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Abstract

The materials which respond reversibly to the environmetitauli and adjust their phys-
ical, geometrical, mechanical and electromagnetic ptegseare often classified under the
generic name “smart materials”. Shape-memory alloys (StiAEh have the peculiar ability
to remember their original shape after deformations edsilyto this category. With the dis-
covery of large magnetic field-induced strain in Ni-Mn-Gagnetic SMA (MSMA), research
in this area had flourished very rapidly. In this thesis, weehiavestigated various facets of
Mn,NiX (X= Al, Ga, In, Sn) materials, a possible set of shape memorysllwsith the help of
first-principles electronic structure calculations. Weéaxplored the energetics as a function
of tetragonal deformation of the high temperature cubicsphia order to ascertain whether
these materials would indeed exhibit shape memftigce The results have been positive and
encouraging, which motivated us to explore the origin beétive martensitic transformations,
the key signature of potential shape memated, in these alloys. An investigation into the
lattice dynamics of these materials pinpointed nestingéermi surfaces of one of the spin
bands as the mechanism behind the martensitic transfamathis study also indicates the
existences of pre-martensitic modulated phases in all diemals. A deep exploration into
the magnetic structures as a function of pressure, theatiststicture and chemical composi-
tion established that these materials would exhibit comptencollinear spin structures only
in a particular arrangement of atoms in the lattice and ufidiée pressure. This phenomenon
carries, at least theoretically, the signature of magretrocaloric €ect and adds to the list
of functional capabilities of these materials. A quest fbtaoning improvements in existing
functionalities and for discovering more functionalitiésd us to investigate theffects of
anti-site disorder in selected sublattices on the magpetigerties. Our calculations indicate
that due to presence of anti-site disorder, the martertsititcsformations in these materials
can be obtained by relatively small magnetic fields and thatbaterials would exhibit in-
verse magnetocaloridtects, both features being desirable for applications pefintew. In
a nutshell, the results presented in this thesis demoaghratpotentials of MgNiX 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 asc@nce and technology have
transformed the unimportant looking materials into sojtased ones that carfieiently be
utilized in advanced electronics and machineries. Thegelol@ments would have never been
achievable without immense improvements in the technigfiedioying, smelting and forg-
ing. With the combination of state-of-the-art theoretitethods and cutting-edge experimen-
tal techniques, we are now capable of unlocking the deepgstenies hidden in the world of
the materials. The knowledge of engineering material ptegeelike physical, electrical,
mechanical, thermal, optical, elastic, electromagndtic éilave empowered us to fabricate
materials with suitable properties for technological ailons. The quest for novel mate-
rials that could miniaturize the mechanical, optical aret&bnic products and devices with
improved properties and provide control over its functidies like sensing, actuation, elec-
tromagnetic shielding, etc., has introduced a new classaiénals called multifunctional
materials. “Smart materials” belong to a special class dtifonctional materials that have
sensing and actuation capabilities [1].

1.1 Smart materials

“Smart materials” or functional materials are the fruitsestensive research activities over
the past few decades on technologies like tuning the mieniechanically for desired func-
tional achievements, and thus to provide improved thermdlelectrical properties [2—6].

1
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2 Chapter 1. Introduction

These materials interact with their immediate environrmémexhibit adaptive characteristics
that fulfill previously impossible functions. Despite trect that US miliary and aerospace
departments had started to utilize smart materials fromdadties, it is only in recent times
that these materials find applications in constructiomdpart, medical, leisure and domes-
tic areas. These materials couple one or more propertieshtegsuch that changing of one
automatically changes the other. The changes in the misteaa be achieved by external
stimuli like stress, temperature, moisture, electric aragynetic fields. In addition, the term
“smart materials” can be associated with those materiatscin (i) respond reversibly to the
changes in the surrounding environments, and (ii) providegimal response upon changes
in the physical, geometrical, mechanical or electromagmebperties. Researchers in this
field are currently toiling in overcoming the unavailalyiliof space, inadequate operating
temperature, poor response time and forbidden cost. Irékjgect, it has to be mentioned
that we have achieved considerable progress in the fieldtofraative sensors and actuators,
integration with miniscule microcontrollers and advanseftwares. A sensor is a device that
converts a mechanical signal to nonmechanical outputevdnl actuator does the exact op-
posite. One of the main advantages of these materials ifthiainechanical response is one
or more orders of magnitude larger compared to the respoosedonventional material be-
havior such as thermal expansion. There are many groupsast smaterials, each exhibiting
a particular property which can be harnessed in a varietyigif-tech and everyday appli-
cations. These include piezoelectrics [7, 8] and eleciaisies [9] (coupling of mechanical
and electric fields), piezomagnetics [10] and magnetdstes [11] (coupling of mechani-
cal and magnetic fields), and shape memory materials (caypfi thermal and mechanical
fields) [1]. Depending upon the nature of coupling, smartemals can further be divided
into two categories. Piezoceramics [12], piezoelectritympers [13, 14], magnetostrictive
ceramics, shape memory alloys and magnetic shape memowg akhibit direct coupling
between mechanical and nonmechanical fields, whereasehbetological fluids (ERF) [15]
and magneto-rheological fluids (MRF) [16], combine thoskl$®ia 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 intermetallmpounds which have the pecu-
liar property of remembering their original shapes andssieeen after undergoing a structural
deformation. First significant step towards the discovdrghmpe memoryféect happened
in 1930 [3]. The pseudoelastic behavior of Cu-Au alloys west filiscovered by Swedish
scientist ArneOlander in 1932 [17]. In 1938, Greninger and Mooradian [19, dbserved
a displacive and diusionless phase transformation from a high temperaturseptwlow
temperature phase in Cu-Zn alloy. The term “shape memorg’fwst coined by Vernon in
1941 for his polymeric dental material [20]. Although thetgrdtial applications of SMAs
were realized immediately after their discovery, their coancializations did not take place
instantly. The reasons for the delay were due to the corweaitimelting, possessing, ma-
chining techniques and most importantly, due to the findnesaies. Applications of SMAs
in the engineering industry had started after Buehler asa@dlieges accidentally discovered
NiTi while searching materials for heat shielding [21, 22hey observed that in addition to
exhibiting good mechanical properties, comparable to scon@mon engineering metals, the
material also possesses a shape recovery capabilitywhogahis observation, in honor of its
discovery at the Naval Ordnance Laboratory (NOL), US, thnent&NiTINOL” was proposed
[23]. The discovery of NiTiNOL resulted in flurry of activés in the field of SMAs among
the researchers. Thereafter, changes occurring in miEeraperties due to operation of
heat, variation in compositions and appearance of micrawes were widely investigated
and researchers began to understand the underlying pliykidhe shape memoryfiect is
the recovery of the original structure of the material defed by external forces as a result of
increase in temperature, even if the applied force is k&Btilarge. This property demands
that these materials should possess higher energy deHsityever, low frequency response
of the materials acts as a hindrance to limit their applacegi In the next few subsections,
some key features associated with shape memory alloys sceilokd.

1.2.1 Martensitic Transformation (MT)
The martensitic transformation is often characterizeddonsaneous symmetry-breaking dis-

placive, ditusionless first-order phase transformation which is knanatctur in many metal-
lic alloys. The name martensite is after the German metafitAdlof Martens [24]. This
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4 Chapter 1. Introduction

transformation portrays cooperative, homogeneous mowea atoms rather than long
range difusive displacements of atoms. The tiny movements of atosisally less than
the interatomic distances, relative to their neighborsultan extremely large macroscopic
changes. The organized movements of large number of atothsthir neighbors are re-
ferred as military transformation, in contrast to civilidiftusion based phase transformation.
As a consequence of filisionless character of martensitic transformation, thetenaitic
phase is forced to form at low temperature, sindeudion is not conceivable in experimental
time scale even to the interstitial atoms [25].

Crystallographically martensitic phase transformat®ithiought to occur via two mech-
anisms: (i) the Bain strain and (ii) the lattice invarianeahmechanism. The former was
proposed by Bain in 1924 [26], which supplies the necesseaingor FCC to BCC structural
transformation. This homogeneous volume conserving dettion produces 20% contrac-
tion along thez axis and expands the other two perpendicular axem(ly) by 12% in the
BCC structure.

During the martensitic transformation, the atoms are disgd in a very tiny amount rela-
tive to their neighbors to facilitate the formation of maxdéic variants. However, the macro-
scopic défect is quite large which deforms the crystal structure. Téespge of a slip disloca-
tion through a crystal causes the formation of a step. Thegggsof many such dislocations
on parallel slip planes causes macroscopic shear. Althslijglcauses a change in shape but
not a change in the crystal structure [27].

According to the theory of martensitic transformation, tteformation that ignites the
transformation must produce an invariant-plane strainym@aistorted and unrotated inter-
face created due to the combination of large shear compameind small dilatational strain.
However, the Bain strain cannot transform the structureglsince no rotation is capable
of modifying Bain strain into an invariant-plane strain.\detheless, when it combined with
rigid body rotation, the overall homogeneous deformatiozdpces an invariant-line strain;
a stress-free and unrotated line joins the two phases. IBrgxperimentally observed shape
deformation is an invariant-plane strain, and thus the alsombination produces wrong crys-
tal structure. This discrepancy is resolved with an add#icontribution of shearingfiect
generated from slipping and twinning of micro-structurader lattice-invariant deformation
[28]. The Bain strain and rigid body rotation produce a lastyactural deformation, while the

TH-1377_09612113



1.2. Shape Memory Alloys (SMAS) 5

homogeneous lattice-invariant shear minimizes the séraémgy generated by the deformation
and produces the exact martensitic structure. [29-36].

1.2.2 Shape Memory Hect (SME)

Shape memoryftect describes the ability of materials to recover the oabsihape of plas-
tically deformed sample upon heating. This phenomenon &acterized with the crys-
talline phase change known as “thermoelastic martensaticstormation”. At a temperature
below the critical temperature, known as final martensgimperature (M), the austenite
phase completely transforms into martensitic structune.thls situation, the microstruc-
tures are designated with self-accommodating twins. Sihegwinned martensitic struc-
ture is soft, it can easily be deformed to detwinned strestafter applying appropriate
amount of stress. Heating above a critical temperaturewhkras final austenite tempera-
ture (A¢), while unloading, recovers the original shape of the santyl converting the de-
twinned structure back into austenite structure [1]. Theglete transformation cycle from
austenite>martensitie>austenite can better be understood from a thermomechéwackhg
path, plotted in a 2D stress-strain-temperature diagracugk 1.1).

In Ficure 1.1, o represents the uniaxial stress on the samplesaisdhe corresponding
strain measured along the direction of the applied streggp&e, we begin at an initial po-
sition (point A), where the material is completely austeniA stress-free thermal cooling
up to a temperature M(point B) causes the material to completely transforms inianed
martensitic structure. After this point, several percgatgields can be obtained with tiny
amount of stress. When the stress level exceegdseorientation of the twinned martensitic
variants along the direction of the applied stress startgshéend of the plateau, i.e., at the
stress levebrs, the variants are completely oriented and detwinned msitterstructure is
achieved. After this point, stress increases very rapigbirgst tiny increment in strain upto
a point C. Unloading the stress while keeping the matertaltsperature fixed results in a
linear decrease to a point D. At this point, the detwinnedcstre contains BD amount of
residual strain. Upon heating, detwinned martensitessteahsforming into austenite phase
when a critical temperature, known as austenite start teatyre (A), is reached (point E).
The volume fraction of the austenite phase compared to ttvéreed martensitic phase in-
creases upon further increment in temperature and at afgdim¢ material fully recovers the
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O (MPa)
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Martensite
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+

2%
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......................................... Detwinned
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Ficure 1.1: Stress-Strain-Temperature plot exhibiting the shrapenory dfect of a typical
NiTi shape memory alloy [1].

residual strain and transforms completely into the autstgaiase. Subsequent cooling below
the temperature Magain results in the formation of self-accommodated twihmartensitic
variants, but with no associated shape change, and the whole of the SME can be re-
peated. The above described phenomenon is called one-apg sfiemory fect, or simply
SME, because the shape recovery is achieved only durinqesiter the material has been
detwinned by an applied mechanical load [1].

The mechanism of shape memofieet described above allows the materials to remember
only the high temperature austenite phase. However, itdsipte for shape memory alloys to
remember the shape of the martensitic phase under certaiitioms [37, 38]. Two-way #ect
is not intrinsic to shape memory materials. Nevertheldss niaterials adopt this behavior
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1.2. Shape Memory Alloys (SMAS) 7

after some specific thermomechanical treatments knownramitig” procedure [3]. This
property facilitates a spontaneous shape change of shapemenaterials on both heating
and cooling. Once the material has learned the behavia,gbssible to modify the shape
of the material in a reversible way between the two shapdg,lmynchanging of temperature
across A and M without application of stress.

1.2.3 Pseudoelasticity

Pseudoelasticity or superelasticity represents a rédlersiastic response of SMAs to the
applied stress which occurs due to martensitic phase tranafion between austenite and
martensitic phases [39]. Contrary to the phenomenon destrin the previous subsec-
tion, where temperature triggered the mertensitic transftion, pseudoelasticity is related
to stress-induced transformation at a fixed temperaturesedgioelastic loading path gener-
ally starts well above the temperature,Avhere stable austenite exists. Due to applied load
on the austenite phase, detwinned martensite phase startedelop, and finally it returns
to the initial austenite structure when the applied stressshes, thus the material behavior
resembles elasticity [1]. A loading path (path 2) illusingtthe pseudoelastidtect in details

is shown in kGure 1.2.

When the material is mechanically loaded above temperatyrithe austenite phase elas-
tically transformed from point A to B. The line passing thghuthe temperature Mmarten-
sitic start temperature) intersects the loading path attfi Therefore, the stress level at this
point, i.e., ¢M9), indicates that the material is on the verge of martensaitsformation. The
volume fraction of detwinned martensitic phase comparedigienite phase increases as one
moves from point B to C. The stress level at point C, i@ ), where the loading path meets
with the line passing through the temperature, Monfirms the end of the transformation.
Further loading beyond point C only increases the defownat the detwinned martensite
phase. When the stress is released, the detwinned mad@hsite elastically unload to point
E. At this point, since the unloading path intersects the passing through the temperature
(As), the detwinned martensitic phase starts to convert ingbesite phase. The strain re-
covery completes at point F which indicates end of the tansation. The material then
elastically unloads to point A. The above loading and unilogdycle represents a hysteresis
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1 D
b‘ O,Mf -----------P.athgxfc
3 Detwinned Martensite
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Ficure 1.2: Phase diagram and two possible pseudoelastic loadihg fi].

in stress-strain diagram which accounts for the total paeid energy during the transforma-
tion. The stress level corresponding to the beginning amtihgnof the transformation and
the size of the hysteresis loop depend on the shape memoeyiaisit Since the detwinned
martensitic structure is formed during the transformatioe to applied stress on austenite,
they are called stress-induced martensite. There are nh@njwoémechanical loading paths
(like path 1) that also yield the formation of stress-indliogartensite [1].

1.2.4 Applications of Shape Memory Alloys

In late sixties, the first successful technical use of shapmany alloys occurred for join-
ing and fastening of tube and pipe couplings in aircraft asdime technology [3, 40]. The
successful use of cryogenic Ni-Ti-Fe and Ni-Ti-Nb SMAs iglhpressure hydraulic systems
resulted in a large scale production of couplers in the Yahg years [3, 41]. The latter SMA
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1.3. Magnetic Shape Memory Alloys (MSMAS) 9

is utilized in wire warp technology for nuclear applicati@?]. Ni-Ti based SMAs cannot be
operated in hydrogen environment with high temperaturehagpa pressure, due to hydrogen
embrittlement. Super-elastic Ni-Ti SMAs have been registecontinuous growth in applica-
tions like antennas, clothes, eyeglass, dental archwietgaidewires, etc. [3, 41]. The SMAs
which possess wide hysteresis loop are used in variety tdrfamy applications [43]. Ther-
mal shape memory actuators are used in thermal pressum®icealves (Mercedes-Benz),
carburetor ventilation valves, anti-scald valves, fireedgbn, smart idle screws, viscosity
compensating devices, air-conditioning and ventilatiewices [44]. Electrical shape mem-
ory actuators have replaced solenoid and electrical mgtats At present, huge demand for
these actuators have been observed in robot technologynastipromisingly, several pro-
totypes have been invented and successfully implementeelmbst significant achievement
of SMAs in medical science is to minimize the invasion praged45]. Medical devices
build with SMAs are manufactured such that they can enterth# body through small open-
ing, and change their shape inside the body cavity [42]. Neede localizer consisting of
Nitinol is used to detect breast tumors because the subsesuigery is more exact and less
invasive [3]. A tube of SMA is inserted into clogged blood sels and due to body heat the
memory material expands, which open the clogged artertespeé&Smemory materials are ap-
plied for hip replacement and to repair broken bones [1]. ifldestrial safety valves build
with Ni-Ti-Cu SMA are extensively used in petrochemicalinseonductor and pharmaceu-
ticals industry and large oil and gas boilers, in order toimire mishaps from toxic fluids
and highly flammable materials [46]. Shape memory alloys&popularity in recent past
and at present, it is very active and promising research d&Resaearchers from all over the
world frequently discovering new exciting physics basednugne already existing SMAs and
materials with improved functional properties than thevjes to overcome the barriers for
advanced technological applications.

1.3 Magnetic Shape Memory Alloys (MSMAS)

After the invention of prominent shape memofieet in NiTi material, research activities on
the new shape memory alloys with better functionalities f@arished. In particular, young
researchers became excited due to the promises that thaegaisacould iciently act as
actuating and sensing devices. Suddenly, huge demandajé sfiemory based technologies
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were generated because they promised to be economical.nd@bstiies were contemplat-
ing on replacing the large complicated electro-mechamiegises with tiny and cheap shape
memory crystals which consume less energy and can work fgy tione. Contrary to these
expectations, it turned out that ordinary shape memoryga®m electro-mechanical devices
is not really applicable. The hindrance occurs due to inftesdw heating and cooling rate
against thermal control and therefore, additional devézegequired to expedite the process,
which in turn would increase cost and volume of the devicd®e possibility of controlling
shape memoryféect by means other than temperature had opened up a reseddchiried
at designing next generation sensors and actuators whicbpzaate fficiently at higher fre-
guencies. Since controlling the magnetic field is easien teanperature, potential devices
based on thisféect were expected to be technologically much simpler.

In 1842, while examining a simple of iron, Joule invented thagnetic field can alter the
dimensions of material which is merely an interplay betwstenctural and magnetic degrees
of freedom [47, 48]. Such an interplay, inherent to all maignematerials, produces small
changes to the dimensions of the cell. However, the defeomatf the crystal structure in
shape memory alloys originates fronifdrent microscopic mechanism. Normal ferromagnets
like Fe and Ni exhibit strain associated with magnetostnicis ~10-%%, while materials with
large magnetostriction, for example Th-Dy-Fe alloys (€adi-D), exhibit strain of nearly
0.1% [49]. In contrast, maximum magnetic field-inducedist(®FIS) achieved in magnetic
shape memory materials till now 1sL0% [50-52], two order of magnitude larger than those
corresponding to conventional magnetostriction. Magnstiape memory alloys possess all
the properties of ordinary (non-magnetic) shape memooysll In addition to temperature
and stress, magnetic field plays the role of extra degreeseefiém to achieve the desired
functional dfect.

Due to long-range magnetic ordering, below the Curie teatpeg, the martensitic vari-
ants (structural domain) remain magnetized [53]. The miégateons of magnetic domains
within those martensitic variants align themselves aldrgrteasy axis in such a way that
it minimizes the magnetostatic energy [53-55]. If the maigremisotropy is weak, applied
magnetic field only rotates magnetization directions of n&ig domains within martensitic
variants which results in very small changes in dimensigms @rrespond to conventional
magnetostriction. However, when the magnetic anisotregdyigh and rotation of magnetic
domains significantly increase the magnetic energy, thenetagfield orients the structural
domains such that their magnetization axis becomes aligniidthe external applied field
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[56]. The dttference in Zeeman energy [57] between the martensitic tar@mtrols their
rotational motion which brings about significant changethm dimensions of the material
[56, 58]. Generally, the deformation caused by inducedrstsanot restorable after the re-
moval of the magnetic field. Reversibility in shape changesanly be achievable for small
deformation. Besides heating the material, other pog#asilto recover the induced strain
are: rotation of the magnetic field and application of stqesgpendicular to the magnetic
field [56]. By extending the concept with conventional shapemory alloys, pseudoelastic
or superelasticféect in magnetic shape memory alloys are termed with a prefagtmetic”.
However, the main dierence between thermally and magnetic-field induced pstasteity

is that the latter does not rely on the twin boundary motian,dn the coupling of structural
and magnetic parameters at microscopic level leading t@aissibility of inducing marten-
sitic transformation upon application of a magnetic fieldteEnal magnetic field triggers the
forward or reverse martensitic transformation dependpanuwhether austenite or martensite
possess the higher magnetizations. Similar to thermadlyéad pseudoelasticity, the forward
and the reverse transition in presence of magnetic fieldrgeasehysteresis loop [56].

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

Till date, the most investigated magnetic shape memory aldNi,MnGa. This material
generated tremendous interest when it was discovered sedaexhibited a two-way shape
memory défect and produced magnetic field-induced strain (MFIS) oualta6% in a mag-
netic field of less than 1 Tesla [59]. Subsequently, inteesearch has been carried out for
over more than a decade. The primary focus has been to uaderte structural and mag-
netic properties of these materials along with the mechaonfthe mertensitic transformation.
Numerous Xray dtraction (XRD) and Neutron scattering experiments have Ipegformed

to probe the crystal structure and structural parametethéparent and the product phases of
Ni,MnGa [60-65, 68]. The high temperature austenite phase maslbiguously reported to
be crystallizing in L2 structure, popularly known as Heusler structure [60—65&]uiE 1.3).
Originated after a German engineer and chemist Friedriarslée who investigated such an
alloy in 1903, this intermetallic structure was found to bedmagnetic. The associated space
group is Fndm (space group number 225) and can be best visualized withrferpenetrat-
ing FCC sublattice at (0,0,0), (0.50,0.50,0.50), (0.2%M.25) and (0.75,0.75,0.75). The oc-
tahedral symmetric positions, i.e., the last two sublati@are occupied with Ni atoms and the
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Ficure 1.3: The cubic unit cell of the L2Heusler structure. The blue, red and green spheres
represent Ni, Mn and Ga atoms, respectively. Ni atoms oc¢0)0) and (0.50,0.50,0.50)
sublattices, Mn atom sits in (0.50,0.50,0.50) sublattind &a atom fills (0.75,0.75,0.75)
sublattice.

tetrahedral sublattices, i.e., first two sites, are ocaipith Ga and Ni atoms, respectively. In
Wyckoft notation, site symmetry of the first two occupied poisongiasagnated as 4a and 4b,
and the last two equivalent occupied sites as 8¢MDAI is considered as prototype for this
class of materials. Experimental investigations found tiha martensitic phase of pMnGa
has nonmodulated tetragonal and orthorhombic struct6Be$B, 65, 68]. In addition to these
martensitic phases, metastable premartensitic modupdtages are observed witty &)< 1
indicating a precursor phenomenon prior to the martensiesformation [60, 64, 66, 68—
71]. The unusual large magnetic field-induced strain in aenat field, the observed large
magnetocaloricf@ect [72] and the large negative magnetoresistance [73] sneematerial
a promising candidate for technological applications.

The understanding of the physics behind the martensitistoamation in NsiMnGa started
with the understanding of precursor phenomenon in masaniadiergoing phase transition [5].
Precursor phenomenon or pretransitional phenomenon lemsdixserved in varieties of ma-
terials like High T superconductors [74], ferroelectrics [75], manganités [77] and shape
memory alloys [78] via elastic constants and phonon an@s#fi]. This phenomenon arises
as a result of mesoscopic texture within a single thermoalyophase [5]. However, changes
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in the physical properties occur at the nanometer levellmtgsult in satellite peaks infiiac-
tion patterns implying the presence of modulated strust[i#®—83]. These meta-stable struc-
tures occur as an intermediate phase during the martetnaiigformation and decide the way
in which material approaches towards the martensitic phBsis type of transformation oc-
curs due to lower resistive forces along specified direatiecided by the symmetry of the
high temperature phase. The high symmetric intrinsicafigtable BCC structure lowers its
symmetry due to internal displacements of each [110] plaiey the<110> direction. Itis
important to mention that this property is not only limitednhaterials possessing cubic sym-
metry [5]. According to Friedel [84], since the transforioatoccurs at temperature higher
than the Debye temperature, the crystal structure stabiliue to excess phonon entropy
caused by softening of phonon mode (acoustig)T@ver the entire Brillouin zone [85]. The
many observed varieties of the modulated (premartensitiaftures occur due to degrees of
shufling of [110] atomic planes witke110> vibration, which determines the periodicity of
the stacking sequence in that phase. The periodicity dfigdplanes in the modulated struc-
tures is related to the pronounce softening of phonon mode [5]. In 1947, while studying
the kinematics of martensitic transformationgibrass, Zener [86] proposed a model of soft
mode that incorporated the elastic response of highly syinmmenstable austenite phase to
energetically lower vibrational excitation. Since the ahelastic constant’ds a measure
of resistance against a shear stress applied across [EI} 'pfi<1IO> direction, the theory
predicted that it would attain low value in the austeniteggheompared to the other elastic
moduli. Latter theoretical and experimental evidencesv&athat materials with BCC sym-
metry possess very low value of shear modulus. ffeat, the softening of phonon branch
and low value of shear modulus are the signatures of an ua€B&lC structure that provide
a channel through which the martensitic transformationazur [5]. Certain shape mem-
ory alloys exhibit complete softening by exhibiting an araous dip in TA phonon branch.
This means that the phonon branch attains a minima at a plartiwave vectog+0. The dip
becomes more pronounced during cooling which means thatrtbmalous phonon branch
softens most than the other branches. The origin of this ahoisitraced back to the nesting
features of Fermi surfaces at specified wave vectors [87 Hi&e, it is important to mention
that the position of the dip depends on the compositionsefihaterial. Although this kind
of low energy excitations is not a necessary charactefistithe martensitic transformation
to occur, however, it significantly alters the actual transfation path [5]. The wave vector
corresponding to the pronounced phonon anomaly is relatdgbtperiodicity of the shiling

of atomic planes in modulated structure [89].
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The theory of soft modes was first proposed by Anderson [98]Gwochran [91] for fer-
roelectrics to describe the structural phase transitidhgy identified a particular transverse
phonon branch whose displacement pattern is identicaldatbmic displacements of the
materials undergoing martensitic transformation. Theoregy force of this branch weakens
during cooling and finally frequency corresponding to thisration branch vanishes at the
transition temperature [5]. As a consequence, the parexggphecomes unstable and trans-
forms into a low temperature structure.

Upon cooling below the martensitic temperaturg );Tthe additional reflected peaks and
diffraction angles in the X-ray firaction measurements suggest existence of a periodical
shufling of atoms (modulation) along the [110] direction fildrent types of modulated struc-
tures were found till now. If the modulation is formed in suzhvay that & atomic plane
along (110) direction remains in its original position, j@ne period of modulation is accom-
modated in 5 (110) atomic planes, the structure is referseaa (M stands for monoclinic)
modulation structure [64, 66, 70]. The corresponding matioth wave vectog/max= 0.4.
However, based on more accurate results it was modifigddg..= 0.43. Similarly, for 3M
modulated structure, the modulated wave vector was repqftp,a,= 0.33 [67, 70]. On the
other hand, the structure 7M can be more complicated than@eisine wave [65]. It can be
a combination of several harmonics which leadggma.= 0.28 [27].

For Ni,MnGa, pronounced softening of JAibrational branch along [110] direction oc-
curs at wave vector afp= 0.33 which implies the existence of premartensitic mochaat
structure [67, 70]. Experimental results reveal that pmemsitic transformation begin at
temperature gy= 260 K, which is well above the martensitic transformatiomperature
(Tw= 202 K) [92]. The energy of the soft mode increases as one appes to the martensitic
transformation temperature which signifies that softemmhthe vibrational mode is related
to the premartensitic structure rather than to the matiermie [27, 93]. It was shown that
Tpwm strongly depends on the external magnetic field whijehks no such field dependence
[94]. Analysis of the inelastic neutron scattering data irANconfirmed the presence of pre-
martensitic structures. However, no measurement of ptemsitic transformation tempera-
ture has been reported in Ni-Al. Apparently, the only refendifference between Ni-Al and
Ni,MnGa is that the latter possesses a long range ferromagireec [95, 96]. Martensitic
transformation in NiMnGa can be suppressed with increasing the Ni content atxipenee
of Mn one [97]. The above facts clearly demonstrate that tupking between magnetic and
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elastic parameters drive the premartensitic transfoomatdiowever, recent experimental in-
vestigation on low energy spin wave and phonon anomaly #VINGa showed no existence
of magneto-elastic coupling between the respective paeamp7]. Therefore, the physical
understanding of the microscopic origin of premartensiiasformation still remains incom-
plete and various characteristics have to be further exaaimdetails before concluding to a
comprehensive theory.

Low martensitic temperature ({220 K) [60], having Curie temperature just above the
room temperature @~376 K) [60], brittleness in single crystalline form and essiee de-
pendence of magnetic field-induced strain on the matenatttre pose restriction on the
utilizations of NbMnGa. Other N\AMnX (X= Al, Ge, In, Sn, Sb) [56, 98—101] Heusler alloys
are incapable of exhibiting shape memofiget. Nevertheless, for all the materials, total mag-
netizations in the austenite phase are quite highug), mainly for large localized moments
in Mn sublattice £3.5ug). The total magnetizations are one of the important pararador

Ficure 1.4: The cubic unit cell of the HgCuTi inverse Heusler structure. The blue, green, yel-
low and red spheres represent Mnl, Mnll, Ni and Ga atomsgasgly. Mnl, Mnll, Ni and
Ga atoms occupy (0,0,0), (0.25,0.25,0.25), (0.50,0.50)0and (0.75,0.75,0.75) sublattices,
respectively.

judging the industrial potentials of shape memory alloys;es magnetic field-induced strain
is directly proportional to it. Therefore, quest for shapemory alloys with better functional-
ities automatically leads to MiiX materials, dferent aspects of which | studied intensively
during my doctoral work.
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Till date, the research on MNiX materials is rather few as the research on these materials
with a focus to explore shape memory properties startedreesntly. The first successful at-
tempt to measure the crystal structure of JMiSn was made way back in 1987 by Helmholdt
and Buschow [102]. The Rietveld refinement analysis of tNeutron difraction data col-
lected at 4.2 K manifested that the crystal structufeeds from usual Heusler structure. The
results of Helmholdt and Buschow [102] revealed that thacstire is inverse Heusler or
Hg,CuTi which is obtained from the Heusler structure when theitpm of Mn atom at
(0.50,0.50,0.50) and Ni atom at (0.25,0.25,0.25) (inNNiGa) are interchanged, keeping
position of the other two species unchangedike 1.4). The structure can be associated
with the space groupZBm (space group number 216). Due to lower point group symymet
(non-centrosymmetric cubic structure) thani?mspace group, the degeneracy of 8c WAfEko
position is now broken, and occupied crystal positions§@25,0.25) and (0.75,0.75,0.75)
are denoted by 4c and 4d, respectively. After a long gap ofe8sy Liuet al. [103] first
observed the shape memorffeet in MnpNiGa. The material showed a martensitic trans-
formation (Ty) at 270 K and a quite high Curie temperature X of 588 K, which is higher
than prototype material BMnGa. The excellent field controllable shape memdfge up to
4% had been observed in this material. These results prigjegtliGa as a new promising
shape memory material with functional parameters ligeahd Tc better than NIMnGa. The
only shortcoming of this material, in comparison to,MnGa, is its low magnetizations of
about 1.2ug/f.u [103—107]. Interestingly magnetic measurements opNi8n obtained sig-
nificantly high magnetizations of about 2:5/f.u. [102] and 2.9%/f.u. [108]. These results
thus indicate that the physics of IWNiX materials could be quite interesting and thus worth
exploring.

1.4 The role of first-principles electronic structure calcua-
tions in understanding materials properties

An understanding of materials properties from microscqut of view can be obtained
from ab initio calculations of their electronic structures. This meaas ¢time has to obtain the
solution of Schrodinger equation for electrons in reaidsyiwhere their guantum mechanical
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behavior is determined by the presence of other electrothatammic nuclei. For such a many
body interacting system, exact solution of the Schrodireggiation is not possible. How-
ever, this situation can be overcome by appropriate appratons. Recent advancements in
computational powers and developments in the accuracy faegeecy of calculation strate-
gies have greatly expanded our capabilities. Along withinffgrovements in computer based
knowledge, theoretical breakthrough in the fields of noneicg and parameter free “first-
principles” methods have been achieved which project theyhady interacting system onto
a noninteracting single particle one, where a single termaywk as exchange-correlation term,
contains all the information about many body interactiob@¥F-111]. Integration of first-
principles based methods with advanced softwares faeiligekling problems of wide variety
accurately and successfully within reasonable time perj@d0O, 112—120]. Over the years,
application of these methods in calculating the electrstrigctures of collinear and complex
noncollinear magnetic ground states [121-124], dynanpicgderties of materials [125-127]
and simultaneous comparison of these results with expatahebservations confirmed the
accuracy of these methods. Various problems related tod#ised alloys [128-135] have
also been encountered with these sophisticated tools. dNdewys, these methods are widely
accepted to predict properties of new materials where @xpatal evidence is not present.
Therefore, we conclude that first-principles electroniaaure methods are the essential the-
oretical tools to calculate the properties of the matetiazdd we have planned to investigate
during my doctoral research accurately.

1.5 Outline of the thesis

The available results on MNiX alloys revealed that the materials may have interesting-fun
tional properties worth investigation. In particular, fr®mising features of MiNiGa war-
rant deeper explorations into the physics of these maseralthis thesis, we carry out first-
principles based detailed investigations into the follogvaspects of MslNiX (X= Al ,Ga, In,
Sn) materials:

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

2. the mechanism behind martensitic phase transformatichese materials.
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3. the magnetic structures of these materials and theiitgesonnections to their func-
tionalities.

4. the dfect of chemical ordering and the possible consequencesednorbtionalities.

In the following paragraphs we briefly describe the contefitshapters of my thesis,
starting from the second one.

Chapter 2 contains a description of the theoretical backgtoon techniques that have
been used. It starts with a brief description of the Densitgdtional Theory (DFT) formal-
ism, a robust andficient tool to solve many body problem in condensed mattesigkyin
a computationally tractable way. Various implementatiofihe DFT which are used in this
work are described next. In this work, we have used fofietent implementations: the Plane
Wave Pseudopotential (PWPP) method, the Full Potentiadrimed Augmented Plane wave
(FP-LAPW) method, the Full Potential Korringa Kohn RostokeP-KKR) method and the
Exact Mutin Tin Orbital (EMTO) method. The choice of a particular implentation depends
on the nature of the problem. In the Pseudopotential methed;entral idea is to replace the
actual crystal potential by an artificial (Pseudo) potédrstiech that the wave functions in the
core and in the valence regions join smoothly across thedeoyrin order for the quantum
mechanical operators be expressible in a simple plane wasis bet with a reasonable com-
putational cost. A more accurate description of the poaéshéind wave functions are provided
by the full potential methods and FP-LAPW is one of them. I8 thethod, the core region is
described by a Mflin-tin approximation to the crystal potential. The FP-KKRIdhe EMTO
methods are based on multiple scattering approaches. Tpatmmce of these methods is
that the energy spectrum is obtained by solving the Greeanistion and hence the configura-
tion averaging in case of disordered systems can be camieid an dficient way. The most
extensively used method to treat chemical and magneticdiisas the Coherent Potential
Approximation (CPA). Both FP-KKR and EMTO methods, in thairrrent implementations,
use CPA to study disorder, while for PWPP and FP-LAPW methtidgs disorder is mod-
eled by construction of large and artificial supercells. § hiithe system possesses chemical
andor magnetic disorder, FP-KKR-CPA and EMTO-CPA methods dk@aatageous to use.

In Chapter 3, we first explore the possibilities of realizéhgipe memoryfeects in MipNiX
(X= Al, Ga, In, Sn) alloys, followed by an analysis of their etediic structures. We find vol-
ume conserving structural transformation from cubic (@uois¢) to nonmodulated tetragonal
(martensite) phases in all four systems. We come to thislgsionn based upon the energy
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landscapes (energy versugd) plot, where ¢/a) determines the tetragonal deformation) as
in all four cases global minima are obtained fofg)# 1. In addition, we find shallow min-
ima in the energy landscapes of all four, which are indieatif/the existences of modulated
premartensitic structures. From the trends in the enemygslzapes, we conclude that only
Mn,NiGa and MnNiAl would be suitable for practical applications, since thy, for these
two materials only, would lie close to the room temperatufée trends in the energetics
across the materials are explained by the hybridizatiotvgdsn Ni and two Mn atoms occu-
pying crystallographic inequivalent positions in the irseHeusler structure. We conclude
that a relatively weaker hybridization between the magregttms is responsible for a nearly
stable cubic phase at low temperatures for,Niln and Mn,NiSn. The magnetic moments
of the alloys are governed by the Mn atoms which are antifeagnetically coupled and
thus produce a smaller net moment in comparison tNKX alloys. The net moments in
Mn,Niln and Mn,NiSn are smaller than the other two alloys by at least a faufttwo. These
trends are consistent with the weak hybridizations betwlkemnmagnetic atoms in Miiln
and MnpNiSn arising due to larger distances between the magneticsatThespelements do
not seem to play any direct role, except modifying the regaitnter-atomic distances between
the magnetic constituents influencing the hybridizatioesveen them. Thus, the physical
properties of these materials can be related to the relsittes of thespconstituents. In a nut-
shell, this chapter demonstrates the shape memory patsssoih all four alloys considered
and discuss their electronic structures and magnetic pgrepemaking a comprehensive and
comparative study.

In Chapter 4, we carry out investigations into the latticeayics of MpNiX alloys in
order to understand the origin of the martensitic transédroms in these systems. In our
study, the transverse acoustic ;TBranch in the phonon dispersion plots for MinX mate-
rials along E£0] direction, ¢ being the phonon wave vector, show unstable phonon modes,
which are in accordance with our results of Chapter 3 that leghperature austenite phases
of these materials are unstable. We try to explain the quaig and quantitative features
in the phonon dispersion plots from the vibrational deasibtf states, features in Fermi sur-
faces and elastic constants. We find that pure mechanidabifises can be associated with
Mn,NiGa and MnNiAl. We understand the features of the vibrational deasitf states from
the inter-atomic force constants associated with theirestaeighbor environments. We find
that the nesting features in the minority band Fermi sudaoe responsible for the anoma-
lous phonon instabilities in these systems. The phonon wewtrs at which the instabilities
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are most pronounced indicate the possibilities of occaasrof premartensitic modulated
phases, corroborating our findings of Chapter 3. Howeverrdébults also indicate that these
premartensitic modulated phases could be quite complesfuatiger investigations, both ex-
perimental, and theoretical, into this aspect are necgssar

In Chapter 5, we investigate the ground state magnetic tsres of MNiX alloys.
Specifically, we look into possibilities of stable nonco#ar spin structures by computations
on various spin spiral states. Till now, to the best of ounidedlge, no magnetic shape mem-
ory alloy is reported having noncollinear magnetic struetas the magnetic ground state.
Previous calculations on pfWMnGa and N§MnAl alloys in Heusler structure did not find any
spin spiral state as the lowest energy state. Our calcaasbowed that under about 3.5%
compressions of the lattices, that is under external presswagnetic structures of MNiGa,
Mn,NiAl and Mn,NiSn transform from a collinear ferrimagnetic state to rahicear states,
which are combinations of flerent planar spin spirals. For MNMiln, further compressions
would be necessary to stabilize a noncollinear state. Tiem@menon carries tremendous
importance with respect to functionalities of these matsras this may be a signature that
these materials would exhibit magnetic barocalofie@ (BCE). Our analysis shows that the
hybridizations between the two spin bands (up and down) opemhybridization gap at the
Fermi level. This along with the nesting of spin-majoritydaspin-minority parallel Fermi
sheets is responsible for the stabilizations of the spirakgiates over the collinear ones. We
analyze these results further by computing the inter-at@md intra-atomic exchange interac-
tions. The results demonstrate that the magnetic frustravf the Mn atoms at the octahedral
sublattices stabilize the noncollinear spiral structugsiultaneous investigations of the spin
wave excitations of NMnX systems in Heusler structure demonstrate that the invezasler
type arrangement is necessary to obtain stable noncallgp#a configurations in Ni-MrX
systems. In summary, the work of this chapter shows anoikgnctive feature of MpNiX
systems arising out of the structural arrangements of gtantsthat the #ects of this on the
ground state spin structures can be utilized for functideetures.

In Chapter 6, we focus on théfects of chemical order on the functionalities in X
alloys. Recent experiments on MMiGa and MRNiSn predicted that the arrangements of var-
ious species in these two systems are not exactly perfexdred inverse Heusler, but that
the octahedral sites have disorderegNWi;_, configurations. Our investigations show that
the introduction of such anti-site disorder on the octahlesliblattices improves the magneti-
zations by and order of magnitude in all four alloys underscd@ration. The impact from the
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functionality point of view is that it magnifieAM which is the magnetization in the marten-
sitic phase with respect to that in the austenite phaseltiregin a large Zeeman energy at
relatively small magnetic field, a feature that facilitatesrtensitic transformation with appli-
cation of relatively small magnetic field. The magnitudeA®fl being negative implies that
these materials exhibit inverse magnetocaloftieet (MCE), a requirement for Green technol-
ogy in refrigeration, for example. The results of this cleaps extremely significant as they
demonstrate that the intrinsic partial disorder in thestenmls lead to significant advantages
over the prototype NMnX systems with regard to various functionalities.

Chapter 7 concludes with a summary of the main results ofbsis. The importance of
these results along with the possible extensions are disdubkereafter.
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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 sgltire many body Schrodinger
equation

HY(r,ro ..., r, ... R, Ry, .., Ry, ...) = E¥(ry,ro, ..., 1, ..., Ri,Ro, .., Ry, L) (2.1)

whereW¥(r,r,, ..., ri, ..., R, Ry, ..., Ry, ...), the many body wavefunction, contains all the in-
formation about electrons and nuclei. The indicaad! are for electrons and atomic nuclei,

respectively.H is the Hamiltonian and the total energy of the system. The Hamiltonian
describes the motion of each individual electron and ndolegvery atom in the system and

thus, takes the following form

2w V21 2, Z,€? vz o1 7,
H=-—=> —-+2 —' = 2.2
2 44M 244 R —Rjl 2 ZZJ '—r1| Z|r| Rl @2)

where M denotes nuclear mass, 8 the electron mas®}, andr; stand for nuclear and
electron coordinates, respectively, and Z denotes theiataummber. The first and third terms
in the Hamiltonian are kinetic energies of nuclei and etawdt respectively. The second,
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fourth and fifth terms are Coulomb interactions between @iughd nuclei, electrons and
electrons and electrons and nuclei, respectively.

The nuclear degrees of freedom can be disentangled fromiéb&anic ones via adia-
batic approximation [136]. Being much lighter than the iaglectrons can move much faster
than nuclei in the solid. The time scale for the electroniaxation is usually much smaller
than the ones for the ions. Thisfectively means that the ions can be considered at rest
while studying the electronic degrees of freedom. Thusdlted tvave function of the system
can approximately be written as the product of the functabescribing the ions and the elec-
trons. Thus the electronic structure problem can be solyedhcentrating on the many body
Schrodinger equation for electronic degrees of freedop &ithin this approximation, the
electronic description can be given as,

Hebe = Eetlre (2.3)

where the Hamiltonian is given by

P VE o1 € Z,€
Ho=—-—= > — += - =T+W+V, 2.4

To24m 2Zj|ri—r,-| ;m—Rll § 9
The first term,T, is the kinetic energy of the electrons. The second t&#nis the Coulomb
potential and the third ternV,y is the external potential.

2.2 Density Functional Theory (DFT)

In spite of simplifications achieved by the adiabatic appr@tion, the problem still remains
a many body one and is practically impossible to solve fordsoéven with modern day
computers. The Density Functional Theory (DFT) developafidcentury ago, provides an
excellent way to circumvent this problem.

Due to its remarkable success in describing the groundtaperties of large number of
materials in diferent forms like bulk, surfaces, interfaces, nanostrestubFT has become
the essential computational tool of modern day electrotriecture calculation. Instead of
complicated many body wave function formalism, which defsean the coordinates of all
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2.2. Density Functional Theory (DFT) 25

the electrons in the system, DFT immensely simplify the nmiaogy problem by constructing
the ground state properties as functionals of single pgarétectronic charge density. The
basis of DFT is the following two theorems proposed by P. hhtleeg and W. Kohn [109]

Theorem |: For any system of interacting particles in an external pEN.(r), the
potentialVey(r) is determined uniquely, except for a constant, by the gilcstate particle
densityng(r) [110].

Theorem Il A universal functionafor the energyE[n] in terms of densityn(r) can be
defined, valid for any external potentil,(r). For any particulaMe(r), the exact ground
state energy of the system is the global minimum value offtmstional, and the density(r)
that minimizes the functional is the exact ground state itheng(r) [110].

Since the functionaE[n] is not known, the Hohenberg-Kohn theorems, at first, appear
to be inappropriate for practical application. HoweverhKcand Sham later transformed
the rather abstract looking theorems into a practical sehj@rhl]. The basic idea of Kohn-
Sham approach is the introduction of an auxiliary nonirdtng electronic system where the
electrons are exposed to diieetive external potentidle¢(r). The constrains on thefective
potential is that the resulting density of the noninterag8ystem equals to the density of the
true interacting system. This procedure of Kohn-Sham aleitly the variational principle
leads to Schrodinger-like equations:

(Hks — €)¢i(r) = O, (2.5)
whereegs are the eigenvalues ang is the d@fective Hamiltonian.
l_, . .
Hks = _EV + Vess (in Hartree unitg (2.6)
with
Veff = Vext(r) + VHartree(r) + ch(r) (2-7)

The second term is called Hartree potential,

1 [ n(r)n(r) q

> T rdr (2.8)

VHartree =
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and the last term is exchange-correlation potential defased

_ OEx[n]
“Toen(r)

(2.9)

whereE,. is the diference between the kinetic energy plus the internal inieraenergies of
the true interacting many body system and those of the anxitiingle particle system with
electron-electron interactions replaced by the Hartregggn The density is calculated from
single-electron orbitals

N
n(r) = > Iai(r)? (2.10)
i-1
and the total number of electron is

N :fn(r)dr (2.11)

Within the Kohn-Sham approach, expression for the grouae €nergy functional turns out
to be

Exs = Ts[n] + fvext(r)n(r) dr + EHartree[n] + Exc[n] + Ey (2-12)

whereE, is the interaction between the nuclei. The single partioletic energyTs is given
by

N
To=35 ) V2i(r) (2.13)
i=1

NI =

Equations 2.5 - 2.7 are well-known Kohn-Sham equationd thig¢ resulting density(r) and
the total energyEks given by equations 2.10 and 2.12. These equations haves gagiicle
form with the potential that must be found self-consistentith the resulting density.

The above formulae represent the non-spinpolarized KdtarSscheme for electrons in
a solid. The spin-density functional formalism is obtaimgdntroducing two spin-densities
n'(r) andnt(r). They are solutions of the Kohn-Sham equations 2.5 for &meesdfective
potential as above, the only modification occurring in theh@nge-correlation part. Now, the

TH-1377_09612113



2.2. Density Functional Theory (DFT) 27

spin-dependent exchange-correlation potential can kiéewras,

5EXC[ nT ’ nl]

Vi([n', n*;r]) = S ()

(2.14)

where ¢~ =7 or |) depends on both the spin densities.

The solution of the equation 2.5 requires certain approtiona for the exchange and cor-
relation term because they are not known exactly, excephéofree (homogeneous) electron
gas. The most widely used approximations are the Local BeAgpiproximation (LDA) and
the Generalized Gradient Approximation (GGA). Within thBA, the exchange-correlation
energy density per electron is assumed to be the same as thibimogeneous electron gas
[111]

£ = [ dPmin)=Enne) (2.15)

where&°™ is the sum of the exchange and correlation energies of theogeneous elec-
tron gas of density(r). Along with the electron density, GGA [137, 138] includéslpcal
gradient into the exchange-correlation functional

ESSAIN] = [ (eSS (n(r).1vn) (2.16)

Several diferent forms for$4, the GGA energy density per electron, have been suggested.

Moreover, over the past several years, in addition to the @Ational, other approximations
for the exchange and correlation have also been develogéd-145].

Different choices of the basis sets to express the Kohn-Shatalsylihe solution of
equation 2.5, led to the construction offdrent electronic structure methods. There are three
major groups of methodologies practiced now-a-days: tleeidRsPotential methods, the Full
Potential methods and the Green'’s function based methodshid thesis, we have used all
three methods. In the next section, we describe these mebnadly.
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2.3 Pseudopotential method

In this method, the strong core potential of an atom is requldny a pseudopotential. It is done
in such a way that the ground state wavefunction correspgrtdithe “Pseudo-Hamiltonian”
mimics all electron valance wavefunction outsider a diittadius. The construction of the
pseudopotentials removes the wiggles in the wave functdrike inert nuclei in the core
region, resulting in a continuation of smooth valance wawefions there. As a result, the
pseudo-wavefunctions can be represented by a reasonabbenof plane waves, making the
method computationally tractable. In the next subsectimasbriefly describe constructions
of pseudopotentials and their evolutions.

2.3.1 The Phillips-Kleinman Construction

The pseudopotential approach originated from orthogeedlplanewave (OPW) [113, 146]
method, where the valance wavefunctigpsre expanded using a basis set containing planewaves
that are orthogonalized to the core statgs

gopudk +G) = gpw(k + G) = > < gelppulk + G) > puc (2.17)

wheregpy is a planewave andopy Is the OPW and the summation is extended over core
states ¢) and atom ¢). The pseudo states are defined as

P =0+ ) Auuc (2.18)
a,C

With a,c =< @q4.clehS >

The pseudo states satisfy a Schrodinger like equationamitadditional contributiovR
to the Hamiltonian,

VR =" aclen — 2ud)lpnc >< fad (2.19)

a,C
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2.3. Pseudopotential method 29

Adding VR to the original potential/ leads to the Phillips-Kleinman pseudopotentigr
VPR = v 4+ VR (2.20)

Outside the cutd radiusr., VX becomes equal td since the core wavefunction vanishes.

2.3.2 Norm-Conserving Pseudopotentials (NCPP)

Since the days of Phillips-Klieinman construction, the leepcation and the faciency of
pseudopotentials have been improved to satisfy the faligwoals: (i) it has to be as soft as
possible, (i) it should be as transferable as possiblg,tfie pseudo-charge density should
produce the valance charge density as accurately as pms3ibe Norm-Conserving Pseu-
doPotentials (NCPP) are pseudopotentials constructédkatthe pseudo-wavefunctions are
exactly equal to the actual valance wavefunctions outsideshereas inside, the pseudo-
wavefunctions dfer from the true wavefunctions [147, 148]. However, the nagrbeing
conserved, i.e.,

f " dr 120PS (1)"S(r) = f " dr 20" (Melr) (2.21)
0 0

The wavefunctions and eigenvalues ar@aient for diferent angular momenté, Pseudopo-
tentials of these type are often called semi-local. The oreasf transferability is provided
by logarithmic derivatives at.,

1 d‘pps(rc’ E) _ 1 d‘P(rc, E)
‘IDPS(rC9 E) dr B 90(r09 E) dr

(2.22)

The equation holds exactly f& equal to the atomic reference energy.

2.3.3 Ultrasoft Pseudopotentials (USPP)

In 1990, Vanderbilt proposed [149-151] a new and radical ide generating pseudopoten-
tials, which difer significantly from the concept of Norm-conservation.REewavefunctions
generated in this way, matches to the all-electron waveimme outsider., as prescribed
within norm-conserving pseudopotentials scheme. Howaersider, they are allowed to
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soften as much as possible. The norm-conserving consisaiaioved to accomplish this.
Although this introduces some complications, but greagijuce the number of plane waves
required to construct the basis set. The three-fold cormafpiins inherent to the construction
of ultrasoft pseudopotential are: (i) since the waveflongiare not necessarily been normal-
ized, they introduce a non-trivial overlap into the secuguation, (ii) the pseudo charge
density cannot simply be obtained with just Ca|CU|at@tp*tp as done with norm conserv-
ing pseudopotentials. Rather, a term need to be added irotkeregion, (iii) relaxation of
the norm conservation results in a less transferable pgeteiatials. Nevertheless, usage
of these pseudopotentials over the years in large scalalagtns proved their reliability in
condensed matter calculations and most importantly, tisé @abgenerating these kinds of
pseudopotentials is negligible compared to the cost olitaions where they are used.

2.4 Projector Augmented Wave (PAW) method

The drawback of pseudopotential method is that all the mé&dion of the full wave function

close to the nuclei is lost. This can influence the calcutetiof certain properties, such
as hyperfine parameters and electric field gradients. Thendemajor disadvantage of this
method is that one has a priori no idea of when the approxamatields reliable results in

the real material environment. A more general approachasPtiojector Augmented Wave
(PAW) method, introduced by Blochlin 1994 [152], as an asten of both Augmented Plane
Wave (APW) [114-116] and pseudopotential methods. PAW atkith categorized in a class
of “all-electron” methods, in which the full information abt the wavefunction is available.
The basic idea of the PAW method is to divide the wavefundtibmtwo parts: a partial wave
expansion within an atom centered sphere, and an envelopgdn outside. The two parts
are then matched smoothly at the sphere edge. In this seateopresent a brief description
of this formalism.

We first introduce a linear transformatioh which maps computationally convenient
smooth wavefunctionig > to the physically relevant all-electron wavefunctidns-

W >= T, > (2.23)
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where n is a quantum state label, consisting of band inder, apd k-vector index. The
ground state smooth wave function is then obtained by splfia Kohn-Sham equations

TAHT W, >= end 1T (2.24)

Since the true wave functions are already smooth at a ceatistiance from the core, which
requires that the transformation must be unitary beyondtlggnentation cutfdand a sum
of atom-centered contributions inside

= 1+Zfi'a (2.25)
a
wherea is an atom index and@ 2= ‘f‘a(r — R?) = 0 for|r — R® > r& The cut-df radii rg is

chosen such that there is no overlap between augmentatienesp Within the augmentation
region, the smooth wavefunction can be expanded into snpzottal waves)?

o >= ) 3l > (2.26)
ia
Similarly the all-electron counterpart can be written as
U >= ) Calg7 > (2.27)
ia
Now, the transformation can be fully expressed in terms digdavaves
67 >= (L+ TGS >= 7765 >= Io7 > 16 > (2.28)
Hence the true wavefunction are expressed as

Wy >= I, > Z%m>+2%m (2.29)

where the expansion cfigients are need to be determined. Since the transformagtienator
7 is linear, the cofficients must be linear functionals of the smooth wavefunctio

A =< Pdn >= Py (2.30)
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where i are some smooth projector functions. The non-overlappanglition of the aug-
mented spheres forces the one-center expansion of smoetfiumationsy; < i, > |62 >
to be identical witkk?sia >. This is equivalent to the completeness relation

DIt >< =1 (2.31)
i
which in turn implies that
< PRIPE >= 61, (2.32)

i.e. smooth projector functions and partial waves are niiyteathonormal within the aug-
mentation sphere. Using equations 2.29 and 2.30, we obtdasead form for the transforma-
tion operator

T =), D (97> —187>) < B (2.33)
a i
which allows us to get the true, all-electron, Kohn-Shamefarctiony,(r)= {r | v, )
Un(r) = dn(r) + > > (@30) - $(r)) < Bl > (2.34)
a i
It is generally convenient to introduce the one center esios

UAr) = D URE) < Bidn > (2.35)

GAT) = D URE) < Bldn > (2.36)
which enable us to express the true wavefunction in a confpautas,
Un(r) = dn(r) + > (WA - 53(r)) (2.37)

explicitly separating the extended-space and the atortexhcontributions.

The above expression is often exploited to obtain compawiession for various quanti-
ties in PAW method. The first term can be evaluated on an egtegdd, or on a soft basis

TH-1377_09612113



2.5. Linearized Augmented Plane Wave (LAPW) method 33

set, while the last two terms are evaluated on fine radiakgrid

2.5 Linearized Augmented Plane Wave (LAPW) method

The Linearized Augmented Plane Wave (LAPW) method oridynala modification to the
Augmented Plane Wave (APW) [114-116] method. In APW mettimeispace is divided into
two regions and two dierent sets of basis functions are used: radial solutionstofdglinger’s
equation inside non-overlapping ifim-tin spheres centered on atoms and plane waves in the
remaining interstitial regions

Q-1 Z CGé(G+k).r rel

o(r) = © . (2.38)
D Amt()Yim(f) 1 € S
m
wherey is a wavefunctions is the unit cell volume and, is the regular solution of
2
{—% ; W D v - Eg} ru(r) = (2.39)

Here,cg andA., are expansion cdicients,E, is a parameter and is the spherical compo-
nent of the potential inside the sphere. Thefioents are related with the following matching
condition at the boundary of nfin-tin sphere R,

A7t

Am = 01720,®) (R £

> ceidlk + GIR)Y;y(k + G) (2.40)
The APWs lack variational freedom to allow for changes inweefunctions as the band
energy deviates from the reference endegyThis means that, at a fixédpoint, band ener-
gies cannot be obtained from a single diagonalization. €&tatine needs to solve the secular
determinant as a function of energy and the determinant&agelated for a range of energies
to locate the roots. This traditional search for the APW eigdues is cumbersome and com-
putationally very demanding. Anotherfiiculty involved with APW method is that it is very
hard to extend this formalism to incorporate general ctystgentials. Within this potential
correction, known as non nfin-tin correction or non spherical correction, theffimitin po-
tential has been complemented with a non-spherical padsrie artificial sphere. However,
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in a non-spherical potential thefférent orbitals experienceftirent €fective potentials. This
differs from the idea of spherical average that is used to detertne radial functions. There-
fore, the radial functions no longer represent the exactisols inside the sphere, whereas the
potential correction does noftfact the choice of basis functions in the interstitials. Tdmkt
of finding APW eigenvalues becomes somewhat more troubleshre to asymptotic prob-
lem. During the process of finding energy eigenvalues, orghtr@ncounter some energies
for which u,(r) becomes very small or even equal to zero at théimtin sphere boundary.
Inserting this in the evaluation of the APW matching cormfit{equation 2.40), yields a very
large or infiniteA,,, and thus the plane waves and the radial functions decoupieféin-tin
boundary.

O. K. Andersen proposed a method in which the plane waveslaidderivatives are
made continuous by matching to the radial functions at fikeglus its derivatives with
respect tds, [117]. This choice of functions as the basis set circumvir@problems arising
from APW method, and provides a flexible and accurate waydd#nd structure calculation.
This is known as the LAPW basis set.

In the interstitial region, LAPW basis functions have thentcal form with the APW
basis functions. Inside the ffin-tin sphere, the APW augmentation has been replaced by
and its energy derivativas, evaluated at fixed linearization energy

Q—l/ZZ CGei(G+k).r rel

o(r) = (2.41)

G
> [Amte(r) + Bete(1)] Yem(F) 1 € S
fm

whereB,, are the co-flicients for the energy derivatives analogous\tq. Inside the sphere,
the LAPWSs have more variational freedom than APWs. This is @tuthe fact that, i,
differs slightly from the band energy, a linear combination would produce the APW radial
function constructed at band energy

U(e, 1) = U(Ep, 1) + (& — EQ)Ug(e, 1) + O((s — EY))? (2.42)

The energy derivatives, satisfies,

{ > t+1)

_@ + 2 +V(r) - E[} rus(r) = rug(r) (2.43)
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This method introduces errors of order(E,)? in the wavefunctions and ¢ E;)* in the band
energies. Because of the higher order of the errors, the L&\RWWN a good basis set over a
relatively large energy regions, such that all the valaraelomay be typically treated within
a single set oE,. Moreover, in this method, at a givé&napoint, 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]ependently proposed a
Green’s function based method for solving the electroniacstire [153]. The method is
based upon multiple scattering formalism and thus can hié/easnbined with techniques
for performing configurational averaging in disorderedsyss. The most important features
of these KKR Green’s function based formalism are that ibsaes the structural part from
the potential part, and Green'’s functions provide a naaloach to a localized description
of electronic properties that can be adapted to alloys amer alisordered systems.

Suppose that the system is composed of an assembly of nolampi@g spherical mitin-
tin potentials centered on each lattice site of a crystalenThhe crystal Green’s function
G(r,r’; E) can be evaluated from the free space Green'’s funcfion’; E) by

G(r,r;E) =g(r,r’; E)+fdr”g(r,r”; E)V(I)G(r",r"; E) (2.44)

whereV(r') denotes the assembly of fim-tin potentials. In reality, the above equation
can not be used for calculations because of convergencéeprolinstead, a cell-centered
angular momentum based representation is introduceds fiedf consider the cell-centered
representation af(r,r’; E)

g(r + R, 1" +Rn; E) = 9(r, 1" + Ry = Rp; E) = =i VE ) JL()HL(" + Ry — Ryn) (2.45)
L
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whereH_s are the Hankel functions. Using the addition theorem ofddbfunctions,
H(t +R R-E—i mn(E)J(r; E 2.46
L(r + Ry = Re; )—\/—E;gw()u(f' ) (2.46)

and utilizing the following abbreviations

J(r; E) = jo(VENYL(r)

(2.47)
HL(r; E) = hy( VEN)YL(r)
the free electron Green’s function can be expressed as
g9(r + R, I + Ry, E) = =i VESmn X I(r<; E)HL(r5; E) (2.48)
+ S (BT (' E) '
The structure constants are defined by
o7 (E) = —47i VE(L = 6me) i+ CL Hr (Ru = Rei E) (2.49)
L//
with the Gaunt coicients
c-, = f dQY, ()Y ()Y (r) (2.50)

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

G(I’ + Rm, r, + Rn; E) =y ‘/EéngLjL(Q; E)WL(r>; E)

, (2.51)
+ 2w I BE)GINIL(r S E)

with

JL(r; E) = P(VENYL(r)

2.52
HL(r; E) = Q(VENY.(r) ( :

The second term, in equation 2.48, represents the conawbaf the multiple scattering or
back scattering to the Green’s function and produces thd Bamcture. The relation be-
tweenGE‘[‘,(E) andgTL’l(E) can be obtained by inserting the above expressions for teerG
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function into the integral equation

GIN(E) = o[ (E) + ) g (BN Gl (E) (2.53)
L” m
where t-matrixt’ﬂ“,/, is defined as

t :ffdrmdr;nJL(rm,;E)tm'(rm,,r’m,;E)JL,(r’m,;E) (2.54)

When the scattering centers are aligned periodically imtmial,G'L“Lrl andgfL“Lfl can be Fourier
transformed as,

G (Rm— Ry E) = % f G (k, E)gkRm=Ra)gk (2.55)

9" (Rm— Ry E) = % f g, (k, E)gk®Rm-Rn)gk (2.56)
wherer is the volume of the first Brillouin zone. Substituting themta equation 2.53, one
gets

G (k,E) =g, (k,E)+ Z g (k, E)t,»G v (k, E) (2.57)
%

Finally,

G (k,E) = Z[éLuL — gLk, E)t ]9~ (k, E) (2.58)

L//

Then, the crystal Green'’s function is given by

G(r + Rm, '+ Rn; E) = —i \/EdngL JL(r<; EYHL(r>; E)

2.59
£ Tunr) [ Eexplik (R — Ra)) S1- G B —talk, BN i) )

The band structure is then calculated by finding the zerobefdeterminant of the matrix
appearing in equation 2.58 for eakh

deto, —t(E)g (K E) =0 (2.60)
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The procedure determines the energy eigenvalues as aduoraftk and hence, yields an
energy dispersion relatida(k). The zeros of the KKR matrix gives the poles of the Green’s
function; each pole corresponds to the eigenstate of thelkbauan.

2.7 Exact Muffin-Tin orbital (EMTO) method

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

tures of materials [154—158]. It improves accuracies ofuakted quantities to the degree
at per with the Full-Potential (FP) methods like LAPW and oaes the demerits of other
similar methods based upon Atomic Sphere ApproximationXA%59, 160].

In this method, the space consists of overlappindgfimiin spheres. Within the over-
lapping mufin-tin approximation, theféective single-electron potential is approximated by
spherical potential wellgz(rr) — Vo centered on lattice sites R plus a constant potewgjale.,

V(1) % Vi) = Vo + " [VR(1) = Vo] (2.61)
R

By definition, vg(rr) becomes equal t@, outside the potential sphere of radss For fixed
potential spheresir(rr) andyv, are determined from the following functional,

el ] = [ U0 = Vo= ) [ur(re) - velar (2.62)
R

Then, the minimization condition can be expressed as

OF[{Vrl, Vo]
fg e edr =0 (2.63)

and

OF[{val, Vo] _

2.64
v 0 (2.64)

HereQ is the unit cell volume. The solutions of integrafdrential equations 2.63 and 2.64
give the optimalg(rg) andvy and the procedure is known as Optimized Overlappingiviu
Tin (OOMT) potential method.
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In the EMTO formalism, the single-electron Schrodingkelequations are solved sepa-
rately within the units defined around each lattice sitese Galculation of &ective single-
electron potential involves integrations over the reatspahich are carried out using Spher-
ical Cell Approximation (SCA) [158] technique.

In this method, Schrodinger-like single-particle Kohimat equation can be solved by
expanding the Kohn-Sham orbital in terms of exactiinttin orbitaIngL(ei, rg), i.€.,

i) = ) U6 TRVRL (2.65)
RL

The expansion cdgcients, v}, ; are determined from the condition that the above expansion
should be solution to the equation 2.5 in the entire spacthdinterstitial region, where the
potential is approximated by, the basis functions can be described as the solutions of the
wave equation,

(V2 + Pl (k% TR) = O (2.66)

wherex? = € — Vo, ande is the energy. The functiong, («, rg), referred to as the screened
spherical waves [155], can be expanded in terms of real haos¥, (fy ) around any sit&®
as

l/’?eL(KZ, rg) = fgg(Kz, rR)YL(FR)ORROLL + Z gR’f’(Kz, I'R’)YL'(fR)SR'L'RL(KZ) (2.67)
Ll

the expansion cdBcients Sgr.(x?) are the elements of slope matrix, afigl(x?, rg) and
gre (K%, rr) are the head and tail function, respectively.

Inside the potential sphere, the basis set is representpdrbgl wavesss (e, rg)

Pri(€, rR) = N (€)dre(e, rR)YL(TR) (2.68)

whereNg,(¢) is the normalization function. The functiong, (e, rr) are the solutions of the
radial Schrodinger equation

o(rrgru(€, IR)) _ (f(f +1)
- 2

52 + VR("R) — 6) rrRRL(E, IR) (2.69)
R

R
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To match the functions together smoothly, auxiliary frescbn solutiong?, are introduced
in the region between the two spheres,

¢RL(e,1R) = fS (K, TR) + & (K%, rR)Dre(€) (2.70)

whereDg(¢) is the logarithmic derivatives @f}, (¢, ar) calculated atg= ag. Finally, the exact
muffin-tin orbitals are constructed as the superposition of theeswied spherical waves, the
partial waves and the free-electron solution, i.e.

WAL = UR (K3, TR) + N&,(&)prele, TR)YL(FR) — @B, (€, TR)YL(FR) (2.71)

With the exact mffin-tin orbitals defined in equation 2.71, the trial wave fume®.65 around
siteR can be expressed as

P(rr) = 1 N3, (e)dre(e. rR)YL(FRIVE, + X1 03, (k2, rR)YL(FR)

) 2.72)
X ZR’L’ [SRLRL/ (K ) - 5R’R5L’LD?{[(€):| V;'L'

The trial function will be a solution of equation 2.5 for theufiin-tin potential 2.61 inside the
potential sphere fof < £max A so-called “kink cancelation equation”, equivalent te kKR
secular equation must hold,

Z ar | SELrL(S) — SrroLL DR (6)) |V = O (2.73)
RL

The ditference between the slope matrix and the logarithmic derezatatrix is called the
kink matrix,

KRiri(€) = aR'S?e'L'RL(KjZ) — SrrOLLARDR,(€)) (2.74)

The solutions of equation 2.73 are the single electron éeem@nd wave functions. These
solutions can be obtained from the poles of the path opegatorr, defined for a complex

energyz by

Z KS/ L’R’L” (Z)gg// L//RL(Z) = 5R’R6L/L (275)
R’L”

Total energy is calculated from the total charge densityzutg the Full Charge Density
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(FCD) technique [161-163]. The EMTO-FCD total energy isssafed into the kinetic en-
ergy, the exchange-correlation energy and the electrosta¢rgy. Furthermore, the latter is
divided into the intra-cell and inter-cell contributiorishen, the total energy becomes,

Etot = T[] + ) (FvalMR] + ERINR]) + Finter[Ne] (2.76)
R
where the intra-celF},.[ng] and exchange-correlation energig%[ng] depend only on the

charge density within the actual cell, wherdag.[ng] depends on the charge distributions
around diferent cells and’¢[n] is a nonlocal functional of the density.

2.8 Modeling of the chemical or substitutional disorder

The calculations of desired properties using first-prilespelectronic structure methods are
straightforward in periodic ordered materials. Howevemputation of those properties in
low symmetry materials, such as random alloys, createsrames problems. Particularly,
the faithful representation of the randomness (disoraethese alloys poses significant chal-
lenges to computational scientists. Ideally, the propscdgtion of the random (disordered)
alloys on a randomly generated impurity distribution regsilarge supercells, which render
standard electronic structure methods unfeasible [16#kréfore, to simulate the accurate
random environment of disordered M\ X materials through periodic structure Coherent Po-
tential Approximation (CPA) and Special Quasirandom Striee(SQS) methods have been
used in this doctoral work.

2.8.1 Coherent Potential Approximation (CPA)

In condensed matter calculations, Coherent Potential éyppration (CPA) scheme has been
in wide use to simulate the disordered environments in solithe method was introduced
simultaneously by Soven [165] in connection with disordesectronic systems and Taylor
[166] in connection with the lattice dynamics of mass digoed alloys in 1967. Numerous
applications over the years like calculations of latticeapaeters, elastic constants, mixing
enthalpy, etc., with an accuracy similar to the orderedesyst has proven the capability of
CPA method as state-of-the-art technique for electromiccire calculations in disordered
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alloys. The main approximation is that the disordered afl@y be replaced by an ordered
effective medium, the parameters of which are determinedcseléistently. The impurity
problem is treated within the single-site approximatiorhisTmeans that one single impu-
rity is embedded in anfiective medium and no information about the individual ptsn
and charge density beyond the sphere or polyhedra aroundrtpiurity is provided. Let us
consider a substitutional allo&,B,C,, . . . , where the atoms A, B, C, . . . are randomly
distributed among lattice sites. Here, a, b, c . . . are theiatéractions of the A, B, C, . . .
atoms, respectively. The Green'’s function g and the alldgmteal P,,, are used to describe
the above system. In a real alloy, due to the disorder in theg@mment, the alloy potential
varies even around the same type of atoms. There are two tamp@pproximations within
the CPA. First, it assumes that the local potentials arowettain type of atom from the alloy
are the same, i.e., théfect of the local environment is neglected. These local fiatisrare
described by the potential functioRs, Pg, Pc, . . . . Second, the system is replaced by a
monatomic set-up described by the site independent coheogentialP. In terms of Green’s
functions, the real Green’s functi@ns approximated by the coherent Green'’s functioR6r
each alloy component= A, B, C, . . . a single-site Green’s functiapis introduced. The
main steps to construct the CPRextive medium are as follows. First, the coherent Green’s
function is calculated from the coherent potential with Eet&onic structure method.

g=[s-B|]" 2.77)

hereS denotes the structure constant matrix corresponding taitiderlying lattice. Next,
the Green’s functions of the alloy componegtsare determined by substituting the coherent
potential of the CPA medium by the real atomic poterf@alwhich is given by

g =9+3(P - P)gsi=AB.C (2.78)

Finally, the average of the individual Green’s functionswdd reproduce the single-site part
of the coherent Green'’s functions, i.e.,

g=aga+bgs+coc +..... (2.79)

The above three equations are solved iteratively, and ttpubg andg;'s are used to deter-
mine the electronic structure, charge density and totaiggnaf random alloys.
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2.8.2 Special Quasirandom Structure (SQS)

The basic idea in developing SQS is to mimic the actual lcaxatlom environment of alloys
without generating large supercells and multiple supeomifigurations. SQS generates a
small periodic structure with target composition that Isegisfies pair and multi-site correla-
tion functions corresponding to a random alloy up to a cedéatance [164]. Upon relaxation,
the atoms in the structure are displaced away from theidieguim position, creating a dis-
tribution of local environments that can be considered psegentation of randomness in the
original alloys. The theory of SQS has been developed based the assumption that the
electronic interactions in the given alloys have short eacigaracter [164, 167—169].

From statistical point of view, an N-atom per unit cell peiimalloy of random environ-
ment is characterized by multi-site correlation functipfs,,. Here k, m) corresponds to the
figure defined by the number &fatoms located on its verticek<{ 1, 2, 3. pairs, triangle,
tetrahedral etc.), whilembeing the order of nearest-neighbor distance separatamy fin= 1,

2 are first, second neighbors etc.). The correlation funstare averages of the products of
site occupationssx= +1 for binary alloys and:1, O for ternary alloys) of figur& at a dis-
tance m [167]. The optimum SQS for a given configurations atained when the following
relation is satisfied

([ Psas=<] | >= (2.80)
k,m k,m

Where< [y, >r Is the ensemble-averaged correlation function of randdy.al

The structure generated by SQS method has been used sutigesshe investigation of
equilibrium volumes, densities of states, band gaps [169};Etc. The method gives better
results to those properties which depend on local atomamgements, such as formation and
mixing enthalpies, charge transfer, optical propertieslanal lattice relaxations [164, 170—
175]. The main advantage of this method over conventionp¢®ell method is that the
former utilizes the knowledge of multi-pair correlatiomfttions to decide the position of an
atom in the cell, while the latter randomly places the atamttié 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-oatheomputational techniques used
in condensed matter physics, i.e., DFT based methods rtevetseful information from the
materials | have investigated. Foulfférent implementations of DFT, (i) Plane Wave Pseu-
doPotential method, (ii) Full-Potential LAPW method,)(Full Potential Korringa Kohn Ros-
toker (FP-KKR) method and (iv) Exact Min Tin Orbital (EMTO) method, are used in this
dissertation. The usage of a particular method dependseonature of the problem. Based
upon the fact that core electrons remain inert during chahn@actions, within pseudopoten-
tial approximation, wiggles in the core wavefunctions aglaced by a smooth continuation
from valance wavefunctions, which reduce the computatioost immensely. More accurate
representation of the crystal potential (wavefunctionjexgone in Full Potential based meth-
ods. In FP-LAPW method, the original crystal potential ided into two regions, inside and
outside of the M#in-Tin spheres. The solution from these two regions are nedtsmoothly

at the boundary of the Miin-Tin spheres. The most important feature that makes Green’
based formalism anfigcient tool to calculate the disorder related propertiefiad they can
be seamlessly integrated to the methods for computing aoafigns averaged quantities, a
must for systems with substitutional disorder. The Extezlgiused method to address the
chemical and magnetic disorder is CPA. Within their curiemglementations, FP-KKR and
EMTO methods include CPA to investigate théeets of disorder, whereas pseudopotential
and FP-LAPW methods modeled disordered environment wélctdmstruction of large and
artificial supercells, which can be sometimes prohibititatge.
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Chapter 3

Electronic structure, phase stability and
possibilities of shape memory behavior In
MnNiX alloys®

3.1 Introduction

Since the pioneering work of Webstet al. [60] there has been enormous interest in the
magnetic shape memory alloys (MSMA) which undergo from tlagnetic high-temperature
cubic (austenite) phase to variants of tetragonally distbphases, and show an extremely
large strain in a small external field. This property has nthdee systems realizable as smart
magnetic actuators and sensors. In spite of large magnelicifiduced strain observed in
Ni,MnGa, there are serious shortcomings inNMinGa and other materials in the JMnX
series as described in chapter 1. Subsequently, the queséioshape memory materials
with desired properties led to the discovery of MinX materials. Till now, research on full
stoichiometric MaNiX is rather limited. Results of first-principles theoreticalculations

in these systems have started to come up only recently [IAB;180]. However, the infor-
mation obtained from such calculations are rather scaki@nel no systematic analysis on the
trends in the structural and magnetic properties in theseBys based upon their electronic

*Contents of this chapter are mostly taken from Ref. [176].177
fPermission from the publishers have been obtained formtspof Ref. [176, 177].
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structures is available. Such an investigation is necgd$satwo reasons: first, to check the
usefulness’s of the alloys in the series for magnetic shagraony applications, i.e., whether
martensitic transformation can be realized around roonpé&ature and the other key pa-
rameters like the magnetizations are substantial, anchdetbe trends, if any, with regard
to their properties related to magnetic shape memfigcts would throw enough light to un-
derstand the physics of these materials and subsequeltlynhiRiloring their properties to
make them functional. For example, in case ofNinX alloys, it is suggested [181, 182] that
the martensitic transformation temperature is correlatitl (e/a). This study will explore
whether such type of correlations exists in this alloy serie

In this chapter, we present results on our systematic ilgagg&ins of MpNiAl, Mn ;NiGa,
Mn,Niln and MnpNiSn alloys by first-principles density functional theo®0pP, 111] based
calculations. Comparisons of their energetics relatedeartartensitic phase transformations,
magnetic properties and details related to the electranictsires have been carried out. Role
of differentspelements influencing the properties of the alloys has bemotighly explored.
Such a detailed study enables us to understand the miciogaogsics of these systems and
provide us with the necessary information regarding theilitg of these systems as MSM
applications. The chapter is organized as follows: detditdmputations are given in section
3.2 followed by the results and detailed discussions ini@e&.3. Concluding remarks are
presented in section 3.4.

3.2 Computational Details

The crystal structure of MiNiX materials considered in this chapter and in the rest of the
thesis is inverse Heusler with atomic arrangements asidesldn RGure 1.4. The electronic
structure has been calculated using a full potential lizedraugmented plane wave (FP-
LAPW) method implementation inikk code [183—-185]. From careful convergence test with
respect to Brillouin zone (BZ) sampling and the size of theidaet, we have determined that
the plane wave cutfbfor the basis set being\R Knax= 9, where Ryt is the mufin-tin radius
and Kyax is the largest reciprocal lattice vector, which leads tarlye260 plane waves. The
charge density cutfbwas considered to be(z= 14 and the angular momentum cuf-to

the augmented plane wave was taken td’hg= 10. The Brillouin zone (BZ) integrations
were carried out with 1212x12 k-mesh for the cubic phase and withxil77x17 k-mesh
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for the tetragonal phase, whicltfectively lead to 364 and 69-points in the cubic and
tetragonal phase, respectively in the irreducible Brithozone (IBZ). Generalized Gradient
Approximation (GGA) with Perdew-Burke-Ernzerhof (PBEBR] parametrization was used
for the exchange-correlation part of the Hamiltonian. Femparison of the lattice constants
and total moments, calculations with two Plane wave Psentéofial (PW-PP) methods- the
UltraSoft Pseudopotential (USPP) as implementeduanNg@um Espresso [187] code and the
PAW pseudopotential based method as implementeday AB-INITIO SIMULATION PACKAGE
(VASP) [188-190] are done. In case of calculations with USRE Ultrasoft pseudopo-
tentials [191] with nonlinear core corrections [192] weengrated. Perdew-Wang (PW-91)
generalized gradient approximation (GGA) functionals3[l@ere used for the exchange-
correlation part of the Hamiltonian in this case. For catiohs with PAW pseudopotentials,
PBE [186] parametrization of the GGA exchange-correlafiomctional was used. In case
of USPP based calculations, plane wave with energies upQce®lwere used in order to
describe the electronic wave functions; for calculationth WWAW-PP it was 450 eV. For
both the methods, the Brillouin zone integrations weregrered with 15%15x15k-mesh for
the cubic phase, whichffectively turns out to be 68B-points in the irreducible Brillouin
Zone (IBZ). Choices of the parameters ensured convergentmaal energies to less than 1
meV per atom for all the three methods. For further comparisalculations with two dif-
ferent Green’s functions methods, the KKR method as impigetkin the 8iN-PoLarizep
ReLaTIvisTiIc KORRINGA-KOHN-RosTokER (SPR-KKR) code [194, 195] and the EMTO method
[173, 196] were done. In both the Green'’s function methdus RBE parameterization was
used as a part of the GGA exchange-correlation potentiadlt@ the Kohn-Sham equation.
The angular momentum cutfao the plane wave was taken to Bg.,= 3. The Brillouin
zone integrations have been carried out on a uniforx2®@20 k-mesh. The Green’s func-
tions were calculated for 32 complex energy points distad@exponentially on a semicircular
contour. The energy convergence criterion was set té B for the self-consistent cycles.
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3.3 Results and Discussions

3.3.1 Structural properties and energetics related to mamnsitic trans-
formations

Although first-principles electronic structure calcuteis had been performed earlier for pAhGa,
Mn,NiAl and Mn,Niln [178-180], they were done either withfiirent methods and most im-
portantly with diferent approximations to the exchange-correlation funelm For example,

the calculations on MiNiGa and MnNiln were done with FP-LAPW method using GGA
exchange-correlation functionals, whereas Pseudopatergthod with LDA exchange-correlation
functional was used to calculate the electronic structur@dn,NiAl. Therefore, a compar-

ative analysis of the properties of all the members of theyaderies may not be consistent

Tasce 3.1: Equilibrium lattice constants and total moments for,MiX alloys calculated in
the cubic austenite phase with FP-LAPW, PW-USPP, PAW-PR @ldnd KKR methods.

a: Ref. [104], b: Ref. [179],C:

TH-1377_09612113

Systems| Method Lattice Mot
Mn,NiX const. (R) | (us)
Mn,NiGa | FP-LAPW | 5.835(5.909) | 1.177
PW-USPP 5.850 1.17

PAW-PP 5.90 1.22

KKR 5.90 1.26

EMTO 5.848 1.19

Mn,NiAl | FP-LAPW | 5.802(5.63B) | 1.231
PW-USPP 5.803 1.20

PAW-PP 5.805 1.25

KKR 5.805 1.28

EMTO 5.809 1.26

Mn,Niln | FP-LAPW | 6.164(6.169) | 0.390
PW-USPP 6.162 0.51

PAW-PP 6.167 1.03

KKR 6.168 1.02

EMTO 6.170 0.61

Mn,NiSn | FP-LAPW | 6.147(6.099) | 0.432
PW-USPP 6.150 0.52

PAW-PP 6.153 0.66

KKR 6.154 0.71

EMTO 6.158 0.57

Ref. [180], d : Ref. [102]
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if done with these results and systematic calculations wittingle method with consistent
choice of parameters are necessary to understand the tretigisproperties. Therefore, we
first calculated the equilibrium lattice constants andesponding total moments in the cubic
austenite phase of MNiX materials within a single implementation of a first-pridegpbased
method. To check the consistency and accuracy in the resbiigéned by the five dierent
first-principles based electronic structure methods desdrin the previous chapter, we cal-
culated the aforesaid quantities for all the materialsgithose diferent implementations of
DFT. The results are tabulated insie 3.1. Clearly, the lattice constants and total magnetic
moments calculated with five fierent methods are in excellent agreement with one another.
As was mentioned in chapter 1, we have used all five methogending upon the nature of
the problem we were interested in. The resultsAacE 3.1 established that this indeed can
be done for these system. The available results on thedattiostants in MgNiGa, MnpNiln
and MnpNiSn [108, 178, 180] also agree well with our computed res@n the contrary, the
lattice constant of for MgNiAl calculated by another group filer significantly with our re-
sults. The reason is that the lattice constant calculatedéogther group used LDA functional
which is known to underestimate the lattice constants.

TasLe 3.2: The converged total energiesdEcorresponding to dlierent starting magnetic

configurations between two Mn atoms in the cubic phase ofNif®n. The lowest E; is

taken to be 0 mefatom as a reference. All calculations are done with the PWWRI@ethod

and at the lattice constant 6.02 A. GGA functional [137] hasrbused for the exchange-
correlation part. The converged magnetic moments are istea [176].

Starting Mn  Converged
moment f;g) moment f;g) Converged total] Converged E;
Mnl  Mnll | Mnl  Mnll moment [ig) (meV/atom)
1 -1 2.97 -3.49 -0.64 0.00
1 -3 297 -3.49 -0.64 0.00
-1 3 297 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 suttgens of this chapter, are ob-
tained by calculations with FP-LAPW method. Supportingifssrom PW-USPP method are
reported in appropriate places. In a previous theoretindiysBarmaret al. [197] showed that
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the starting alignment of the spins on two Mn sublatticesigial for obtaining converged
ground state densities. For MMiGa, they demonstrated that a parallel alignment of the two
Mn spins in the beginning of the DFT calculations producesta energy much higher than
the actual ferrimagnetic ground state along with a momegelathan the ferrimagnetic one.
We have verified this for all the others materials in X series. Our calculated results
with different starting spin configurations of the two inequivalemt&fioms for MaNiSn are
listed in TaBLe 3.2. Rest of the calculations for these materials in invétsasler structure
is done with antiparallel but unequal starting magnetic raots of the two Mn atoms. Next,
we look into the energetics of these alloys when subjectéettagonal distortions. The mo-
tivation is to see if a tetragonally deformed phase is ey lower than the cubic phase
and if the volumes of the two phases are nearly same. Bothdnamilas confirmatory facts
that the alloys can exhibit shape memofieet. Another motivation behind the study of the
energetics of each alloy in consideration is to have a coatparestimate of the temperature
that could be associated with cubic to tetragonal transftion, an information that would
help in understanding the feasibility of realizing a parar system for MSM applications.
To this end, we perform total energy calculations fdfatient €¢/a) values, an estimate of the
tetragonal deformation, for each alloy system.

TasLe 3.3: The structural parameters in the cubic and the tetedgurases anéE, the energy

differences between the cubic and the nonmodulated tetragbhasép for MaNiX alloys
calculated with FP-LAPW and PW-USPP electronic structuethmds [177].

Systems| Method Lattice (c/a) | (c/a) oE
Mn,NiX const. (A) | local | global | (meV/atom)
Mn;NiGa | FP-LAPW | 5.835(5.909 | 0.93 | 1.28 29.291
PW-USPP 5.850 0.92| 1.28 30.213
Mn,NiAl | FP-LAPW | 5.802(5.63B) | 0.95 | 1.26 20.596
PW-USPP 5.803 0.95| 1.25 16.933
MnyNiln | FP-LAPW | 6.164(6.162 | 0.98 | 1.25 5.869
PW-USPP 6.162 none| 1.22 2.489
Mn,NiSn | FP-LAPW | 6.147(6.099) | 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 respecietand €/a), we find that in all four
systems, the dlierences between the volumes of the tetragonal phases draf tha cubic
phases are less than 1%, which imply that the phase transfiormis nearly volume con-
serving. The energy surfaces calculated by the FP-LAPW odethcure 3.1(a)) show that
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Ficure 3.1: Total energy as a function of tetragonal deformatiaria)(for Mn,NiX alloys.
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The energies calculated by the a) FP-LAPW method and b) PWRJSethod are plotted
with reference to the energy of the cubic phas@)= 1. The insets show the regions with

(c/a)< 1in a magnified scale [177].

TH-1377_09612113



Chapter 3. Electronic structure, phase stability and pbaisies of shape memory behavior
52 in Mn,NiX alloys

for all the alloys, the energy surfaces are identical inuesg with a nonmodulated tetragonal
phase for ¢/a)> 1 being the lowest in energy. Along with these global minimlcurves
show a metastable minima foz/@)< 1. While these metastable minima are pronounced for
Mn,NiGa, MmpNiAl and MnoNiSn, it is not in case of MsNiln. It is to be noted here that the
previous available result on the structural stability of JMiin had predicted a stable tetrag-
onal phase withq/a)~0.97 [180]. Our results are in complete contradiction tg.tiBeing
isoelectronic with Al and Ga and having only one electross lggn Sn, there would not be
any obvious physical reason why only a -3% deformation indhigic phase stabilizes the
tetragonal phase in Miiln, when a deformation of more than 20% is required to $itzbi
the tetragonal phases in the three other alloys. The enarpcss in ksure 3.1(a) show that
the minima at¢/a)< 1 are energetically very close to the cubic phase with mawirdiffer-
ence being-3 meV per atom in case of MNiGa. For the other three systems, thiefiences
are less than 1 meV per atom. The enerdiedence between the tetragonal phase vath)t

1 and the cubic phase is maximum in case obNiGa as is seen insBLe 3.3. The diference

is of the same order in case of MIAl while it is one order less in case of the other two
alloys with the lowest one being about 6 meV per atom in cadérpNiln.

Analyzing the energy surfaces calculated by the PW-USPRadetRcure 3.1(b)), we
find that the positions of the global and the local minima azarly identical with the ones
calculated by the FP-LAPW method for WdiGa and MnNIAl, while there are some dis-
crepancies in the other two cases. The global minima in teeggrsurface for MgNiSn is at
(c/a)= 1.24 in the FP-LAPW calculations while it is at/@)= 1.18 in the PW-USPP calcula-
tions. For MNiln, no local minima for ¢/a)< 1 is obtained in the PW-USPP calculations.
These diferences could be due to the fact that the FP-LAPW calculstio®ing more accu-
rate, reveal certain subtle features which the USPP basadat#zons do not as is seen in case
of Mn,Niln. The differences in results in case of MMiSn could be attributed to the particular
choice of pseudopotential. Nevertheless, thefferdinces do notféect the qualitative trends
we are trying to explore. The energyldirences between the tetragor@la)> 1 phase and
the cubic phase as computed by the PW-USPP method showdaleinéind as that obtained
with results of the FP-LAPW calculations.

Comparison between the results using twitestent electronic structure methods show that
the qualitative features of the energy surfaces and thdgrerthe energy dierences between
the austenitic and the martensitic phases are identiespeactive of the method of calcula-
tions. This validates the usage of the more accurate FP-LARMod to study the energetics
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of these systems. The following inferences can, thereforalrawn: first, all the four alloys
exhibit shape memory behavior characterized by a stableodulated tetragonal phase with
the phase transformation being volume conserving, set¢mrds in the T, can be estimated
from the energetics. Barmagat al. had shown [197] that the energyfidirence between the
nonmodulated tetragonal phase and the cubic phase can bel@@u as a measure of the
martensitic transformation temperature. Thus, if one clars the energy tierence 0~30
meV per atom for MaNiGa equivalent to the experimentally observed martensiinsfor-
mation temperature of 270 K , the transformation tempeeatoir Mrp,NiAl would be ~200

K while for the other two alloys it is one order less. Therefaxcept MaNiGa, other alloys
are not suitable for shape memory applications in theickiometric compositions, third, a
metastable minima forc{a)< 1 is present in all alloys, although the available experit®ien
Mn,NiGa [104] did not observe this. This feature is similar te timne observed in MnGa,
where the origin of this was shown to be an artifact of pedadodulations on the austenitic
phase [198]. The other origins of such minima could be chahdisorder or noncollinearity
in the magnetic structure, but since these factors are nwtidered in our calculations, the
appearance of the metastable minima could be indicatiieegbossibility that these systems
transform to the nonmodulated tetragonal state throughtastadle modulated state as it was
in case of NAMnGa. The discrepancy between the results of Ref. [180] amdalculations
in case of MaNiln is more startling as the distortions required for thetmasitic transforma-
tion are substantially éierent. However, the small distortion obtained in Ref. [188}Id be
due to the fact that the energy surface being rather flat, dleeilations converged to one of
the two energetically close minima which, in fact, is not ¢fh@bal minima.

3.3.2 Magnetic moments

The total and partial magnetic moments, calculated by theAPW method, for the systems
under consideration are given insLe 3.4. For all the alloys, Mnl and Mnll atoms are seen to
couple antiferromagnetically with each other producingraifnagnetic ground state. A clear
trend in the magnetic moments across the alloy series,ig@dfir both phases, emerges. The
net momentis maximum for MiNiAl and it decreases in the sequence MiAl — Mn,NiGa

— Mn,NiSn — Mn,Niln. While the moments for MsNiAl and Mn,NiGa are greater than 1
ug per formula unit, MaNiSn and MnNiln have substantially smaller moments Q.5 ug).

An inspection of the partial moments suggest that in caseefater two alloys, the moments
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TasLe 3.4: The total (M,;) magnetic moments of MiNiX materials and partial (M magnetic
moments of the constituting atoms calculated by FP-LAPWhoa{177].

Systems Cubic Tetragonal

anNiX Mtot MMnI |\/IMnII |\/INi MX Mtot MMnI |\/IMnII |\/INi MX
(ug/fu.) | (us) (u) | (uB) | (us) | (ue/fu.) | (us) (us) | (us) | (uB)

MnyNiGa | 1.177 | -2.336| 3.123| 0.328| 0.013| 1.017 | -2.311| 3.009| 0.273| 0.009
Mn,NiAl 1.231 | -2.007| 2.887| 0.319| 0.000| 1.038 | -2.067| 2.801| 0.280| 0.002
MnyNiln | 0.390 | -3.518| 3.753 | 0.104| 0.003| 0.254 | -3.559| 3.717| 0.056| 0.003
MnyNiSn | 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 eachadtimg with a significantly
smaller moment on Ni sites in comparison to that in case oféritwo alloys, thus, producing
a smaller net moment. In the martensitic phases, the totalenoof each alloy is reduced in
comparison to its moment in the austenitic phase. Resutepted in AsLE 3.4 suggest that a
overall weakening of the ferromagnetic (FM) interactioranifested in lowering of Mnll and
Ni moments compared to those in the austenitic phases gr@nsble for this. Quantitatively,
the total and partial moments for MMiGa calculated in this work agree well with the values
obtained in Ref. [178]. For MiNiAl, our calculated total and partial momentdtdr by
about 15% with Ref. [179]. The reason, again, could be becafisising local density
approximation in Ref. [179]. For MiNiln, the trends of moments between the austenitic and
martensitic phases obtained in our calculations are gxaptbosite to that obtained in Ref.
[180]. However, their moments in the martensitic phase ardd/a)= 0.97 and the values
are very close to those obtained in austenitic phase. Thisdsrstandable as no substantial
changes in the inter-atomic distances between magnetitsatothe martensitic phase with
respect to those in the austenitic phase could be obtainttdswch a small distortion, the
moments in their tetragonal phase are expected to changeadittle. Our results, on the
other hand, are consistent with the trends obtained in ther atloys.

Although it is tempting to correlate the trends in the momsestross the alloy series
with the trends in the lattice constants and thus to explagnttend of decreasing moments
from Mn,NiAl to Mn,Niln in terms of increasing lattice constants, the detadggdlanation
of results such as a substantial drop in the Ni moments fosN¥Bn and MnNiln, stable
and near compensating Mn moments on crystallographiaadiguivalent sites for these two
alloys and not for the other two require in-depth analysierms of the electronic structure.
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The explanation of the trends in the energy surfaces for Ilthg series also can be done by
analyzing the dferences in the electronic structures of the alloys. We ptesech analysis
in the next subsection.

3.3.3 Electronic structures and analysis of the trends in pase stabilities
and magnetic properties

In what follows, the spin-projected total (DOS) and atorojpeted (PDOS) densities of states
for Mn,NiGa, MpNiAl, Mn,Niln and MnpNiSn are presented inidures 3.2- 3.5, respec-
tively. For each alloy, the DOS and the PDOS in the cubic plfese- 1), the metastable
phase (€/a)< 1) and the stable tetragonal phasg'4j> 1) are presented. The PDOS are the
total contributions from the, p andd orbitals, but thel orbitals dominate the envelopes. A
comparison of the DOSs show that the electronic structurésngNiGa and MnNiAl sys-
tems have similarities among themselves and that theitrel@c structures are veryfilerent
than those of the other two alloys in the series. The otheriays, MnpNiln and Mn,NiSn,

too have similarities in their electronic structures.

Ficures 3.2 and 3.3 show that in the cubic phase, the majority spin BI@& Fermi levels
are substantial for MiiNiGa and MNiAl implying an instability of the phase. The structures
in the majority and minority spin DOS near the Fermi levele due to the contributions
from Ni and Mn atoms of both symmetries. The bonding majgoitaks at around -0.1 eV
and the anti-bonding majority peaks at around 0.4 eV havéribotions from Ni, Mnl and
Mnll d electrons in case of both alloys. Similarly, the contribo8 towards the states in
the minority bands near the Fermi levels come uniformly friiiad electrons of the three
magnetic components. The majority anti-bonding peaksla® eV for MnNiGa and at~1.2
eV for Mn;NiAl, are, however, mostly due to the Mnl atoms. Similarlyetminority anti-
bonding peaks at0.7 eV are mainly due to the Mnll atoms. The structures in tlagonity
spin bonding DOS, away from the Fermi levels, are due to ttemgthybridizations between
the Ni and the Mnlid electrons while the minority spin bonding DOS, away from Eeemi
levels, are due to the hybridizations between the Ni and thedétates. Another noteworthy
feature of the majority spin DOS in the cubic structures fothballoys is the presence of
a deep valley between -1.2 eV and -0.35 eV. A similar valleyuad -0.4 eV is observed
in the MpNIAI minority spin band. A large tetragonal distortiorc(f)> 1.25) breaks the
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Ficure 3.2: Spin-polarized total and atom-projected densitiefaies of MaNiGa calculated
at the cubic phasec(a)= 1, at the metastable martensitic phasg@)f= 0.93 and at the stable
martensitic phasec(a)= 1.28. The Fermi energy is considered as zero [177].

symmetries of thel orbitals resulting in transforming the majority spin pealear 1.3 eV
(for MnyNiGa) and 1.2 eV (for MgNiAl) into multiple peaks with reduced intensities and an
overall shift of states towards lower energies. Due to sugrations of states, the valleys in
the majority spin bands get filled. Lowering of symmetry, ikamty, splits the single peaks at
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Density Of States/eV-f.u.
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Ficure 3.3: Spin-polarized total and atom-projected densitietates of MaNiAl calculated
at the cubic phasec(a)= 1, at the metastable martensitic phasg)l= 0.95 and at the stable
martensitic phasec(a)= 1.26. The Fermi energy is considered as zero [177].

~0.7 eV in the minority bands of the cubic structures into iplétpeaks.

The electrons are pushed towards lower energies, fillingséitiey in case of MpNIAl
and producing a small peak in the MMiGa DOS, both at around -0.4 eV. These migrations
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Ficure 3.4: Spin-polarized total and atom-projected densitiestaies of MaNiln calculated
at the cubic phasec(a)= 1, at the metastable martensitic phasg)f= 0.98 and at the stable
martensitic phasec(a)= 1.25. The Fermi energy is considered as zero [177].

of electronic states towards lower energies stabilized¢lragonal phasesqja)> 1.25) over
their cubic phases. Inspection of the DOS for the metastahiagonal structuresdfa)< 1)
for these alloys indicate better stabilities with respedht cubic phases due to migrations of
states towards lower energies exemplified by the shift oftivrity peaks at -0.1 eV in the
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Ficure 3.5: Spin-polarized total and atom-projected densitiegatkes of MaNiSn calculated
at the cubic phasec(a)= 1, at the metastable martensitic phasg@)l= 0.94 and at the stable
martensitic phasec(a)= 1.24. The Fermi energy is considered as zero [177].

cubic structures towards lower energies in the tetragdnadtsire, but, the overall structures
of the DOS do not change significantly as compared to thosebit hases. This explains
why the €/a)< 1 tetragonal phases are metastable and energeticallymalydower than the
cubic phases.
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Comparison of ures 3.4 and 3.5 with kures 3.2 and 3.3 suggest that the DOS
of Mn,NiSn and MnNiln are markedly dterent. The DOS at the Fermi levels in the cu-
bic phases are much smaller in comparison to those iBNVA&i and Mn,;NiGa, implying
a greater stability of the cubic phases in case obNim and Mnp;NiSn, although the two
peak structures close to the Fermi levels in the majoritg dpind with one peak from bond-
ing states and the other from anti-bonding states as werenadss in case of the MiNiAl
and MnpNiGa prevail. However, the bonding peak now lies much deapenergy at~-1
eV for both the alloys. The anti-bonding peak in the majobiand appears at0.5 eV in
Mn,Niln while the same in MpNiSn appears much closer to the Fermi level. Thus the val-
leys in the majority bonding states below the peaks at -1 @&hallower in comparison to
the other two alloys. Overall, there are fewer structureeé&DOS of MRNiln and MnpNiSn
in comparison to the other two alloys. The appearance ofskesgstures in the DOS is due to
weak hybridizations between the Ni and the Mn atoms. The ntgjanti-bonding states in
these two systems are overwhelmingly populated by the Mirhatwhile the minority anti-
bonding ones are dominated by the Mnll atoms alone. Thetshes near the Fermi level
for both bonding and anti-bonding states though have dmuttans from all components but
the intensities are quite small. The PDOS contributionglerbonding states away from the
Fermi levels show that there are little hybridizations begw the Ni and the Mn atoms of
both types. The nature of hybridizations do not change indtragonal phasesg/a)> 1). A
large tetragonal distortiond(a)> 1.25) breaks the symmetries of ttistates producing mul-
tiple peaks in both majority and minority anti-bonding staéind pushes the electrons towards
lower energies. These can be understood from the increasaukities of the anti-bonding
states at lower energies, the filling up of the valleys aroundV in the majority bands and
the appearance of double peaks in the majority bands at ér@u2b eV for MpNiln and at
around -0.5 eV for MpNiSn. However, weak hybridizations between the Ni and Miesta
do not produce féects as significant as were observed for the other two allsyana goes
from cubic to tetragonal phases. One indicator of this isrtiative changes in the DOS
at the Fermi levels upon phase transformation. While the BOSermi level reduced sub-
stantially in the tetragonal phases in comparison to thatibvic phases for MyiNiAl and for
Mn,NiGa, such reductions in cases of the other two alloys ar@isame. All these observa-
tions provide a possible explanation to the relatiéedences in the magnitudes of energies
associated with the martensitic transformations amongylstems investigated. It appears
that in cases of MgNiSn and MnNiln, the relatively better stability of the cubic phases do
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not push the states towards lower energies substantiadly lgevering symmetry in compatr-
ison to the other two alloys. From the preceding discussitins clear that the degree of
hybridizations among Ni and Mn atoms are responsible foh gliderences. This, in turn,
may be related to the inter-atomic distances between thenetiagatoms. AsLe 3.5 shows
the inter-atomic distances for all systems considered Hére results suggest that the weaker
hybridizations between the Ni and Mn states for JMiin and MnpNiSn are an artifact of
larger inter-atomic distances between the magnetic atormsmparison to those in other two
alloys. Since the inter-atomic distances change only gliglpon transformation from cubic
to tetragonal phases, the hybridizations do not dietcted considerably. The DOS for the
metastable states for both alloys hardly show atfifetences with those in the cubic phases.
Though some diierences,such as the splitting of peaks in the majority bandseV and at -2
eV and in the minority bands between -1.5 eV and -2 eV are gbddyetween the electronic
structures in the cubic and the metastable phases eNiMim, no such visible dierences are
present in case of MiNiln. This explains why an extremely shallow metastableimimm is
obtained in the energy surface of Miln.

TasLe 3.5: The inter-atomic distances (in A) between the magmétims for MaNiX systems

[177].

Systems Cubic Tetragonal

MnoNiX | Mnl-Mnll Ni-Mnl Ni-Mnll | MnI-Mnll Ni-Mnl Ni-Mnll
Mn,NiGa 2.56 2.95 2.56 2.59 2.72 2.59
Mn,NiAl 2.51 2.90 2.51 2.54 2.69 2.54
Mn;,Niln 2.67 3.08 2.67 2.70 2.86 2.70
Mn,NiSn 2.64 3.04 2.64 2.67 2.84 2.67

The trends in the magnetic properties presenteciimel3.4 can also be explained from
the electronic structures. The antiferromagnetic aligmsbetween the Mn atoms occupying
lattice points of diferent symmetries are due to the shorter Mn-Mn inter-atornisi@adces in
the Hg.CuTi structures compared to the Heusler structure in winetiNi,MnX alloys crystal-
lize. It was shown earlier that for Mn-excess alloys likeMin,,,Ga,_y [199], Ni>_xMn,,Ga
[200] and NpMny, Al [98, 201] alloys in the family of NiMnX systems, the Mn atoms
occupying Ga,Ni and Al anti-sites respectively, align gdrallelly with the Mn atoms at
the original Mn sub-lattice due to the shorter Mn-Mn disescThe same argument is valid
here. The reason that a ferrimagnetic order with uncompedddn moments are obtained
for the MnNiX systems, in spite of two Mn atoms per formula unit, is ttie hybridizations
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between the spin majority Ni and Mn-lld3states are stronger than those between the spin
minority Ni and Mn-I states. This, in turn, is related to tlaeger Ni-Mnl distances relative

to the Ni-Mnll distances in both phasesagie 3.5). The hybridization patterns presented
in Ficures 3.2- 3.5 also explain the trends in the atom projected mosrfenthese systems.
For MmpNiGa and MnNiAl, a larger Ni moment and a larger unbalanced moment on the
Mn sites are an artifact of strong hybridizations betweenNhand Mn atoms as discussed
above. However, the near compensations of the Mn momentsraatl Ni moments in case

of Mn,NiSn and MnNiln are due to the weak hybridizations between the Ni andMime
atoms. This is obvious from the appearances of the well aggdpartial contributions from

Ni and Mn atoms in the PDOS. Also, the reason behind the n@apensations of the Mnl
and Mnll moments for these two alloys can be understood fioennearly same PDOS in
both majority and minority bands of these two atoms. The nitgj@and minority DOS for

Ni atoms also appear to be nearly equal, thus, explainingrial amount of Ni moments in
these two alloys. The decrease in the moments in the tetahgbases ({/a)> 1) are due to

a larger reduction in Mnll and Ni moments. The slight inceeasthe Ni-Mnll distances in
the tetragonal phase in comparison to those in the cubieghasd subsequent weakening of
the hybridizations are the reasons behind such reductiothipartial and total moments.

3.4 Summary

Using first-principles based electronic structure methtiasprospect of shape memoifjeet

has been investigated in all the Mi X systems. We observe a volume conserving structural
phase transformation from cubic to nonmodulated tetralgaimases for all the materials we
consider. Energy surfaces of all the materials reveal thatdaughter phases (tetragonal),
characterized with tetragonal deformatiajg)> 1, are energetically favorable than the par-
ent phases (cubic). Additionally, all the above materidéd® dave shallow minima in their
energy landscapes witlt/@)< 1, signifying the existence of modulated structure, whih i
precursor to the martensitic phase. From the enerffgrénce between the cubic and the
martensitic phase, we conclude that onlyMMiGa and MiNiAl would be suitable for prac-
tical applications, since theirywould lie close to the room temperature. The trends in the
energetics are explained with the hybridizations betweiesnid the two crystallographically
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inequivalent Mn atoms. Relatively weaker hybridizatioesvieen those magnetic atoms re-
sult into nearly stable cubic phase for MdiIn and MpNiSn. Since the main contributor to
net magnetization is Mn atoms and their ferrimagnetic afignt produce smaller moments
compared to NiMnX systems. The net moments of bNiln and MpNiSn are smaller than
the other two materials by at least a factor of two, which camxplain by the weak hybridiza-
tions between the magnetic atoms occur basically due tedalgtances between magnetic
atoms. Thespelements play the role of modifying the inter-atomic disg&and thus influenc-
ing the hybridizations between the magnetic constituehterefore, the physical properties
of these materials are influenced by the relative sizes dfpledements.
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Chapter 4

Understanding the origin of the
martensitic transformation in Mn oNiX
alloys from their lattice dynamics* '

4.1 Introduction

The theory of lattice dynamics is considered as one of tHarpibn which the modern day
condensed matter physics stands. Many important achiewsmeuld not have been accom-
plished in modern solid state physics without a strong doutiion from the investigations of
lattice vibrations. The studies on lattice vibrations asedito explain specific heats, thermal
expansion, heat conduction, the resistivity of metalsestgmductivity and the temperature
dependencies of optical spectra etc. Thus, the researchamop excitations in solidsfiers
interesting perspectives regarding materials propeatieisbehavior. Useful insight about the
ordering behavior, phase stability and elastic propedagsbe obtained from the phonon dis-
persion relations of solids. Phonon excitations play anortgnt role in materials undergoing
martensitic transformations.

*Contents of this chapter are mostly taken from Ref. [202].
fPermission from the publisher has been obtained for repoiiRef. [202].
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As has been stated in chapter 1, the martensitic transfarmiatmerely a consequence of
the reshitling of atomic planes, which is often mediated throudkedent periodically modu-
lated metastable structures called premartensitic streicVery often, the microscopic origin
behind the martensitic phase transformation can be exqaaiy softening of some phonon
modes, related to the softness in elasti@frstiss constants, caused by the nesting topology
between parallel Fermi surfaces due to intense electrongoihcoupling. This has been the
case for almost all the ternary MSMAS crystallizing in Hewdtructure. The structural insta-
bility of Ni ,MnGa in the high temperature phase has been linked with amaloos phonon
softening of transverse acoustic JAranch along4é0] direction. The softening occurs at
a fractional wave vectaf= (0.33,0.33,0) and it becomes more prominent as one ap@sach
towards the martensitic phase with decreasing temperf8r&03]. The phonon softening
has been found to correlate with the premartensitic phasiehvis anticipated by the precur-
sor phonon softening at that wave vector. Inelastic newgoatitering experiments and elastic
constants measurements on the high temperature phaseaatex! the theoretical calcula-
tions of softening of acoustic branch. A complete softerahthe acoustic TA branch with
imaginary frequencies along40] direction has been reportedJMnAl [204]. The neutron
scattering experiments performed by Mataal. on this system verify the softening in A
mode between the wave vectgt 0.25 andé= 0.4, but the phonon frequencies remain finite
at any wave vector even at the lowest temperatures [205]s ddld be related to the fact
that the composition needed for the martensitic phaseftranation to occur in NiIMnAl is
slightly off-stoichiometric [98]. The phonon dispersion curves fogNiin determined from
inelastic neutron scattering showed the features typfdaC& materials that undergo marten-
sitic transformations, i.e., low energies of the phonontheftransverse TA ££0] branch and
a wiggle at¢é= 0.33. Later, Agduk calculated the phonon dispersion spgeethich are in
excellent agreement with the experimental results [206]eyTalso studied the vibrational
properties of NiIMnSn and NjMnSb from first-principles electronic structure method.eTh
softening of N)MnSn system is relatively weak compared toMnSb, so that the phonon
frequencies remain finite at any wavevector alofé®]. The softening occurs &t 0.35 and
&= 0.40 wave vectors for NMnSn and NjMnSb, respectively. On the other hand, a remark-
able vibrational instability is observed in FAranch of NAMnSb which consists of negative
vibration frequencies betweeén= 0.55 and¢ = 0.85 [207].

In the previous chapter, we established that all thgMIX materials undergo martensitic
transformations. Thus, in order to understand the origithe$e martensitic transformations,
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it is only natural to explore the lattice dynamics. In thispter, we compute the vibrational
properties of the four MgNiX materials in a systematic way. We compute the phonon disper-
sions, the vibrational density of states, the elastic @nistand the Fermi surfaces in order to
ascertain the mechanisms driving the martensitic transdtions.

4.2 Computational details

The electronic structures of the systems considered wérelated using the UltraSoft Pseu-
dopotential (PW-USPP) formalism of the Density Functioha¢ory (DFT), as implemented
in Quantum Espresso [187] code. The phonon spectra were obtained by Density tieurad
Perturbation Theory (DFPT) method. DFPT [127] is a DFT [1DB1] based linear response
method to obtain the lattice dynamical properties in cosddmmatter systems. The inter-
atomic force constants required to calculate the phona@uéecies are derived via the linear
response of the electronic subsystems. The Hellmann-Faytineorem [208, 209] is used to
calculate the elements of the force constant matrices.

_ —6F| _ anR (r)GVR (r)
Cm=3r, =) R, R, O
VR (r) 6°En(R)
+fnR ) 5RoR, © RIOR, (4.1)

R|, R; are the ionic positiong;, is the Hellmann-Feynman force on théh nucleusng (r) is
the ground state electronic charge density corresponditiggtnuclear configuratidr, Vg (r)

is the electron-nucleus interaction dadis the ion-ion interaction energy. From equation 4.1,
it is clear that the inter-atomic force constants are deategthfrom the ground state charge
density and its linear response to a distortion in the ionigfiguration. In the DFPT, these
guantities are calculated within the DFT framework.

We assume that the external potential acting on the elextsoa diterentiable function
of a set of parameterq, = {4} (4, = R, in the case of lattice dynamics). According to the
Hellmann-Feynman theorem, the first and second derivatifvés®e ground state energy are

g—fi = f a\(;;(ir)m(r)dr (4.2)
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0°E 02V, (r) an,(r) OV, (r)
= 4,
N0, f AN, rw)d”f o o (4.3)

Linearization of charge density equation in DFT leads to

N/2

AN(r) =4 Re) (1) Aun (1) (4.4)
n=1
where the finite dference operatak! is defined as

A'F = Z Fing (4.5)

The superscripfi has been omitted in equation 4.4 as well as in any subsegoentiiae
without the loss of generality. The variation of the Kohra8horbitalsAy, (r) is obtained
by standard first order perturbation theory [210]:

(Hscr — &) [AYn) = = (AVscr— A&) ), (4.6)
where,
H? 92
Hscr = ~omare + Vscr(r) (4.7)

is the unperturbed Kohn-Sham Hamiltonian,

AVscr(r) = AV (r) + ezfA“(r) . dVécrf“)

An(r) (4.8)
n=n(r)
is the first order correction to the self consistent-pot@atindAe, = (Yn|AVscHyn) IS the first
order variation of the Kohn-Sham eigenvalygg,

equations 4.4-4.8 form a set of self-consistent equationshie perturbed system com-
pletely analogous to the Kohn-Sham equations in the unpertucase. The problem will
arise due to the linear operator appearing in the left-sfdegoation 4.6 which has a null
eigenvalue. However, the response of the system to an ekfeenturbation only depends
on the component of the perturbation that couples the midnfiooccupied states with that
of the empty states. The projection onto the empty-statefoidrof the first order correc-
tion to occupied orbitals can be obtained from equation #.6eplacing its right-hand side
with —P.AVscHyn), wherePg is the projector onto the empty-state manifold, and by agldin
to the linear operator on its left-hand sithkecr — €, a multiple of the projector onto the
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occupied-state manifoldp,, so as to make it nonsingular:

(Hscr— Py — &) |AYn) = =PcAVscHin) (4.9)

The basic algorithm for DFPT consists of solving the setmédir equation 4.9 foky,, and
expression 4.8 foAVsce in terms of An, which is given by Sincé\n is a function of the
set of occupied\y,, this forms a self-consistent set of equations which carobed by any
efficient iterative method. In the next two paragraphs, we dasthe computational details
for the calculation of electronic and dynamical properf@dVin,NiX materials, respectively.

UltraSoft PseudoPotentials (USPP) [191] were used to atelyrcalculate the electronic
ground states. Spin polarized Generalized Gradient Appration (GGA) scheme was used
as the exchange-correlation part of the potential with &gfi/ang 91 parameterizations
(PW91) [138]. Plane waves with energies up to 544 eV were tsatescribe electronic
wave functions. Fourier component of the augmented chaggsity with cut-df energy up
to 6530 eV was taken after convergence tests. The Brilloune mntegrations were carried out
with finite temperature Methfessel-Paxton smearing [21&{hod using 1812x12 uniform
k-mesh, which fectively leads to 36&-points in the irreducible wedge of the Brillouin zone.
The value of the smearing parameter was taken as 0.27 eV.chites of the parameters
ensure the convergence of phonon frequencies within 5%.

The energy threshold value for convergence was®Ry in phonon calculations. Dynam-
ical matrices were conveniently calculated in reciprogece from the ground state charge
density and from its linear response to the distortion indiné configurations. Fourier trans-
form was employed thereafter to obtain the real space favostants. The dynamical ma-
trices were calculated in ax4 g-point grid for all the structures. Convergence of phonon
frequencies within 1-2% was ensured by comparing freqesncalculated directly and fre-
guencies obtained by the Fourier transform of the dynamieaifices. Such convergence tests
ensured accuracies in elastic constants as they are deltdtam the slopes of the phonon
dispersion curves. The Fermi surfaces were calculated onZ24x 24 highly dense uniform
k-point grid. It may be noted that the strength of the phonamaaly is extremely sensitive
to temperature. An increase in temperature can reduce #tmgdeatures of Fermi surfaces
and thus weaken the anomaly. In DFT based calculationsptilearsng parameter plays the
role of fictitious electronic temperature. Therefore, tduee the &ect of finite temperature
in the calculations of Fermi surfaces, we kept 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 camtst of MnpNiAl and MmyNiln,
we have used the DFT calculated lattice constants presemtésbie 3.1 of chapter 3 for
all the four alloys. Since, the experimental lattice conttaagree well with our calculated
ones for MRNiGa and MnNiSn, we consider the DFT calculated lattice constants asl go
representations of the experimental ones. The phononrdispespectra calculated at these
lattice constants along§0] highly symmetric direction in the irreducible segmenttbé
Brillouin zone (IBZ) are shown iniGure 6.5.
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Ficure 4.1: Phonon dispersion spectra of (a) #MnAl, (b) Mn,;NiGa, (¢) MnpNiln and (d)
MnyNiSn along E£0] highly symmetric direction of the Brillouin zone. The pian wave
vectoré is expressed in units o%() [202].
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Our main interest lies in the transverse acoustie Branch, which exists due to the atomic
displacementngO] perpendicular to the propagation directige@]. For all Heusler systems
exhibiting martensitic transformation, this branch sh@amsanomalous behavior. Therefore,
our aim is to investigate the behavior of acoustic, T&anch along 4¢0] direction. The
most important features in the dispersion curves are thenalous dips of the acoustic TA
branches where the phonon frequencies become imaginggesting instabilities in the cu-
bic austenite structures leading to stable martensitisghthrough phase transformations in
all the four materials. In M3NiGa and MnNiAl, the acoustic TA branches have negative
slopes afi” point, indicating a pure elastic instability in their parestructures. The range
of this instability extends up té= 0.50 for MnpNiGa and up t&¢= 0.35 for MnNiAl. The
maxima of the dips in the TAoccur at wave vectors= 0.35 andé= 0.25 for MnNiGa and
Mn,NiAl, respectively. For MaNiln, the instability of TA branch starts frond= 0.3 produc-
ing maximum of the dip at wave vectée 0.50. For MBNiSn, unlike the other materials, the
softening extends up to the wedge of the Brillouin zone whil maximum of the dip af=
0.50.

In previous studies of lattice dynamics on ternary MSMAdSwmAeusler structures, phonon
anomalies of TA were correlated with the precursor phenomenon prior to theensitic
phases when the systems are cooled from high temperaturesvave vectors corresponding
to the imaginary phonon frequencies indicatedfBimg of atomic planes which stabilize the
(c/a)< 1 phases compared to the parent phasg@)€ 1). The occurrence of 3M, 5M and
7M modulated structures and even incommensurate strgctueee confirmed experimen-
tally. Possibilities of such modulated structures can lberiad from the anomalies in our
calculated dispersion relations for i X systems. A modulated structure with a periodicity
of 8 atomic planes (2M structure) can be associated with stalility até= 0.25, one with a
periodicity of 6 atomic planes (3M structure) can be asdediavith an instability af= 0.33
and one with a shfling of 14 atomic planes (7M structure) can be associated avitinsta-
bility at £= 0.29. For MnNIiAl, the unstable mode occurs between 0.0 andé= 0.35 with
the maximum of the dip af= 0.25. This suggests the possibilities of occurrence ofraéve
modulated phases. The commensurate wave vector closést toaximum of the dip in the
TA, branch of MBNiGa occurs a¥= 0.33 which can be related to the occurrence of the 3M
structure. Since, in MiNiGa, the imaginary frequencies extends ug+d.50, in addition to
aforementioned modulated structures 5M, modulation cemla¢ observed && 0.43 which
stabilizes with the shling of 10 atomic planes. In cases of Miln and Mn,NiSn, the
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maxima in the dip of the TAbranch occur a¢= 0.5, which although cannot be connected to
the known modulated structures mentioned above, but trenegf the instabilities in these
systems can be connected to the 3M and 5M modulations. Thegest possibilities of
occurrence of new kinds of modulations leading to precupb@nomena in these materials
or that there may be more complicated structures with cetence of multiple modulated
phases. Signatures of 7M modulated phases have been absgperimentally [105, 106] in
Mn,NiGa, but the occurrences of these were either dependetiecgmount of stress in the
system [106] or on the sublattice occupancies [105]. Thaslafinite conclusion on the kind
of modulation in this system and the resulting pre-martenstructures can be made from
the available experimental results. Detailed systematmutations on the non-cubic variants
for these systems are to be carried out in order to settlesghueei However, this is beyond the
aim and scope of the present study.

Energetically lowest opticalf branch is Raman active in nature wit¥Q] polarization
and the other optical branches are infrared active wjtrsymmetry. It is known that phonon
branches with same symmetry would repel each other. Sitoeiséic TA branch also has
same state of polarization; it would be repelled by thgbranches. In a previous theoretical
study, Zayalet al. [212] argued that due to this repulsion the,T#&anch is pushed downward
and becomes unstable. To prove this, they compared thequosftT,q branches &t point of
some stable Heusler alloys at cubic phase likeMitGa and CeMnGe to unstable systems
like Ni.MnX (X= Ga, Ge, In, Al) and illustrated that energetically lowereg Branches in
the unstable alloys compared to those alloys with stableeqhmses, produce the necessary
repulsive thrust to the lowest vibrational branch. The Itssn Fcure 6.5 suggest the same
explanation for the phonon instabilities in MMiX. The repulsion due to the already low
lying To4 modes at thé& point for all four materials push the TArequencies down setting up
the unstable modes. In Reference [212], the authors atdbihe occurrence of anomalous
unstable modes in BinGa to the inversion of modes of Ni and Ga. They showed that
the contributions to the ;f branches come from the dynamics of Ni atoms and due to the
inversion of optical modes, the Ni atoms vibrate at lowegtrencies making the frequencies
of the T, mode lower. The repulsion of TAnodes by thesez] modes pull the frequencies
of the former down making them imaginary. For the materialestigated here, an analysis
of the vibrational amplitudes show that thg; Tmodes are dominated by the vibrations from
Ni and Mnl atoms who occupy crystallographically equivakstes, and in fact the same ones
as the two equivalent Ni atoms in MinGa. Therefore, it would be interesting to examine
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whether such an inversion of optical mode is also happeminthese materials. In the next
subsection, we explore this by looking at the vibrationadsies of states (VDOS).

4.3.2 Vibrational Density of States (VDOS)
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Ficure 4.2: Atom projected vibrational density of states (VDOS)wimg contributions from
different constituent atoms for (a) WMiAl, (b) Mn,NiGa, (¢) MrpNiln and (d) MrpNiSn
over the frequency range [202].

In what follows, the atom projected VDOS for WMiAl, Mn ,NiGa, MnpNiln and MnNiSn
are presented ini&ure 4.2. It is observed that the vibrational contributions fromo Mn
atoms occupy dierent frequency regions in the VDOS plots. This occurs nigdiekcause of
the following reasons: the two Mn atoms havéelient crystallographic symmetry; the atom
occupying (0,0,0) sublattice, labeled as Mnl, have tetladdesymmetry and the other one
at (0.25,0.25,0.25), labeled as Mnll, sublattice havelmdeal symmetry; as a consequence
of this their nearest neighbor environments arféedent leading to dierent bond sffnesses
(force constants) for the bonds connected to the Mn atomsnparison of all the VDOSs
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show that the VDOSs of MilNiln and Mn,NiSn materials are quite similar and are very dif-
ferent from the VDOSs of the other two materials in the sertesure 4.2 suggests that for
Mn,Niln and MnNiSn, vibrations of Mnl atoms are prominent between 6 THz oHz,
whereas contributions from Mnll atoms are predominanttybetween 4.5 THz to 6 THz.
Due to the slightly larger atomic mass than Mn atom, Ni vilorag occur mostly between 2.5
THz to 4.5 THz. As expected, the lower frequency regions araidated by In and Sn be-
cause they have larger atomic masses than Ni and Mn. FeNI&a, vibrations in the range
7 THz to 8 THz are mainly dominated by Mnl atoms, while viboat from 5.5 THzto 7 THz
have contributions from Mnll atoms. A strong peak origingtfrom Mnl vibrations coincid-
ing with a peak originating from vibrations of Mnll atoms is@a observed at 6 THz. In the
frequency range 3 THz to 5 THz, vibrations of Ni atoms are pneithant and the lowermost
part of the spectrum is dominated by the vibrations of thet@Gaa. The features in the VDOS
of Mn,NiAl are different than the other three. The modes due to the vibratioAs atboms
occur at around 10 THz due to extremely light mass of Al. Thenddes also occur at lower
frequencies, similar to the cases of the other three. Thetwins of Mnl and Mnll atoms
dominate the middle of the spectrum with their respectivakpeat 6.25 THz and 7.3 THz. In
case of NJMnGa, Zayaket al. [212] showed that the positions of Ga and Ni contributions to
the VDOS were “inverted”, that is, the vibrations of the lighNi atoms were at frequencies
lower than those of heavier Ga atoms. They connected thimaloois mode inversion to the
instability of the TA modes of N\MnGa. In case of the systems studied here, the overall
features in the VDOSs of all four materials suggest thatetlieno signature of inversion of
Ni (Mnl) modes with those of the modes from the eleménthus the occurrence of unstable
TA, modes cannot be associated to this.

4.3.3 Inter-atomic force constants

In order to understand the features in the VDOS, we analyzddhavior of the real space
interatomic force constants. Indere 4.3, we plot the longitudinal component of nearest
neighbor force constants of MNiX systems. The transverse components of force constants
are not shown in the plot, since; their contributions coredatio the longitudinal ones are
negligible. The force constants between any pair of neargighbor atoms are nearly equal
for Mn,NiAl with Mn ,NiGa. Same is true for MalNiln with Mn,NiSn. However, substantial
changes in the force-constants between any pairs are @olsas\vone move from MhliGa to
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Ficure 4.3: Longitudinal component of nearest neighbor interratdorce constants between
Mnl, Mnll, Ni and X atoms of MaNiX materials [202].

Mn,Niln. Due to the increase in the inter-atomic distances, aesalt of expansion in their
equilibrium lattice constants from 5.850 A to 6.162 A, thelManIl and Mnll-Ni longitudi-
nal force constants become softer in Miin and Mn,NiSn in comparison to MgNiGa. On
the other hand, the force constants related édements, i.e., MnX and Ni-X become harder
in MnyNiln and MnpNiSn as compared to those in MhiGa and MnNiAl. This opposite
behavior is observed since the sizes of ¥helements for the former two alloys are larger
than those in the later two, and thus are able to overcomexibemsion of the inter-atomic
distances occurring in the former two as compared to the tate. The nearest neighbor
force constants associated to Mnll atom, the Mnll-Ni and MvdI-Mnl, become softer as
one moves from MsNiGa to MnpNiln and MnpNiSn. Therefore, vibration frequencies cor-
responding to Mnll atoms would be lower in the later two mialer which agree with the
features in the VDOS. In MiNiGa, vibrations of Mnll extend from 5.5 THz to 7 THz, which
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in case of MaNiln and MnpNiSn shift to lower frequencies, around 5.5 THz. The dynami-
cal behavior of Mnl and Ni atoms are more complicated. Fohladtthe atoms, two sets of
inter-atomic force constants behave opposite to one andtoe Ni, the NiX nearest neigh-
bor force constants hardens, as one goes from Ga to In anch&nshould force Ni atoms to
vibrate at higher frequencies as one goes fromMNiGa to Mn,Niln and Mn,NiSn. However,
the vibrations of Ni atom remain more or less around the saawuéncy for all the materi-
als, since the previoudtect is compensated by increasing softening of the Mnll-Nidso
as one goes from MiNiGa to Mnp,Niln and MnpNiSn. Similarly, hardening of MnK force
constant does notiect Mnl vibrations, as this is compensated by the softeningrd-Mnll
inter-atomic force constants.

4.3.4 Fermi surfaces

Previous first-principles studies in MinX relate the martensitic instability of those materials
with Fermi surface nesting [212—216]. The anomalies in tih@jen branch mainly depend on
the shape of the Fermi surfaces and the electron-phonoixraEgments via the phonon wave
vectoré [214, 215]. This phenomenon occurs due to strong attrabttween two flat-parallel
Fermi surfaces connected by a nesting veqiat the expense of atomic displacements and
at the wave vector where the maximum dip of the acoustic pi@nanch is observed. How-
ever, this cannot be generalized for all ternary alloys shgunartensitic instabilities. For
Co,NiGa, a newly found shape memory alloy, Siewetral. [217] observed that softening in
TA, phonon branch was absent as a result of nonappearance ioffesttures in the Fermi
surfaces of CéNiGa.

Here, we present Fermi surfaces corresponding to the spiarity bands only, since
most prominent features are observed in this spin channéleasystems undergo marten-
sitic transitions [177]. The three dimensional Fermi scefaof MnNiGa for 18th and 19th
spin-minority bands are shown indere 5.4. The figure clearly exhibits flat portions of both
the minority bands. However, to examine the Fermi surfagetetails, to obtain clues about
the nesting betweenfiierent parallel Fermi surfaces and hence, to relate thisl featire to
observed phonon anomaly, two dimensional (2D) projectamasiecessary. Inéure 4.6, we
show two diferent cross-sections of Fermi surfaces for,MiX alloys. The cross-sections
for Mn,NiGa, MnpNiAl and Mn;NiSn bear close resemblances while that of theNBn is
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Ficure 4.4: (a) Topology of 3D Fermi surfaces for MMiGa. The blue and magenta surfaces
represent 18 and 19" spin-minority bands, respectively. Panel (b) and (c) itate those
spin-minority 18" and 19" bands separately [202].

somewhat dferent. In spite of this dierence, the nesting vectors (indicated by red arrows
in Fermi surfaces plots) are consistent with the wave veabwhich the phonon anomalies
are observed in our phonon dispersion curves. Thus, we aarlusively associate the oc-
currences of unstable modes in the MiNX alloys with the Fermi surface nesting. We refrain
from further discussions on theftérences in shapes of Fermi surfaces between materials with
the elemenkX belonging to diferent columns in the periodic table because it is not nepessa
in the present discussion where the focus is on to estalbleshesting features in the Fermi
surfaces and their relations to the martensitic instadslitound in these systems.
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Ficure 4.5: lllustration of the 110 cross section {ky,= 1) in FCC irreducible Brillouin zone

(IBZ) [202].
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Ficure 4.6: 2D cross section of the Fermi surfaces with the (110elg+ky= 1 for (a)
MnzNiAl, (b) Mn,NiGa, (c) MrpNiln and (d) MipNiSn. The green and black lines indicate
spin minority bands. The red arrows indicate nesting veaer0.25(110) for MaNiAl, q=
0.35(110) for MaNiGa andg= 0.50(110) for MaNiln and MnpNiSn [202].

Barmanet al. [178] also computed the Fermi surfaces of MiGa. They observed nest-
ing in the majority spin Fermi surfaces along (001) and (1di@@ction in the martensitic
phase. They attributed this to the possible instabilitrethe TA phonon mode. However,
they did not substantiate this by computations of the ph@apattra. Our results are qualita-
tively different from theirs as we found nesting along (110) directiothé austenite phase.
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Moreover, our results are consistent as the Fermi surfastengealong (110) could be related
to the computed instabilities in the FAhonon mode along (110) with the nesting vector
computed from the Fermi surfaces agree with the wave vettiwhigh the maximum of the
instability occurs.

4.3.5 Elastic constants

Tasie 4.1: Calculated elastic constants and elastic anisotrapg for MnpNiX materials.
Experimental elastic constants are only available fopNiGa and shown in brackets [202].

Systems c C11 Ci2 Caa A
(GPa) | (GPa) (GPa) (GPa) | (=C44/C)
Mn,NiAl | -33.13| 100.35 | 127.19 131.66 -3.97
Mn,NiGa | -13.42| 58.91 125.17 111.00 -8.27
(90.55) | (128.00) | (124.42)
MnoNiln | 16.44 | 118.64 | 85.76 41.47 4.96
MnoNiSn | 15.43 | 146.05| 115.19 64.27 4.17

*ref. [218]

The dynamical stability of crystalline phase implies tha strain energy changes be
positive definite against all possible small deformatiohisis condition imposes restrictions
on elastic constants. The stability criteria for cubic taysrequires [219]

C44 > 0,C11 > [C1ol, C11 + 2C12> 0 (4.10)

Therefore to introspect the kinds of instabilities preseiite materials considered here and to
validate our calculated phonon dispersion results, we coenhe elastic constants for all the
four materials from the initial slop&{ 0) of phonon dispersion plots alongP] direction.
The elastic constantsf ¢ (:%(cll— C12)) and ¢ (:%(cll+clz+ 2¢44)) are related to TA TA;
and LA acoustic modes [219]. These elastic constants ameected to ultrasound velocity
via G;=pv? relation [219] wherg is the mass density. The three independent elastic corstant
of cubic crystal are tabulated indLe 4.1. Our computed;¢ and g4 agree quite well with the
experimental results available only for MMiGa, whereas in our calculationy;ds underes-
timated [218]. Overall the agreement with experiment isdjfuw Mn,NiGa. This, in d€fect,

is an indirect indication to the accuracy of calculated pivospectra. The results show that
the equation 4.10 is satisfied by Myiln and Mn,NiSn only. This indicates that MiNiAl
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and MnNiGa are unstable in the cubic structure. We gain furtheightanto the nature of
stabilities of these materials by looking at the other twoap@eters listed in ABLE 4.1, the
shear constant and the elastic anisotropy ratio. SincesficolA, branch is related to shear
constant (6, hence, negative’ dor Mn,NiAl and Mn,NiGa is an indication of pure elastic
instability which stabilizes though shear deformationoasr££0) planes in ££0] direction.
The same is not true for the other two materials. Althougly teisfy equation 4.10 and
have sizable ¢ their anisotropy ratios A are high enough tteet a martensitic transforma-
tion [220]. The elastic anisotropy ratio A=€44/C’) is an important quantity to measure of
stability of cubic structures under stress acr@g®) planes [86]. Larger the value it acquires,
more unstable the structure becomes. For systems undgrgartensitic transformations,
the value of A varies from 2 onwards [207, 220—224]. In caddgm,Niln and Mn,NiSn,
the values of A lie well within the limits observed in shapemuey alloys. The origin of this
could be rather small value of the shear modulusAzditionally, we find that g in cases
of Mn,Niln and Mn,NiSn are much softer than those for the other two materiat&® dom-
parative softening ing for Mn,Niln and Mn,NiSn as compared to MNiGa and MinNiAl,
indicate that the cubic MalNiln and MnNiSn will transform to diferent martensitic phases
compared to the other two where the transformations woutitiven by softening in‘cas has
been observed in cases of other shape memory alloys [22@]réRults on elastic constants
therefore corroborate the inferences drawn from tlfieinces in dispersion relations for the
materials studied.

The vibrational and elastic properties discussed in thikwhow a clear trend. MiNiGa
and MnpNiAl are quite similar in their behaviors; same goes for Miin and MnNiSn. The
vibrational and elastic properties among these two grotgsignificantly diterent. The ori-
gin of such diferences can be traced back to thaitlences in their electronic structures [177].
The signatures of mechanical instability were reflectedi@ésteonic structures of MulNiGa
and MnpNiAl, where high densities of states, as compared taMNim and Mn,NiSn, were
found at the Fermi level. The origin of this was larger hylradions between the Mn and
Ni atoms at the octahedral positions for the former two syisteFor the latter two systems,
rather small densities of states at Fermi level, due to emhiibridizations between the mag-
netic atoms at octahedral positions, originating froméaidjstances between those magnetic
atoms (due to the atoms sitting in a larger lattice compayebe former two which happens
as In and Sn have larger sizes than Ga and Al), signified tihatutd take external influences
to induce instabilities into these systems.
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4.4 Summary

In this chapter, we have investigated the lattice dynamfiédrapNiX (X= Al, Ga, In, Sn) MS-
MAs in their austenite phase. The calculated phonon spsktra anomalous behavior of the
acoustic TA branch alongdé&0] direction for all the four materials indicating strucalimsta-
bility. Instabilities in the said acoustic mode can be ®db the repulsion by the opticapgl
mode posing the same symmetry as the Mode. Unlike NsMnGa, no inversion of optical
modes could be observed, thus ruling this out as one of thalgesnechanisms behind the
anomalous features in phonon spectra. The features in bnatizinal densities of states can
be explained from the qualitative variations of the intenaic force constants across the ma-
terials. The calculated elastic constants corroboratetituetural instabilities inferred from
phonon dispersion relations. Negative shear constantsifigNiAl and Mn,NiGa indicate
pure elastic instabilities in these materials. Finallg tresting features in the Fermi surfaces
confirm that the observed phonon anomalies are associatedhegm. The wave vectors at
which the maximum anomaly occur indicate the possibilitfaymation of pre-martensitic
modulated phases which are yet to be confirmed by experimdims results also indicate
that these modulated pre-martensitic phases could beapriiplex and further investigations
into this aspect is necessary.
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Chapter 5

Investigation of the magnetic structure of
Mn>NiX materials from the study of
noncollinear magnetisni '

5.1 Introduction

The total magnetic moments calculated in chapter 3 fosMIX materials are based upon the
assumption that the magnetic structure is collinear. BWmno theoretical and experimental
investigations have been made to study the possibility senobng noncollinear structures
as magnetic ground states in these materials. Contrase wothnear spin structure, in non-
collinear spin configuration, the spin quantization dii@ttrotates from one atomic plane to
another in bulk materials, thus forming a periodic helixelgtructure. In 1988, Y. Tsunada first
observed the noncollinear spin spiral structure and exgthhis neutron diraction results on
FCC Fe,Cos; alloy precipitate in Cu [226] based upon the observationis Bxperimental
finding stimulated many first-principles based spin spitatges mainly in bulk materials.
In the early 90’s, the existences of spin spiral structuregl@eoretically investigated in the
context of high-T superconductors, using the framework of Hubbard modelrevtie sta-
bilizations of the spin spiral states are realized withinideanrange of the parameters of the

*Contents of this chapter are mostly taken from Ref. [225].
fPermission from the publisher has been obtained for repoinRef. [225].
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model [227-231]. Materials exhibiting complex magneticleange interactions, for exam-
ple, in spin glasses [232-237], substitutional alloys [2Z383] and systems with geometrical
frustrations such ag andg phase of Mn, can have stable spin spirals structures as their
ground states [244—248]. The appearances of noncollinagnatic states, either in ambient
condition or under external influences, such as under preskave given rise to interesting
properties in these materials. For example, Iron, the masincon ferromagnet, orders fer-
romagnetically at ambient condition in BCC structure. Uneleernal pressure it undergoes
a phase transformation to HCP structure which is believdgbtnonmagnetic. Lizaarragd

al. had studied the later structure under high-pressure anglezhthat two diferent antifer-
romagnetic structures along with a nonsymmetric spin kptracture coexist in the ground
state [249]. A transition to noncollinear magnetic statdampressure has been shown to be
the driving mechanism behind the inver properties offedunder external pressure [250].
Similarly, an Fe(110) monolayer undergoes a phase trangitom collinear to a noncollinear
spin spiral state under an in-plane strain [251]. Pressuverdnoncollinear magnetism was
also discussed for MnAs in a zinc-blende structure [252Fdgleon the study of NdNi£and
other rare earth nickelates, Prosandetsl. predicted that a phase transformation between
insulating spin-density wave (SDW) and metallic spin dmtates can be induced by epitax-
ial strain [253]. These results demonstrate that it is irtgodrto investigate the ground state
magnetic structure of new functional materials which apgpssed to be useful in applications
involving magnetic degrees of freedom.

Any evidence of occurrences of noncollinear magnetic sneds not reported for NMnX
MSMAs. To understand the magnetic interactions deeply heil influences on the proper-
ties related to MSME, Enkovaasd al. [254] calculated the energies of the noncollinear spin
spirals in NpMnAl and NiMnGa within the framework of DFT. Their calculations conclu
sively showed that the ground state magnetic structurdseisettwo materials are ferromag-
netic. References [244-248] and [252] have shown that thmipent presence of Mn can
drive noncollinear magnetic structure. Since the systetondied in this thesis have more
Mn than the other magnetic constituent, and that the Mn atma<rystallographically in-
equivalent, it becomes important to explore whether sudieanécal composition can lead to
magnetic structures other than simple collinear typegsdtlaecomes important to explore the
role of the crystal structure, i.e., whether a particulaaagement of magnetic atoms plays a
role in sustaining noncollinear magnetic states. Also the of external factors like pressure
on the magnetic ground state is to be looked into. In this @@rape try to find out answers
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to these questions by computing the relative stabilitiesasfcollinear states (planar spin spi-
rals) for the four MaNiX materials. We explain our results in terms of the band sirest
the Fermi surfaces and the magnetic exchange interactions.

5.2 Computational Details

Total energies and band structures of the collinear andginespiral states are calculated by
the first-principles Full-Potential Linearized Augmentdne Wave (FP-LAPW) method as
implemented in Ex code [183—-185]. To calculate the energies of various ndinealr states
as accurately as the collinear states, the symmetry of fie@hgpin structure along theaxis
with the spiral wave vectay has to be incorporated. However, the parallel spins withim t
consecutive planes rotate around an argteq.R along the spiral axis. Since we are only
interested on the transverse component of spin wave, tHe éniggpresenting the deviation
of spin quantization direction with the wave vectpiis considered to be 9@vhich gives min-
imum contribution to the total energy. Since noncollingalreaks the translation symmetry
of the material, periodic Bloch boundary conditions are aoger valid. In this situation,
large supercell can be constructed to replicate the spialspaves within the material, where
large computational facility would be involved. One way focamvent this problem is to
introduce a generalized translation which would preseammestation symmetry in real space
and rotational symmetry in spin space, leaving the magdetsity invariant as

m(r + R) = D(g.R)m(r) (5.1)

whereR is a Bravis lattice vector and(Q.R) is a matrix which rotates the in-plane component
of m by an angle).R along thez-direction. Therefore, the Bloch spinor can be written as

(5.2)

Yi(r) = € [e_iq'” 2Uk(f)]

e+iq.r/2dk(r)

wherek is a vector in the Brillouin zone (BZ) and.) and d(r) are the periodic Bloch
functions for spin-up and spin-down components, respelgtivDue to this generalized pre-
scription, the spin spirals can be calculated within thengbal cell instead of supercell.
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From careful convergence test with respect to Brillouine(BZ) sampling and the size of
the basis set, we have determined that the plane wavditiatrthe basis set beingytKmax=
9, whereRyt is the mufin-tin radius andK,ay IS the largest reciprocal lattice vector, which
amounts to nearly 350 plane waves. The charge densityftutas considered to 08,,= 14
and the angular momentum cuf-to the augmented plane wave was taken téhe= 10. The
Brillouin zone (BZ) integrations have been carried out vatkekmesh of 11x 11 x 11 along
[00g] and [ggO] directions and with 15 15 x 15 along figq] direction which dfectively
result into 726k-points and 68k-points, respectively in irreducible Brillouin zone (BZ).
Such choices of parameters ensure the convergence inosdlistent total energy with less
than 0.1meV per atom.

The magnetic pair exchange interactions have been caduwethin multiple scattering
Green function formalism as implemented in EMTO code [1%8}1 Spin fluctuation theo-
ries for metals map the complicated itinerant electronesystonto an féective Heisenberg
Hamiltonian having the classical spins as

Hers = — Z Z ijvef’eT (53)

wy

The indicesu andy represent dferent sublattices,andj denote the atomic positions agdl
is the unit vector along the direction of magnetic momentstai belonging to sublatticg.
The size of the magnetic moments are included in the exchategaction paramete]i‘;”. The
exchange parameters are computed from energgrdnce due to the small orientation of a
pair of spins result a perturbation in spin-density whicthim the formulation of Lichtenstein
et al. [255, 256] based on magnetic force theorem [257] takes thenimg form

Er

l — i
Vals e deITr(ATIATY) (5.4)

where A= £ 2%, o is the spin index{ is the single site scattering matrix aidis the
scattering path operator related to tHediagonal elements of the Green function. Tr is the
trace over the orbital indices of the scattering matrix.ifRes(negative) values foﬁ‘jﬂ indicate

ferromagnetic (antiferromagnetic) coupling between aband j.

For the calculations oﬁ‘ll.‘l in the EMTO method, the Green'’s function is calculated for 32
complex points distributed exponentially on the semidac contour with a diameter of 2.5
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Ryd. The Brillouin zone is sampled by a unifolk¥point mesh of 24 24x 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 MpNiX materials in inverse Heusler struc-
ture

TasLe 5.1: Lattice parameters of MNiX systems calculated with LDA and GGA function-
als and used in this work. The numbers in the parenthesisatalthe experimental values
whenever available. All the calculations are done with FARW method.

Systems | LDA Equilibrium | GGA Equilibrium
lattice constant (A) lattice constant (A
Mn,oNiAl 5.613 5.802
Mn,NiGa 5.631 5.835(5.907)
Mn,Niln 5.919 6.164
Mn,NiSn 5.924 6.147(6.099)

In this work, we first focus our attentions on the possitaitof noncollinear ground states
under the influence of pressure. Therefore, the choicestafdaonstants are important. We
consider the lattice constants calculated using FP-LAPWhatewithin the GGA exchange-
correlation functional and presented in chapter 3 as thel gepresentations of the experi-
mental structures. In order to investigate tlkeets of pressure on the spin spirals in these
materials, we calculate the equilibrium lattice constants LDA exchange-correlation func-
tional, which are smaller than by about 3.5% than the GGAuated ones. The choices of
the LDA lattice constants make sense as the compressioamebtare such that these can
be achieved by standard experiments. The lattice consiaatkin this work are presented in
TaBLE 5.1.

In Figure 5.1, we present the total energies of spin spirals relativg=tO collinear fer-
rimagnetic state as a function of the spin spiral vectprs different symmetry directions of
the Brillouin zone. The panels represent the energiesfiardnt symmetry directions in the
inverse Heusler structure. The energies of the spin s@ralgalculated at LDA lattice con-
stants, i.e., at compressed lattice constants. The reshdtg that in a compressed lattice, spin
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Ficure 5.1: Total energies of MiNiX systems as a function of spin spiral vectgrin the
inverse Heusler phases. All calculations are done at caapdelattice constants [225].

spiral states are more stable than the collinear ones foNM, Mn,NiGa and MRNiSn.
Surprisingly, MpNiln has theg= O collinear state as the stable one. A careful inspection
reveals that the relative stability of the spiral magnetiteswith respect to the collinear one
decreases as MNiAl — Mn,NiGa — Mn,Niln implying that as one goes down the column
of X elements in the periodic table, the relative stability & fpiral magnetic state decreases.
The larger stability of the MgNiSn which has one more electron than Mifin suggests that
this extra electron has some role in stabilization of theatjpnagnetic state.

After calculating the spin spirals at compressed lattiggstants, we, now, compute their
energies at the GGA lattice constants, i.e., at lattice teons close to the experimental ones.
The results are shown inidore 5.2. The results clearly suggest that the spiral magnetic
states are de-stabilized leading to a collinear state upmeasing the volume, bringing them
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Ficure 5.2: Total energies of MiNiX systems as a function of spin spiral vectgrin the
inverse Heusler phases. All calculations are done at éqguin lattice constants [225].

closer to the experimental results. In case of,MiAl and Mn,;NiSn, although the energies
atq # 0 are lower than that aj= O, the energy curves are rather flat and very close to that
of the energy zero line, implying that the spiral states aarly de-stabilized. The results
of Ficure 5.2 are in perfect agreement with experiments in case gfNWea and MnNiSn
where the possibility of a noncollinear magnetic state wagenreported. i6ure 5.1 and
Ficure 5.2, thus establish that a noncollinear spin spiral statebeaobserved in MiNiGa,
Mn,NiAl and MnpNiSn upon compressing the lattice constant by about 3.5%hdmext

two subsections, the origin of sustaining the spin spiratoepressed volumes of the three
systems and consequently the reason behind the absende gpspls in one of the materials
which is isoelectronic with two others are explained fromithband structures.

5.3.2 Band Structures and Fermi Surfaces

Based upon their studies on ferromagnets, Lizaredaga. [258] have proposed a mechanism
by which a noncollinear structure can be favored in metaljistems. They showed that a
noncollinear magnetic state could be stabilized if the tpia shannels hybridize, opening up
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Energy (eV)

Ficure 5.3: Band structures of (a)-(b) MNiAl at g= (0, 0, 0.40), (c)-(d) MpNiGa at &=
(0, 0, 0.30), (e)-() MaNiln at g= (0, 0, 0.70) and (g)-(h) MgNiSn at ¢ (0, 0, 0.70) along
I' - X andI" —X’ directions, indicated in blue lines. The black and red limekcate spin
majority and spin minority band structure in the collinege Q) 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 hgnohto the unoccupied region
and pushing the other band down, lowering the total enerdye driteria required for this
mechanism are (i) the Fermi level needs to cut through batsgin states and (ii) nesting
features between spin-up and spin-down states in the Ferface are formed implying that
via a rigid shift ink-space, large areas of spin-up Fermi surface can be madentodmswith
the spin-down Fermi surface.

(b)

a
@
PGP
o0 | 0
a -
) (d)
\Y/ )v
N\ N\
Ficure 5.4: Cross sections of Fermi surfaces in the (001) plane dprMmnNiGa, (b)
MnzNiAl, (c) Mn2Niln and (d) MnNiGa. Figures (a)-(c) are calculated at compressed vol-

umes of ksLe 5.1, (d) MnpNiGa, calculated at GGA volume ofsBie 5.1. The red and blue
colors indicate contributions from spin-majority and spimority bands, respectively [225].

(c

In Ficure 5.3, we showed the band structures of MMAl, Mn,NiGa, MnNiln and
Mn,NiSn alongl’ — X andT" — X’ direction calculated at compressed volumes. The band
structures of the noncollinear spin spiral states cornedimg to the ground statg vector
along (0@) are plotted along with the band structuregat O collinear state for MgNiGa,
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Mn,NiAl and Mn,NiSn. In the case of MiNiln, an arbitraryq value along the same direc-
tion is chosen as the spin spiral is not stable at any nonzeave wector. The circled areas
in panels indicate the regions where the Fermi levels coutin both spin-up and spin-down
bands. For MpNiSn, in panel (g), we observe that the spin-up band nevertbubugh the
Fermi level. In all the panels, except (g), the hybridizasi®vetween spin-up and spin-down
bands open gaps, pushing the bands in opposite directioaehly lowering the energies
of spin spirals compared to the collinear state. To see # néchanism is sustainable, in
Ficures 5.4(a)-(c),we present the projections of the Fermi sudasfeMn,NiGa, MmpNiAl
and MnpNiln in the [001] plane calculated at compressed latticestamts. The results show
nesting features for MiNiGa, MnNIAl and Mn,NiSn where sheets of parallel spin-up and
spin-down bands are present. Panel (c) shows the case MiMrat its compressed lattice
constant. No sign of overlap offtierent spin channels is observed. Panel (d) represents the
Fermi surfaces of MglNiGa computed at GGA lattice constant. For this case algosspim-up
and spin-down Fermi surfaces do not overlap. Thereforecanemmediately conclude that
the Fermi surfaces of MiNiGa are modified significantly as the volume is expanded had t
nesting features are destroyed as a result of volume expanEhe results of i6ure 5.4 thus
suggest that the nesting of spin-up and spin-down bandsdsessary condition for the stabi-
lization of a noncollinear spin spiral state and that théuiess in the band structure, together
with the topologies of the Fermi surfaces, can explain theeoked trends in the MNiX
series.

5.3.3 Exchange interactions

In this section, we investigate the more fundamental isisei¢ the role of the Mn atoms to-
wards the stabilization of the noncollinear spin spiratega To this end, we calculate the
variations of inter-atomic magnetic exchange parametsirsguLichtenstein’s formula as a
function of lattice constants. We observe that the largestributions come from Mnl-Mnll
inter-sublattice interactions, where Mnl is the sublattidth tetrahedral symmetry and Mnlli
is the sublattice with octahedral symmetry. The other istéslattice interactions such as the
Ni-Mn ones also contribute substantially. However, thesoes behind a stabilized spin spiral
magnetic state at a lower volume and its subsequent destratt a higher volume, as has
been observed for three alloys studied along with the namoecce of any spin spiral state
despite compression in the case of Miin cannot be explained from the inter-sublattice
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Ficure 5.5: Interatomic intra-sublattice exchange interactiaremeters for Mnl (left panels)
and Mnll sublattices (right panels) calculated dfeatient volumes (lattice constants shown in
A). The top panels ((a) and (b)) are for MiGa and the bottom ((c) and (d)) panels are for
MnyNiln [225].

exchange parameters, as their variations with the volumeeglantical across the materials.
Significant deviations in behavior are, however, obseragbe cases of intra-sublattice inter-
actions associated with the two Mn sublattices. kuke 5.5, we present the Mnl-Mnl and
MnlIl-Mnll exchange parameters as functions of lattice ¢ants for MpNiGa and MNiln.
Panels (a) and (c) show the intra-sublattice exchange paeasnfor Mnl sublattice in the
cases of MpNiGa and MnNiln respectively and there is little fierence in qualitative vari-
ations with lattice constants for these two alloys. Pane)sad (d) present the same in-
formation, but for the case of the Mnll sublattices. The ooence of a noncollinear state
is expected when there is magnetic frustration in the stikdatoncerned. In the case of
Mn,Niln (panel (d)), one sees that, for lattice constantsisgmith 5.91 A and higher, the
Mnll intra-sublattice interactions are all ferromagnefitis explains why a noncollinear spi-
ral state is not observed at all, even after about a 3.5% aessfun of the lattice constant.
On the other hand, the results for lattice constants stawtith 5.63 A and higher in panel
(b) suggests that, until about 5.70 A, the first few Mnll-Mndighbors are antiferromagneti-
cally coupled, which introduces frustrations in this sttii@. Moreover, the strengths of the
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interactions are of comparable magnitude and thus int@duwoncollinear state. For an en-
hanced lattice constant of 5.84 A, this frustration is resebas the nearest-neighbor exchange
interactions become ferromagnetic, while the next neareigthbor interactions remain an-
tiferromagnetic, explaining the reason behind the destmf the spin spiral states at a
larger volume. Another interesting observation in pangigdhat upon further compression
of the MnpNiln system, the MnlI-Mnll exchange interactions all be@antiferromagnetic,
thus setting in a magnetic frustration, which opens up ttesibdity of a transformation to a
noncollinear magnetic state. Thus, a possible answer tpubele is why MaNiln did not
stabilize in a noncollinear state upon compression of theesaagnitude as the three other
systems could be traced to the exchange interactions of 8iblattices.

5.3.4 The role of chemical composition and crystal structus

We now look into the ffects of chemical compositions and crystal structures osttigliza-
tions of spin spiral ground states in the context of the Heuahd inverse Heusler structures.
We perform systematic investigations in the following way:

(i) We compute the energies of spiral magnetic states as @ifumof g for Ni,MnX
materials at the compressed volumes used fosN¥ materials as presented insie 5.1.
Since Enkovaarat al. had already found that the collinear structures are the etagground
states for NiMnAl and Ni,MnGa at their respective equilibrium volumes, computatioh
the same at compressed volumes would provide usfteetef pressure on the stabilizations
of noncollinear states.

(i) We repeat the same calculations for, MnX materials, but by arranging the atoms in
an inverse Heusler structure.

(iif) We do the same calculations for MNiX materials, but by arranging the atoms in a
Heusler structure.

The results of these calculations would certainly whetbeeal the chemical composition
andor the crystal structures have any role in the stabilizatmfmoncollinear spin spiral states
in Ni-Mn-X systems.

Ficure 5.6 show the energies of the spin spirals alongjJ@Dbrection for NpMnX materi-
als in the Heusler structure calculated at compresseddattonstants of AbLe 5.1. Since
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Ficure 5.6: Total energies of NMnX systems as a function of spin spiral vectgré the
usual Heusler structure. All the calculations are done atpressed lattice constants of-T
BLE 5.1 [225].
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Ficure 5.7: Total energies of MiNiX systems as a function of spin spiral vectgrin the
usual Heusler structure. All the calculations are done atpressed lattice constants of-T
BLE 5.1.
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equilibrium lattice constants of BiinX and MnNiX are close to each other, the use of
compressed lattice constants of the later, generate sarmenaraf compressions on those
of Mn,NiX counterparts. The results demonstrated that even at cesgatevolumes, pos-
sibilities of realizing a noncollinear spiral state in anfytbese N)MnX materials are not
observed. Thus, unlike MNiX systems, fect of pressure does not play any role ffeating

the magnetic ground state of JMinX systems. These results compel us to suspect that the
absence of a noncollinear ground state is an artifact ofriystal structure. To check whether
this is indeed the case, we compute the energies gNi¥imaterials in the Heusler structure
calculated at compressed volumes. The results are presenfteure 5.7. We find that the
ground states for all the materials exceptaMiin, are atq= (%), another collinear state. For
Mn_niln, similar to Reure 5.1, we find that the magnetic ground state is collinear. Bhe r
sults, therefore, suggest that the noncollinear statesotdre realized even by changing the
chemical compositions in Ni-Mpsystems, and by applying pressure, as long as the crystal
structure remains Heusler. For further confirmation of thierence, we explore the phase
stabilities of spiral magnetic structures inbNinX by arranging the constituents in an inverse
Heusler structure. The results are shown isuke 5.8. Here too, we observe that collinear
configuration is the magnetic ground state for all theMNiX materials. Analyzing all these
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Ficure 5.8: Total energies of NMnX systems as a function of spin spiral vectgrin the
inverse Heusler structure. All the calculations are doneocatpressed lattice constants of
TasLE 5.1.

TH-1377_09612113



5.4. Summary 97

results, we, therefore, conclude that the both crystataira and chemical constituent are
important in stabilizing a noncollinear spin spiral stateNi-Mn-X materials. The inverse
Heusler structure and antiparallel coupling between tleguivalent Mn atoms in MiiNiX
materials is crucial for stabilization of noncollineartsta

5.4 Summary

In this chapter, we investigated the actual ground statenetagstructure of MgNiX mate-
rials with a focus on finding stable noncollinear spin spatattes. Our first-principles based
calculations show that under pressure, which can be praduceompressing the lattice con-
stant about 3.5%, the collinear phases o, MiX materials can phase transform into complex
combinations of spiral magnetic phases. However, this anofipressure does noffact
the collinear state of MalNiln, where more compressions are necessary for this rahteri
observe the samefect. This magnetic phase transformation can be correlateshgnetic
barocaloric &ect, an added functionality for these materials. Analybtb® electronic struc-
tures point out towards the following two mechanisms- (impg of a gap at the Fermi
level as a consequence of the hybridization between spandspin-down bands in the non-
collinear phases; (ii) nesting between spin-up and spmnadBermi sheets are possible for
realizations of spiral magnetic structures as ground statée also find that intra-atomic ex-
change interactions of Mn atom at octahedral sublattidalsta the spin spirals by introduc-
ing frustrations into the materials. Comparisons betwerauHeusler and inverse Heusler
structures in stabilizing spin spiral revel that both thestal structure and the chemical com-
position are important to obtain stable spin spirals in NMi-Kimaterials.
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Chapter 6

Anti-site disorder driven improvements in
the functionalities of MnoNiX materials® '

6.1 Introduction

In the earlier chapters, we have stated that few experirheggalts on the total moments in
the austenite phase are available for,MiGa [103—107] and MgNiSn [102]. The only ex-
perimental result [102] available on the later materialgasis that the magnetizations in this
material can be quite large, as opposed to the conventiaedbw that the magnetizations in
Mn,NiX are significantly smaller than the MnX materials due to antiparallel alignments of
the two crystallographically inequivalent Mn atoms in tbemier. Helmholdet al. [102] and
later Luoet al. [108] found that the measured magnetizations in,NiBn are as large as 2.48
ug/f.u. and 2.95.p/f.u. On the other hand, our calculated total momen@§ug/f.u.) for this
material are an order of magnitude smaller. Helmhetdil. [102] had proposed a model of
sublattice occupancy to explain their large experimepntadkained moments. The model sug-
gests that the tetrahedral sublattices (0,0,0) and (0EDM@50) are occupied by both Mnl and
Ni atoms, whereas the other two octahedral sublattice (0.25,0.25) and (0.75,0.75,0.75)
are fully occupied by single species, i.e., by Mnll and Smetorespectively. Considering site
occupation of the tetrahedral sublattices as adjustalvemter, they computed the site oc-
cupancies and partial magnetic moments of Mn atoms. Thétseswwed that the magnetic

*Contents of this chapter are mostly taken from Ref. [259].260
fPermission from the publishers have been obtained formtspof Ref. [259, 260].
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moments of Mn atom at octahedral position do not change mQchthe contrary, the mo-
ments of Mn atom at two tetrahedral positions change sigmflg as compared to the ordered
inverse Heusler structure. The partial moments of Mnl atbmhme tetrahedral position and
Mnll atom at the octahedral positions, as calculated withrttodel, were 25 and 4ug, re-
spectively, explaining the large moments observed experially. Later, detail investigations
on the site occupation in the cubic phase of,MiGGa from high resolution Neutronfilfaction
data [106] and first-principles based calculations [264¢ ahowed the existence of lyi;_
binary alloying in the two tetrahedral sublattices. It,shappears that the anti-site disorder
at the tetrahedral sublattices of MNiX is inherent and can result in large magnetizations.
Taking clues from this, our primary interest is to investegahether the anti-site disorder is
indeed inherent in all the four materials and whether themntb& disorder at selected sites
can induce a large magnetizationffeliencesAM between the austenite and the martensitic
phases in these materials. The magnitude as well as siyia$ important for the improve-
ments in the functional properties for these materials. éxample, Zeeman energy plays a
crucial role in realizing the martensitic transformatiommagnetic shape memory alloys. An
externally applied magnetic field performs twdtdrent tasks inside MSMAs. Firstly, if the
direction of the applied field is ffierent from the easy magnetic axis of the material, the field
tries to rotate the magnetization direction along it agatins force associated with magnetic
anisotropy. Secondly, the field generates driving forcesthe twin boundaries between
martensitic variants and the associated energy is knowreasan energy. Since the energy
required to move martensitic domains is lower than the magngstalline anisotropy energy
in MSMAS, the pressure created by Zeeman energy increasesliime fraction of favorably
oriented martensitic variants and lowers the energy of theyrct phase. It has been found
that a largeAM between the two phases in the presence of moderate exteaugetic field

H, i.e., the Zeeman teridM.H, drives the motions of the martensitic domains fadilitg the
martensitic transformation [56]. On the other hand, the 8IDAM is related to the conven-
tional or inverse magnetocaloriffect [56]. In case of the former, a magnetic field will cause
a decrease in entropy when applied isothermally and anaeeri@ temperature when applied
adiabatically. In case of the later, an increase in entroiflyefiect a decrease of temperature
leading to magnetic cooling, a phenomenon which can be ggglfor green technology in
refrigeration. For the inverse magnetocalofieet, the magnetization in the martensitic phase
has to be lower than that in the austenite phase. Recenittyg fisst-principles calculations,
D’Souzaet al. [261] proposed that MiiNiGa would exhibit inverse magnetocalorifect.
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Inspired by the above facts, in this chapter, we have inyatad the properties of the four
Mn,NiX alloys which are potential MSMAS, in crystal structure®wnt to the austenite and
the martensite phases, with and without anti-site disok¥erspecifically looked at the trends
in AM across the series and commented on the implications ortifunat properties. We
have computed the electronic densities of states andambenic exchange interactions of the
magnetic atoms to explain the results on magnetizationsi@goes from one configuration
to other in both the austenite and the martensitic phasdsesétmaterials.

6.2 Computational Details

The electronic structures of the materials concerned hegr balculated using Full-potential
based Spin-Polarized Relativistic Korringa-Kohn-RostdiSPR-KKR) Green'’s function method
[194, 195]. The Local Spin Density Approximation (LSDA) arameterized by Vosko-Wilk-
Nusair (VWN) was used as the exchange-correlation parteoptitential to solve the Kohn-
Sham equation [262]. The angular momentum diitedthe plane wave was taken to .=

3. The Brillouin zone integrations have been carried out amigorm 24x24x24 k-mesh.

The Green’s function was calculated for 30 complex energgtpdalistributed exponentially

on a semicircular contour. The energy convergence critesias set to 1€ Ry for the self-
consistent cycles. The Coherent Potential Approximat@i®X) was used to incorporate the
effects of disorder [165].

TasLE 6.1: Sublattice occupancies corresponding to the confignsaused. The details are
described in the text [260].

Configuration Sublattice
©00) @H) i) GH
oC Mnl Ni Mnll Sn

50-50 @C) (Mn|0.5)Nio.5 (Mn|0.5)Ni0.5 Mnll Sn
60-40 @C) (Mnloﬁ)NioA (Mn|0.4)Ni0.6 Mnll Sn
70-30 @C) (Mnloj)Niog (Mnlolg)Nioj Mnll Sn
DT (Mn|0.5)Ni0.5 (Mn|0_5)Ni0_5 Mnll Sn

TH-1377_09612113



Chapter 6. Anti-site disorder driven improvements in thectionalities of MaNiX
102 materials

Ficure 6.1. The crystal structure of MNiX in (a) OC and in (b)DC configurations. The
blue, green, yellow and red spheres represent Mnl, Mnll,ididaatoms, respectively. The
two-toned spheres (blue and yellow) represent sublatticgsNi-Mnl alloys [260].

TasLE 6.1 shows dierent configurations used in this work. Space gr5m§m has been
used for the cubic austenite phase &mdmmfor the tetragonal martensitic phase. The con-
figurations without anti-site disorder, i.e., ones coraggping to the perfect inverse Heusler
arrangement have been referred toGS (Ordered Cubic) an®T (Ordered Tetragonal),
while the ones with anti-site disorder have been referre$sRC (Disordered Cubic) anDT
(Disordered Tetragonal). In cases@€ andOT, the sublattices with octahedral symmetries
are occupied by th¥ element and one of the Mn atoms (referred to as Mnll), whiéesihb-
lattices with tetrahedral symmetries are occupied by Nitedother Mn atom (referred to
as Mnl). In cases dDC andDT, the tetrahedral sublattices have anti-site disorder andédn
they consist of binary alloys of Mnl and Ni, MgNli; 4. The three partially disordered (50-
05, 60-40 and 70-30) configurations have been named acgaalithe Mn compositions in
(0,0,0) and (0.50,0.50,0.50) sublattices. The reasonhfoosing only 50-50 configuration to
study the tetragonal phase is described later.

In materials with chemical disorder, particularly in syagewhere constituents have large
size diferences such as MNiln and MnpNiSn, there can be substantial relaxations of the
local bonds. Since incorporation of the relaxations is ragsible within the framework of
the KKR-CPA method, we relaxed all the systems by VASP, aglaave code employing
the Projector Augmented Wave approach [188-190], keefiegolume fixed. In order to
mimic the chemical disorder for “anti-site disordered” figarations, we consider supercells
of 64 atoms with Mnl and Ni atoms occupying the sites withaleédral symmetry randomly.
We also construct a 64 atom “Special Quasi-random Struc{8@S) [167] which simulates
the environments around an atom in a chemically disorddted laetter as the SQS is gen-
erated by matching the maximum number of correlation famastito their exact values in the
real disordered alloy. The SQS structures used in this wogkganerated with the ‘Alloy
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Theory Automated Toolkit’ (ATAT) package [263]. 50 pairsdaBO triplets having correla-
tion functions exactly equal to those for a real disordeféayavith the same composition
were chosen to construct the SQS. The total energies werelatdd with both the supercell
and the SQS structure. A large basis was used with a plane guavat of 450 eV. The
exchange-correlation functional used was the same as $kedtin SPR-KKR calculations.
Convergences of the electronic structures were assumeu etlagges between two consecu-
tive steps were less thanP@&V. Atomic relaxations were carried out until all the foreesre
less than 16 eV/A. A k-point mesh consisting of at leask3oints in the irreducible part of
the Brillouin Zone was considered and washgient for convergences of total energies and
forces.

6.3 Results and Discussions

6.3.1 Understanding the origin of discrepancy between theyp and ex-
periment for Mn ,NiSn

T b T T T T T
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Ficure 6.2: Total magnetic moments as a function of lattice constiom variousDC config-
urations computed with KKR-CPA method. The results of cedestructure @C) and super-
cell calculations for the 50-5DC configuration are also presented for comparison [259].

To understand the origin of the discrepancy between thieat@nd experimental results,
as mentioned in the introduction and to validate the amgi-disorder model proposed by
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Ficure 6.3: Total energy dierence between the ordered and the 50-50 partix@yconfig-

uration as a function of volume obtained from PAW-PP supkeoadculations. A positive
value of AE implies that the total energy of the 50-BIC configuration is lower tha®C

configuration [259].

Helmholdtet al. [102], we calculate the variations of the total magnetic reats as a func-
tion of volume for MnNiSn in the cubic phase {&Ure 6.2). The moments are calculated for
OC and 50-50, 60-40 and 70-3DC configurations. The results from the supercell calcula-
tions for the 50-5MC configuration are also provided to estimate tlfe@s of relaxation.
The results of the SPR-KKR-CPA calculations reveal thatgh hhagnetic moment as ob-
served in the experiments can be obtained only if the sitéls tetrahedral symmetry are
occupied with a binary NiMn alloy. These results also sugtjest the reason behind low
magnetic moments when calculations are performed wittetdagtice constants. The total
moments of th@OC phase are very low compared to th€ phases throughout the range of
lattice constants. In order to make sure th@8@ phase is the stable state, we compuiéq

the energy dterence between tHeC and the 50-5@C configurations, as a function of vol-
ume by the PAW-supercell method as implemented in VASP cdte.results are shown in
Ficure 6.3 . A positive value oAE implies the stability of th®C configuration over th©C
configuration. The results suggest that the 5@&0configuration is energetically lower than
the OC configuration at all the volumes considered. Thus the staloif a partially ordered
configuration is validated. In the course of the calculatjome found that unless one relaxes
the atomic positions, the 50-30C configuration would not be the lower energy state at all
volumes. Thus, the presence of Sn, a much bigger atom thaxii twed the Mn, introduces
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local relaxations and thBC configuration is stabilized by such relaxations. It is expdc
that the same qualitative features will be observed forrdil@ configurations. We have re-
peated the calculations with a GGA exchange-correlatiotfanal as well. The results are
gualitatively same as the LDA ones.

6.3.2 Energetics of diferent configurations in Mn,NiX materials

Among the three partiallpC configurations, we tend to choose the 50-50 configuration for
the calculations of magnetic moments, density of statesirsedatomic exchange interac-
tions between the magnetic atoms in all the four materidi® rEasons are as follows: (i) in
Ficure 6.2, the qualitative behavior of the magnetic moments ferttineeDC configurations
are identical. (ii) the Neutron ffraction results in MgNiGa suggested that the occupancies of
sublattices in the inverse Heusler structure would be llee30-50DC configuration [106].
Although for MnNiSn, the concentration suggested by the experiment ikthfiglifferent
[102], our first-principles based calculationadfre 6.1) showed that with this configura-
tion, we can produce the experimental results. This alddigsthe choice of that particular
concentration for the calculation of magnetic moments lisg &nd other materials. (iii) the
choice of 50-50 concentration maximizes the anti-siterdisoon the tetrahedral sites. For
example, (Mnd 40Niggg) configuration at (0,0,0) sublattice would produce the saodigu-
ration at (0.50,0.50,0.50) sublattice, since Mnl and Nh&accupy the crystallographically
equivalent sites. Moreover, 50% Mnl concentration at antheftwo sites produces a con-
figuration closer to the ordere@®C or OT) one. Therefore, for the above reasons we have
chosen the 50-5DC configuration for rest of the study and for the sake of coasisf in in-
vestigations, tetragonal phase with 50-50 configuratiomliche materials in MgNiX series

are considered, which is denotedE in TasLE. 6.1.

In TaBLE 6.2, we tabulate the structural parameters used in this. Wk have used the
experimental lattice parameters of MNiGa in both phases and of MNiSn in the cubic
phase. The lattice parameters for the other two alloys ih pbases (cubic and tetragonal)
and for MipNiSn in tetragonal phase were calculated by KKR method. €kalts obtained
for OC andOT configurations using SPR-KKR and VASP codes were nearlytickdnwith
a maximum diference less than 1%. The same set of lattice parameters bameubed for
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TasLE 6.2: The lattice parameters for Wi X systems used for rest of the workyg. and g
are the lattice constants in the cubic and tetragonal phasesgctively, (@) is the global
minima in the tetragonal phase [260].

Systems | lattice constant lattice constant (¢/a)et
acubic(A) atet(A)

Mn,NiAl 5.57 3.71 1.20

Mn,NiGa 5.90 3.92 1.21

Mn;Niln 5.96 3.91 1.26

Mn,NiSn 6.10 4.06 1.20

“ordered” and “disordered” configurations since it was fowat that they hardly change from

one configuration to another.

Before proceeding to calculate the total moments and eleictistructures in cubic and
tetragonal phases with the 50-50 configuration, one musersate that

Foc < Foc For < For (6.1)

Here k¢, Foc, For andFor refer to the free energies in the four configurations resyelgt
These inequalities make sure that the “anti-site disodiazenfigurations are the thermody-
namically favorable ones over the “ordered” ones, thus,inggtkie justifications for analyzing
results obtained with the “anti-site disordered” configiaras any further. On top of this, one
also has to make sure that the energy of the tetragonal pih#se fanti-site disordered” con-
figuration is lower than that of the cubic phase in the samdigration, for each of these
systems. Unless this occurs, further investigations imostystems exploring improved func-
tionalities, based upon magnetizations in the austenderathe martensite phases, would be

useless.

Therefore, we compute the following quantities

AEGQP = EgP-EXP (6.2)
AFgq = Foc—Foc (6.3)
AFyy = For—For (6.4)

AES, andAED, refer to the energies required for structural transitimmfrthe cubic to the

tetragonal phase when the system is in “ordered” configam&@iand in “anti-site disordered”
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configurationD, respectively. A negative value @‘gﬁD means that the tetragonal phase is
energetically lower than the cubic phase in B configuration and that the martensitic
transformation is possibl&FS , andAF! ; are the free energies of the configurat@mwith
reference to those of the configuratibnin the cubic C) and in the tetragonall() phases,

respectively. The free energy expression considered bere i
F—E+kB—TZ Inx + (1 - x)In (1= %) (6.5)
= N i X Inx Xi Xi .

E is the electronic energy per atolkg is the Boltzmann constant, is the temperaturd\

is the number of atoms,is the sublattice index ang is the concentration of sublattice
Here we have considered only the contribution of the condijomal part to the entropy and
neglected theféects of the lattice vibrations and electronic temperatuitsambient con-
ditions, the &ect of the electronic temperature is negligible. The cbation from lattice
vibration to the free-energy filerence for alloys with dierent site-occupation configurations
can be estimated approximately from the high temperatypsaresion of the phonon free en-
ergy AFpn~3 KT (A®/0) [264]. In the simplest approximation, the Debye tempers@r
are proportional toyrB [265], wherer is the Wigner-Seitz radius arilis the bulk modulus.
For the systems considered here, the lattice constantseanuz lthe Wigner-Seitz radii fier
only slightly between th® and theD configurations; same happens for Bulk moduli. Conse-
guently, the contributions from vibrational part to thereply are orders of magnitude smaller
than the electronic contributions. In this chapter, we healeulated the contributions from
configurational entropy to the free energies only at3D0 K.

TasLe 6.3: AEQ,®, AFS ., AFD | in Mn,NiX 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| AFC, [AFT . [AEQ, [AED, | AFS, [AFT, [AES [AEL,

(meV/ | (meV/ | (meV/ | (meV/ | (meV/ | (meV/ | (meV/ | (meV/
atom) | atom) | atom) | atom) | atom) | atom) | atom) | atom)

Mn,NiAl | 32 9.7 -8.11 | 146 37 8.9 -8.2 19.9
Mn;NiGa | 10.0 3.5 -224 | -158 |9 3.6 -21.6 | -16.8
MnyNiln | 31 114 -206 | -15 28.6 12.1 -19.9 | -34
Mn,NiSn | 30 27.7 -5.83 | -3.2 32.4 37.4 -4.2 -2.2
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Our calculated results akEQ,, AFS , andAF ,, obtained after relaxations of atomic po-
sitions in the supercell and in the SQS structure calculaiddthe VASP code are shown in
TasLE 6.3. We note that apart from qualitative agreement on timelggthe quantitative agree-
ment is also close between the twdtdient supercells simulating the “anti-site disordered”
configurations. We find thatEL,> 0 for Mn,NiAl implying that in the “anti-site disordered

" configuration, the martensitic transformation does nkétplace. Therefore, this system in
the disordered configuration would not be suitable for tmefionalities related to martensitic
phase transformations and thus, we exclude this systemtfremest of our discussions. For
the other three systemsSES < 0 along WithAF(‘fr/dT < 0 implying that the “anti-site disordered”
configuration D) is thermodynamically favorable over the ordered configona(C) for each

of these systems irrespective of the crystal structure tlaaidthe martensitic transformation

takes place in all of them with the configuratibn

6.3.3 Dependence of the magnetic moments of MNiX on configura-
tions

After validating that the 50-50 configurations are energetically lower than @eonfigura-
tions, we compute the magnetic moments, the electronictsiies, the exchange interactions
and the Curie temperatures for MMiGa, MmNiln and MpNiSn in OC, OT, DC andDT
configurations using the KKR-CPA method. The starting sminfigurations between two
nearest neighbor Mn atoms in all three configurations cenedlare kept antiparallel. In the
DC andDT configurations, the Mnl atoms occupying the sublattice$ wetrahedral sym-
metry are considered to be parallel in the beginning as theyat the nearest neighbors.
These starting configurations lead to the lowest energgstaihe calculated total and partial
magnetic moments of MiNiX materials, excluding MglNiAl, in all three configurations are
summarized in AsLE 6.4.

The central quantity related to multi-functionalities Iretpresent contexM is defined
asAM = Mnarensite_ \jaustenite the total moment in the martensite phase with respect to tha
in the austenite phase for a given occupancy of the sul#attiCalculated values ofM are
also presented inaBLe 6.4. The results show the following trends:
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TasLE 6.4: Total (Me;) and partial (M) moments of the constituent atoms for piNiX materi-
als in four diferent configurationsAM represents the total moment in martensite phase with
respect to that in the austenite phase for a given sublatticepancy (eithe® or D) [260].

SyStemS Conf] Miot | Mmnt | Ml Mi Myx Conf Miot | Mmnt | Mmnil Mui Mx AM
(us) | () | (ue) | (uB) | (ue) (us) | (we) | (ue) | (uB) | (ue) | (ue)

Mn,NiGa | OC | 1.26| -2.27| 3.17| 035|001 | 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

MnyNiln | 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| 140 3.15| 0.35| -0.01 | DT 1.22|-2.10| 3.01| 0.31 | 0.00 | -0.86

MnoNiSn | 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 | 238 -126|340|0.23| 001 |DT |1.68|-19 | 3.34|0.29| 0.02 | -0.70

TaBLE 6.5: The inter-atomic distances (in A) between the magrétims for MpNiX systems
in cubic and tetragonal phases [260].

Systems Cubic Tetragonal

MnoNiX | Mnl-Mnll | Ni-Mnl | Mnll-Ni | Mnl-Mnll | Ni-Mnl | MnllI-Ni
Mn,NiGa 2.56 2.95 2.56 2.58 2.77 2.58
Mn,Niln 2.58 2.98 2.58 2.61 2.76 2.61
Mn,NiSn 2.64 3.05 2.64 2.66 2.87 2.66

(i) The magnetic moments in the martensitic phase is lowaer that in the austenite phase
for both “ordered” and “disordered” configurations and fértlaree alloys under considera-
tion, makingAM< 0.

(i) For the “disordered” configurations, i.e., bdifC andDT, the magnetic moments are
substantially higher than their “ordered” counterpares, OC andOT respectively. The in-
crement is significantly greater in austenite phases thamninhthe martensitic phases. The
total moment increases by 69%, 104% and 235% fopMNiGa, Mm;Niln and MnNiSn re-
spectively as configuration changes fr@€ to DC. In the martensitic phases, the increase
in moments as configuration changes fro to DT are 27%, 22% and 342% for MNiGa,
Mn,Niln and MnpNiSn respectively. These results show huge gain in the “anti-site
disordered” configurations over that in the “ordered” comfagions.

The behavior of the magnetic moments across crystal stegstaonfigurations and ma-
terials, are driven by the crystallographically inequéralMn atoms. The results suggest that
the ferrimagnetic ground states are achieved due to thepardilel alignments of the Mnl
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and Mnll atoms. In the “ordered” configurations, the magiétof the moments compensates
each other substantially resulting in relatively low monserDrastic changes are observed
in cases of anti-site disorder. The substantially high musenDC andDT configurations
are driven by considerable quenching of Mn moments at tles sithere they form alloys
with Ni. The moments of the other Mn atom remain nearly umatte The Ni moments,
on the other hand, increases significantly, bringing in aneiase in the net moments. The
changes are more dramatic in the austenites where the Mnemarhanges between 37-54%
as compared to changes between 8-30% in the martensites.

The significant changes in the Mnl moments driven by the sitgidisorder coupled with
a substantially larger change in the total moments in théeaiises lead to largekM when
anti-site disorderféects the sublattices with tetrahedral symmetry in the swéteusler struc-
ture. This is a significant result as it shows that all threeMK alloys may exhibit inverse
magneto-caloricféects and a large Zeeman energy can be achieved with rejedivelll mag-
netic field making them attractive from the point of view ofaple memory applications. It
may be noted that the prototype MSMAJMnGa hasAM> 0 and the magnitude afM is
only ~0.2 ug [99]. Thus, MNiX alloys turn out to be MSMAS with better functional pa-
rameters even with the stoichiometric composition of 2:1nlthe next two subsections, we
explore the origin of these magnetic properties by disagssesults on electronic structures
and magnetic exchange interactions.

6.3.4 Electronic structure of Mn,NiX and dependencies on configura-
tions

A comprehensive comparative presentation of the densitistates in various configurations
for the three systems considered are showndnres 6.4- 6.6. In each figures, panels (a)-(d)
show comparisons of total and partial densities of stateségnetic components) fa®dC
andDC configurations. Panels (e)-(h) of each figure show compasisbsame quantities for
DC andDT configurations. The comparisons betwé2@ andOT configurations for these
systems had already been done in chapter 3.

The densities of states of all three alloys in D€ configuration show certain common
features: the Mnl densities of states have characteristitlad majority bands as can be
inferred by the presence of substantial states in the upoedypart, while Mnll have same
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Ficure 6.4: Total and partial densities of Ficure 6.5: Total and partial densities of
states for MaNiGa. In panels (a)-(d) states for MaNiln. In panels (a)-(d) black
black curves stand fobC configuration curves stand fobC configuration and red
and red curves stand f&ddC configura- curves stand folOC configuration. In
tion. In panels (e)-(h), black curves de- panels (e)-(h), black curves denote €
note theDC configuration and red curves configuration and red curves denote the
denote theDT configuration. (a)-(d) and DT configuration. (a)-(d) and (e)-(h) pan-
(e)-(h) panels display total, Mnl, Mnll and els display total, Mnl, Mnll and Ni densi-
Ni densities of states, respectively [260]. ties of states, respectively [260].

characteristics associated with their minority bands. sTéxplains the reasons for getting
substantial compensation of Mn moments leading to rathatl$atal moments. The features
in the minority bands near the Fermi level emerge due to dizations between Mnl and Ni
3d states. For MgNiGa and MnNiln, such hybridizations give rise to a small peak around -
0.25 eV in the minority bands, while for MNiSn, a prominent peak around -0.5 eV emerges.
The prominent peaks in the occupied part of the minority Bath as the ones between -1
eV and -2 eV also arise from the hybridizations of same stafé& majority bands for all
three systems too have common characteristics; the fedatutiee occupied parts arise due to
hybridizations between Ni and Mnll states.
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Ficure 6.6: Total and partial densities of states for MiSn. 1in panels (a)-(d) black curves
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and (e)-(h) panels display total, Mnl, Mnll and Ni densitedsstates, respectively [260].

Significant modifications to the densities of states in Ei@ configurations occur due
to anti-site disorder between Mnl and Ni sites. Expecteaiigjor changes in the electronic
structure come from the Mnl and the Ni densities of statese fbial densities of states in
the majority spin channel become rather featureless anthfthe DC configurations. The
densities of states in the minority bands, although stiliresome of the structures, but be-
come smooth in general. For example, the peaks near the Farehin the minority bands
of Mn,NiGa and MnNiln and the peaks at the Fermi level in the minority bands ofNISn
are all broadened in tHeC configuration. Mnl densities of states affteated most followed
by the Ni ones. The minority spin Mnl peaks (around -1.5 eVNbr,NiGa and MnNiln,
and around -2 eV for MgNiSn) broaden considerably and move closer to Fermi leveu¢ad
-1.4 eV for MnNiGa and MnNiln, and around -1.3 eV for MilNiSn). The peaks near or at
the Fermi level in the minority channels are now destroyedipcing continuously increasing
densities of states near the Fermi levels. The peaks in thecupied parts of the majority
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bands of Mnl atoms are severely modified: their intensitesrelase considerably and they
flatten out into broad plateaus extending into the occupétsp Thus, the occupied parts in
the majority bands start to get filled with states. Consetipghe magnetic moments of Mnl
atoms decrease in magnitudes as compared to the ones@Ctlenfigurations. Densities
of states in both spin channels associated with Ni too getifreddvith sharp peaks i®©C
configurations getting broadened in general. The statdswiminority channels start to shift
towards the Fermi level, while there is hardly any shift ie #tates in the majority channels
(comparison of panels (d) and (h) illustrate these cleallizese features explain the slight in-
creases in the Ni moment in tlEC configurations in comparison to tkC configurations of
all three alloys. The anti-site disorder between Mnl andiféssdo not &ect Mnll densities of
states substantially. The major features of the Mnll desssif states if©OC configuration do
not change irDC configurations; the peaks only broaden explaining why thél Mimments
remain almost intact in spite of anti-site disorder. To swarige, the drastic re-distribution of
electronic states in both spin channels of primarily Mninaso brought about by the anti-site
disorder between the sites of same point group symmetry)aipgs the Mnl moments sub-
stantially reducing the exchange splitting and therebyeasing the total magnetic moment
significantly as compared to th@C configurations. The degree of this increment depends
on the degree of changes in the Mnl densities of states. Th&men changes occur in
Mn,;NiSn, where, the peak at -2 eV in the Mnl minority band movedsssantially towards
the Fermi level, relocating itself at -1.25 eV as one goemf@C to DC, the other peaks
too make such a moveftacting the electron distribution considerably, explagnwhy the
changes in the moments are the largest in the series.

The reason behind obtaining a larg® when anti-site disorder is present, as compared
to the “ordered” configurations is that the magnetic momentsot change as substantially
as the systems undergo martensitic transformations. Tivem@ge changes quoted in Sec-
tion 6.3.3 exemplify this. In order to understand the readwehind this, one needs to inspect
the panels (e)-(h) iniBures 6.4- 6.6 where comparisons between densities of stateein th
DC andDT configurations are done. The results suggest that for akthraterials, the to-
tal densities of states at the Fermi level in B& configurations are less than that in the
DC configurations. This provides a clue to the stability of thart@nsitic phases. In fact,
the densities of states are suppressed prominently in therityi bands of between -0.3 eV
and the Fermi level in thBT configurations. In contrast, the minority densities ofestah
DT configurations for all three materials get elevated as coetpto theDC configurations
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between -0.3 eV and -1 eV. These undoubtedly point to thetlfi@ttelectron states are trans-
ferred to the lower energies as the systems undergo maitetnansformations, explaining
the stabilizations of the martensitic phases.

From the atom projected densities of states, it is cleartti@hybridizations of Ni-Mnl
3d minority electrons are responsible for such re-distriimsi of electronic states when the
system undergoes a tetragonal deformation. Due to theyteteh distortion, the Ni-Mnl hy-
bridizations strengthen due to the significant reductidrie@Ni-Mnl bond distances. Table
V shows the bond distances between various Mn atoms in theratesand in the martensitic
phases. The results clearly demonstrate that only the NiiMar-atomic distances reduce
by almost 6% in all the cases. On the other hand, the changi® imajority band elec-
tronic structures due to tetragonal distortions are ovetmingly due to the Mnl states. A
comparison betweeDC andDT configurations show that states in the Mnl majority bands
are pushed into the unoccupied part as the systems underggnsitic transformations. This
coupled with the shifting of minority states towards loweesggies produce a larger exchange
splitting of Mnl resulting in an increase of the net Mnl morhas compared to the austenitic
phases. Thus the total moment in the martensitic phasestdthange as much as they do
in the austenite phases upon changes in the sublattice arucies due to anti-site disorder in
the sites with tetrahedral symmetries, resulting in a largd in the “disordered” configura-
tions. In the next section, we show comparative results tar-somic exchange interactions
across the structures, configurations and the materialsler ¢o understand the trends in the
magnetic properties of MilNi X series.

6.3.5 Hfects of configurations on exchange interactions and the Cugi
temperatures of MnpNiX

Our calculated results on inter-sublattice and intra-attick exchange interactions are pre-
sented in k6ures 6.7- 6.9. The results suggest that in all three materiaésirtagnetic prop-
erties are governed by competitions between two intenastidli-Mnll and Mnl-Mnll. The
MnI-Mnll interactions are anti-ferromagnetic while the-Minll interactions are ferromag-
netic. Comparisons dPC andOT configurations show that upon tetragonal distortions, the
anti-ferromagnetic Mnl-Mnll interactions strengthen ehhe ferromagnetic Ni-Mnll inter-
actions weaken, resulting in a net loss of Mnll moments arigbsguent low moments in
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Ficure 6.7. Magnetic exchange interac- Ficure 6.8: Magnetic exchange interac-
tions (J;) as a function of inter-atomic dis- tions (J;) as a function of inter-atomic dis-
tance d for MaNiGa. Panels (a), (b), (c) tance d for MaNiln. Panels (a), (b), (c)
and (d) represent ordered cub@Q), or- and (d) represent ordered cub@Q), or-
dered tetragonalT), disordered cubic dered tetragonalT), disordered cubic
(DC) and disordered tetragondT) con- (DC) and disordered tetragon®T) con-
figurations, respectively [260]. figurations, respectively [260].

the OT configurations. Drastic modifications in the exchange adgons are observed due
to anti-site disorder. A comparison betwe®C and DC configurations show that for all
three alloys, the Ni-Mnll interactions strengthen that écdme more ferromagnetic while
the Mnl-Mnll interactions weaken substantially. The weaakeg of the most prominent anti-
ferromagnetic interaction and strengthening of the mastment ferromagnetic interaction
in presence of anti-site disorder strengthen the ferrom@gmteractions in the systems re-
sulting in the enhancement of the overall magnetic momehé&wanti-site disorder is present.
However, comparative assessmentsD&@ and DT configurations show that upon tetrag-
onal distortions, the ferromagnetic Ni-Mnll interactiongaken and the antiferromagnetic
MnI-Mnll interactions strengthen. The weakening of thenfer being substantial, the anti-
ferromagnetic interactions in tH&T configurations are more significant than those inDia:
configurations, resulting in a lower total moment in the fermonfigurations in comparison
to the later ones.

The intra-sublattice exchange interactions are much wehke the inter-sublattice ones
and thus do not contribute enough to understand the trerttie imagnetic properties. How-
ever, unlike the inter-sublattice ones, no common trendsacthe materials is observed in
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some of these interactions. The Ni-Ni interactions are thakest and are weakly ferromag-
netic for all materials and for all configurations. The MnhMnteractions are oscillatory
in the OC configurations and become slightly anti-ferromagnetici@@C configurations.
In the DT configurations, they again become oscillatory with firstghbior being strongly
ferromagnetic and second and third neighbors being sjigimii-ferromagnetic; the only ex-
ception being MpNiSn where the second and third neighbor anti-ferromagneteractions
are stronger than the first neighbor ferromagnetic one. TiHém interactions become weak
and predominantly anti-ferromagnetic as one goes f@fto DC configurations where they
are predominantly ferromagnetic. Under tetragonal distos in theDC configurations, the
first neighbor interactions change to become slightly feagnetic &ering no other signif-
icant changes. The Mnll-Mnll interactions vary qualitaliy quite a bit across materials. In
the OC configurations, they are oscillatory in case of MiSn with dominant interactions
being ferromagnetic. For the other two materials, the adtgons are primarily ferromag-
netic and weaker in comparison to BMiSn. The anti-site disorder keeps the interactions
largely intact except that they are weaker in MNiSn. The tetragonal distortions modify
these interactions significantly by making them more osttily. However, the strengths of
the ferromagnetic and anti-ferromagnetic componentsdrottillatory exchange interactions
are nearly equal and thus compensate. To summarize, thestiagrchange interactions in
these materials are thus influenced by the inter-sublatiteeactions and changes in their
relative strengths upon changes in structures and confignsehelp make connections to the
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trends in the magnetic properties.

As was mentioned earlier, Curie temperaturgdofr Mn,NiGa and MnNiSn are quite
high and therefore, promising. Using the exchange intenast we now calculate th€, of
these materials in two fierent configuration€)C andDC using Mean-field approximation
[266, 267]. The results are presented MsiE 6.6.

TasLE 6.6: The calculated Curie temperaturdg)(in K for Mn,NiX systems inrOC and in
DC configurations.

System | OC | DC
Mn,NiGa | 797 | 410
Mn,Niln | 681 | 340
Mn,NiSn | 542 | 240

The results show that the Curie temperatures calculatedeiD€ configuration agree
much better with the experimental results [103] than thatutated in theOC configuration
for MnyNiGa. Our results also agree closely with the reported daReif. [261]. Although
no experimental result of, of Mn,Niln is available so faiT. of Mn,Niq,xIn;_x have been
experimentally measured in the range»ef0.5-0.6 and they are found to vary only little
and stay close to 350 K [268]. Our results in A€ configuration, thus, have an excellent
agreement. In case of MNiSn, our results fromOC configuration are surprisingly close
to the experimental value df; [269] while that calculated in thBC configuration is rather
low. This can be because of a sublattice ordering in the @xjeatal sample dierent than
the considere@®C configuration here. Our results have already suggestedhbatalues of
T, are extremely sensitive to the state of order as the exchemgfegurations are modified
substantially between configurations. Overall, the cal@ad T, in the DC configurations
agree reasonably well with the experimental trends.

6.4 Summary

With the aid ofab initio calculations, we have investigated compositional anccsiral sta-
bilities along with the magnetic properties of inverse HeudIn,NiX alloys in connection
with the improvement of shape memory and magnetocaldfeces. We find that the out of
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the four alloys initially considered here, three are patgiyt better shape memory materi-
als as a large value @M can be achieved even in these compositions whereas in ypetot
Ni,MnX systems, one has to vary the ratio of Ni, Mn afgudiciously to achieve the same.
We also find that these materials would show inverse magredtoic gfect, which is tech-
nologically desirable for green environment. Our investiigns reveal that these properties
emerge due to existence of anti-site disorder in one of theakththe Ni sublattices. It is
also found that the electronic structures associated Wwehvtn atom, which makes an alloy
with Ni, are primarily responsible for the dramatic changethe magnetic properties, and
consequently for improved functionalities. This work, $hahows that the MuNiX alloys in
the inverse Heusler structure can be considered as pdtemitéional materials and that more
experimental verifications of their functional propertéae required.
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Chapter 7

Conclusions and Scopes for future work

7.1 Conclusions

In this thesis, we have investigated the potential shapeaneailoy series MaNiX in detail
with the help of first-principles electronic structure nadk. Our investigations include the
study of phase stability related to shape memdiga, the study of macroscopic origin of the
SME from lattice dynamics, the study of magnetic structdrde ground state and a study of
the dfect of anti-site disorder on functional properties.

In the first chapter, the concepts relevant to the descriptod this class of materials such
as shape memonyfect, martensitic transformation, pseudoelasticity aseussed in detail
along with possible applications of shape memory alloyse fitty-gritties of MSME and
the information on state-of-the-art research on MSMAs @&eussed to familiarize the reader
with the materials, their importances and the problemsafratvorth researching into.

In the next chapter, we discuss the theoretical backgrotimoarious methods that have
been used in this thesis. After a brief introduction of then§lgy Functional Theory (DFT),
the backbone for modern first-principles electronic stitetbased methods, we present an
overview of the various implementations of DFT which haverbased in this thesis.

In the following chapter, we perform detailed calculatidasexplore the possibility of
realizing the SME in MaNiX (X= Al, Ga, In, Sn) materials. A volume conserving and energy
lowering phase transformation from cubic to unmodulaté@ggnal structure, corresponding

119
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to an expansion in the c-axis, confirm that all the above riedsegire potential shape memory
alloys. The presence of shallow minima correspondingta)k 1 in the calculated energy
curves indicate the signatures of modulated phases whidh be considered precursor to the
martensitic transformations. Our results on total enelgyes, the magnetic moments and
the electronic structures show that piAl and Mn,NiGa are quite similar in their properties
while Mn,Niln and MnpNiSn are diferent than the former but bear close resemblances among
themselves.

In a bid to pinpoint the origin of the martensitic transfotioas in these materials, we
present our results on their lattice dynamics in chapter 4.fiMl that all the four MSMAs
show unstable transverse acoustic Phonon modes along40] direction, which in confor-
mity with the results of the previous chapter, explain th&ability in the high temperature
cubic phase. We explain the anomalous phonon softening fnemmesting features in the
minority spin Fermi surfaces. Once again, MimAl and Mn,NiGa show similarities in their
vibrational spectra, which suggest that the instabiliiesociated with them are purely me-
chanical. These features in the phonon spectra also sutgegire-mertensitic modulated
phases indeed do occur in these materials and that thesespt@asdd be quite complicated.

In chapter 5, we investigate into the ground state magnétictsires of MaNiX ma-
terials with the focus on possibilities of obtaining nodic@ar spin structures. Our calcu-
lations showed that under external pressure, produced ¢t &5% compressions of the
lattice constants, MilNiX materials, except MaNiln, undergo a magnetic phase transforma-
tion from collinear to noncollinear structures, the lateing combinations of dierent spin
spirals. For MaNiln more compressions are necessary for stable noncatlisiate. This
phenomenon adds to the possible functionalities of thederraks as this is a signature of
magnetic barocaloricfiect. We explain their volume dependent magnetic phaseftrnana-
tion from the analysis of band structures and nesting featurthe Fermi surfaces associated
with bands with diferent spin orientations. We also explore tffeets of crystal structure and
chemical compositions on the magnetic ground states ancumthat spin alignments of
inequivalent Mn atoms in MiNiX materials are responsible for the noncollinear statesdfoun
in the calculations.

In the chapter 6, we investigate thffezts of anti-site disorder on the magnetic proper-
ties and subsequent functionalities of MinX materials. We find that a state with anti-site
disorder in sublattices of tetrahedral symmetry is energky lower than the perfect ordered
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inverse Heusler state. The consequences is that magiwigat the high temperature cu-
bic phases increase by an order of magnitude in comparisthese in the perfectly ordered
states resulting in a large value &M, whereAM is the magnetizations in the low temper-
ature martensitic phase with respect to that in the high &satpre phase. Such large and
negative values aAM open up the possibilities of obtaining martensitic tramsfations on
applications of small magnetic fields and significant ingersagnetocaloricfiects in MpNiX
materials.

The contents of this thesis, thus, show various facets giNWamaterials in great detail,
which have not yet been explored the way it is done here. Thdtseof various investigations
clearly show that the members of the piX series are indeed promising multifunctional
materials and that more studies, particularly experinentas, are required to unearth their
complete potentials.

7.2 Scopes for future work

The extensions of the work presented in this thesis can bariaus directions. One direction
would be to investigate the tetragonal variants of theseenads$. In this thesis, we have
clearly shown the existence of modulated tetragonal pha@sesmplete investigation in this
direction can throw light into the sequences of phase toansdition in these alloys from
austenite to nonmodulated martensitic structure.

Another possible extension could be towards the calculatod thermodynamical proper-
ties and phase diagrams of these materials. In this thbsigrguments and explanations are
based upon calculations at D K. An extension of this work towards more realistic techno-
logical applications and a better understanding from sigiepoint of view is the inclusion of
finite temperatureféects. Thus, one needs to compute the free energies by ingltitk ef-
fects of vibrational and magnetic entropies in order taneste the thermodynamic parameters
such as ;. Such a task is challenging and computationally demandiog t

Another possible extension could be towards a comprehesrestigation on féects of
chemical disorder in sublattices other than those consitlbere and onfeects of doping
of magnetic sublattices with other magnetic elements ssdicaand Fe. The need for this
possible extension arises due to the availability of reesmpierimental results which claim
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122 Chapter 7. Conclusions and Scopes for future work

that (i) the chemical disorder is present in Keublattices too; at least in case of fNiGa
and (ii) the doping of magnetic sublattices of piGa with other magnetic elements bring
in substantial changes in the magnetic and thermodynarojepties. An extension of the
scheme followed in this thesis would surely help understanthe complex physics that goes
on in the presence of multi-sublattice disorder.
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