external field. This property has madethese systems realizable as smart

magnetic actuators and sensors. In spite of large magnetic field-induced strain observed in

Ni2MnGa, there are serious shortcomings in Ni2MnGa and other materials in the Ni2MnX

series as described in chapter 1. Subsequently, the quest for new shape memory materials

with desired properties led to the discovery of Mn2NiX materials. Till now, research on full

stoichiometric Mn2NiX is rather limited. Results of first-principles theoreticalcalculations

in these systems have started to come up only recently [108, 176–180]. However, the infor-

mation obtained from such calculations are rather scattered and no systematic analysis on the

trends in the structural and magnetic properties in these systems based upon their electronic

∗Contents of this chapter are mostly taken from Ref. [176, 177].
†Permission from the publishers have been obtained for reprints of Ref. [176, 177].
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structures is available. Such an investigation is necessary for two reasons: first, to check the

usefulness’s of the alloys in the series for magnetic shape memory applications, i.e., whether

martensitic transformation can be realized around room temperature and the other key pa-

rameters like the magnetizations are substantial, and second, the trends, if any, with regard

to their properties related to magnetic shape memory effects would throw enough light to un-

derstand the physics of these materials and subsequently help in tailoring their properties to

make them functional. For example, in case of Ni2MnX alloys, it is suggested [181, 182] that

the martensitic transformation temperature is correlatedwith (e/a). This study will explore

whether such type of correlations exists in this alloy series.

In this chapter, we present results on our systematic investigations of Mn2NiAl, Mn 2NiGa,

Mn2NiIn and Mn2NiSn alloys by first-principles density functional theory [109, 111] based

calculations. Comparisons of their energetics related to the martensitic phase transformations,

magnetic properties and details related to the electronic structures have been carried out. Role

of differentspelements influencing the properties of the alloys has been thoroughly explored.

Such a detailed study enables us to understand the microscopic physics of these systems and

provide us with the necessary information regarding the viability of these systems as MSM

applications. The chapter is organized as follows: detailsof computations are given in section

3.2 followed by the results and detailed discussions in section 3.3. Concluding remarks are

presented in section 3.4.

3.2 Computational Details

The crystal structure of Mn2NiX materials considered in this chapter and in the rest of the

thesis is inverse Heusler with atomic arrangements as described in F 1.4. The electronic

structure has been calculated using a full potential linearized augmented plane wave (FP-

LAPW) method implementation in E code [183–185]. From careful convergence test with

respect to Brillouin zone (BZ) sampling and the size of the basis set, we have determined that

the plane wave cut-off for the basis set being RMTKmax= 9, where RMT is the muffin-tin radius

and Kmax is the largest reciprocal lattice vector, which leads to nearly 350 plane waves. The

charge density cut-off was considered to be Gmax= 14 and the angular momentum cut-off to

the augmented plane wave was taken to beℓmax= 10. The Brillouin zone (BZ) integrations

were carried out with 12×12×12 k-mesh for the cubic phase and with 17×17×17 k-mesh
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for the tetragonal phase, which effectively lead to 364 and 693k-points in the cubic and

tetragonal phase, respectively in the irreducible Brillouin zone (IBZ). Generalized Gradient

Approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) [186] parametrization was used

for the exchange-correlation part of the Hamiltonian. For comparison of the lattice constants

and total moments, calculations with two Plane wave Pseudopotential (PW-PP) methods- the

UltraSoft Pseudopotential (USPP) as implemented in Q E [187] code and the

PAW pseudopotential based method as implemented in V A- S P

(VASP) [188–190] are done. In case of calculations with USPP, the Ultrasoft pseudopo-

tentials [191] with nonlinear core corrections [192] were generated. Perdew-Wang (PW-91)

generalized gradient approximation (GGA) functionals [193] were used for the exchange-

correlation part of the Hamiltonian in this case. For calculations with PAW pseudopotentials,

PBE [186] parametrization of the GGA exchange-correlationfunctional was used. In case

of USPP based calculations, plane wave with energies up to 810 eV were used in order to

describe the electronic wave functions; for calculations with PAW-PP it was 450 eV. For

both the methods, the Brillouin zone integrations were performed with 15×15×15k-mesh for

the cubic phase, which effectively turns out to be 688k-points in the irreducible Brillouin

Zone (IBZ). Choices of the parameters ensured convergence in total energies to less than 1

meV per atom for all the three methods. For further comparison, calculations with two dif-

ferent Green’s functions methods, the KKR method as implemented in the S-P

R K-K-R (SPR-KKR) code [194, 195] and the EMTO method

[173, 196] were done. In both the Green’s function methods, the PBE parameterization was

used as a part of the GGA exchange-correlation potential to solve the Kohn-Sham equation.

The angular momentum cut-off to the plane wave was taken to beℓmax= 3. The Brillouin

zone integrations have been carried out on a uniform 20×20×20 k-mesh. The Green’s func-

tions were calculated for 32 complex energy points distributed exponentially on a semicircular

contour. The energy convergence criterion was set to 10−6 Ry for the self-consistent cycles.
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3.3 Results and Discussions

3.3.1 Structural properties and energetics related to martensitic trans-

formations

Although first-principles electronic structure calculations had been performed earlier for Mn2NiGa,

Mn2NiAl and Mn2NiIn [178–180], they were done either with different methods and most im-

portantly with different approximations to the exchange-correlation functionals. For example,

the calculations on Mn2NiGa and Mn2NiIn were done with FP-LAPW method using GGA

exchange-correlation functionals, whereas Pseudopotential method with LDA exchange-correlation

functional was used to calculate the electronic structuresin Mn2NiAl. Therefore, a compar-

ative analysis of the properties of all the members of the alloy series may not be consistent

T 3.1: Equilibrium lattice constants and total moments for Mn2NiX alloys calculated in
the cubic austenite phase with FP-LAPW, PW-USPP, PAW-PP, EMTO and KKR methods.

Systems Method Lattice M tot

Mn2NiX const. (Å) (µB)
Mn2NiGa FP-LAPW 5.835(5.907a) 1.177

PW-USPP 5.850 1.17
PAW-PP 5.90 1.22

KKR 5.90 1.26
EMTO 5.848 1.19

Mn2NiAl FP-LAPW 5.802(5.636b) 1.231
PW-USPP 5.803 1.20
PAW-PP 5.805 1.25

KKR 5.805 1.28
EMTO 5.809 1.26

Mn2NiIn FP-LAPW 6.164(6.162c) 0.390
PW-USPP 6.162 0.51
PAW-PP 6.167 1.03

KKR 6.168 1.02
EMTO 6.170 0.61

Mn2NiSn FP-LAPW 6.147(6.099d) 0.432
PW-USPP 6.150 0.52
PAW-PP 6.153 0.66

KKR 6.154 0.71
EMTO 6.158 0.57

a : Ref. [104], b : Ref. [179], c : Ref. [180], d : Ref. [102]
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if done with these results and systematic calculations witha single method with consistent

choice of parameters are necessary to understand the trendsin the properties. Therefore, we

first calculated the equilibrium lattice constants and corresponding total moments in the cubic

austenite phase of Mn2NiX materials within a single implementation of a first-principles based

method. To check the consistency and accuracy in the resultsobtained by the five different

first-principles based electronic structure methods described in the previous chapter, we cal-

culated the aforesaid quantities for all the materials using those different implementations of

DFT. The results are tabulated in T 3.1. Clearly, the lattice constants and total magnetic

moments calculated with five different methods are in excellent agreement with one another.

As was mentioned in chapter 1, we have used all five methods, depending upon the nature of

the problem we were interested in. The results in T 3.1 established that this indeed can

be done for these system. The available results on the lattice constants in Mn2NiGa, Mn2NiIn

and Mn2NiSn [108, 178, 180] also agree well with our computed results. On the contrary, the

lattice constant of for Mn2NiAl calculated by another group differ significantly with our re-

sults. The reason is that the lattice constant calculated bythe other group used LDA functional

which is known to underestimate the lattice constants.

T 3.2: The converged total energies (Etot) corresponding to different starting magnetic
configurations between two Mn atoms in the cubic phase of Mn2NiSn. The lowest Etot is
taken to be 0 meV/atom as a reference. All calculations are done with the PW-USPP method
and at the lattice constant 6.02 Å. GGA functional [137] has been used for the exchange-
correlation part. The converged magnetic moments are also listed [176].

Starting Mn Converged
moment (µB) moment (µB) Converged total Converged Etot

MnI MnII MnI MnII moment (µB) (meV/atom)
1 -1 2.97 -3.49 -0.64 0.00
1 -3 2.97 -3.49 -0.64 0.00
-1 3 2.97 3.49 0.64 0.00
-3 3 -2.97 3.49 0.64 0.00
-3 1 -2.97 3.49 0.64 0.00
-1 -3 -0.39 -3.27 -3.99 75.55
3 3 0.39 3.27 3.99 75.55
-3 -1 -0.39 -3.27 -3.99 75.55

In what follows, the results reported in the following subsections of this chapter, are ob-

tained by calculations with FP-LAPW method. Supporting results from PW-USPP method are

reported in appropriate places. In a previous theoretical study, Barmanet al. [197] showed that
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the starting alignment of the spins on two Mn sublattices is crucial for obtaining converged

ground state densities. For Mn2NiGa, they demonstrated that a parallel alignment of the two

Mn spins in the beginning of the DFT calculations produces a total energy much higher than

the actual ferrimagnetic ground state along with a moment larger than the ferrimagnetic one.

We have verified this for all the others materials in Mn2NiX series. Our calculated results

with different starting spin configurations of the two inequivalent Mn atoms for Mn2NiSn are

listed in T 3.2. Rest of the calculations for these materials in inverseHeusler structure

is done with antiparallel but unequal starting magnetic moments of the two Mn atoms. Next,

we look into the energetics of these alloys when subjected totetragonal distortions. The mo-

tivation is to see if a tetragonally deformed phase is energetically lower than the cubic phase

and if the volumes of the two phases are nearly same. Both would act as confirmatory facts

that the alloys can exhibit shape memory effect. Another motivation behind the study of the

energetics of each alloy in consideration is to have a comparative estimate of the temperature

that could be associated with cubic to tetragonal transformation, an information that would

help in understanding the feasibility of realizing a particular system for MSM applications.

To this end, we perform total energy calculations for different (c/a) values, an estimate of the

tetragonal deformation, for each alloy system.

T 3.3: The structural parameters in the cubic and the tetragonal phases andδE, the energy
differences between the cubic and the nonmodulated tetragonal phases for Mn2NiX alloys
calculated with FP-LAPW and PW-USPP electronic structure methods [177].

Systems Method Lattice (c/a) (c/a) δE
Mn2NiX const. (Å) local global (meV/atom)

Mn2NiGa FP-LAPW 5.835(5.907a) 0.93 1.28 29.291
PW-USPP 5.850 0.92 1.28 30.213

Mn2NiAl FP-LAPW 5.802(5.636b) 0.95 1.26 20.596
PW-USPP 5.803 0.95 1.25 16.933

Mn2NiIn FP-LAPW 6.164(6.162c) 0.98 1.25 5.869
PW-USPP 6.162 none 1.22 2.489

Mn2NiSn FP-LAPW 6.147(6.099d) 0.94 1.24 7.734
PW-USPP 6.150 0.94 1.18 3.83

a : Ref. [104], b : Ref. [179], c : Ref. [180], d : Ref. [102]

After performing energy minimizations with respect toa and (c/a), we find that in all four

systems, the differences between the volumes of the tetragonal phases and that of the cubic

phases are less than 1%, which imply that the phase transformation is nearly volume con-

serving. The energy surfaces calculated by the FP-LAPW method (F 3.1(a)) show that
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F 3.1: Total energy as a function of tetragonal deformations (c/a) for Mn2NiX alloys.
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(c/a)< 1 in a magnified scale [177].
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for all the alloys, the energy surfaces are identical in features with a nonmodulated tetragonal

phase for (c/a)> 1 being the lowest in energy. Along with these global minima,all curves

show a metastable minima for (c/a)< 1. While these metastable minima are pronounced for

Mn2NiGa, Mn2NiAl and Mn2NiSn, it is not in case of Mn2NiIn. It is to be noted here that the

previous available result on the structural stability of Mn2NiIn had predicted a stable tetrag-

onal phase with (c/a)∼0.97 [180]. Our results are in complete contradiction to this. Being

isoelectronic with Al and Ga and having only one electron less than Sn, there would not be

any obvious physical reason why only a -3% deformation in thecubic phase stabilizes the

tetragonal phase in Mn2NiIn, when a deformation of more than 20% is required to stabilize

the tetragonal phases in the three other alloys. The energy surfaces in F 3.1(a) show that

the minima at (c/a)< 1 are energetically very close to the cubic phase with maximum differ-

ence being∼3 meV per atom in case of Mn2NiGa. For the other three systems, the differences

are less than 1 meV per atom. The energy difference between the tetragonal phase with (c/a)>

1 and the cubic phase is maximum in case of Mn2NiGa as is seen in T 3.3. The difference

is of the same order in case of Mn2NiAl while it is one order less in case of the other two

alloys with the lowest one being about 6 meV per atom in case ofMn2NiIn.

Analyzing the energy surfaces calculated by the PW-USPP method (F 3.1(b)), we

find that the positions of the global and the local minima are nearly identical with the ones

calculated by the FP-LAPW method for Mn2NiGa and Mn2NiAl, while there are some dis-

crepancies in the other two cases. The global minima in the energy surface for Mn2NiSn is at

(c/a)= 1.24 in the FP-LAPW calculations while it is at (c/a)= 1.18 in the PW-USPP calcula-

tions. For Mn2NiIn, no local minima for (c/a)< 1 is obtained in the PW-USPP calculations.

These differences could be due to the fact that the FP-LAPW calculations, being more accu-

rate, reveal certain subtle features which the USPP based calculations do not as is seen in case

of Mn2NiIn. The differences in results in case of Mn2NiSn could be attributed to the particular

choice of pseudopotential. Nevertheless, these differences do not affect the qualitative trends

we are trying to explore. The energy differences between the tetragonal (c/a)> 1 phase and

the cubic phase as computed by the PW-USPP method show identical trend as that obtained

with results of the FP-LAPW calculations.

Comparison between the results using two different electronic structure methods show that

the qualitative features of the energy surfaces and the trends in the energy differences between

the austenitic and the martensitic phases are identical irrespective of the method of calcula-

tions. This validates the usage of the more accurate FP-LAPWmethod to study the energetics
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of these systems. The following inferences can, therefore,be drawn: first, all the four alloys

exhibit shape memory behavior characterized by a stable nonmodulated tetragonal phase with

the phase transformation being volume conserving, second,trends in the TM can be estimated

from the energetics. Barmanet al. had shown [197] that the energy difference between the

nonmodulated tetragonal phase and the cubic phase can be considered as a measure of the

martensitic transformation temperature. Thus, if one considers the energy difference of∼30

meV per atom for Mn2NiGa equivalent to the experimentally observed martensitic transfor-

mation temperature of 270 K , the transformation temperature for Mn2NiAl would be∼200

K while for the other two alloys it is one order less. Therefore, except Mn2NiGa, other alloys

are not suitable for shape memory applications in their stoichiometric compositions, third, a

metastable minima for (c/a)< 1 is present in all alloys, although the available experiments on

Mn2NiGa [104] did not observe this. This feature is similar to the one observed in Ni2MnGa,

where the origin of this was shown to be an artifact of periodic modulations on the austenitic

phase [198]. The other origins of such minima could be chemical disorder or noncollinearity

in the magnetic structure, but since these factors are not considered in our calculations, the

appearance of the metastable minima could be indicative of the possibility that these systems

transform to the nonmodulated tetragonal state through a metastable modulated state as it was

in case of Ni2MnGa. The discrepancy between the results of Ref. [180] and our calculations

in case of Mn2NiIn is more startling as the distortions required for the martensitic transforma-

tion are substantially different. However, the small distortion obtained in Ref. [180]could be

due to the fact that the energy surface being rather flat, the calculations converged to one of

the two energetically close minima which, in fact, is not theglobal minima.

3.3.2 Magnetic moments

The total and partial magnetic moments, calculated by the FP-LAPW method, for the systems

under consideration are given in T 3.4. For all the alloys, MnI and MnII atoms are seen to

couple antiferromagnetically with each other producing a ferrimagnetic ground state. A clear

trend in the magnetic moments across the alloy series, identical for both phases, emerges. The

net moment is maximum for Mn2NiAl and it decreases in the sequence Mn2NiAl →Mn2NiGa

→ Mn2NiSn→ Mn2NiIn. While the moments for Mn2NiAl and Mn2NiGa are greater than 1

µB per formula unit, Mn2NiSn and Mn2NiIn have substantially smaller moments (< 0.5µB).

An inspection of the partial moments suggest that in case of the later two alloys, the moments
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T 3.4: The total (Mtot) magnetic moments of Mn2NiX materials and partial (Mi) magnetic
moments of the constituting atoms calculated by FP-LAPW method [177].

Systems Cubic Tetragonal
Mn2NiX M tot MMnI MMnII MNi MX M tot MMnI MMnII MNi MX

(µB/f.u.) (µB) (µB) (µB) (µB) (µB/f.u.) (µB) (µB) (µB) (µB)
Mn2NiGa 1.177 -2.336 3.123 0.328 0.013 1.017 -2.311 3.009 0.273 0.009
Mn2NiAl 1.231 -2.007 2.887 0.319 0.000 1.038 -2.067 2.801 0.280 0.002
Mn2NiIn 0.390 -3.518 3.753 0.104 0.003 0.254 -3.559 3.717 0.056 0.003
Mn2NiSn 0.432 -3.314 3.610 0.100 0.014 0.231 -3.362 3.551 0.010 0.000

on the two Mn sites are stable and nearly compensate each other along with a significantly

smaller moment on Ni sites in comparison to that in case of former two alloys, thus, producing

a smaller net moment. In the martensitic phases, the total moment of each alloy is reduced in

comparison to its moment in the austenitic phase. Results presented in T 3.4 suggest that a

overall weakening of the ferromagnetic (FM) interactions manifested in lowering of MnII and

Ni moments compared to those in the austenitic phases are responsible for this. Quantitatively,

the total and partial moments for Mn2NiGa calculated in this work agree well with the values

obtained in Ref. [178]. For Mn2NiAl, our calculated total and partial moments differ by

about 15% with Ref. [179]. The reason, again, could be because of using local density

approximation in Ref. [179]. For Mn2NiIn, the trends of moments between the austenitic and

martensitic phases obtained in our calculations are exactly opposite to that obtained in Ref.

[180]. However, their moments in the martensitic phase are for (c/a)= 0.97 and the values

are very close to those obtained in austenitic phase. This isunderstandable as no substantial

changes in the inter-atomic distances between magnetic atoms in the martensitic phase with

respect to those in the austenitic phase could be obtained with such a small distortion, the

moments in their tetragonal phase are expected to change only a little. Our results, on the

other hand, are consistent with the trends obtained in the other alloys.

Although it is tempting to correlate the trends in the moments across the alloy series

with the trends in the lattice constants and thus to explain the trend of decreasing moments

from Mn2NiAl to Mn 2NiIn in terms of increasing lattice constants, the detailedexplanation

of results such as a substantial drop in the Ni moments for Mn2NiSn and Mn2NiIn, stable

and near compensating Mn moments on crystallographically inequivalent sites for these two

alloys and not for the other two require in-depth analysis interms of the electronic structure.
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The explanation of the trends in the energy surfaces for the alloy series also can be done by

analyzing the differences in the electronic structures of the alloys. We present such analysis

in the next subsection.

3.3.3 Electronic structures and analysis of the trends in phase stabilities

and magnetic properties

In what follows, the spin-projected total (DOS) and atom-projected (PDOS) densities of states

for Mn2NiGa, Mn2NiAl, Mn 2NiIn and Mn2NiSn are presented in F 3.2- 3.5, respec-

tively. For each alloy, the DOS and the PDOS in the cubic phase(c/a= 1), the metastable

phase ((c/a)< 1) and the stable tetragonal phase ((c/a)> 1) are presented. The PDOS are the

total contributions from thes, p andd orbitals, but thed orbitals dominate the envelopes. A

comparison of the DOSs show that the electronic structures of Mn2NiGa and Mn2NiAl sys-

tems have similarities among themselves and that their electronic structures are very different

than those of the other two alloys in the series. The other twoalloys, Mn2NiIn and Mn2NiSn,

too have similarities in their electronic structures.

F 3.2 and 3.3 show that in the cubic phase, the majority spin DOSat the Fermi levels

are substantial for Mn2NiGa and Mn2NiAl implying an instability of the phase. The structures

in the majority and minority spin DOS near the Fermi levels are due to the contributions

from Ni and Mn atoms of both symmetries. The bonding majoritypeaks at around -0.1 eV

and the anti-bonding majority peaks at around 0.4 eV have contributions from Ni, MnI and

MnII d electrons in case of both alloys. Similarly, the contributions towards the states in

the minority bands near the Fermi levels come uniformly fromthe d electrons of the three

magnetic components. The majority anti-bonding peaks at∼1.3 eV for Mn2NiGa and at∼1.2

eV for Mn2NiAl, are, however, mostly due to the MnI atoms. Similarly, the minority anti-

bonding peaks at∼0.7 eV are mainly due to the MnII atoms. The structures in the majority

spin bonding DOS, away from the Fermi levels, are due to the strong hybridizations between

the Ni and the MnIId electrons while the minority spin bonding DOS, away from theFermi

levels, are due to the hybridizations between the Ni and the MnI d states. Another noteworthy

feature of the majority spin DOS in the cubic structures for both alloys is the presence of

a deep valley between -1.2 eV and -0.35 eV. A similar valley around -0.4 eV is observed

in the Mn2NiAl minority spin band. A large tetragonal distortion ((c/a)> 1.25) breaks the
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F 3.2: Spin-polarized total and atom-projected densities ofstates of Mn2NiGa calculated
at the cubic phase (c/a)= 1, at the metastable martensitic phase (c/a)= 0.93 and at the stable
martensitic phase (c/a)= 1.28. The Fermi energy is considered as zero [177].

symmetries of thed orbitals resulting in transforming the majority spin peaksnear 1.3 eV

(for Mn2NiGa) and 1.2 eV (for Mn2NiAl) into multiple peaks with reduced intensities and an

overall shift of states towards lower energies. Due to such migrations of states, the valleys in

the majority spin bands get filled. Lowering of symmetry, similarly, splits the single peaks at
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F 3.3: Spin-polarized total and atom-projected densities ofstates of Mn2NiAl calculated
at the cubic phase (c/a)= 1, at the metastable martensitic phase (c/a)= 0.95 and at the stable
martensitic phase (c/a)= 1.26. The Fermi energy is considered as zero [177].

∼0.7 eV in the minority bands of the cubic structures into multiple peaks.

The electrons are pushed towards lower energies, filling thevalley in case of Mn2NiAl

and producing a small peak in the Mn2NiGa DOS, both at around -0.4 eV. These migrations
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F 3.4: Spin-polarized total and atom-projected densities ofstates of Mn2NiIn calculated
at the cubic phase (c/a)= 1, at the metastable martensitic phase (c/a)= 0.98 and at the stable
martensitic phase (c/a)= 1.25. The Fermi energy is considered as zero [177].

of electronic states towards lower energies stabilize the tetragonal phases ((c/a)> 1.25) over

their cubic phases. Inspection of the DOS for the metastabletetragonal structures ((c/a)< 1)

for these alloys indicate better stabilities with respect to the cubic phases due to migrations of

states towards lower energies exemplified by the shift of theminority peaks at -0.1 eV in the
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F 3.5: Spin-polarized total and atom-projected densities ofstates of Mn2NiSn calculated
at the cubic phase (c/a)= 1, at the metastable martensitic phase (c/a)= 0.94 and at the stable
martensitic phase (c/a)= 1.24. The Fermi energy is considered as zero [177].

cubic structures towards lower energies in the tetragonal structure, but, the overall structures

of the DOS do not change significantly as compared to those in cubic phases. This explains

why the (c/a)< 1 tetragonal phases are metastable and energetically marginally lower than the

cubic phases.
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Comparison of F 3.4 and 3.5 with F 3.2 and 3.3 suggest that the DOS

of Mn2NiSn and Mn2NiIn are markedly different. The DOS at the Fermi levels in the cu-

bic phases are much smaller in comparison to those in Mn2NiAl and Mn2NiGa, implying

a greater stability of the cubic phases in case of Mn2NiIn and Mn2NiSn, although the two

peak structures close to the Fermi levels in the majority spin band with one peak from bond-

ing states and the other from anti-bonding states as were observed in case of the Mn2NiAl

and Mn2NiGa prevail. However, the bonding peak now lies much deeperin energy at∼-1

eV for both the alloys. The anti-bonding peak in the majorityband appears at∼0.5 eV in

Mn2NiIn while the same in Mn2NiSn appears much closer to the Fermi level. Thus the val-

leys in the majority bonding states below the peaks at -1 eV are shallower in comparison to

the other two alloys. Overall, there are fewer structures inthe DOS of Mn2NiIn and Mn2NiSn

in comparison to the other two alloys. The appearance of lessstructures in the DOS is due to

weak hybridizations between the Ni and the Mn atoms. The majority anti-bonding states in

these two systems are overwhelmingly populated by the MnI atoms while the minority anti-

bonding ones are dominated by the MnII atoms alone. The structures near the Fermi level

for both bonding and anti-bonding states though have contributions from all components but

the intensities are quite small. The PDOS contributions forthe bonding states away from the

Fermi levels show that there are little hybridizations between the Ni and the Mn atoms of

both types. The nature of hybridizations do not change in thetetragonal phases ((c/a)> 1). A

large tetragonal distortion ((c/a)> 1.25) breaks the symmetries of thed states producing mul-

tiple peaks in both majority and minority anti-bonding states and pushes the electrons towards

lower energies. These can be understood from the increased intensities of the anti-bonding

states at lower energies, the filling up of the valleys around-1 eV in the majority bands and

the appearance of double peaks in the majority bands at around -0.25 eV for Mn2NiIn and at

around -0.5 eV for Mn2NiSn. However, weak hybridizations between the Ni and Mn states

do not produce effects as significant as were observed for the other two alloys as one goes

from cubic to tetragonal phases. One indicator of this is therelative changes in the DOS

at the Fermi levels upon phase transformation. While the DOSat Fermi level reduced sub-

stantially in the tetragonal phases in comparison to that incubic phases for Mn2NiAl and for

Mn2NiGa, such reductions in cases of the other two alloys are minuscule. All these observa-

tions provide a possible explanation to the relative differences in the magnitudes of energies

associated with the martensitic transformations among thesystems investigated. It appears

that in cases of Mn2NiSn and Mn2NiIn, the relatively better stability of the cubic phases do
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not push the states towards lower energies substantially upon lowering symmetry in compar-

ison to the other two alloys. From the preceding discussions, it is clear that the degree of

hybridizations among Ni and Mn atoms are responsible for such differences. This, in turn,

may be related to the inter-atomic distances between the magnetic atoms. T 3.5 shows

the inter-atomic distances for all systems considered here. The results suggest that the weaker

hybridizations between the Ni and Mn states for Mn2NiIn and Mn2NiSn are an artifact of

larger inter-atomic distances between the magnetic atoms in comparison to those in other two

alloys. Since the inter-atomic distances change only slightly upon transformation from cubic

to tetragonal phases, the hybridizations do not get affected considerably. The DOS for the

metastable states for both alloys hardly show any differences with those in the cubic phases.

Though some differences,such as the splitting of peaks in the majority bandsat -1 eV and at -2

eV and in the minority bands between -1.5 eV and -2 eV are observed between the electronic

structures in the cubic and the metastable phases of Mn2NiSn, no such visible differences are

present in case of Mn2NiIn. This explains why an extremely shallow metastable minimum is

obtained in the energy surface of Mn2NiIn.

T 3.5: The inter-atomic distances (in Å) between the magneticatoms for Mn2NiX systems
[177].

Systems Cubic Tetragonal
Mn2NiX MnI-MnII Ni-MnI Ni-MnII MnI-MnII Ni-MnI Ni-MnII
Mn2NiGa 2.56 2.95 2.56 2.59 2.72 2.59
Mn2NiAl 2.51 2.90 2.51 2.54 2.69 2.54
Mn2NiIn 2.67 3.08 2.67 2.70 2.86 2.70
Mn2NiSn 2.64 3.04 2.64 2.67 2.84 2.67

The trends in the magnetic properties presented in T 3.4 can also be explained from

the electronic structures. The antiferromagnetic alignments between the Mn atoms occupying

lattice points of different symmetries are due to the shorter Mn-Mn inter-atomic distances in

the Hg2CuTi structures compared to the Heusler structure in which the Ni2MnX alloys crystal-

lize. It was shown earlier that for Mn-excess alloys like Ni2Mn1+xGa1−x [199], Ni2−xMn1+xGa

[200] and Ni2Mn1+xAl 1−x [98, 201] alloys in the family of Ni2MnX systems, the Mn atoms

occupying Ga,Ni and Al anti-sites respectively, align anti-parallelly with the Mn atoms at

the original Mn sub-lattice due to the shorter Mn-Mn distances. The same argument is valid

here. The reason that a ferrimagnetic order with uncompensated Mn moments are obtained

for the Mn2NiX systems, in spite of two Mn atoms per formula unit, is thatthe hybridizations
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between the spin majority Ni and Mn-II 3d states are stronger than those between the spin

minority Ni and Mn-I states. This, in turn, is related to the larger Ni-MnI distances relative

to the Ni-MnII distances in both phases (T 3.5). The hybridization patterns presented

in F 3.2- 3.5 also explain the trends in the atom projected moments for these systems.

For Mn2NiGa and Mn2NiAl, a larger Ni moment and a larger unbalanced moment on the

Mn sites are an artifact of strong hybridizations between the Ni and Mn atoms as discussed

above. However, the near compensations of the Mn moments andsmall Ni moments in case

of Mn2NiSn and Mn2NiIn are due to the weak hybridizations between the Ni and theMn

atoms. This is obvious from the appearances of the well separated partial contributions from

Ni and Mn atoms in the PDOS. Also, the reason behind the near-compensations of the MnI

and MnII moments for these two alloys can be understood from the nearly same PDOS in

both majority and minority bands of these two atoms. The majority and minority DOS for

Ni atoms also appear to be nearly equal, thus, explaining thesmall amount of Ni moments in

these two alloys. The decrease in the moments in the tetragonal phases ((c/a)> 1) are due to

a larger reduction in MnII and Ni moments. The slight increase in the Ni-MnII distances in

the tetragonal phase in comparison to those in the cubic phases, and subsequent weakening of

the hybridizations are the reasons behind such reductions in the partial and total moments.

3.4 Summary

Using first-principles based electronic structure methods, the prospect of shape memory effect

has been investigated in all the Mn2NiX systems. We observe a volume conserving structural

phase transformation from cubic to nonmodulated tetragonal phases for all the materials we

consider. Energy surfaces of all the materials reveal that the daughter phases (tetragonal),

characterized with tetragonal deformation (c/a)> 1, are energetically favorable than the par-

ent phases (cubic). Additionally, all the above materials also have shallow minima in their

energy landscapes with (c/a)< 1, signifying the existence of modulated structure, which is

precursor to the martensitic phase. From the energy difference between the cubic and the

martensitic phase, we conclude that only Mn2NiGa and Mn2NiAl would be suitable for prac-

tical applications, since their TM would lie close to the room temperature. The trends in the

energetics are explained with the hybridizations between Ni and the two crystallographically
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inequivalent Mn atoms. Relatively weaker hybridizations between those magnetic atoms re-

sult into nearly stable cubic phase for Mn2NiIn and Mn2NiSn. Since the main contributor to

net magnetization is Mn atoms and their ferrimagnetic alignment produce smaller moments

compared to Ni2MnX systems. The net moments of Mn2NiIn and Mn2NiSn are smaller than

the other two materials by at least a factor of two, which can be explain by the weak hybridiza-

tions between the magnetic atoms occur basically due to larger distances between magnetic

atoms. Thespelements play the role of modifying the inter-atomic distance and thus influenc-

ing the hybridizations between the magnetic constituents.Therefore, the physical properties

of these materials are influenced by the relative sizes of thespelements.
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Chapter 4

Understanding the origin of the

martensitic transformation in Mn 2NiX

alloys from their lattice dynamics∗ †

4.1 Introduction

The theory of lattice dynamics is considered as one of the pillars on which the modern day

condensed matter physics stands. Many important achievements would not have been accom-

plished in modern solid state physics without a strong contribution from the investigations of

lattice vibrations. The studies on lattice vibrations are used to explain specific heats, thermal

expansion, heat conduction, the resistivity of metals, superconductivity and the temperature

dependencies of optical spectra etc. Thus, the research on phonon excitations in solids offers

interesting perspectives regarding materials propertiesand behavior. Useful insight about the

ordering behavior, phase stability and elastic propertiescan be obtained from the phonon dis-

persion relations of solids. Phonon excitations play an important role in materials undergoing

martensitic transformations.
∗Contents of this chapter are mostly taken from Ref. [202].
†Permission from the publisher has been obtained for reprints of Ref. [202].
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As has been stated in chapter 1, the martensitic transformation is merely a consequence of

the reshuffling of atomic planes, which is often mediated through different periodically modu-

lated metastable structures called premartensitic structure. Very often, the microscopic origin

behind the martensitic phase transformation can be explained by softening of some phonon

modes, related to the softness in elastic stiffness constants, caused by the nesting topology

between parallel Fermi surfaces due to intense electron-phonon coupling. This has been the

case for almost all the ternary MSMAs crystallizing in Heusler structure. The structural insta-

bility of Ni 2MnGa in the high temperature phase has been linked with an anomalous phonon

softening of transverse acoustic TA2 branch along [ξξ0] direction. The softening occurs at

a fractional wave vectorξ= (0.33,0.33,0) and it becomes more prominent as one approaches

towards the martensitic phase with decreasing temperature[92, 203]. The phonon softening

has been found to correlate with the premartensitic phase, which is anticipated by the precur-

sor phonon softening at that wave vector. Inelastic neutronscattering experiments and elastic

constants measurements on the high temperature phase corroborated the theoretical calcula-

tions of softening of acoustic branch. A complete softeningof the acoustic TA2 branch with

imaginary frequencies along [ξξ0] direction has been reported Ni2MnAl [204]. The neutron

scattering experiments performed by Moyaet al. on this system verify the softening in TA2

mode between the wave vectorξ= 0.25 andξ= 0.4, but the phonon frequencies remain finite

at any wave vector even at the lowest temperatures [205]. This could be related to the fact

that the composition needed for the martensitic phase transformation to occur in Ni2MnAl is

slightly off-stoichiometric [98]. The phonon dispersion curves for Ni2MnIn determined from

inelastic neutron scattering showed the features typical of BCC materials that undergo marten-

sitic transformations, i.e., low energies of the phonons ofthe transverse TA2 [ξξ0] branch and

a wiggle atξ= 0.33. Later, Ağduk calculated the phonon dispersion spectra, which are in

excellent agreement with the experimental results [206]. They also studied the vibrational

properties of Ni2MnSn and Ni2MnSb from first-principles electronic structure method. The

softening of Ni2MnSn system is relatively weak compared to Ni2MnSb, so that the phonon

frequencies remain finite at any wavevector along [ξξ0]. The softening occurs atξ= 0.35 and

ξ= 0.40 wave vectors for Ni2MnSn and Ni2MnSb, respectively. On the other hand, a remark-

able vibrational instability is observed in TA2 branch of Ni2MnSb which consists of negative

vibration frequencies betweenξ = 0.55 andξ = 0.85 [207].

In the previous chapter, we established that all the Mn2NiX materials undergo martensitic

transformations. Thus, in order to understand the origin ofthese martensitic transformations,
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it is only natural to explore the lattice dynamics. In this chapter, we compute the vibrational

properties of the four Mn2NiX materials in a systematic way. We compute the phonon disper-

sions, the vibrational density of states, the elastic constants and the Fermi surfaces in order to

ascertain the mechanisms driving the martensitic transformations.

4.2 Computational details

The electronic structures of the systems considered were calculated using the UltraSoft Pseu-

dopotential (PW-USPP) formalism of the Density FunctionalTheory (DFT), as implemented

in Q E [187] code. The phonon spectra were obtained by Density Functional

Perturbation Theory (DFPT) method. DFPT [127] is a DFT [109,111] based linear response

method to obtain the lattice dynamical properties in condensed matter systems. The inter-

atomic force constants required to calculate the phonon frequencies are derived via the linear

response of the electronic subsystems. The Hellmann-Feynman theorem [208, 209] is used to

calculate the elements of the force constant matrices.

CRI RJ =
−∂FI

∂RJ
=

∫

∂nR (r )
∂RJ

∂VR (r )
∂RI

dr

+

∫

nR (r )
∂2VR (r )
∂RI∂RJ

+
∂2EN (R)
∂RI∂RJ

(4.1)

RI ,RJ are the ionic positions,FI is the Hellmann-Feynman force on theI -th nucleus,nR (r ) is

the ground state electronic charge density corresponding to the nuclear configurationR, VR (r )

is the electron-nucleus interaction andEN is the ion-ion interaction energy. From equation 4.1,

it is clear that the inter-atomic force constants are determined from the ground state charge

density and its linear response to a distortion in the ionic configuration. In the DFPT, these

quantities are calculated within the DFT framework.

We assume that the external potential acting on the electrons is a differentiable function

of a set of parameters,λ ≡ {λi} (λi ≡ RI in the case of lattice dynamics). According to the

Hellmann-Feynman theorem, the first and second derivativesof the ground state energy are

∂E
∂λi
=

∫

∂Vλ(r )
∂λi

nλ(r )dr (4.2)
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∂2E
∂λi∂λ j

=

∫

∂2Vλ(r )
∂λi∂λ j

nλ(r )dr +
∫

∂nλ(r )
∂λi

∂Vλ(r )
∂λ j

dr (4.3)

Linearization of charge density equation in DFT leads to

∆n (r ) = 4 Re
N/2
∑

n=1

ψ∗n (r )∆ψn (r ) (4.4)

where the finite difference operator∆λ is defined as

∆λF =
∑

i

∂Fλ

∂λi
∆λi (4.5)

The superscriptλ has been omitted in equation 4.4 as well as in any subsequent formulae

without the loss of generality. The variation of the Kohn-Sham orbitals,∆ψn (r ) is obtained

by standard first order perturbation theory [210]:

(HSCF− ǫn) |∆ψn〉 = − (∆VSCF− ∆ǫn) |ψn〉, (4.6)

where,

HSCF = −
~

2

2m
∂2

∂r2
+ VSCF(r ) (4.7)

is the unperturbed Kohn-Sham Hamiltonian,

∆VSCF(r ) = ∆V (r ) + e2

∫

∆n (r ′)
|r − r ′|dr ′ +

dvxc (n)
dn

∣

∣

∣

∣

∣

n=n(r )
∆n (r ) (4.8)

is the first order correction to the self consistent-potential and∆ǫn = 〈ψn|∆VSCF|ψn〉 is the first

order variation of the Kohn-Sham eigenvalue,ǫn.

equations 4.4-4.8 form a set of self-consistent equations for the perturbed system com-

pletely analogous to the Kohn-Sham equations in the unperturbed case. The problem will

arise due to the linear operator appearing in the left-side of equation 4.6 which has a null

eigenvalue. However, the response of the system to an external perturbation only depends

on the component of the perturbation that couples the manifold of occupied states with that

of the empty states. The projection onto the empty-state manifold of the first order correc-

tion to occupied orbitals can be obtained from equation 4.6 by replacing its right-hand side

with −Pc∆VSCF|ψn〉, wherePc is the projector onto the empty-state manifold, and by adding

to the linear operator on its left-hand sideHSCF − ǫn, a multiple of the projector onto the
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occupied-state manifold,Pv, so as to make it nonsingular:

(HSCF− αPv − ǫn) |∆ψn〉 = −Pc∆VSCF|ψn〉 (4.9)

The basic algorithm for DFPT consists of solving the set of linear equation 4.9 for∆ψn and

expression 4.8 for∆VSCF in terms of∆n, which is given by Since∆n is a function of the

set of occupied∆ψn, this forms a self-consistent set of equations which can be solved by any

efficient iterative method. In the next two paragraphs, we describe the computational details

for the calculation of electronic and dynamical propertiesfor Mn2NiX materials, respectively.

UltraSoft PseudoPotentials (USPP) [191] were used to accurately calculate the electronic

ground states. Spin polarized Generalized Gradient Approximation (GGA) scheme was used

as the exchange-correlation part of the potential with Perdew-Wang 91 parameterizations

(PW91) [138]. Plane waves with energies up to 544 eV were usedto describe electronic

wave functions. Fourier component of the augmented charge density with cut-off energy up

to 6530 eV was taken after convergence tests. The Brillouin zone integrations were carried out

with finite temperature Methfessel-Paxton smearing [211] method using 12×12×12 uniform

k-mesh, which effectively leads to 364k-points in the irreducible wedge of the Brillouin zone.

The value of the smearing parameter was taken as 0.27 eV. Suchchoices of the parameters

ensure the convergence of phonon frequencies within 5%.

The energy threshold value for convergence was 10−16 Ry in phonon calculations. Dynam-

ical matrices were conveniently calculated in reciprocal space from the ground state charge

density and from its linear response to the distortion in theionic configurations. Fourier trans-

form was employed thereafter to obtain the real space force constants. The dynamical ma-

trices were calculated in a 4×4×4 q-point grid for all the structures. Convergence of phonon

frequencies within 1-2% was ensured by comparing frequencies calculated directly and fre-

quencies obtained by the Fourier transform of the dynamicalmatrices. Such convergence tests

ensured accuracies in elastic constants as they are calculated from the slopes of the phonon

dispersion curves. The Fermi surfaces were calculated on 24× 24× 24 highly dense uniform

k-point grid. It may be noted that the strength of the phonon anomaly is extremely sensitive

to temperature. An increase in temperature can reduce the nesting features of Fermi surfaces

and thus weaken the anomaly. In DFT based calculations, the smearing parameterσ plays the

role of fictitious electronic temperature. Therefore, to reduce the effect of finite temperature

in the calculations of Fermi surfaces, we keptσ= 0.01 eV all along.
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4.3 Results and Discussions

4.3.1 Phonon dispersion

In absence of experimental information on the lattice constants of Mn2NiAl and Mn2NiIn,

we have used the DFT calculated lattice constants presentedin T 3.1 of chapter 3 for

all the four alloys. Since, the experimental lattice constants agree well with our calculated

ones for Mn2NiGa and Mn2NiSn, we consider the DFT calculated lattice constants as good

representations of the experimental ones. The phonon dispersion spectra calculated at these

lattice constants along [ξξ0] highly symmetric direction in the irreducible segment ofthe

Brillouin zone (IBZ) are shown in F 6.5.

F 4.1: Phonon dispersion spectra of (a) Mn2NiAl, (b) Mn2NiGa, (c) Mn2NiIn and (d)
Mn2NiSn along [ξξ0] highly symmetric direction of the Brillouin zone. The phonon wave
vectorξ is expressed in units of (2π

a ) [202].
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Our main interest lies in the transverse acoustic TA2 branch, which exists due to the atomic

displacements [ξξ̄0] perpendicular to the propagation direction [ξξ0]. For all Heusler systems

exhibiting martensitic transformation, this branch showsan anomalous behavior. Therefore,

our aim is to investigate the behavior of acoustic TA2 branch along [ξξ0] direction. The

most important features in the dispersion curves are the anomalous dips of the acoustic TA2

branches where the phonon frequencies become imaginary, suggesting instabilities in the cu-

bic austenite structures leading to stable martensitic phases through phase transformations in

all the four materials. In Mn2NiGa and Mn2NiAl, the acoustic TA2 branches have negative

slopes atΓ point, indicating a pure elastic instability in their parent structures. The range

of this instability extends up toξ= 0.50 for Mn2NiGa and up toξ= 0.35 for Mn2NiAl. The

maxima of the dips in the TA2 occur at wave vectorsξ= 0.35 andξ= 0.25 for Mn2NiGa and

Mn2NiAl, respectively. For Mn2NiIn, the instability of TA2 branch starts fromξ= 0.3 produc-

ing maximum of the dip at wave vectorξ= 0.50. For Mn2NiSn, unlike the other materials, the

softening extends up to the wedge of the Brillouin zone with the maximum of the dip atξ=

0.50.

In previous studies of lattice dynamics on ternary MSMAs with Heusler structures, phonon

anomalies of TA2 were correlated with the precursor phenomenon prior to the martensitic

phases when the systems are cooled from high temperatures. The wave vectors corresponding

to the imaginary phonon frequencies indicated shuffling of atomic planes which stabilize the

(c/a)< 1 phases compared to the parent phase ((c/a)= 1). The occurrence of 3M, 5M and

7M modulated structures and even incommensurate structures were confirmed experimen-

tally. Possibilities of such modulated structures can be inferred from the anomalies in our

calculated dispersion relations for Mn2NiX systems. A modulated structure with a periodicity

of 8 atomic planes (2M structure) can be associated with an instability atξ= 0.25, one with a

periodicity of 6 atomic planes (3M structure) can be associated with an instability atξ= 0.33

and one with a shuffling of 14 atomic planes (7M structure) can be associated withan insta-

bility at ξ= 0.29. For Mn2NiAl, the unstable mode occurs betweenξ= 0.0 andξ= 0.35 with

the maximum of the dip atξ= 0.25. This suggests the possibilities of occurrence of several

modulated phases. The commensurate wave vector closest to the maximum of the dip in the

TA2 branch of Mn2NiGa occurs atξ= 0.33 which can be related to the occurrence of the 3M

structure. Since, in Mn2NiGa, the imaginary frequencies extends up toξ= 0.50, in addition to

aforementioned modulated structures 5M, modulation can also be observed atξ= 0.43 which

stabilizes with the shuffling of 10 atomic planes. In cases of Mn2NiIn and Mn2NiSn, the
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maxima in the dip of the TA2 branch occur atξ= 0.5, which although cannot be connected to

the known modulated structures mentioned above, but the extent of the instabilities in these

systems can be connected to the 3M and 5M modulations. These suggest possibilities of

occurrence of new kinds of modulations leading to precursorphenomena in these materials

or that there may be more complicated structures with co-existence of multiple modulated

phases. Signatures of 7M modulated phases have been observed experimentally [105, 106] in

Mn2NiGa, but the occurrences of these were either dependent on the amount of stress in the

system [106] or on the sublattice occupancies [105]. Thus, no definite conclusion on the kind

of modulation in this system and the resulting pre-martensitic structures can be made from

the available experimental results. Detailed systematic calculations on the non-cubic variants

for these systems are to be carried out in order to settle the issue. However, this is beyond the

aim and scope of the present study.

Energetically lowest optical T2g branch is Raman active in nature with [ξξ̄0] polarization

and the other optical branches are infrared active with T1u symmetry. It is known that phonon

branches with same symmetry would repel each other. Since, acoustic TA2 branch also has

same state of polarization; it would be repelled by the T2g branches. In a previous theoretical

study, Zayaket al. [212] argued that due to this repulsion the TA2 branch is pushed downward

and becomes unstable. To prove this, they compared the position of T2g branches atΓ point of

some stable Heusler alloys at cubic phase like Co2MnGa and Co2MnGe to unstable systems

like Ni2MnX (X= Ga, Ge, In, Al) and illustrated that energetically lowered T2g branches in

the unstable alloys compared to those alloys with stable cubic phases, produce the necessary

repulsive thrust to the lowest vibrational branch. The results in F 6.5 suggest the same

explanation for the phonon instabilities in Mn2NiX. The repulsion due to the already low

lying T2g modes at theΓ point for all four materials push the TA2 frequencies down setting up

the unstable modes. In Reference [212], the authors attributed the occurrence of anomalous

unstable modes in Ni2MnGa to the inversion of modes of Ni and Ga. They showed that

the contributions to the T2g branches come from the dynamics of Ni atoms and due to the

inversion of optical modes, the Ni atoms vibrate at lower frequencies making the frequencies

of the T2g mode lower. The repulsion of TA2 modes by these T2g modes pull the frequencies

of the former down making them imaginary. For the materials investigated here, an analysis

of the vibrational amplitudes show that the T2g modes are dominated by the vibrations from

Ni and MnI atoms who occupy crystallographically equivalent sites, and in fact the same ones

as the two equivalent Ni atoms in Ni2MnGa. Therefore, it would be interesting to examine
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whether such an inversion of optical mode is also happening for these materials. In the next

subsection, we explore this by looking at the vibrational densities of states (VDOS).

4.3.2 Vibrational Density of States (VDOS)

F 4.2: Atom projected vibrational density of states (VDOS) showing contributions from
different constituent atoms for (a) Mn2NiAl, (b) Mn2NiGa, (c) Mn2NiIn and (d) Mn2NiSn
over the frequency range [202].

In what follows, the atom projected VDOS for Mn2NiAl, Mn 2NiGa, Mn2NiIn and Mn2NiSn

are presented in F 4.2. It is observed that the vibrational contributions fromtwo Mn

atoms occupy different frequency regions in the VDOS plots. This occurs mainly because of

the following reasons: the two Mn atoms have different crystallographic symmetry; the atom

occupying (0,0,0) sublattice, labeled as MnI, have tetrahedral symmetry and the other one

at (0.25,0.25,0.25), labeled as MnII, sublattice have octahedral symmetry; as a consequence

of this their nearest neighbor environments are different leading to different bond stiffnesses

(force constants) for the bonds connected to the Mn atoms. A comparison of all the VDOSs
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show that the VDOSs of Mn2NiIn and Mn2NiSn materials are quite similar and are very dif-

ferent from the VDOSs of the other two materials in the series. F 4.2 suggests that for

Mn2NiIn and Mn2NiSn, vibrations of MnI atoms are prominent between 6 THz to 7THz,

whereas contributions from MnII atoms are predominantly lie between 4.5 THz to 6 THz.

Due to the slightly larger atomic mass than Mn atom, Ni vibrations occur mostly between 2.5

THz to 4.5 THz. As expected, the lower frequency regions are dominated by In and Sn be-

cause they have larger atomic masses than Ni and Mn. For Mn2NiGa, vibrations in the range

7 THz to 8 THz are mainly dominated by MnI atoms, while vibrations from 5.5 THz to 7 THz

have contributions from MnII atoms. A strong peak originating from MnI vibrations coincid-

ing with a peak originating from vibrations of MnII atoms is also observed at 6 THz. In the

frequency range 3 THz to 5 THz, vibrations of Ni atoms are predominant and the lowermost

part of the spectrum is dominated by the vibrations of the Ga atoms. The features in the VDOS

of Mn2NiAl are different than the other three. The modes due to the vibrations ofAl atoms

occur at around 10 THz due to extremely light mass of Al. The Nimodes also occur at lower

frequencies, similar to the cases of the other three. The vibrations of MnI and MnII atoms

dominate the middle of the spectrum with their respective peaks at 6.25 THz and 7.3 THz. In

case of Ni2MnGa, Zayaket al. [212] showed that the positions of Ga and Ni contributions to

the VDOS were “inverted”, that is, the vibrations of the lighter Ni atoms were at frequencies

lower than those of heavier Ga atoms. They connected this anomalous mode inversion to the

instability of the TA2 modes of Ni2MnGa. In case of the systems studied here, the overall

features in the VDOSs of all four materials suggest that there is no signature of inversion of

Ni (MnI) modes with those of the modes from the elementX. Thus the occurrence of unstable

TA2 modes cannot be associated to this.

4.3.3 Inter-atomic force constants

In order to understand the features in the VDOS, we analyze the behavior of the real space

interatomic force constants. In F 4.3, we plot the longitudinal component of nearest

neighbor force constants of Mn2NiX systems. The transverse components of force constants

are not shown in the plot, since; their contributions compared to the longitudinal ones are

negligible. The force constants between any pair of nearestneighbor atoms are nearly equal

for Mn2NiAl with Mn 2NiGa. Same is true for Mn2NiIn with Mn2NiSn. However, substantial

changes in the force-constants between any pairs are observed as one move from Mn2NiGa to
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F 4.3: Longitudinal component of nearest neighbor inter-atomic force constants between
MnI, MnII, Ni and X atoms of Mn2NiX materials [202].

Mn2NiIn. Due to the increase in the inter-atomic distances, as aresult of expansion in their

equilibrium lattice constants from 5.850 Å to 6.162 Å, the MnI-MnII and MnII-Ni longitudi-

nal force constants become softer in Mn2NiIn and Mn2NiSn in comparison to Mn2NiGa. On

the other hand, the force constants related toX elements, i.e., MnI-X and Ni-X become harder

in Mn2NiIn and Mn2NiSn as compared to those in Mn2NiGa and Mn2NiAl. This opposite

behavior is observed since the sizes of theX elements for the former two alloys are larger

than those in the later two, and thus are able to overcome the expansion of the inter-atomic

distances occurring in the former two as compared to the later two. The nearest neighbor

force constants associated to MnII atom, the MnII-Ni and theMnII-MnI, become softer as

one moves from Mn2NiGa to Mn2NiIn and Mn2NiSn. Therefore, vibration frequencies cor-

responding to MnII atoms would be lower in the later two materials, which agree with the

features in the VDOS. In Mn2NiGa, vibrations of MnII extend from 5.5 THz to 7 THz, which
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in case of Mn2NiIn and Mn2NiSn shift to lower frequencies, around 5.5 THz. The dynami-

cal behavior of MnI and Ni atoms are more complicated. For both of the atoms, two sets of

inter-atomic force constants behave opposite to one another. For Ni, the Ni-X nearest neigh-

bor force constants hardens, as one goes from Ga to In and Sn. This should force Ni atoms to

vibrate at higher frequencies as one goes from Mn2NiGa to Mn2NiIn and Mn2NiSn. However,

the vibrations of Ni atom remain more or less around the same frequency for all the materi-

als, since the previous effect is compensated by increasing softening of the MnII-Ni bonds

as one goes from Mn2NiGa to Mn2NiIn and Mn2NiSn. Similarly, hardening of MnI-X force

constant does not affect MnI vibrations, as this is compensated by the softening of MnI-MnII

inter-atomic force constants.

4.3.4 Fermi surfaces

Previous first-principles studies in Ni2MnX relate the martensitic instability of those materials

with Fermi surface nesting [212–216]. The anomalies in the phonon branch mainly depend on

the shape of the Fermi surfaces and the electron-phonon matrix elements via the phonon wave

vectorξ [214, 215]. This phenomenon occurs due to strong attractionbetween two flat-parallel

Fermi surfaces connected by a nesting vectorq, at the expense of atomic displacements and

at the wave vector where the maximum dip of the acoustic phonon branch is observed. How-

ever, this cannot be generalized for all ternary alloys showing martensitic instabilities. For

Co2NiGa, a newly found shape memory alloy, Siewartet al. [217] observed that softening in

TA2 phonon branch was absent as a result of nonappearance of nesting features in the Fermi

surfaces of Co2NiGa.

Here, we present Fermi surfaces corresponding to the spin-minority bands only, since

most prominent features are observed in this spin channel asthe systems undergo marten-

sitic transitions [177]. The three dimensional Fermi surfaces of Mn2NiGa for 18th and 19th

spin-minority bands are shown in F 5.4. The figure clearly exhibits flat portions of both

the minority bands. However, to examine the Fermi surfaces in details, to obtain clues about

the nesting between different parallel Fermi surfaces and hence, to relate this novel feature to

observed phonon anomaly, two dimensional (2D) projectionsare necessary. In F 4.6, we

show two different cross-sections of Fermi surfaces for Mn2NiX alloys. The cross-sections

for Mn2NiGa, Mn2NiAl and Mn2NiSn bear close resemblances while that of the Mn2NiSn is
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F 4.4: (a) Topology of 3D Fermi surfaces for Mn2NiGa. The blue and magenta surfaces
represent 18th and 19th spin-minority bands, respectively. Panel (b) and (c) illustrate those
spin-minority 18th and 19th bands separately [202].

somewhat different. In spite of this difference, the nesting vectors (indicated by red arrows

in Fermi surfaces plots) are consistent with the wave vectors at which the phonon anomalies

are observed in our phonon dispersion curves. Thus, we can conclusively associate the oc-

currences of unstable modes in the Mn2NiX alloys with the Fermi surface nesting. We refrain

from further discussions on the differences in shapes of Fermi surfaces between materials with

the elementX belonging to different columns in the periodic table because it is not necessary

in the present discussion where the focus is on to establish the nesting features in the Fermi

surfaces and their relations to the martensitic instabilities found in these systems.
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F 4.5: Illustration of the 110 cross section (kx+ky= 1) in FCC irreducible Brillouin zone
(IBZ) [202].

F 4.6: 2D cross section of the Fermi surfaces with the (110) plane kx+ky= 1 for (a)
Mn2NiAl, (b) Mn2NiGa, (c) Mn2NiIn and (d) Mn2NiSn. The green and black lines indicate
spin minority bands. The red arrows indicate nesting vectors q= 0.25(110) for Mn2NiAl, q=
0.35(110) for Mn2NiGa andq= 0.50(110) for Mn2NiIn and Mn2NiSn [202].

Barmanet al. [178] also computed the Fermi surfaces of Mn2NiGa. They observed nest-

ing in the majority spin Fermi surfaces along (001) and (110)direction in the martensitic

phase. They attributed this to the possible instabilities in the TA2 phonon mode. However,

they did not substantiate this by computations of the phononspectra. Our results are qualita-

tively different from theirs as we found nesting along (110) direction in the austenite phase.
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Moreover, our results are consistent as the Fermi surface nesting along (110) could be related

to the computed instabilities in the TA2 phonon mode along (110) with the nesting vector

computed from the Fermi surfaces agree with the wave vector at which the maximum of the

instability occurs.

4.3.5 Elastic constants

T 4.1: Calculated elastic constants and elastic anisotropy ratio for Mn2NiX materials.
Experimental elastic constants are only available for Mn2NiGa and shown in brackets [202].

Systems c′ c11 c12 c44 A
(GPa) (GPa) (GPa) (GPa) (=c44/c′)

Mn2NiAl -33.13 100.35 127.19 131.66 -3.97
Mn2NiGa -13.42 58.91 125.17 111.00 -8.27

(90.55)∗ (128.00)∗ (124.42)∗

Mn2NiIn 16.44 118.64 85.76 41.47 4.96
Mn2NiSn 15.43 146.05 115.19 64.27 4.17

*ref. [218]

The dynamical stability of crystalline phase implies that the strain energy changes be

positive definite against all possible small deformations.This condition imposes restrictions

on elastic constants. The stability criteria for cubic crystals requires [219]

c44 > 0, c11 > |c12|, c11+ 2c12 > 0 (4.10)

Therefore to introspect the kinds of instabilities presentin the materials considered here and to

validate our calculated phonon dispersion results, we compute the elastic constants for all the

four materials from the initial slope (ξ→ 0) of phonon dispersion plots along [ξξ0] direction.

The elastic constants c44, c′ (=1
2(c11−c12)) and cL (=1

2(c11+c12+2c44)) are related to TA1, TA2

and LA acoustic modes [219]. These elastic constants are connected to ultrasound velocity

via ci j=ρυ
2 relation [219] whereρ is the mass density. The three independent elastic constants

of cubic crystal are tabulated in T 4.1. Our computed c12 and c44 agree quite well with the

experimental results available only for Mn2NiGa, whereas in our calculation, c11 is underes-

timated [218]. Overall the agreement with experiment is good for Mn2NiGa. This, in effect,

is an indirect indication to the accuracy of calculated phonon spectra. The results show that

the equation 4.10 is satisfied by Mn2NiIn and Mn2NiSn only. This indicates that Mn2NiAl
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and Mn2NiGa are unstable in the cubic structure. We gain further insight into the nature of

stabilities of these materials by looking at the other two parameters listed in T 4.1, the

shear constant and the elastic anisotropy ratio. Since acoustic TA2 branch is related to shear

constant (c′), hence, negative c′ for Mn2NiAl and Mn2NiGa is an indication of pure elastic

instability which stabilizes though shear deformation across (ξξ0) planes in [ξξ̄0] direction.

The same is not true for the other two materials. Although they satisfy equation 4.10 and

have sizable c′, their anisotropy ratios A are high enough to effect a martensitic transforma-

tion [220]. The elastic anisotropy ratio A (=c44/c′) is an important quantity to measure of

stability of cubic structures under stress across (ξξ0) planes [86]. Larger the value it acquires,

more unstable the structure becomes. For systems undergoing martensitic transformations,

the value of A varies from 2 onwards [207, 220–224]. In cases of Mn2NiIn and Mn2NiSn,

the values of A lie well within the limits observed in shape memory alloys. The origin of this

could be rather small value of the shear modulus c′. Additionally, we find that c44 in cases

of Mn2NiIn and Mn2NiSn are much softer than those for the other two materials. The com-

parative softening in c44 for Mn2NiIn and Mn2NiSn as compared to Mn2NiGa and Mn2NiAl,

indicate that the cubic Mn2NiIn and Mn2NiSn will transform to different martensitic phases

compared to the other two where the transformations would bedriven by softening in c′ as has

been observed in cases of other shape memory alloys [220]. The results on elastic constants

therefore corroborate the inferences drawn from the differences in dispersion relations for the

materials studied.

The vibrational and elastic properties discussed in this work show a clear trend. Mn2NiGa

and Mn2NiAl are quite similar in their behaviors; same goes for Mn2NiIn and Mn2NiSn. The

vibrational and elastic properties among these two groups are significantly different. The ori-

gin of such differences can be traced back to the differences in their electronic structures [177].

The signatures of mechanical instability were reflected in electronic structures of Mn2NiGa

and Mn2NiAl, where high densities of states, as compared to Mn2NiIn and Mn2NiSn, were

found at the Fermi level. The origin of this was larger hybridizations between the Mn and

Ni atoms at the octahedral positions for the former two systems. For the latter two systems,

rather small densities of states at Fermi level, due to smaller hybridizations between the mag-

netic atoms at octahedral positions, originating from larger distances between those magnetic

atoms (due to the atoms sitting in a larger lattice compared to the former two which happens

as In and Sn have larger sizes than Ga and Al), signified that itwould take external influences

to induce instabilities into these systems.
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4.4 Summary

In this chapter, we have investigated the lattice dynamics of Mn2NiX (X= Al, Ga, In, Sn) MS-

MAs in their austenite phase. The calculated phonon spectrashow anomalous behavior of the

acoustic TA2 branch along [ξξ0] direction for all the four materials indicating structural insta-

bility. Instabilities in the said acoustic mode can be related to the repulsion by the optical T2g

mode posing the same symmetry as the TA2 mode. Unlike Ni2MnGa, no inversion of optical

modes could be observed, thus ruling this out as one of the possible mechanisms behind the

anomalous features in phonon spectra. The features in the vibrational densities of states can

be explained from the qualitative variations of the interatomic force constants across the ma-

terials. The calculated elastic constants corroborate thestructural instabilities inferred from

phonon dispersion relations. Negative shear constants forMn2NiAl and Mn2NiGa indicate

pure elastic instabilities in these materials. Finally, the nesting features in the Fermi surfaces

confirm that the observed phonon anomalies are associated with them. The wave vectors at

which the maximum anomaly occur indicate the possibility offormation of pre-martensitic

modulated phases which are yet to be confirmed by experiments. The results also indicate

that these modulated pre-martensitic phases could be quitecomplex and further investigations

into this aspect is necessary.
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Chapter 5

Investigation of the magnetic structure of

Mn2NiX materials from the study of

noncollinear magnetism∗ †

5.1 Introduction

The total magnetic moments calculated in chapter 3 for Mn2NiX materials are based upon the

assumption that the magnetic structure is collinear. Till now, no theoretical and experimental

investigations have been made to study the possibility of observing noncollinear structures

as magnetic ground states in these materials. Contrast to the collinear spin structure, in non-

collinear spin configuration, the spin quantization direction rotates from one atomic plane to

another in bulk materials, thus forming a periodic helix like structure. In 1988, Y. Tsunada first

observed the noncollinear spin spiral structure and explained his neutron diffraction results on

FCC Fe97Co3 alloy precipitate in Cu [226] based upon the observation. This experimental

finding stimulated many first-principles based spin spiral studies mainly in bulk materials.

In the early 90’s, the existences of spin spiral structures are theoretically investigated in the

context of high-Tc superconductors, using the framework of Hubbard model, where the sta-

bilizations of the spin spiral states are realized within a wide range of the parameters of the

∗Contents of this chapter are mostly taken from Ref. [225].
†Permission from the publisher has been obtained for reprints of Ref. [225].
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model [227–231]. Materials exhibiting complex magnetic exchange interactions, for exam-

ple, in spin glasses [232–237], substitutional alloys [238–243] and systems with geometrical

frustrations such asα and β phase of Mn, can have stable spin spirals structures as their

ground states [244–248]. The appearances of noncollinear magnetic states, either in ambient

condition or under external influences, such as under pressure, have given rise to interesting

properties in these materials. For example, Iron, the most common ferromagnet, orders fer-

romagnetically at ambient condition in BCC structure. Under external pressure it undergoes

a phase transformation to HCP structure which is believed tobe nonmagnetic. Lizaárragaet

al. had studied the later structure under high-pressure and showed that two different antifer-

romagnetic structures along with a nonsymmetric spin spiral structure coexist in the ground

state [249]. A transition to noncollinear magnetic state under pressure has been shown to be

the driving mechanism behind the inver properties of Pd3Fe under external pressure [250].

Similarly, an Fe(110) monolayer undergoes a phase transition from collinear to a noncollinear

spin spiral state under an in-plane strain [251]. Pressure driven noncollinear magnetism was

also discussed for MnAs in a zinc-blende structure [252]. Based on the study of NdNiO3 and

other rare earth nickelates, Prosandeevet al., predicted that a phase transformation between

insulating spin-density wave (SDW) and metallic spin spiral states can be induced by epitax-

ial strain [253]. These results demonstrate that it is important to investigate the ground state

magnetic structure of new functional materials which are supposed to be useful in applications

involving magnetic degrees of freedom.

Any evidence of occurrences of noncollinear magnetic structure is not reported for Ni2MnX

MSMAs. To understand the magnetic interactions deeply and their influences on the proper-

ties related to MSME, Enkovaaraet al. [254] calculated the energies of the noncollinear spin

spirals in Ni2MnAl and Ni2MnGa within the framework of DFT. Their calculations conclu-

sively showed that the ground state magnetic structures in these two materials are ferromag-

netic. References [244–248] and [252] have shown that the prominent presence of Mn can

drive noncollinear magnetic structure. Since the systems studied in this thesis have more

Mn than the other magnetic constituent, and that the Mn atomsare crystallographically in-

equivalent, it becomes important to explore whether such a chemical composition can lead to

magnetic structures other than simple collinear types. It also becomes important to explore the

role of the crystal structure, i.e., whether a particular arrangement of magnetic atoms plays a

role in sustaining noncollinear magnetic states. Also the role of external factors like pressure

on the magnetic ground state is to be looked into. In this chapter, we try to find out answers
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to these questions by computing the relative stabilities ofnoncollinear states (planar spin spi-

rals) for the four Mn2NiX materials. We explain our results in terms of the band structures,

the Fermi surfaces and the magnetic exchange interactions.

5.2 Computational Details

Total energies and band structures of the collinear and the spin-spiral states are calculated by

the first-principles Full-Potential Linearized AugmentedPlane Wave (FP-LAPW) method as

implemented in E code [183–185]. To calculate the energies of various noncollinear states

as accurately as the collinear states, the symmetry of the helical spin structure along thez-axis

with the spiral wave vectorq has to be incorporated. However, the parallel spins within two

consecutive planes rotate around an angleφ= q.R along the spiral axis. Since we are only

interested on the transverse component of spin wave, the angle θ, representing the deviation

of spin quantization direction with the wave vectorq, is considered to be 90◦ which gives min-

imum contribution to the total energy. Since noncollinearity breaks the translation symmetry

of the material, periodic Bloch boundary conditions are no longer valid. In this situation,

large supercell can be constructed to replicate the spin spiral waves within the material, where

large computational facility would be involved. One way to circumvent this problem is to

introduce a generalized translation which would preserve translation symmetry in real space

and rotational symmetry in spin space, leaving the magneticdensity invariant as

m(r + R) = D(q.R)m(r ) (5.1)

whereR is a Bravis lattice vector and D(q.R) is a matrix which rotates the in-plane component

of m by an angleq.R along thez-direction. Therefore, the Blöch spinor can be written as

ψk(r) = eik.r

















e−iq.r/2uk(r)

e+iq.r/2dk(r)

















(5.2)

wherek is a vector in the Brillouin zone (BZ) and uk(r) and dk(r) are the periodic Blöch

functions for spin-up and spin-down components, respectively. Due to this generalized pre-

scription, the spin spirals can be calculated within the chemical cell instead of supercell.
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From careful convergence test with respect to Brillouin zone (BZ) sampling and the size of

the basis set, we have determined that the plane wave cut-off for the basis set beingRMTKmax=

9, whereRMT is the muffin-tin radius andKmax is the largest reciprocal lattice vector, which

amounts to nearly 350 plane waves. The charge density cut-offwas considered to beGmax= 14

and the angular momentum cut-off to the augmented plane wave was taken to beℓmax= 10. The

Brillouin zone (BZ) integrations have been carried out witha k-mesh of 11× 11× 11 along

[00q] and [qq0] directions and with 15× 15× 15 along [qqq] direction which effectively

result into 726k-points and 680k-points, respectively in irreducible Brillouin zone (BZ).

Such choices of parameters ensure the convergence in self-consistent total energy with less

than 0.1meV per atom.

The magnetic pair exchange interactions have been calculated within multiple scattering

Green function formalism as implemented in EMTO code [154–158]. Spin fluctuation theo-

ries for metals map the complicated itinerant electron systems onto an effective Heisenberg

Hamiltonian having the classical spins as

He f f = −
∑

µ,ν

∑

i, j

Jµνi j eµi .e
ν
j (5.3)

The indicesµ andν represent different sublattices,i andj denote the atomic positions andeµi
is the unit vector along the direction of magnetic moments atsite i belonging to sublatticeµ.

The size of the magnetic moments are included in the exchangeinteraction parameterJµνi j . The

exchange parameters are computed from energy difference due to the small orientation of a

pair of spins result a perturbation in spin-density which within the formulation of Lichtenstein

et al. [255, 256] based on magnetic force theorem [257] takes the following form

Jµνi j =
1
4π

∫ EF

−∞
dǫℑTr(∆iT̂

i j
σ∆ jT̂

ji
σ′) (5.4)

where∆i= t̂−1
iσ -t̂−1

iσ′, σ is the spin index,̂t is the single site scattering matrix and̂T is the

scattering path operator related to the off-diagonal elements of the Green function. Tr is the

trace over the orbital indices of the scattering matrix. Positive (negative) values for Jµνi j indicate

ferromagnetic (antiferromagnetic) coupling between atoms i and j.

For the calculations of Jµνi j in the EMTO method, the Green’s function is calculated for 32

complex points distributed exponentially on the semi-circular contour with a diameter of 2.5
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Ryd. The Brillouin zone is sampled by a uniformk-point mesh of 24×24×24, which ensured

convergence of the total energy to less than 0.1 meV per atom.

5.3 Results and Discussions

5.3.1 Spin wave spectra of Mn2NiX materials in inverse Heusler struc-

ture

T 5.1: Lattice parameters of Mn2NiX systems calculated with LDA and GGA function-
als and used in this work. The numbers in the parenthesis indicate the experimental values
whenever available. All the calculations are done with FP-LAPW method.

Systems LDA Equilibrium GGA Equilibrium
lattice constant (Å) lattice constant (Å)

Mn2NiAl 5.613 5.802
Mn2NiGa 5.631 5.835(5.907)
Mn2NiIn 5.919 6.164
Mn2NiSn 5.924 6.147(6.099)

In this work, we first focus our attentions on the possibilities of noncollinear ground states

under the influence of pressure. Therefore, the choices of lattice constants are important. We

consider the lattice constants calculated using FP-LAPW method within the GGA exchange-

correlation functional and presented in chapter 3 as the good representations of the experi-

mental structures. In order to investigate the effects of pressure on the spin spirals in these

materials, we calculate the equilibrium lattice constantswith LDA exchange-correlation func-

tional, which are smaller than by about 3.5% than the GGA calculated ones. The choices of

the LDA lattice constants make sense as the compressions obtained are such that these can

be achieved by standard experiments. The lattice constantsused in this work are presented in

T 5.1.

In F 5.1, we present the total energies of spin spirals relative to q= 0 collinear fer-

rimagnetic state as a function of the spin spiral vectorsq in different symmetry directions of

the Brillouin zone. The panels represent the energies in different symmetry directions in the

inverse Heusler structure. The energies of the spin spiralsare calculated at LDA lattice con-

stants, i.e., at compressed lattice constants. The resultsshow that in a compressed lattice, spin
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F 5.1: Total energies of Mn2NiX systems as a function of spin spiral vectorsq in the
inverse Heusler phases. All calculations are done at compressed lattice constants [225].

spiral states are more stable than the collinear ones for Mn2NiAl, Mn 2NiGa and Mn2NiSn.

Surprisingly, Mn2NiIn has theq= 0 collinear state as the stable one. A careful inspection

reveals that the relative stability of the spiral magnetic state with respect to the collinear one

decreases as Mn2NiAl → Mn2NiGa→ Mn2NiIn implying that as one goes down the column

of X elements in the periodic table, the relative stability of the spiral magnetic state decreases.

The larger stability of the Mn2NiSn which has one more electron than Mn2NiIn suggests that

this extra electron has some role in stabilization of the spiral magnetic state.

After calculating the spin spirals at compressed lattice constants, we, now, compute their

energies at the GGA lattice constants, i.e., at lattice constants close to the experimental ones.

The results are shown in F 5.2. The results clearly suggest that the spiral magnetic

states are de-stabilized leading to a collinear state upon increasing the volume, bringing them
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F 5.2: Total energies of Mn2NiX systems as a function of spin spiral vectorsq in the
inverse Heusler phases. All calculations are done at equilibrium lattice constants [225].

closer to the experimental results. In case of Mn2NiAl and Mn2NiSn, although the energies

at q , 0 are lower than that atq= 0, the energy curves are rather flat and very close to that

of the energy zero line, implying that the spiral states are nearly de-stabilized. The results

of F 5.2 are in perfect agreement with experiments in case of Mn2NiGa and Mn2NiSn

where the possibility of a noncollinear magnetic state was never reported. F 5.1 and

F 5.2, thus establish that a noncollinear spin spiral state can be observed in Mn2NiGa,

Mn2NiAl and Mn2NiSn upon compressing the lattice constant by about 3.5%. Inthe next

two subsections, the origin of sustaining the spin spirals at compressed volumes of the three

systems and consequently the reason behind the absence of spin spirals in one of the materials

which is isoelectronic with two others are explained from their band structures.

5.3.2 Band Structures and Fermi Surfaces

Based upon their studies on ferromagnets, Lizárragaet al. [258] have proposed a mechanism

by which a noncollinear structure can be favored in metallicsystems. They showed that a

noncollinear magnetic state could be stabilized if the two spin channels hybridize, opening up
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F 5.3: Band structures of (a)-(b) Mn2NiAl at q= (0, 0, 0.40), (c)-(d) Mn2NiGa at q=
(0, 0, 0.30), (e)-(f) Mn2NiIn at q= (0, 0, 0.70) and (g)-(h) Mn2NiSn at q= (0, 0, 0.70) along
Γ →X andΓ →X′ directions, indicated in blue lines. The black and red linesindicate spin
majority and spin minority band structure in the collinear (q= 0) state respectively. All the
calculations are done at compressed lattice constants.
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a hybridization gap at the Fermi level, thus pushing one bandup into the unoccupied region

and pushing the other band down, lowering the total energy. The criteria required for this

mechanism are (i) the Fermi level needs to cut through both the spin states and (ii) nesting

features between spin-up and spin-down states in the Fermi surface are formed implying that

via a rigid shift ink-space, large areas of spin-up Fermi surface can be made to coincide with

the spin-down Fermi surface.

F 5.4: Cross sections of Fermi surfaces in the (001) plane for (a) Mn2NiGa, (b)
Mn2NiAl, (c) Mn2NiIn and (d) Mn2NiGa. Figures (a)-(c) are calculated at compressed vol-
umes of T 5.1, (d) Mn2NiGa, calculated at GGA volume of T 5.1. The red and blue
colors indicate contributions from spin-majority and spin-minority bands, respectively [225].

In F 5.3, we showed the band structures of Mn2NiAl, Mn 2NiGa, Mn2NiIn and

Mn2NiSn alongΓ − X andΓ − X′ direction calculated at compressed volumes. The band

structures of the noncollinear spin spiral states corresponding to the ground stateq vector

along (00q) are plotted along with the band structure atq= 0 collinear state for Mn2NiGa,
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Mn2NiAl and Mn2NiSn. In the case of Mn2NiIn, an arbitraryq value along the same direc-

tion is chosen as the spin spiral is not stable at any nonzero wave vector. The circled areas

in panels indicate the regions where the Fermi levels cut through both spin-up and spin-down

bands. For Mn2NiSn, in panel (g), we observe that the spin-up band never cuts through the

Fermi level. In all the panels, except (g), the hybridizations between spin-up and spin-down

bands open gaps, pushing the bands in opposite directions, thereby lowering the energies

of spin spirals compared to the collinear state. To see if this mechanism is sustainable, in

F 5.4(a)-(c),we present the projections of the Fermi surfaces of Mn2NiGa, Mn2NiAl

and Mn2NiIn in the [001] plane calculated at compressed lattice constants. The results show

nesting features for Mn2NiGa, Mn2NiAl and Mn2NiSn where sheets of parallel spin-up and

spin-down bands are present. Panel (c) shows the case of Mn2NiIn at its compressed lattice

constant. No sign of overlap of different spin channels is observed. Panel (d) represents the

Fermi surfaces of Mn2NiGa computed at GGA lattice constant. For this case also, the spin-up

and spin-down Fermi surfaces do not overlap. Therefore, onecan immediately conclude that

the Fermi surfaces of Mn2NiGa are modified significantly as the volume is expanded and the

nesting features are destroyed as a result of volume expansion. The results of F 5.4 thus

suggest that the nesting of spin-up and spin-down bands is a necessary condition for the stabi-

lization of a noncollinear spin spiral state and that the features in the band structure, together

with the topologies of the Fermi surfaces, can explain the observed trends in the Mn2NiX

series.

5.3.3 Exchange interactions

In this section, we investigate the more fundamental issue,i.e., the role of the Mn atoms to-

wards the stabilization of the noncollinear spin spiral states. To this end, we calculate the

variations of inter-atomic magnetic exchange parameters using Lichtenstein’s formula as a

function of lattice constants. We observe that the largest contributions come from MnI-MnII

inter-sublattice interactions, where MnI is the sublattice with tetrahedral symmetry and MnII

is the sublattice with octahedral symmetry. The other inter-sublattice interactions such as the

Ni-Mn ones also contribute substantially. However, the reasons behind a stabilized spin spiral

magnetic state at a lower volume and its subsequent destruction at a higher volume, as has

been observed for three alloys studied along with the nonoccurrence of any spin spiral state

despite compression in the case of Mn2NiIn cannot be explained from the inter-sublattice
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F 5.5: Interatomic intra-sublattice exchange interaction parameters for MnI (left panels)
and MnII sublattices (right panels) calculated at different volumes (lattice constants shown in
Å). The top panels ((a) and (b)) are for Mn2NiGa and the bottom ((c) and (d)) panels are for
Mn2NiIn [225].

exchange parameters, as their variations with the volumes are identical across the materials.

Significant deviations in behavior are, however, observed in the cases of intra-sublattice inter-

actions associated with the two Mn sublattices. In F 5.5, we present the MnI-MnI and

MnII-MnII exchange parameters as functions of lattice constants for Mn2NiGa and Mn2NiIn.

Panels (a) and (c) show the intra-sublattice exchange parameters for MnI sublattice in the

cases of Mn2NiGa and Mn2NiIn respectively and there is little difference in qualitative vari-

ations with lattice constants for these two alloys. Panels (b) and (d) present the same in-

formation, but for the case of the MnII sublattices. The occurrence of a noncollinear state

is expected when there is magnetic frustration in the sublattice concerned. In the case of

Mn2NiIn (panel (d)), one sees that, for lattice constants starting with 5.91 Å and higher, the

MnII intra-sublattice interactions are all ferromagnetic. This explains why a noncollinear spi-

ral state is not observed at all, even after about a 3.5% compression of the lattice constant.

On the other hand, the results for lattice constants starting with 5.63 Å and higher in panel

(b) suggests that, until about 5.70 Å, the first few MnII-MnIIneighbors are antiferromagneti-

cally coupled, which introduces frustrations in this sublattice. Moreover, the strengths of the
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interactions are of comparable magnitude and thus introduce a noncollinear state. For an en-

hanced lattice constant of 5.84 Å, this frustration is released as the nearest-neighbor exchange

interactions become ferromagnetic, while the next nearest-neighbor interactions remain an-

tiferromagnetic, explaining the reason behind the destruction of the spin spiral states at a

larger volume. Another interesting observation in panel (d) is that upon further compression

of the Mn2NiIn system, the MnII-MnII exchange interactions all become antiferromagnetic,

thus setting in a magnetic frustration, which opens up the possibility of a transformation to a

noncollinear magnetic state. Thus, a possible answer to thepuzzle is why Mn2NiIn did not

stabilize in a noncollinear state upon compression of the same magnitude as the three other

systems could be traced to the exchange interactions of MnIIsublattices.

5.3.4 The role of chemical composition and crystal structure

We now look into the effects of chemical compositions and crystal structures on thestabiliza-

tions of spin spiral ground states in the context of the Heusler and inverse Heusler structures.

We perform systematic investigations in the following way:

(i) We compute the energies of spiral magnetic states as a function of q for Ni2MnX

materials at the compressed volumes used for Mn2NiX materials as presented in T 5.1.

Since Enkovaaraet al. had already found that the collinear structures are the magnetic ground

states for Ni2MnAl and Ni2MnGa at their respective equilibrium volumes, computations of

the same at compressed volumes would provide us the effect of pressure on the stabilizations

of noncollinear states.

(ii) We repeat the same calculations for Ni2MnX materials, but by arranging the atoms in

an inverse Heusler structure.

(iii) We do the same calculations for Mn2NiX materials, but by arranging the atoms in a

Heusler structure.

The results of these calculations would certainly whether reveal the chemical composition

and/or the crystal structures have any role in the stabilizations of noncollinear spin spiral states

in Ni-Mn-X systems.

F 5.6 show the energies of the spin spirals along [00q] direction for Ni2MnX materi-

als in the Heusler structure calculated at compressed lattice constants of T 5.1. Since
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F 5.6: Total energies of Ni2MnX systems as a function of spin spiral vectorsq in the
usual Heusler structure. All the calculations are done at compressed lattice constants of T-
 5.1 [225].

F 5.7: Total energies of Mn2NiX systems as a function of spin spiral vectorsq in the
usual Heusler structure. All the calculations are done at compressed lattice constants of T-
 5.1.
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equilibrium lattice constants of Ni2MnX and Mn2NiX are close to each other, the use of

compressed lattice constants of the later, generate same amount of compressions on those

of Mn2NiX counterparts. The results demonstrated that even at compressed volumes, pos-

sibilities of realizing a noncollinear spiral state in any of these Ni2MnX materials are not

observed. Thus, unlike Mn2NiX systems, effect of pressure does not play any role in affecting

the magnetic ground state of Ni2MnX systems. These results compel us to suspect that the

absence of a noncollinear ground state is an artifact of the crystal structure. To check whether

this is indeed the case, we compute the energies of Mn2NiX materials in the Heusler structure

calculated at compressed volumes. The results are presented in F 5.7. We find that the

ground states for all the materials except Mn2NiIn, are atq= (πa), another collinear state. For

Mn2niIn, similar to F 5.1, we find that the magnetic ground state is collinear. The re-

sults, therefore, suggest that the noncollinear states cannot be realized even by changing the

chemical compositions in Ni-Mn-X systems, and by applying pressure, as long as the crystal

structure remains Heusler. For further confirmation of thisinference, we explore the phase

stabilities of spiral magnetic structures in Ni2MnX by arranging the constituents in an inverse

Heusler structure. The results are shown in F 5.8. Here too, we observe that collinear

configuration is the magnetic ground state for all the Ni2MnX materials. Analyzing all these

F 5.8: Total energies of Ni2MnX systems as a function of spin spiral vectorsq in the
inverse Heusler structure. All the calculations are done atcompressed lattice constants of
T 5.1.
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results, we, therefore, conclude that the both crystal structure and chemical constituent are

important in stabilizing a noncollinear spin spiral state in Ni-Mn-X materials. The inverse

Heusler structure and antiparallel coupling between the inequivalent Mn atoms in Mn2NiX

materials is crucial for stabilization of noncollinear state.

5.4 Summary

In this chapter, we investigated the actual ground state magnetic structure of Mn2NiX mate-

rials with a focus on finding stable noncollinear spin spiralstates. Our first-principles based

calculations show that under pressure, which can be produced by compressing the lattice con-

stant about 3.5%, the collinear phases of Mn2NiX materials can phase transform into complex

combinations of spiral magnetic phases. However, this amount of pressure does not affect

the collinear state of Mn2NiIn, where more compressions are necessary for this material to

observe the same effect. This magnetic phase transformation can be correlated to magnetic

barocaloric effect, an added functionality for these materials. Analysis of the electronic struc-

tures point out towards the following two mechanisms- (i) opening of a gap at the Fermi

level as a consequence of the hybridization between spin-upand spin-down bands in the non-

collinear phases; (ii) nesting between spin-up and spin-down Fermi sheets are possible for

realizations of spiral magnetic structures as ground states. We also find that intra-atomic ex-

change interactions of Mn atom at octahedral sublattice stabilize the spin spirals by introduc-

ing frustrations into the materials. Comparisons between usual Heusler and inverse Heusler

structures in stabilizing spin spiral revel that both the crystal structure and the chemical com-

position are important to obtain stable spin spirals in Ni-Mn-X materials.
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Chapter 6

Anti-site disorder driven improvements in

the functionalities of Mn2NiX materials∗ †

6.1 Introduction

In the earlier chapters, we have stated that few experimental results on the total moments in

the austenite phase are available for Mn2NiGa [103–107] and Mn2NiSn [102]. The only ex-

perimental result [102] available on the later material suggests that the magnetizations in this

material can be quite large, as opposed to the conventional wisdom that the magnetizations in

Mn2NiX are significantly smaller than the Ni2MnX materials due to antiparallel alignments of

the two crystallographically inequivalent Mn atoms in the former. Helmholdtet al. [102] and

later Luoet al. [108] found that the measured magnetizations in Mn2NiSn are as large as 2.48

µB/f.u. and 2.95µB/f.u. On the other hand, our calculated total moments (∼0.6µB/f.u.) for this

material are an order of magnitude smaller. Helmholdtet al. [102] had proposed a model of

sublattice occupancy to explain their large experimentally obtained moments. The model sug-

gests that the tetrahedral sublattices (0,0,0) and (0.50,0.50,0.50) are occupied by both MnI and

Ni atoms, whereas the other two octahedral sublattice (0.25,0.25,0.25) and (0.75,0.75,0.75)

are fully occupied by single species, i.e., by MnII and Sn atoms, respectively. Considering site

occupation of the tetrahedral sublattices as adjustable parameter, they computed the site oc-

cupancies and partial magnetic moments of Mn atoms. The results showed that the magnetic

∗Contents of this chapter are mostly taken from Ref. [259, 260].
†Permission from the publishers have been obtained for reprints of Ref. [259, 260].
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moments of Mn atom at octahedral position do not change much.On the contrary, the mo-

ments of Mn atom at two tetrahedral positions change significantly as compared to the ordered

inverse Heusler structure. The partial moments of MnI atom at the tetrahedral position and

MnII atom at the octahedral positions, as calculated with the model, were 2µB and 4µB, re-

spectively, explaining the large moments observed experimentally. Later, detail investigations

on the site occupation in the cubic phase of Mn2NiGa from high resolution Neutron diffraction

data [106] and first-principles based calculations [261] also showed the existence of MnxNi1−x

binary alloying in the two tetrahedral sublattices. It, thus, appears that the anti-site disorder

at the tetrahedral sublattices of Mn2NiX is inherent and can result in large magnetizations.

Taking clues from this, our primary interest is to investigate whether the anti-site disorder is

indeed inherent in all the four materials and whether the chemical disorder at selected sites

can induce a large magnetizations differences∆M between the austenite and the martensitic

phases in these materials. The magnitude as well as sign of∆M is important for the improve-

ments in the functional properties for these materials. Forexample, Zeeman energy plays a

crucial role in realizing the martensitic transformation in magnetic shape memory alloys. An

externally applied magnetic field performs two different tasks inside MSMAs. Firstly, if the

direction of the applied field is different from the easy magnetic axis of the material, the field

tries to rotate the magnetization direction along it against the force associated with magnetic

anisotropy. Secondly, the field generates driving force across the twin boundaries between

martensitic variants and the associated energy is known as Zeeman energy. Since the energy

required to move martensitic domains is lower than the magnetocrystalline anisotropy energy

in MSMAs, the pressure created by Zeeman energy increases the volume fraction of favorably

oriented martensitic variants and lowers the energy of the product phase. It has been found

that a large∆M between the two phases in the presence of moderate externalmagnetic field

H, i.e., the Zeeman term∆M.H, drives the motions of the martensitic domains facilitating the

martensitic transformation [56]. On the other hand, the sign of ∆M is related to the conven-

tional or inverse magnetocaloric effect [56]. In case of the former, a magnetic field will cause

a decrease in entropy when applied isothermally and an increase in temperature when applied

adiabatically. In case of the later, an increase in entropy will effect a decrease of temperature

leading to magnetic cooling, a phenomenon which can be exploited for green technology in

refrigeration. For the inverse magnetocaloric effect, the magnetization in the martensitic phase

has to be lower than that in the austenite phase. Recently, using first-principles calculations,

D’Souzaet al. [261] proposed that Mn2NiGa would exhibit inverse magnetocaloric effect.
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Inspired by the above facts, in this chapter, we have investigated the properties of the four

Mn2NiX alloys which are potential MSMAs, in crystal structures relevant to the austenite and

the martensite phases, with and without anti-site disorder. We specifically looked at the trends

in ∆M across the series and commented on the implications on functional properties. We

have computed the electronic densities of states and inter-atomic exchange interactions of the

magnetic atoms to explain the results on magnetizations as one goes from one configuration

to other in both the austenite and the martensitic phases of these materials.

6.2 Computational Details

The electronic structures of the materials concerned have been calculated using Full-potential

based Spin-Polarized Relativistic Korringa-Kohn-Rostoker (SPR-KKR) Green’s function method

[194, 195]. The Local Spin Density Approximation (LSDA) as parameterized by Vosko-Wilk-

Nusair (VWN) was used as the exchange-correlation part of the potential to solve the Kohn-

Sham equation [262]. The angular momentum cut-off to the plane wave was taken to beℓmax=

3. The Brillouin zone integrations have been carried out on auniform 24×24×24 k-mesh.

The Green’s function was calculated for 30 complex energy points distributed exponentially

on a semicircular contour. The energy convergence criterion was set to 10−6 Ry for the self-

consistent cycles. The Coherent Potential Approximation (CPA) was used to incorporate the

effects of disorder [165].

T 6.1: Sublattice occupancies corresponding to the configurations used. The details are
described in the text [260].

Configuration Sublattice
(000) (12

1
2

1
2) (1

4
1
4

1
4) (3

4
3
4

3
4)

OC MnI Ni MnII Sn
50-50 (DC) (MnI0.5)Ni0.5 (MnI0.5)Ni0.5 MnII Sn
60-40 (DC) (MnI0.6)Ni0.4 (MnI0.4)Ni0.6 MnII Sn
70-30 (DC) (MnI0.7)Ni0.3 (MnI0.3)Ni0.7 MnII Sn
DT (MnI0.5)Ni0.5 (MnI0.5)Ni0.5 MnII Sn
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F 6.1: The crystal structure of Mn2NiX in (a) OC and in (b)DC configurations. The
blue, green, yellow and red spheres represent MnI, MnII, Ni and X atoms, respectively. The
two-toned spheres (blue and yellow) represent sublatticeswith Ni-MnI alloys [260].

T 6.1 shows different configurations used in this work. Space groupFm3̄m has been

used for the cubic austenite phase andFmmmfor the tetragonal martensitic phase. The con-

figurations without anti-site disorder, i.e., ones corresponding to the perfect inverse Heusler

arrangement have been referred to asOC (Ordered Cubic) andOT (Ordered Tetragonal),

while the ones with anti-site disorder have been referred toasDC (Disordered Cubic) andDT

(Disordered Tetragonal). In cases ofOC andOT, the sublattices with octahedral symmetries

are occupied by theX element and one of the Mn atoms (referred to as MnII), while the sub-

lattices with tetrahedral symmetries are occupied by Ni andthe other Mn atom (referred to

as MnI). In cases ofDC andDT, the tetrahedral sublattices have anti-site disorder and hence

they consist of binary alloys of MnI and Ni, MnIxNi1−x. The three partially disordered (50-

05, 60-40 and 70-30) configurations have been named according to the Mn compositions in

(0,0,0) and (0.50,0.50,0.50) sublattices. The reason for choosing only 50-50 configuration to

study the tetragonal phase is described later.

In materials with chemical disorder, particularly in systems where constituents have large

size differences such as Mn2NiIn and Mn2NiSn, there can be substantial relaxations of the

local bonds. Since incorporation of the relaxations is not possible within the framework of

the KKR-CPA method, we relaxed all the systems by VASP, a plane wave code employing

the Projector Augmented Wave approach [188–190], keeping the volume fixed. In order to

mimic the chemical disorder for “anti-site disordered” configurations, we consider supercells

of 64 atoms with MnI and Ni atoms occupying the sites with tetrahedral symmetry randomly.

We also construct a 64 atom “Special Quasi-random Structure” (SQS) [167] which simulates

the environments around an atom in a chemically disordered alloy better as the SQS is gen-

erated by matching the maximum number of correlation functions to their exact values in the

real disordered alloy. The SQS structures used in this work are generated with the ‘Alloy

TH-1377_09612113



6.3. Results and Discussions 103

Theory Automated Toolkit’ (ATAT) package [263]. 50 pairs and 30 triplets having correla-

tion functions exactly equal to those for a real disordered alloy with the same composition

were chosen to construct the SQS. The total energies were calculated with both the supercell

and the SQS structure. A large basis was used with a plane wavecut-off of 450 eV. The

exchange-correlation functional used was the same as that used in SPR-KKR calculations.

Convergences of the electronic structures were assumed when changes between two consecu-

tive steps were less than 10−5 eV. Atomic relaxations were carried out until all the forceswere

less than 10−3 eV/Å. A k-point mesh consisting of at least 9k points in the irreducible part of

the Brillouin Zone was considered and was sufficient for convergences of total energies and

forces.

6.3 Results and Discussions

6.3.1 Understanding the origin of discrepancy between theory and ex-

periment for Mn 2NiSn
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F 6.2: Total magnetic moments as a function of lattice constants for variousDC config-
urations computed with KKR-CPA method. The results of ordered structure (OC) and super-
cell calculations for the 50-50DC configuration are also presented for comparison [259].

To understand the origin of the discrepancy between theoretical and experimental results,

as mentioned in the introduction and to validate the anti-site disorder model proposed by
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F 6.3: Total energy difference between the ordered and the 50-50 partiallyDC config-
uration as a function of volume obtained from PAW-PP supercell calculations. A positive
value of∆E implies that the total energy of the 50-50DC configuration is lower thanOC
configuration [259].

Helmholdtet al. [102], we calculate the variations of the total magnetic moments as a func-

tion of volume for Mn2NiSn in the cubic phase (F 6.2). The moments are calculated for

OC and 50-50, 60-40 and 70-30DC configurations. The results from the supercell calcula-

tions for the 50-50DC configuration are also provided to estimate the effects of relaxation.

The results of the SPR-KKR-CPA calculations reveal that a high magnetic moment as ob-

served in the experiments can be obtained only if the sites with tetrahedral symmetry are

occupied with a binary NiMn alloy. These results also suggest that the reason behind low

magnetic moments when calculations are performed with larger lattice constants. The total

moments of theOC phase are very low compared to theDC phases throughout the range of

lattice constants. In order to make sure that aDC phase is the stable state, we computed∆E,

the energy difference between theOC and the 50-50DC configurations, as a function of vol-

ume by the PAW-supercell method as implemented in VASP code.The results are shown in

F 6.3 . A positive value of∆E implies the stability of theDC configuration over theOC

configuration. The results suggest that the 50-50DC configuration is energetically lower than

theOC configuration at all the volumes considered. Thus the stability of a partially ordered

configuration is validated. In the course of the calculations, we found that unless one relaxes

the atomic positions, the 50-50DC configuration would not be the lower energy state at all

volumes. Thus, the presence of Sn, a much bigger atom than theNi and the Mn, introduces
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local relaxations and theDC configuration is stabilized by such relaxations. It is expected

that the same qualitative features will be observed for other DC configurations. We have re-

peated the calculations with a GGA exchange-correlation functional as well. The results are

qualitatively same as the LDA ones.

6.3.2 Energetics of different configurations in Mn2NiX materials

Among the three partiallyDC configurations, we tend to choose the 50-50 configuration for

the calculations of magnetic moments, density of states andinter-atomic exchange interac-

tions between the magnetic atoms in all the four materials. The reasons are as follows: (i) in

F 6.2, the qualitative behavior of the magnetic moments for the threeDC configurations

are identical. (ii) the Neutron diffraction results in Mn2NiGa suggested that the occupancies of

sublattices in the inverse Heusler structure would be like the 50-50DC configuration [106].

Although for Mn2NiSn, the concentration suggested by the experiment is slightly different

[102], our first-principles based calculations (F 6.1) showed that with this configura-

tion, we can produce the experimental results. This also justifies the choice of that particular

concentration for the calculation of magnetic moments for this and other materials. (iii) the

choice of 50-50 concentration maximizes the anti-site disorder on the tetrahedral sites. For

example, (MnI0.40Ni0.60) configuration at (0,0,0) sublattice would produce the sameconfigu-

ration at (0.50,0.50,0.50) sublattice, since MnI and Ni atoms occupy the crystallographically

equivalent sites. Moreover, 50% MnI concentration at any ofthe two sites produces a con-

figuration closer to the ordered (OC or OT) one. Therefore, for the above reasons we have

chosen the 50-50DC configuration for rest of the study and for the sake of consistency in in-

vestigations, tetragonal phase with 50-50 configuration for all the materials in Mn2NiX series

are considered, which is denoted asDT in T. 6.1.

In T 6.2, we tabulate the structural parameters used in this work. We have used the

experimental lattice parameters of Mn2NiGa in both phases and of Mn2NiSn in the cubic

phase. The lattice parameters for the other two alloys in both phases (cubic and tetragonal)

and for Mn2NiSn in tetragonal phase were calculated by KKR method. The results obtained

for OC andOT configurations using SPR-KKR and VASP codes were nearly identical, with

a maximum difference less than 1%. The same set of lattice parameters have been used for
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T 6.2: The lattice parameters for Mn2NiX systems used for rest of the work. acubic and atet

are the lattice constants in the cubic and tetragonal phasesrespectively, (c/a)tet is the global
minima in the tetragonal phase [260].

Systems lattice constant lattice constant (c/a)tet

acubic(Å) atet(Å)
Mn2NiAl 5.57 3.71 1.20
Mn2NiGa 5.90 3.92 1.21
Mn2NiIn 5.96 3.91 1.26
Mn2NiSn 6.10 4.06 1.20

“ordered” and “disordered” configurations since it was found out that they hardly change from

one configuration to another.

Before proceeding to calculate the total moments and electronic structures in cubic and

tetragonal phases with the 50-50 configuration, one must make sure that

FDC < FOC FDT < FOT (6.1)

Here FDC, FOC, FDT andFOT refer to the free energies in the four configurations respectively.

These inequalities make sure that the “anti-site disordered” configurations are the thermody-

namically favorable ones over the “ordered” ones, thus, making the justifications for analyzing

results obtained with the “anti-site disordered” configurations any further. On top of this, one

also has to make sure that the energy of the tetragonal phase in the “anti-site disordered” con-

figuration is lower than that of the cubic phase in the same configuration, for each of these

systems. Unless this occurs, further investigations into the systems exploring improved func-

tionalities, based upon magnetizations in the austenite and in the martensite phases, would be

useless.

Therefore, we compute the following quantities

∆EO/D
str = EO/D

tet − EO/D
cub (6.2)

∆FC
ord = FOC − FDC (6.3)

∆FT
ord = FOT − FDT (6.4)

∆EO
str and∆ED

str refer to the energies required for structural transition from the cubic to the

tetragonal phase when the system is in “ordered” configurationO and in “anti-site disordered”
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configurationD, respectively. A negative value ofEO/D
str means that the tetragonal phase is

energetically lower than the cubic phase in theO/D configuration and that the martensitic

transformation is possible.∆FC
ord and∆FT

ord are the free energies of the configurationO with

reference to those of the configurationD in the cubic (C) and in the tetragonal (T) phases,

respectively. The free energy expression considered here is,

F = E +
kBT
N

∑

i

xi lnxi + (1− xi) ln (1− xi) (6.5)

E is the electronic energy per atom,kB is the Boltzmann constant,T is the temperature,N

is the number of atoms,i is the sublattice index andxi is the concentration of sublatticei.

Here we have considered only the contribution of the configurational part to the entropy and

neglected the effects of the lattice vibrations and electronic temperatures. At ambient con-

ditions, the effect of the electronic temperature is negligible. The contribution from lattice

vibration to the free-energy difference for alloys with different site-occupation configurations

can be estimated approximately from the high temperature expansion of the phonon free en-

ergy∆Fph∼3 kT (∆Θ/Θ) [264]. In the simplest approximation, the Debye temperaturesΘ

are proportional to
√

rB [265], wherer is the Wigner-Seitz radius andB is the bulk modulus.

For the systems considered here, the lattice constants and hence the Wigner-Seitz radii differ

only slightly between theO and theD configurations; same happens for Bulk moduli. Conse-

quently, the contributions from vibrational part to the entropy are orders of magnitude smaller

than the electronic contributions. In this chapter, we havecalculated the contributions from

configurational entropy to the free energies only at T= 300 K.

T 6.3:∆EO/D
str ,∆FC

ord,∆FD
ord in Mn2NiX materials calculated for 64 atom supercell and 64

atom SQS. Calculations are done with PAW-PP method [260].

64 atom supercell 64 atom SQS
Systems ∆FC

ord ∆FT
ord ∆EO

str ∆ED
str ∆FC

ord ∆FT
ord ∆EO

str ∆ED
str

(meV/ (meV/ (meV/ (meV/ (meV/ (meV/ (meV/ (meV/
atom) atom) atom) atom) atom) atom) atom) atom)

Mn2NiAl 32 9.7 -8.11 14.6 37 8.9 -8.2 19.9
Mn2NiGa 10.0 3.5 -22.4 -15.8 9 3.6 -21.6 -16.8
Mn2NiIn 31 11.4 -20.6 -1.5 28.6 12.1 -19.9 -3.4
Mn2NiSn 30 27.7 -5.83 -3.2 32.4 37.4 -4.2 -2.2
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Our calculated results on∆EO/D
str ,∆FC

ord and∆FT
ord, obtained after relaxations of atomic po-

sitions in the supercell and in the SQS structure calculatedwith the VASP code are shown in

T 6.3. We note that apart from qualitative agreement on the trends, the quantitative agree-

ment is also close between the two different supercells simulating the “anti-site disordered”

configurations. We find that∆ED
str> 0 for Mn2NiAl implying that in the “anti-site disordered

” configuration, the martensitic transformation does not take place. Therefore, this system in

the disordered configuration would not be suitable for the functionalities related to martensitic

phase transformations and thus, we exclude this system fromthe rest of our discussions. For

the other three systems,∆ED
str< 0 along with∆FC/T

ord < 0 implying that the “anti-site disordered”

configuration (D) is thermodynamically favorable over the ordered configuration (C) for each

of these systems irrespective of the crystal structure, andthat the martensitic transformation

takes place in all of them with the configurationD.

6.3.3 Dependence of the magnetic moments of Mn2NiX on configura-

tions

After validating that the 50-50D configurations are energetically lower than theO configura-

tions, we compute the magnetic moments, the electronic structures, the exchange interactions

and the Curie temperatures for Mn2NiGa, Mn2NiIn and Mn2NiSn in OC, OT, DC andDT

configurations using the KKR-CPA method. The starting spin configurations between two

nearest neighbor Mn atoms in all three configurations considered are kept antiparallel. In the

DC andDT configurations, the MnI atoms occupying the sublattices with tetrahedral sym-

metry are considered to be parallel in the beginning as they are not the nearest neighbors.

These starting configurations lead to the lowest energy states. The calculated total and partial

magnetic moments of Mn2NiX materials, excluding Mn2NiAl, in all three configurations are

summarized in T 6.4.

The central quantity related to multi-functionalities in the present context,∆M is defined

as∆M = Mmartensite
tot − Maustenite

tot , the total moment in the martensite phase with respect to that

in the austenite phase for a given occupancy of the sublattices. Calculated values of∆M are

also presented in T 6.4. The results show the following trends:
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T 6.4: Total (Mtot) and partial (Mi) moments of the constituent atoms for Mn2NiX materi-
als in four different configurations.∆M represents the total moment in martensite phase with
respect to that in the austenite phase for a given sublatticeoccupancy (eitherO or D) [260].

Systems Conf. M tot MMnI MMnII MNi MX Conf. M tot MMnI MMnII MNi MX ∆M

(µB) (µB) (µB) (µB) (µB) (µB) (µB) (µB) (µB) (µB) (µB)

Mn2NiGa OC 1.26 -2.27 3.17 0.35 0.01 OT 1.12 -2.27 3.05 0.33 0.01 -0.01

DC 2.13 -1.42 3.15 0.40 0.00 DT 1.42 -2.02 3.07 0.36 0.01 -0.71

Mn2NiIn OC 1.02 -2.42 3.17 0.27 -0.00 OT 1.00 -2.30 3.02 0.28 0.00 -0.02

DC 2.09 -1.40 3.15 0.35 -0.01 DT 1.22 -2.10 3.01 0.31 0.00 -0.86

Mn2NiSn OC 0.71 -2.74 3.33 0.11 0.01 OT 0.38 -2.84 3.19 0.04 -0.01 -0.33

DC 2.38 -1.26 3.40 0.23 0.01 DT 1.68 -1.96 3.34 0.29 0.02 -0.70

T 6.5: The inter-atomic distances (in Å) between the magneticatoms for Mn2NiX systems
in cubic and tetragonal phases [260].

Systems Cubic Tetragonal
Mn2NiX MnI-MnII Ni-MnI MnII-Ni MnI-MnII Ni-MnI MnII-Ni

Mn2NiGa 2.56 2.95 2.56 2.58 2.77 2.58
Mn2NiIn 2.58 2.98 2.58 2.61 2.76 2.61
Mn2NiSn 2.64 3.05 2.64 2.66 2.87 2.66

(i) The magnetic moments in the martensitic phase is lower than that in the austenite phase

for both “ordered” and “disordered” configurations and for all three alloys under considera-

tion, making∆M< 0.

(ii) For the “disordered” configurations, i.e., bothDC andDT, the magnetic moments are

substantially higher than their “ordered” counterparts, i.e.,OC andOT respectively. The in-

crement is significantly greater in austenite phases than that in the martensitic phases. The

total moment increases by 69%, 104% and 235% for Mn2NiGa, Mn2NiIn and Mn2NiSn re-

spectively as configuration changes fromOC to DC. In the martensitic phases, the increase

in moments as configuration changes fromOT to DT are 27%, 22% and 342% for Mn2NiGa,

Mn2NiIn and Mn2NiSn respectively. These results show huge gain in∆M in the “anti-site

disordered” configurations over that in the “ordered” configurations.

The behavior of the magnetic moments across crystal structures, configurations and ma-

terials, are driven by the crystallographically inequivalent Mn atoms. The results suggest that

the ferrimagnetic ground states are achieved due to the anti-parallel alignments of the MnI
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and MnII atoms. In the “ordered” configurations, the magnitude of the moments compensates

each other substantially resulting in relatively low moments. Drastic changes are observed

in cases of anti-site disorder. The substantially high moments inDC andDT configurations

are driven by considerable quenching of Mn moments at the sites where they form alloys

with Ni. The moments of the other Mn atom remain nearly unaltered. The Ni moments,

on the other hand, increases significantly, bringing in an increase in the net moments. The

changes are more dramatic in the austenites where the MnI moment changes between 37-54%

as compared to changes between 8-30% in the martensites.

The significant changes in the MnI moments driven by the anti-site disorder coupled with

a substantially larger change in the total moments in the austenites lead to larger∆M when

anti-site disorder affects the sublattices with tetrahedral symmetry in the inverse Heusler struc-

ture. This is a significant result as it shows that all three Mn2NiX alloys may exhibit inverse

magneto-caloric effects and a large Zeeman energy can be achieved with relatively small mag-

netic field making them attractive from the point of view of shape memory applications. It

may be noted that the prototype MSMA Ni2MnGa has∆M> 0 and the magnitude of∆M is

only ∼0.2 µB [99]. Thus, Mn2NiX alloys turn out to be MSMAs with better functional pa-

rameters even with the stoichiometric composition of 2:1:1. In the next two subsections, we

explore the origin of these magnetic properties by discussing results on electronic structures

and magnetic exchange interactions.

6.3.4 Electronic structure of Mn2NiX and dependencies on configura-

tions

A comprehensive comparative presentation of the densitiesof states in various configurations

for the three systems considered are shown in F 6.4- 6.6. In each figures, panels (a)-(d)

show comparisons of total and partial densities of states (of magnetic components) forOC

andDC configurations. Panels (e)-(h) of each figure show comparisons of same quantities for

DC andDT configurations. The comparisons betweenOC andOT configurations for these

systems had already been done in chapter 3.

The densities of states of all three alloys in theOC configuration show certain common

features: the MnI densities of states have characteristic unfilled majority bands as can be

inferred by the presence of substantial states in the unoccupied part, while MnII have same
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F 6.4: Total and partial densities of
states for Mn2NiGa. In panels (a)-(d)
black curves stand forDC configuration
and red curves stand forOC configura-
tion. In panels (e)-(h), black curves de-
note theDC configuration and red curves
denote theDT configuration. (a)-(d) and
(e)-(h) panels display total, MnI, MnII and
Ni densities of states, respectively [260].

F 6.5: Total and partial densities of
states for Mn2NiIn. In panels (a)-(d) black
curves stand forDC configuration and red
curves stand forOC configuration. In
panels (e)-(h), black curves denote theDC
configuration and red curves denote the
DT configuration. (a)-(d) and (e)-(h) pan-
els display total, MnI, MnII and Ni densi-
ties of states, respectively [260].

characteristics associated with their minority bands. This explains the reasons for getting

substantial compensation of Mn moments leading to rather small total moments. The features

in the minority bands near the Fermi level emerge due to hybridizations between MnI and Ni

3d states. For Mn2NiGa and Mn2NiIn, such hybridizations give rise to a small peak around -

0.25 eV in the minority bands, while for Mn2NiSn, a prominent peak around -0.5 eV emerges.

The prominent peaks in the occupied part of the minority bands such as the ones between -1

eV and -2 eV also arise from the hybridizations of same states. The majority bands for all

three systems too have common characteristics; the features in the occupied parts arise due to

hybridizations between Ni and MnII states.
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F 6.6: Total and partial densities of states for Mn2NiSn. IIn panels (a)-(d) black curves
stand forDC configuration and red curves stand forOC configuration. In panels (e)-(h),
black curves stand forDC configuration and red curves stand forDT configuration. (a)-(d)
and (e)-(h) panels display total, MnI, MnII and Ni densitiesof states, respectively [260].

Significant modifications to the densities of states in theDC configurations occur due

to anti-site disorder between MnI and Ni sites. Expectedly,major changes in the electronic

structure come from the MnI and the Ni densities of states. The total densities of states in

the majority spin channel become rather featureless and flatin the DC configurations. The

densities of states in the minority bands, although still retain some of the structures, but be-

come smooth in general. For example, the peaks near the Fermilevel in the minority bands

of Mn2NiGa and Mn2NiIn and the peaks at the Fermi level in the minority bands of Mn2NiSn

are all broadened in theDC configuration. MnI densities of states are affected most followed

by the Ni ones. The minority spin MnI peaks (around -1.5 eV forMn2NiGa and Mn2NiIn,

and around -2 eV for Mn2NiSn) broaden considerably and move closer to Fermi level (around

-1.4 eV for Mn2NiGa and Mn2NiIn, and around -1.3 eV for Mn2NiSn). The peaks near or at

the Fermi level in the minority channels are now destroyed producing continuously increasing

densities of states near the Fermi levels. The peaks in the unoccupied parts of the majority

TH-1377_09612113



6.3. Results and Discussions 113

bands of MnI atoms are severely modified: their intensities decrease considerably and they

flatten out into broad plateaus extending into the occupied parts. Thus, the occupied parts in

the majority bands start to get filled with states. Consequently, the magnetic moments of MnI

atoms decrease in magnitudes as compared to the ones in theOC configurations. Densities

of states in both spin channels associated with Ni too get modified with sharp peaks inOC

configurations getting broadened in general. The states in the minority channels start to shift

towards the Fermi level, while there is hardly any shift in the states in the majority channels

(comparison of panels (d) and (h) illustrate these clearly). These features explain the slight in-

creases in the Ni moment in theDC configurations in comparison to theOC configurations of

all three alloys. The anti-site disorder between MnI and Ni sites do not affect MnII densities of

states substantially. The major features of the MnII densities of states inOC configuration do

not change inDC configurations; the peaks only broaden explaining why the MnII moments

remain almost intact in spite of anti-site disorder. To summarize, the drastic re-distribution of

electronic states in both spin channels of primarily MnI atoms, brought about by the anti-site

disorder between the sites of same point group symmetry, quenches the MnI moments sub-

stantially reducing the exchange splitting and thereby increasing the total magnetic moment

significantly as compared to theOC configurations. The degree of this increment depends

on the degree of changes in the MnI densities of states. The maximum changes occur in

Mn2NiSn, where, the peak at -2 eV in the MnI minority band moves substantially towards

the Fermi level, relocating itself at -1.25 eV as one goes from OC to DC, the other peaks

too make such a move, affecting the electron distribution considerably, explaining why the

changes in the moments are the largest in the series.

The reason behind obtaining a large∆M when anti-site disorder is present, as compared

to the “ordered” configurations is that the magnetic momentsdo not change as substantially

as the systems undergo martensitic transformations. The percentage changes quoted in Sec-

tion 6.3.3 exemplify this. In order to understand the reasons behind this, one needs to inspect

the panels (e)-(h) in F 6.4- 6.6 where comparisons between densities of states in the

DC andDT configurations are done. The results suggest that for all three materials, the to-

tal densities of states at the Fermi level in theDT configurations are less than that in the

DC configurations. This provides a clue to the stability of the martensitic phases. In fact,

the densities of states are suppressed prominently in the minority bands of between -0.3 eV

and the Fermi level in theDT configurations. In contrast, the minority densities of states in

DT configurations for all three materials get elevated as compared to theDC configurations
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between -0.3 eV and -1 eV. These undoubtedly point to the factthat electron states are trans-

ferred to the lower energies as the systems undergo martensitic transformations, explaining

the stabilizations of the martensitic phases.

From the atom projected densities of states, it is clear thatthe hybridizations of Ni-MnI

3d minority electrons are responsible for such re-distributions of electronic states when the

system undergoes a tetragonal deformation. Due to the tetragonal distortion, the Ni-MnI hy-

bridizations strengthen due to the significant reductions of the Ni-MnI bond distances. Table

V shows the bond distances between various Mn atoms in the austenite and in the martensitic

phases. The results clearly demonstrate that only the Ni-MnI inter-atomic distances reduce

by almost 6% in all the cases. On the other hand, the changes inthe majority band elec-

tronic structures due to tetragonal distortions are overwhelmingly due to the MnI states. A

comparison betweenDC andDT configurations show that states in the MnI majority bands

are pushed into the unoccupied part as the systems undergo martensitic transformations. This

coupled with the shifting of minority states towards lower energies produce a larger exchange

splitting of MnI resulting in an increase of the net MnI moment as compared to the austenitic

phases. Thus the total moment in the martensitic phases do not change as much as they do

in the austenite phases upon changes in the sublattice occupancies due to anti-site disorder in

the sites with tetrahedral symmetries, resulting in a larger ∆M in the “disordered” configura-

tions. In the next section, we show comparative results on inter-atomic exchange interactions

across the structures, configurations and the materials in order to understand the trends in the

magnetic properties of Mn2NiX series.

6.3.5 Effects of configurations on exchange interactions and the Curie

temperatures of Mn2NiX

Our calculated results on inter-sublattice and intra-sublattice exchange interactions are pre-

sented in F 6.7- 6.9. The results suggest that in all three materials, the magnetic prop-

erties are governed by competitions between two interactions: Ni-MnII and MnI-MnII. The

MnI-MnII interactions are anti-ferromagnetic while the Ni-MnII interactions are ferromag-

netic. Comparisons ofOC andOT configurations show that upon tetragonal distortions, the

anti-ferromagnetic MnI-MnII interactions strengthen while the ferromagnetic Ni-MnII inter-

actions weaken, resulting in a net loss of MnII moments and subsequent low moments in
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F 6.7: Magnetic exchange interac-
tions (Ji j ) as a function of inter-atomic dis-
tance d for Mn2NiGa. Panels (a), (b), (c)
and (d) represent ordered cubic (OC), or-
dered tetragonal (OT), disordered cubic
(DC) and disordered tetragonal (DT) con-
figurations, respectively [260].

F 6.8: Magnetic exchange interac-
tions (Ji j ) as a function of inter-atomic dis-
tance d for Mn2NiIn. Panels (a), (b), (c)
and (d) represent ordered cubic (OC), or-
dered tetragonal (OT), disordered cubic
(DC) and disordered tetragonal (DT) con-
figurations, respectively [260].

the OT configurations. Drastic modifications in the exchange interactions are observed due

to anti-site disorder. A comparison betweenOC and DC configurations show that for all

three alloys, the Ni-MnII interactions strengthen that is become more ferromagnetic while

the MnI-MnII interactions weaken substantially. The weakening of the most prominent anti-

ferromagnetic interaction and strengthening of the most prominent ferromagnetic interaction

in presence of anti-site disorder strengthen the ferromagnetic interactions in the systems re-

sulting in the enhancement of the overall magnetic moments when anti-site disorder is present.

However, comparative assessments ofDC and DT configurations show that upon tetrag-

onal distortions, the ferromagnetic Ni-MnII interactionsweaken and the antiferromagnetic

MnI-MnII interactions strengthen. The weakening of the former being substantial, the anti-

ferromagnetic interactions in theDT configurations are more significant than those in theDC

configurations, resulting in a lower total moment in the former configurations in comparison

to the later ones.

The intra-sublattice exchange interactions are much weaker than the inter-sublattice ones

and thus do not contribute enough to understand the trends inthe magnetic properties. How-

ever, unlike the inter-sublattice ones, no common trend across the materials is observed in
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F 6.9: Magnetic exchange interactions (Ji j ) as a function of inter-atomic distance d for
Mn2NiSn. Panels (a), (b), (c) and (d) represent ordered cubic (OC), ordered tetragonal (OT),
disordered cubic (DC) and disordered tetragonal (DT) configurations, respectively [260].

some of these interactions. The Ni-Ni interactions are the weakest and are weakly ferromag-

netic for all materials and for all configurations. The MnI-MnI interactions are oscillatory

in the OC configurations and become slightly anti-ferromagnetic in the DC configurations.

In the DT configurations, they again become oscillatory with first neighbor being strongly

ferromagnetic and second and third neighbors being slightly anti-ferromagnetic; the only ex-

ception being Mn2NiSn where the second and third neighbor anti-ferromagnetic interactions

are stronger than the first neighbor ferromagnetic one. The Ni-MnI interactions become weak

and predominantly anti-ferromagnetic as one goes fromOC to DC configurations where they

are predominantly ferromagnetic. Under tetragonal distortions in theDC configurations, the

first neighbor interactions change to become slightly ferromagnetic offering no other signif-

icant changes. The MnII-MnII interactions vary qualitatively quite a bit across materials. In

the OC configurations, they are oscillatory in case of Mn2NiSn with dominant interactions

being ferromagnetic. For the other two materials, the interactions are primarily ferromag-

netic and weaker in comparison to Mn2NiSn. The anti-site disorder keeps the interactions

largely intact except that they are weaker in Mn2NiSn. The tetragonal distortions modify

these interactions significantly by making them more oscillatory. However, the strengths of

the ferromagnetic and anti-ferromagnetic components in the oscillatory exchange interactions

are nearly equal and thus compensate. To summarize, the magnetic exchange interactions in

these materials are thus influenced by the inter-sublatticeinteractions and changes in their

relative strengths upon changes in structures and configurations help make connections to the
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trends in the magnetic properties.

As was mentioned earlier, Curie temperatures Tc for Mn2NiGa and Mn2NiSn are quite

high and therefore, promising. Using the exchange interactions, we now calculate theTc of

these materials in two different configurations,OC andDC using Mean-field approximation

[266, 267]. The results are presented in T 6.6.

T 6.6: The calculated Curie temperatures (Tc) in K for Mn2NiX systems inOC and in
DC configurations.

System OC DC
Mn2NiGa 797 410
Mn2NiIn 681 340
Mn2NiSn 542 240

The results show that the Curie temperatures calculated in the DC configuration agree

much better with the experimental results [103] than that calculated in theOC configuration

for Mn2NiGa. Our results also agree closely with the reported data in Ref. [261]. Although

no experimental result onTc of Mn2NiIn is available so farTc of Mn2Ni1+xIn1−x have been

experimentally measured in the range ofx=0.5-0.6 and they are found to vary only little

and stay close to 350 K [268]. Our results in theDC configuration, thus, have an excellent

agreement. In case of Mn2NiSn, our results fromOC configuration are surprisingly close

to the experimental value ofTc [269] while that calculated in theDC configuration is rather

low. This can be because of a sublattice ordering in the experimental sample different than

the consideredDC configuration here. Our results have already suggested thatthe values of

Tc are extremely sensitive to the state of order as the exchangeconfigurations are modified

substantially between configurations. Overall, the calculatedTc in the DC configurations

agree reasonably well with the experimental trends.

6.4 Summary

With the aid ofab initio calculations, we have investigated compositional and structural sta-

bilities along with the magnetic properties of inverse Heusler Mn2NiX alloys in connection

with the improvement of shape memory and magnetocaloric effects. We find that the out of
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the four alloys initially considered here, three are potentially better shape memory materi-

als as a large value of∆M can be achieved even in these compositions whereas in prototype

Ni2MnX systems, one has to vary the ratio of Ni, Mn andX judiciously to achieve the same.

We also find that these materials would show inverse magneto-caloric effect, which is tech-

nologically desirable for green environment. Our investigations reveal that these properties

emerge due to existence of anti-site disorder in one of the Mnand the Ni sublattices. It is

also found that the electronic structures associated with the Mn atom, which makes an alloy

with Ni, are primarily responsible for the dramatic changesin the magnetic properties, and

consequently for improved functionalities. This work, thus, shows that the Mn2NiX alloys in

the inverse Heusler structure can be considered as potential functional materials and that more

experimental verifications of their functional propertiesare required.
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Chapter 7

Conclusions and Scopes for future work

7.1 Conclusions

In this thesis, we have investigated the potential shape memory alloy series Mn2NiX in detail

with the help of first-principles electronic structure methods. Our investigations include the

study of phase stability related to shape memory effect, the study of macroscopic origin of the

SME from lattice dynamics, the study of magnetic structure of the ground state and a study of

the effect of anti-site disorder on functional properties.

In the first chapter, the concepts relevant to the descriptions of this class of materials such

as shape memory effect, martensitic transformation, pseudoelasticity are discussed in detail

along with possible applications of shape memory alloys. The nitty-gritties of MSME and

the information on state-of-the-art research on MSMAs are discussed to familiarize the reader

with the materials, their importances and the problems thatare worth researching into.

In the next chapter, we discuss the theoretical background of the various methods that have

been used in this thesis. After a brief introduction of the Density Functional Theory (DFT),

the backbone for modern first-principles electronic structure based methods, we present an

overview of the various implementations of DFT which have been used in this thesis.

In the following chapter, we perform detailed calculationsto explore the possibility of

realizing the SME in Mn2NiX (X= Al, Ga, In, Sn) materials. A volume conserving and energy

lowering phase transformation from cubic to unmodulated tetragonal structure, corresponding
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to an expansion in the c-axis, confirm that all the above materials are potential shape memory

alloys. The presence of shallow minima corresponding to (c/a)< 1 in the calculated energy

curves indicate the signatures of modulated phases which could be considered precursor to the

martensitic transformations. Our results on total energy curves, the magnetic moments and

the electronic structures show that Mn2NiAl and Mn2NiGa are quite similar in their properties

while Mn2NiIn and Mn2NiSn are different than the former but bear close resemblances among

themselves.

In a bid to pinpoint the origin of the martensitic transformations in these materials, we

present our results on their lattice dynamics in chapter 4. We find that all the four MSMAs

show unstable transverse acoustic TA2 phonon modes along [ξξ0] direction, which in confor-

mity with the results of the previous chapter, explain the instability in the high temperature

cubic phase. We explain the anomalous phonon softening fromthe nesting features in the

minority spin Fermi surfaces. Once again, Mn2NiAl and Mn2NiGa show similarities in their

vibrational spectra, which suggest that the instabilitiesassociated with them are purely me-

chanical. These features in the phonon spectra also suggestthat pre-mertensitic modulated

phases indeed do occur in these materials and that these phases could be quite complicated.

In chapter 5, we investigate into the ground state magnetic structures of Mn2NiX ma-

terials with the focus on possibilities of obtaining noncollinear spin structures. Our calcu-

lations showed that under external pressure, produced by about 3.5% compressions of the

lattice constants, Mn2NiX materials, except Mn2NiIn, undergo a magnetic phase transforma-

tion from collinear to noncollinear structures, the later being combinations of different spin

spirals. For Mn2NiIn more compressions are necessary for stable noncollinear state. This

phenomenon adds to the possible functionalities of these materials as this is a signature of

magnetic barocaloric effect. We explain their volume dependent magnetic phase transforma-

tion from the analysis of band structures and nesting features in the Fermi surfaces associated

with bands with different spin orientations. We also explore the effects of crystal structure and

chemical compositions on the magnetic ground states and conclude that spin alignments of

inequivalent Mn atoms in Mn2NiX materials are responsible for the noncollinear states found

in the calculations.

In the chapter 6, we investigate the effects of anti-site disorder on the magnetic proper-

ties and subsequent functionalities of Mn2NiX materials. We find that a state with anti-site

disorder in sublattices of tetrahedral symmetry is energetically lower than the perfect ordered
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inverse Heusler state. The consequences is that magnetizations in the high temperature cu-

bic phases increase by an order of magnitude in comparison tothese in the perfectly ordered

states resulting in a large value of∆M, where∆M is the magnetizations in the low temper-

ature martensitic phase with respect to that in the high temperature phase. Such large and

negative values of∆M open up the possibilities of obtaining martensitic transformations on

applications of small magnetic fields and significant inverse magnetocaloric effects in Mn2NiX

materials.

The contents of this thesis, thus, show various facets of Mn2NiX materials in great detail,

which have not yet been explored the way it is done here. The results of various investigations

clearly show that the members of the Mn2NiX series are indeed promising multifunctional

materials and that more studies, particularly experimental ones, are required to unearth their

complete potentials.

7.2 Scopes for future work

The extensions of the work presented in this thesis can be in various directions. One direction

would be to investigate the tetragonal variants of these materials. In this thesis, we have

clearly shown the existence of modulated tetragonal phases. A complete investigation in this

direction can throw light into the sequences of phase transformation in these alloys from

austenite to nonmodulated martensitic structure.

Another possible extension could be towards the calculations of thermodynamical proper-

ties and phase diagrams of these materials. In this thesis, the arguments and explanations are

based upon calculations at T= 0 K. An extension of this work towards more realistic techno-

logical applications and a better understanding from scientific point of view is the inclusion of

finite temperature effects. Thus, one needs to compute the free energies by including the ef-

fects of vibrational and magnetic entropies in order to estimate the thermodynamic parameters

such as TM. Such a task is challenging and computationally demanding too.

Another possible extension could be towards a comprehensive investigation on effects of

chemical disorder in sublattices other than those considered here and on effects of doping

of magnetic sublattices with other magnetic elements such as Co and Fe. The need for this

possible extension arises due to the availability of recentexperimental results which claim
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that (i) the chemical disorder is present in theX sublattices too; at least in case of Mn2NiGa

and (ii) the doping of magnetic sublattices of Mn2NiGa with other magnetic elements bring

in substantial changes in the magnetic and thermodynamic properties. An extension of the

scheme followed in this thesis would surely help understanding the complex physics that goes

on in the presence of multi-sublattice disorder.
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[205] X. Moya, L. Mañosa, A. Planes, T. Krenke, M. Acet, V. O.Garlea, T. A. Lograsso, D.

L. Schlagel and J. L. ZarestkyPhys. Rev. B73, 064303 (2006).
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[238] M. Liebs, K. Hummler, and M. Fähnle,Phys. Rev. B51, 8664(R) (1995).

[239] R. Lorenz, J. Hafner, S. S. Jaswal, and D. J. Sellmyer,Phys. Rev. Lett.74, 3688 (1995).

[240] R. Lorenz and J. Hafner,Appl. Phys.79, 5051 (1996).

[241] J. Schliemann,Phys. Rev. B67, 045202 (2003).

[242] H. J. Xiang, C. Lee, and M. -H. Whangbo,Phys. Rev. B76, 220411(R) (2007).

[243] J. Hafner and R. Lorenz,Comput. Mater. Sci.8, 170 (1997).

[244] H. Nagasawa and S. Murayama,J. Magn. Magn. Mater.15-18, 93 (1980).

[245] T. Asada,J. Magn. Magn. Mater.140-144, 47 (1995).

[246] D. Hobbs and J. Hafner,J. Phys.: Condens. Matter13, L681 (2001).

[247] D. Hobbs and J. Hafner,Phys. Rev. B68, 014408 (2003).

[248] John F. Drain, Ralf Drautz, and D. G. Pettifor,Phys. Rev. B89, 134102 (2014).
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Bruno, Phys. Rev. B86, 174429 (2012).

[251] T. Shimada, J. Okuno and T. Kitamura,Phys. Rev. B85, 134440 (2012).

[252] B. Sanyal, O. Eriksson and C. Aron,Phys. Rev. B74, 184401 (2006).

[253] S. Prosandeev, L. Bellaiche and J.Íñiguez,Phys. Rev. B85, 214431 (2012).

[254] J. Enkovaara, A. Ayuela, J. Jalkanen, L. Nordström and R. M. Nieminen,Phys. Rev. B

67, 054417 (2003).

TH-1377_09612113



138 Bibliography

[255] A. I. Liechtenstein, M. I. Katsnelson and V. A. Gubanov, J. Phys. F14, L125 (1984).

[256] A. I. Liechtenstein, M. I. Katsnelson, V. P. Antropov and V. A. Gubanov, J. Magn.

Magn. Mater67, 65 (1987).
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