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Abstract

The subject of this work is theoretical study ofNiin-Ga system, known due to the magnetic
shape memory effect. Calculations were performetjube Exact Muffin-Tin Orbitals method

in combination with the Coherent Potential Approatran within the Korringa-Kohn-Rostoker
formalism. The total energy was calculated by EHarge Density method. Effects of Zn or
Cd dopings on total energies along the tetragoeébrohation path and consequently on
martensite transformation temperatui@ and Curie temperaturéc were examined. Off-
stoichiometric alloys with excess of Mn at the esgpof Ga were studied as well. The increase
in Tmfor all cases of doping in Ga sublattice and therekese inmv for both cases of doping in
Mn sublattice were predicted. Regardiitg, all types of doping should decrease Curie
temperature with an exception of magnetic transitiothe off-stoichiometric martensite.

Abstrakt

Ciel'om tejto prace je teoretické studium systému Ni-&m-vykazujuceho efekt magnetickej
tvarove] pamati. Pri vypdoch bola pouzitd metdéda Exaktnych Mufiin-Tin Oébatv v
kombinacii s aproximaciou koherentného potencidltamei Korringa-Kohn-Rostoker
formalizmu. Totalna energia bola sj@na pomocou metdédy Uplnej ndbojovej hustoty.
Skumany bol vplyv dopovania zinkom alebo kadmiomatalne energie poititetragonalne;
deforma&nej drdhy a nasledne na teplotu martenzitickej prenim a Curieho teplotuic.
TaktieZ boli skimané nestechiometrické zliatiny bgtkom Mn na ukor Ga. Vysledky
predikuju narastv po vSetkych pozorovanych substitlciach v podmrigzkea pokledwm po
substitaciach v podmriezke Mn. Curieho teplotu mjizvSetky Studované substitlcie s
vynimkou zmeny magnetického usporiadania v martemsstechiometrickej zliatiny.
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Introduction

In recent decades, a lot of attention was payealltys showing the shape memory effect,
especially to group of alloys where deformationnduced by magnetic field. This effect is
called the magnetic shape memory effect and prgbdlal most studied system exhibiting
magnetically induced strain is the oMinGa alloy. Promising utilization of BVinGa in
practical applications is reduced by relatively ltnansformation temperature of martensite,
being lower than the room temperature. Therefosttang emphasis is given to improvement
of its features, mainly transformation temperatufeschnical characteristics of Ni-Mn-Ga
systems can be enhanced by change in alloy's &inielry or by doping with other elements.

One of the ways to study complex alloys is theoabtapproach, using thab initio (first-
principles) calculations of electronic structuresBlts obtained from theoretical calculations
are generally in a very good agreement with expembal data. A numerous group of
calculation methods is based on density functitmedry with different approaches for solving
the Kohn-Sham equations. The Exact Muffin-Tin Cab{fEMTO) method was used in this
thesis in combination with the Green's-functiorhteéque. Real potentials are within EMTO
approximation replaced by overlapping sphericakptials centred on every atom. Chemical
disorder of substitutional alloys is treated by €amt Potential Approximation (CPA).

The aim of this work is a description of effectZzsf and Cd doping instead of both Ga and Mn
as well as a study of an off-stoichiometric alloghnexcess of Mn over Ga. The calculations
were focused on prediction of martensite transfoionaemperature and Curie temperature.
Martensite was approximated by the non-modulaterttsire in all studied alloys. As a tool for

gualitative predictions, total energy differencalgsis from tetragonal deformation path was
applied. This method allows us to determine onlethbr effect of doping on transformation

temperatures is positive or negative but we carimot its exact value. However, such

information provides a useful guide for subsequexperimental research. The obtained
relationships have been confirmed by the analySid@6 for minority spin channel.
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1 Thermodynamics and stability of alloys

In nature, every spontaneous process is contrbifegihnergy minimisation of related systems
and their effort to exist in the equilibrium withet surroundings. The accompanying phase
transformations of any kind can be studied expentalyy and described qualitatively by
thermodynamics. For instance, phase transformatioisslids are understood as a recast of
constituentspositions aiming to get into the more stable sfBibese transformations are pretty
much all types of structure changes, for exampeipitation reactions, lattice recombination,
changes in magnetic properties, etc. These steichilanges may be caused by alternations of
temperature, pressure, magnetic or electric fielsisain, etc. When studying phase
transformations, equilibrium phase diagrams camdexl as reliable tools, providing us with
relations between internal properties and exteroatlitions (mainly temperature or pressure).

In thermodynamics, a system is defined as a paheo$pace, separated from its surroundings
by imaginary or real boundaries. The system might&mposed of one or more phases, i.e.
homogeneous, physically and chemically distinguthaarts of the system consisting of one
or more components - either elements or chemicapoands. Phases can also be characterised
by relative amounts of each component they confajn.

A useful overall look at both the stability of thgstem and the probability that a certain process
happens is given by the Gibbs free endgggalled also the free enthalpy:

The sum free energied Fi contains terms like vibrational, rotational, triati®nal,
configurational and magnetic energy of all the comgnts. These terms include both internal
energy contribution and entropy contribution as lbarseen below. The last pressure-volume
dependent term is relatively small in comparisoernergy terms and is often negligible. [2]

Furthermore, the total energy teiq: represents the electron kinetic energy and longea
electrostatic interactions between particles (iand electrons). This energy can be obtained
from the first principle calculations. [3]

As mentioned, free energies are possibly exprassie@ form ofFi = Ei - TS, by applying this
into the Gibbs free energy, we obtain

G =E,y + Z E; — Z TS; + pV, (1.2)

whereS represents the corresponding partial entropy. Tine af all the energy contributions
Ei andEwy, is equal to the internal energy of a systdmin other words, the internal energy
represents the sum of partial energies correspgninboth particle motion (vibrational,
translational, rotational) and interactions betwearticles. The internal and the total energy
concepts are very alike, though some importaneifices are present. Both are the sum of
potential and kinetic contributions but internaéggy is a state function of a system containing
vast number of atoms and it is independent of ataggbmetry. Furthermore, because of the
great number of contributors, we cannot measuresthet internal energyf a specific state of
the system, thus we use only changed.ion the other hand, the total energy is an intensi
property computable for a certain state and ibssfple to find its value for a single atom or a
molecule. [13]
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By a simple rearrangement of terms in Eq. 1.2@Hxs energy can be written as

G=U- Z TS, + pV. (1.3)

The Gibbs free energy is a quantity that gives vslative stability of the system at a given
temperature and pressure. As stated before, ansysteying to minimalize its energy to reach
a stable state. Whether the transformation is ylikel happen, it can be derived from the
difference in Gibbs energies of both states.iff iess than zero, the change will probably carry
out, being equal zero, both states are in equilibrand if it is greater than zero, transformation
will not happen spontaneously. In other words,tthasformation is possible only if it results
in a decrease of the Gibbs energy. In the casep alahange in the Gibbs energy is zero, but
its value is not the lowest possible, the systein metastable equilibrium. When the Gibbs
energy is at the global minimum, the system isidtable equilibrium. A negative change in
the Gibbs energy is an inevitable condition fortiiamsformation, however it is not a sufficient
one sinceén many cases an additional energy barrier mustbecame. This barrier is explained
by kinetics of phase transformations. [1]

Another thermodynamic quantity of considerable ingnace is the enthalgy:
H=U + pV. (1.4)

Under a constant pressure, the enthalpy is uscatigidered as an energy change in the system,
being equal to the overall energy transfer fromoothe environment during the reaction or
transformation. As well as the internal energysitmpossible to measure the enthalpy of a
system directly hence only the change in the epyhialused. [4]

At zero pressure and temperature, which are assuméuds work, both temperature and
pressure dependent terms are neglected in Eqgand.2.3. Since contributors to th&; term
are also temperature dependent, the change iniliis @ee energy gets the form

AG = AU = AH = AE,,, (1.5)

what allows us to relate the structural stabilityfmenergies obtained from the first principle
calculations. [3]

The enthalpy change is also referred to as the dfefarmation4Hz, which is defined as a
change in enthalpy during the formation of a sulxsgdrom its constituent elements

_ Eproduct Z Ei

AHf N product Xi Ni’ (1.6)
whereEproductiS the total energy of product system, subscripEpresents original components
(namelyx; is the stoichiometric representation of a paricebmponent in the product), alad
is the total energy of component in its standaatestTheNPdis a number of atoms per unit
cell of the product and\; is the number of atoms per unit cell of a corresipog element
standard state. Using Eq. 1.6, one obtains thedidatmation per atom. [4,5]
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2 Solid state transformations

Solid phase transformations can be categorisedffasidnal and diffusionless, according to
the mechanism of component reorganisation. Diffusi® a thermally activated atomic
movement contributing to the decrease the Gibbeggn&ven though the diffusion is mostly
connected with a decrease in concentration gradaentn-hill diffusion), in alloys exhibiting

a miscibility gap, atoms are preferring the movenmecreasing concentration gradient (up-hill
diffusion). Diffusionless transformations (so-cdllshear transformations) take place under
conditions inconceivable for diffusion, when a quecated movement of atoms is exhibited for
shorter than interatomic distances. [1]

Another important criterion for the classificatiafi phase transformations is the order of
transformation. Discontinuities caused by tempeeatinange such as a jump in the physical
properties (crystal structure, density etc.) orgemature hysteresis and kinetics of nucleation
and growth are typical indications of the first @rdransformations. On the other hand, the
second order transformations occur at a fixed teatpee, they are continuous, without a
temperature hysteresis or the latent heat [6]. ¥emgple of the second order transformation is
the magnetic transformation, yet, various experisidrave showed the existence of a very
narrow hysteresis around the temperature of magrnetnsformation and there are even
theories that all the transformations are of tha farder. [7,8]

2.1 Martensitic transformation

Martensitic transformation is solid phase transfation, where a high temperature phase, so
called austenite, transforms into a low temperaplrase, so called martensite. Martensitic
transformation is most commonly accompanied by wetong of a lattice symmetry, for
instance, in the case of MnGa alloy, the cubic austenite transforms into tégagonal
martensite [9] (defined by/a ratio, so called tetragonality, where and a are lattice
parameters). It is a diffusionless transformatiorce the diffusion is limited by both low
temperature and high velocity of the process (ghthbe equal to the speed of sound in metals).
As a consequence, both parent and product phasesah identical chemical composition.
Martensitic transformation is one of the first ardieeing carried out by the mechanism of
nucleation and growth. [1,10]

Considering a diffusionless character of the tramsétion, only a restricted coordinated
movement of atoms is possible, and the interfated®n the austenite and martensite, called
the habit plane, can be coherent or semicoher@ht This interface happens to be coherent in
early stages of martensite formation but it changesthe semicoherent as the transformation
proceeds, because of lowering the strain energyast observed that the growth of the habit
plane is macroscopically undistorted that indicatesabsence of plastic deformation during
the formation of discontinuity. The motion of manséic interface across the crystal deforms
the volume of material that is associated withftrenation of surface relief. [1,10,11]

The Bain model is mostly used to explain martengitansformation in steels (Figure 2.1),
where FCC->BCT transformation is described by contractingdek of 20% in the z-direction
and expanding the cell of 12% in the x- and y-dioss [11]. So-called Bain strain explains
how the transformation runs with the minimal atowtion. However, in the Bain model, there
are not fulfilled requirements for the existenceha invariant line and the invariant plane after
martensitic transformation are not fulfilled. Thwariant plane and line are understood as the
undeformed and unrotated crystallographic objecsimon for both austenite and martensite.
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The Bain strain leaves two lines undistorted, miated against the undeformed austenitic
phase, as we can see in Figure 2.2. This problesawescame by a rigid body rotation where

one of the new phase lines overlaps one of thepblke lines and so makes it invariant
(common for both new and old phase). The combinaticthe Bain strain and the rigid body

rotation gives the observed martensitic structtiheugh with a wrong shape. The shape
variance is solved by the formation of the macrpscanvariant plane due to an additional

deformation, such as slip or twinning, associatétl lewering the strain energy in the crystal

(Figure 2.3). [1,10]

’

~20 % contraction Z,Z

Y

Figure 2.1 Schematic reproduction of the lattice deformatiathiv the Bain modelay represents the
austenitic lattice constard,andc are lattice constants of the new martensite phagecell, marked
with thick lines. Adopted from [12].

By the structure formed in order to lower the etasainsformation strains, as mentioned above,
we distinguish between the lens martensite, witliga density of dislocations, and the plate
martensite, with a twinned structure. The transfirom mechanism in the first type is
performed by a shear deformation, where glide @afeslip dislocations are parallel to the
habit plane and the transformation is associatél @ipansion that takes place normal to the
habit plane. The martensite growth is provided by formation and motion of parallel
dislocations in the interface with the same Burgerstor in both phases [10]. Twinning is a
preferred deformation mechanism for materials Vathsymmetry and large lattice parameters.
In twinned martensite, the interface with austereteains coherent. [13]

Furthermore, the martensitic transformation is nyaisthermal (characterised by a rapid
nucleation and growth, while the amount of transied martensite is dependent on temperature
only) or in few cases also isothermal (dependertiroa). The martensitic transformation has
an immense importance in various applications sischteel hardening, ceramic modification
and shape memory alloys. [10]
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foc

bcce
(a) (b) (c)

Figure 2.2 The scheme (a) represents the undistorted FCCritestes a sphere; (b) shows the effect of
the Bain strain on austenite, the ellipsoid denatetenite deformed along the Bain path, the lmes
andyz are undeformed but rotated into new positions thkehby apostrophes; (c) combinates the Bain
strain with the rigid body rotation through an a@that results into the existence of the invariar |
yz=y'z'. Adopted from [10].

W p W z Wy z
Observed
Austenite 1 shape, p2 Martensite
wrong (WI"CII"IQ
L hape)
/ structure S
- # y b3 y
(a) (b) (c)
LATTICE
- INVARIANT
DEFORMATION
. A 4 Wy Z
Bo-ruvr:ll:lr;r <
J 2
Twinned Slipped
Martensite Martensite

Correct macroscopic shape, correct structure

Figure 2.3 Theory of martensitic transformation. Adopted frfia).



3 Magnetic properties

Materials placed in an external magnetic field bihilifferent behaviour in dependence on
their composition and temperature. When an objets igito the magnetic field, all of its atoms
are affected byhe field, giving the object specific magnetic pedges. This happens due to the
fact that atoms have their own magnetic momentatedeby the motion of electrons that
interact with the external field. As known, electsoare circulating in their orbits in the
Coulomb potential of a nuclei and create their onagnetic fields since every current loop
placed in an external potential creates a dipolgnmatic field. Furthermore, electrons possess
a built-in movement around their own axes, knowrsg@is, also creating magnetic moment.
The overall atomic magnetic moment (local momesitiietermined by contribution of both
orbital and spin magnetic moments of all the atatéstrons. The nuclear magnetism can be
often neglected because nuclei have much greatss than electrons (the magnetic moment
is inversely proportional to the mass) [14]. Atomiagnetic moments are strongly linked to
the crystal structure and thus it is unable to stdjmmediately their orientation when a
magnetic field is applied. [8]

The arrangement of atomic magnetic moments defiregmetic state of the material. Materials
with no magnetic moment are called diamagnetiasbyepplying an external magnetic field,

they generate a small magnetic field in the oppaditection to the external one. Diamagnetic
materials are Zn, Cu, Bi, Au, Ag, Si, Hg or othé#]

On the other hand, ferromagnetism is defined byatlmangement of magnetic moments of
atoms in a part of the crystal in the way, that nedig moments are heading the same direction
(Figure 3.1). This behaviour results from strongstal forces provided by a crystal field [8].
In ferromagnetic crystals, vast regions contairatgms with parallel magnetic moments are
known as domains. The magnetisation of a matesialefined as a vector sum of domain
magnetisations. In a demagnetised state, where idsraee aligned randomly, is the overall
magnetisation equal to zero [15]. After an extelffedd is applied, the domain configuration
changes, domains are rebuilt in favour of well mieéel domains and the crystal gets magnetised
in the direction of the applied field. This phename is connected with a magnetization
hysteresis, caused by a continuous rearrangementheof magnetic domain structure.
Ferromagnets remain magnetised even after thenatéield is removed. Ferromagnetic
elements are Fe, Ni or Co. [14, 15]

[
P
[
P

Figure 3.1 Alignment of local moments in a ferromagnetic mater

Antiferromagnetism is a special case of ferromagnewith a zero net moment. Magnetic
moments of atoms are parallel but their orientatiare opposite in neighbour planes (Figure
3.2). Antiferromagnetic materials can be also dbedras materials with two sub-lattices being
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equally magnetised in opposite directions. Som¢hefantiferromagnets are Mn, Cr, MnO,

B bt
R

P11 1
Loy

Figure 3.2 Alignment of local moments in an antiferromagnetiaterial

Atoms of paramagnetic materials exhibit a permameagnetic moment but unlike in the

ferromagnets, they are oriented randomly because tbermal motion (Figure 3.3 a)). An

external magnetic field causes a little arrangenmnimagnetic moments resulting in an

occurrence of a small magnetisation in the directbapplied field [14]. The paramagnetic

state can be approximated within the disordereal lmoment approach (DLM) represented by
Figure 3.3 b), assuming the magnetically disordexgstem to be a pseudo-alloy of equal
number of atoms with randomly distributed paradipins with opposite orientations of their

local moments [16]. The DLM approach can be usethi® approximation of the paramagnetic
structures in various solid state calculations.rapl@s of paramagnetic elements are Al, Ba,
Ca, Mg, Pt etc.

Figure 3.3 Alignment of local moments in paramagnetic matsr{al) and the DLM approximation of
paramagnetic materials (b).

Materials exhibiting ferromagnetism or antiferrorgatism are accompanied with the magnetic
anisotropy - directional dependence of magneticpg@ries of materials. Magnetically
anisotropic materials tend to align their magnetioments along preferable directions.
Magnetization directions are hence divided intoyeasl hard magnetization axes. Magnetizing
along the easy axis results in a rapid increageammagnetization even in low fields. On the
contrary, magnetizing in the direction perpendictdehe easy axis results in a gradual increase
in the magnetization. Overall magnetization curwailinear combination of magnetization
curves of both variants and shows the hysterekig. [

The spontaneous magnetisation of ferromagnets atiteraomagnets is provided by an
alignment of the magnetic moments and is deperatetgmperature. It falls to zero at the Curie
temperature [14]. In other words, the low tempemtierromagnets undergo a solid state
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transformation into a high temperature paramagrette if the thermal motion of lattice
exceeds crystal field forces.

4 NioMnGa

The NbMnGa alloy is a part of the alloy family, namedeafEriedrich Heusler, who fabricated
Cu-Mn-Al alloy, the first prototype of Heusler ayf® [18]. Remarkable feature of the first
Heusler alloy is that none of the components isofaagnetic while their combination shows
ferromagnetism. Alloys in this group are defined tasnary intermetallic compounds
characterised by a strong relationship between watnorder, composition and magnetic
properties. The X-ray measurements proved thatnabient conditions, Heusler alloys
crystalize in L2 structure - the FCC super lattice consisting of feublattices [19]. If all the
sublattices are filled, the alloy is called full-ter with the stoichiometric formulapXZ and
the L2 lattice, however, the case with one vacant subtats called semi-Heusler with the
composition XYZ and the Glattice. The letter X in generic formula stands@m, Ni, Pd, Cu
etc., Y is usually represented by Mn, Fe, Co etied Z is commonly Al, In, Sn, Sh, Ga etc.
[12]

Full-Heusler
- XoYZ [L2,]
-.'i . ®@x Oy
L A | Half-Heusler
dl =% XYZ [C1]
= Six S
e W Void & Z

Figure 4.1 Characteristic full-Heusler superlattice léhd half-Heusler superlattice £1n the case of
NioMnGa, X sites are occupied by Ni atoms, Y and 2&ssiare occupied by Mn and Ga atoms
respectively. [20]

The NeMnGa alloy exhibits the martensitic transformatian temperatures around 202K
(denoted bylwm) [21]. The structure transforms from highly symreshigh temperature cubic
austenite phase into the low temperature tetragoadensitic phase with lowered symmetry.
The martensite has a twinned structure, charaetehy a high mobility of twin boundaries
[17]. There have been found several martensitiecgires in the NMnGa - non-modulated
(NM), seven-layered (14M or 7M) or five-layered KL@r 5M) [9]. The fourth theoretically
predicted structure of martensite is the orthorhiocrdl® structure, not proven experimentally
yet. [22] Martensite structures are illustrated=igure 4.2. The main contributor to the total
magnetic moment in this alloy is manganese — thgnetzac moment of the alloy is 4.1 per
formula unit (f.u.) whereas the magnetic momentofs less than 0.3, and Ga exhibits
neglectable magnetic moment [17]. The localizedattar of magnetic moments results from
the exclusion of minority spin (spin down) elecsdnom the Mn 8 shell. In majority spin
channel,d electrons of Mn join those of Ni and together foancommond band, while the
minority spin Mn bands are pushed above the Fenerigy [23]. It leads to the ferromagnetism
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due to the same spin orientation of Malectrons. The Curie temperature of the paramagnet
ferromagnetic transformation for the stoichiomeNigMnGa occurs afc = 376K [21].

(@ NM-(2), (b)) 14M - (52), (© 10M-(32), (@  40-(22),

tetragonally
distorted L2,
lattice

nanotwin
doublelayer

Figure 4.2 llustration of non-modulated NM martensite (a),1(Wand 14M (c) modulated martensite,
and 40 (d) martensite. The grey area in (a) reptedeur blocks out of eight structural blocks famm
the tetragonal elementary cell. Adopted and madiifiem [22]

Magnetic shape memory (MSM) effect is probablyriast important feature of the IMnGa
alloy. For example, there was observed a magrietetihduced strain (MFIS) in 10M and 14M
single crystal structures up to 6% and 10% respagtiMSM includes two effects caused by
applied magnetic field — magnetically induced reotation (MIR), done by the twin boundary
motion, and magnetically induced transformationMeein the austenite and the martensite.
Crucial for the MSM effect in NMnGa are all the existence of martensitic transédrom, the
formation of martensite with twinned structure ahd high magnetic anisotropy. Magnetic
field induces motion of the highly mobile twin balaries, and consequently their structure
reorientation. The applied field slowly rotatesgtencrystal magnetization vector to the field
direction. When the energy of the rotation surpagbe energy required for the MIR, the
microstructure changes itself by nucleation anawnof twins with the favourable orientation
to the field. The magnetization process is stronglgendent on the orientation of the field and
shows hysteresis. MSM is applicable in various senscooling systems (application of
magnetocaloric effect) or, theoretically, as a sewf electricity. [17]
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High
temperature

Increasing
temperature

Magnetic field

Figure 4.3 Simple scheme of MSM effect. High temperature augetransforms into a twinned
martensite on cooling. If we deform the materialiia martensite phase and heat it up, it will ghe
original shape of austenite. MSM effect is spebitause the deformation of the martensite can be
caused by applied magnetic field. [24]

Investigation of the Heusler alloys gave rise ® djuestion whether the qualitative prediction
of electronic, structural and physical propertiéstadied compounds is possible. One of the
tools for predicting the important trends in Heudlased alloys is a dependence on the valence
electron concentration per atosid). An increase i/a as observed, is accompanied with the
linear rise ofTm [25]. The valence electron concentration is relébettie type of the martensitic
phase structure, as well. Considering the off-kioimetric NpMnGa, fore/a > 7.71, NM
martensite is present; in the rarga= 7.61-7.71 mixtures of 10M and 14M or 14M and NM
phases were observed; a< 7.61 is dominant 10M martensite. Valuelgfin comparison

to Tc is dependent on trearatio as well Tw < Tc for e/fa< 7.67 andlw > Tc for e/a> 7.7
[26]. The dependence of transformation temperatares/a for off-stoichiometric alloys is
illustrated in Figure 4.4. Valence electrons asuaged to be ofd@and 4 electrons for Ni (10
electrons) and Mn (7 electrons)k dnd 4 for Ga (3 electrons). Hence, th&aratio is 7.5 for
the stoichiometric alloy. The relation betwearatio andi'v might be influenced by the Fermi
surface-Brillouin zone interactions. An increasehae/aratio is linked with the approach of
the Fermi surface to the Brillouin zone boundarg][Z heir interaction results in formation of
the pseudo-gap, visible in the density of state®@%Ip diagrams, making the structure more
stable what is associated with an increas&wfThis effect is known as the Hume-Rothery
stabilization. [28]

The usability of the NMnGa alloy is conditioned bywm (it must be greater than the room
temperature) and ferromagnetism of the martensitase. Research is therefore focused on an
increase of both austenite-martensite transformagmperaturdwv and Curie temperatuiie:
above the room temperature. One of the ways toawgcharacteristics of the MnGa alloy
is differentiation in the stoichiometry by increagithe concentration of one of the three
components at the expose of another one. Signifiogsrovement in physical properties can
be also achieved by doping. For example, simultasetping by Cu and Co results in the
increase of MFIS up to 12%, caused by both lowetlegtwinning stress and increasing both
transformation temperatures above the room temperglv = 330K, Tc = 393K) [29].
Furthermore, doping at the Ga-sublattice with catre¢ion of 5 at% of Cu increasés up to
500 K, but decreaség to around 300 K. [30] In this work, we studied thtuence of Zn and
Cd doping at Mn or Ga sites. Zinc and Cadmium até n the group twelve with 12 valence
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electrons, considering ands orbitals as valence. The substitution of eitheroZiCd for any
atom raises the/aratio and should therefore lead to the increaskuinThe effect of Zn was
experimentally studied in the work [31]. In this tkpvarious concentrations of Zn (from
0.75at% to 3 at%yere added into the alloy instead of Ga, whichltedun the increase ihw

to 300 K. However, the fabrication of compositidpaccurate zinc-doped alloys is immensely
complicated, because of Zn evaporation during aitpy

1200 T T T T T T T T T T T T T T
. (@) Ni-Mn-Ga
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0—e75 8.0 8.5
Valence electron concentration (e/a)

Figure 4.4 Transformation temperatures in dependence on valelectron concentratiosa Ty and

T’ lines represent martensite and pre-martengtesformation temperaturds;is the Curie temperature

line. Adopted and modified from [32]

Despite of a general agreement regarding the oeldtetweere/aandTw, this does not work
for alloys doped by Fe to substitute Mn whéxedecrease with increasimga[5,33]. Another
possibly used dependence of transformation temperaTy vs.C’, whereC’ is the tetragonal
shear elastic modulus [5]. In presented work, mtezhs of Tw changes are based on the
comparison of total energy difference between tlstemite and martensite of the stoichiometric
NioMnGa and doped alloys [34]. Energies are obtainmedfab initio calculations. This
approach was already proven for some systems,ngiance for Cu doping [30,35]. It is
assumed that the bigger the energy differencleshighefmwv. Principles of this prediction are
graphically represented in Figure 4.5. The entrggayn in Eq. 1.2, mostly dependent on
vibration of atoms, lowers the Gibbs energy of sty more or less equally in both alloys
since concentration of dopant X is considered tmleand both systems have the same crystal
structure. When two alloys with just little devaats in composition are considered, their energy
profiles of corresponding phases are very simidat,positions of particular profiles vary from
each other. Change of total energy difference betveistenite and martensite then moves the
intersection of austenite and martensite profoegrds higher or lower temperature, depending
on increase or decrease of total energy differah®eK temperature. Predicting is bases of fact
that at O K, total energy difference is equal ® @ibbs energy change. This method allows us
to make only qualitative predictions of change3winfor quantitative predictions, knowledge
of exact development of Gibbs energies is needed.
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Figure 4.5 The Gibbs energy dependence on temperature. Aiednigerature, total ener@y: is equal

to the Gibbs energ¥:q: A represents total energy of cubic austeniteEBne represents total energy of
martensite. Martensite and austenite energy psofile similar for nondoped and doped Ni-Mn-Ga
systems with equal crystal structures.

5 Computational methods
5.1 Principles of thab initio methods

A significant progress in the field of quantum picgsand computational equipment has led to
the formation of new, highly accurate computatiotethniques used for modelling and

predicting properties of complex structures fromittkelectronic structure. The cornerstone of
energy calculations from the first principles i thasic problem of quantum mechanics,
Schrédinger equation

HY(r) = E¥(r) (5.2)

whereH is the Hamiltonian operator for enerd¥is the many-body wave function agids the
eigenvalue representing the total energy of theeaysThe wave function (eigenfunctiof)is

a multi-component function depending in generaboth positions of all the particles in the
system and time. The wave function describes tite sff a particle with a given energy and its
square magnitude represents the probability ofiricndhe particle in a given location. When
studying a crystal structure, the solution of tlear®dinger equation is an energy of electron
moving in an external nuclei potential field. [3]

To analyse a quantum system, we must find the Hanmin — the total energy operator,
consisting of kinetic and potential energies

272 Nn 27,
= Z” ZZ|r_R| P Z = N G

j<i

The first term is the kinetic energy operator, vehls is the number of electronk,is the
reduced Planck constaiit,is the Laplacean operator and m stands for the wiaan electron.
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Other three terms are contributions to operatopéaential energyiy, is the number of nuclei,

r andR are positions of electrons and nuclei respectjwely the elementary charge afids
the protone number. The first sum represents kiretergy of moving electrons, other sums
stand for potential energy with contributions fralhelectron-nuclei interactions, nuclei-nuclei
interactions and electron-electron interactionpeesvely. The presented notation is allready
sympified by Borh-Oppenheimer approximatigeflecting that kinetic energy of nuclei is
neglected, because electrons are much lighter thafei. Even after this approximation,
especially the electron-electron term makes calicuia for bigger systems computationally
intensive and further symplifications are innevieap3,36]

Another approximation, made in order to ease aenskte problem is the Hartree-Fock
approximation. The simplification is obtained bynsalering non-interacting electrons
described by the multi-electron wave function espesl by the Slater determinant that satisfies
both anti-symmetry and Pauli principle by changign on exchange of two electrons. Energy
difference between exact and Hartree-Fock solusigrartly fixed by including the exchange
energy, describing the interaction between elestwith parallel spins. Later approximation is
given by the density functional theory (DFT) whehe difference from the Hartree-Fock
method is the inclusion of the exchange-correlapotential. [3,37]

Nowadays, DFT is probably the most commonly usqat@arh toab initio calculations. The
main asset of DFT is a replacement oflfhelectron wave by the electronic density functional
which is only a function of three variables (spdoeensions) [36]. The basic assumptions of
DFT are Hohenberg-Kohn theorems, first of whichss#lyat the external potential and the total
energy are unique functionals of the electron dgn$he ground state electron densityr)
can be calculated from the corresponding many-bgugund state wave function
¥y(ry, 12, ..., ry) @nd both functions carry exactly the same inforomaf38]. The ground state
electron density is calculated as the sum of sguagmitudes of single electron wave functions
bellow the Fermi energy

N (1) = Z 1@, ()2 (5.3)

&<EF

The second Hohenberg-Kohn theorem states, tharthund state energy (the lowest possible
energy of a system) is proportional to the grouatesdensity. [3]

In DFT, non-interacting electrons are consideredying in an effective potential instead of
many-body interacting electrons in the potentiabtatic nuclei. The effective potential is a
function of the total charge density originatingrfr effects of all electrons and nuclei. Electron
density and the total energy of the system aramddbée from solving the set of single-electron
equations. This approach is known as the Kohn-S$armame [39] in which the one electron
Schrodinger equation®; (), also called the Kohn-Sham equations (Eq. 5.4)salved.

2m

2y2
[_h L + v[n(r)]] Yi(r) =& ¥i(r) (®-4)

In Kohn-Sham equations, the effective potentja(r)] consists of the nuclei external potential,
the Hartree potential arising from the electrorcetn interactions and the exchange-
correlation potential including mutual repulsion efectrons due to the Pauli exchange
interaction. The difficulty of the initial problems hidden in the exchange-correlation part of
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the potential and the accuracy of DFT is influenoely by approximate functionals describing
the exchange and correlation energies. [3,36]

The total energy of a system can be written as
Froe = &= | n0Yheln()] = Bl + el (55)
i

where the first term represents eigenvalues ofKiblen-Sham equation (Eqg. 5.4) for every
electron, next term contains the exchange-coroglgtbtentialVyx{n(r)] and remaining terms
are the Hartree energy functioigl[n] and the exchange-correlation energy functidéadh] .
[36,40]

The Kohn-Sham equations are solved in a self-ctamgigvay, meaning that they are calculated
for changing set of initial inputs until the congence is reached. In practice, we start with an
initial guess for the electron density from the eétbasis wave functions, then compute
corresponding potentials and solve the Kohn-Shamatemns. This process is then repeated for
different electron densities guesses until the eagence is achieved. Finally, the total energy
is calculated for the convergedr). [36]

5.2 The EMTO method

One of the methods used for solving the Kohn-Shamatons is the muffin-tin approximation.
Within this approximation, the effective potentisl represented by a non-overlapping
spherically symetric potential spheres around thelan and a constant potential in the
intersticial region. The potential field within ghapproach is not in a very good agreement with
the reallity. An important improvement was madeAnglersen and co-workers by developing
the Exact Muffin-Tin Orbitals (EMTO) theory [41] bad on an exact solution of single electron
equations for the optimized overlapping muffin-footential. The overlapping spherical
potentials provide much more reallistic approximatiEMTO is a cellular method, meaning
that the single-electron Schrédinger equationsaleed for units defined for every lattice in a
way they give a proper description of the locatsundings. The potential is approximated by
the optimized overlapping muffin-tin potential spb& Within the EMTO method, the
Korringa-Kohn-Rostoker method (KKR) is used to oohn-Sham equations [42]. Although
the DFT was in the previous section introduced giie wave function formalism, the KKR
works with the Green function formalism. The adeayat of this approach is that we only need
to calculate a derivative the Green function tothetelectron density instead of solving the
wave function problem. The Green function formalismmore computationally demanding,
but it is suitable for studying disordered systesush as impurities, for instance within the
Coherent Potential Approximation (CPA). [43]

The most powerful approximation to treat systents wubstitutional disorder is considered to
be CPA, where an alloy is replaced by an orderéetife medium described by the site-
independent coherent potential. The impurity probie then treated within the single-site
approximation (Figure 6.1). Effect of the local @omment is neglected, thus the local potential
around a certain alloy component is independeiitisguosition in the crystal. There exist many
applications for this approximation. We can caltuldattice parameters, bulk modulus,
enthalpy of formation etc. However, CPA fails imsoapplications, for example, it cannot take
into account the effect of short range order, arstiesns with large size difference between the
alloy components are difficult to describe, becdosal lattice relaxations are not considered
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in the CPA approximation. Fortunately, this is agtroblem in NiMnGa [44]. The CPA can
also be applied to paramagnetic systems within Rpgdroximation. [45]
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Real alloy: A,B,C CPA effective medium

Figure 6.1 Within the CPA approximation an alloy is replacgddn effective medium, the parameters
of which are determined self-consistently. The Ipodentials around a certain type of atom in thaya
are the same everywhere in the alloy. Thus, theGesen’s function of the alloy is approximateday
coherent Green’s function, calculated using antedaic structure method (EMTO). [46]

For purpose of this work, the EMTO-CPA calculatiorese used, namely its emto-5.7 package
version. This package consists of five prograntendl, kstr, shape, kgrandkfcd Thebmld
package is responsible for the Madelung potenéildutation. An electron feels the attractive
potential from nuclei and repulsive potential frother electrons. Both the potentials have long
range effect, and therefore they affect particigside the unit cell as well. This outer effect is
called the Madelung potential. [47,48]

The second packagstr provides calculations of energy dependent slopeixnatreal space.
Within the EMTO method, the orbitals are constrdatising different wave functions inside
the muffin-tin potential spheres and in the int@edtregions. Wave functions inside the
interstitial regions are referred to as the scréapherical waves, being dependent on elements
of the slope matrix, calculated kgtr.[47,48]

The next package is callsiapeand its function is a computation of the shapetiong which
transforms any integral over the Wigner-Seitz gl an integral over a sphere surrounding
the unit cell. [36,47]

The kgrn package solves the Kohn-Sham equations self-censigtusing the EMTO-CPA
formalism. Thekfcd takes the converged total electron density crelayddyrn, and evaluates
the DFT total energy functional in order to prodtize ground state total energy of the system
[48]. This total energy is obtained by implementthg Full Charge Density (FCD) technique
that uses the total charge density to compute dted €nergy from the Eq. 5.5. The FCD
technique assumes the knowledge the sphericallyngnc part of the potential only, but uses
the non-spherical full charge density. In ordecatculate the space integrals in the Eq. 5.5 we
use the shape function technique [36].

5.3 Calculation set up

Theab-initio calculations were preformed using the EMTO-CPA métim combination with
the KKR formalism and the Green function approddie total energy was calculated by the
FCD technique. The exchange-correlation term wascrdeed within the Perdew-Burke-
Ernzerhof (PBE) generalised gradient approximal#®)j, and the scalar-relativistic and soft-
core approximations were used. The effect of thergd misfit on the spherical potential is
taken into account using the screened impurity miod®0] and [51]. Described combination
of methods is suitable for an accurate charactésizaof chemically disordered structures
caused by doping and for the determination ofaked £nergy with respect to anisotropic lattice
distortions such as the tetragonal deformation]| [35
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As for the EMTO basis set, tisep, d andf orbitals were included and as the valence orbitals
were considered Nid8 45?, Mn 3d° 4s?, Ga 311° 4s? 4p!, Zn J° 45? and Cd 4% 55°. In order

to get a better agreement with experiment for naamated martensitic structure, the muffin-
tin potential on the Ni sublattice was optimizeddbposing the atomic radid), = 1.10R,,

and the overlapping potential sphere radifi = 0.95R,,;, whereRys is the average Wigner-
Seitz radius [52,53]. The Green’s function was walied for 32 complex energy points
distributed exponentially on a semi-circular comtdthe Brillouin zone was defined on a 13 x
13 x 13 uniformk-point mesh without ant smearing technique [35].

26



6 Results

As mentioned above, aim of the presented workdasthdy of effects of Zn, Cd and Mn doping
on NiMnGa alloy in both ferromagnetic (FM) and paramagnéPM) states. From the
development of total energy along the tetragondbrdeation path, we can qualitatively
estimate and compare influence of doping on transdtion temperaturdyv. As previous
works declare, changes Tiy are related to the austenite — martensite eneftgrelnce in the
FM state [30,34,35], since the ground state straecisl the ferromagnetic martensite. Even
though the tetragonal non-modulated martensitetismround structure of the stoichiometric
alloy, it serves as an appropriate and precise masléhere are small energy differences
between the NM and modulated structures [22]. Gndther hand, the energy difference
between the FM and PM states can be used as tdbk prediction of Curie temperature
[54,55]. The disorder of magnetic moments in PMtestvas simulated by the DLM
approximation(Figure 3.3 b) where Mn atoms with the oppositeemiation of magnetic
moments are randomly distributed in the manganasiatsice.

Calculations were carried out for 2.5 at% and 5 at%n or Cd, substituting atoms in both Ga
and Mn sublattices and for 3.125 at% and 6.25 dt¥roin Ga sublattice, where substituted
Mn atoms exhibit opposite orientation of magnetionments than in Mn sublattice [56].
Structural stability of studied structures was exad by heat of formation and the DOS
analysis of electronic structure were carried @utFM states, correlating effects of dopants
and stability with the electronic structure.

6.1 The equilibrium volume and magnetic properties

The first step in the investigation of the tetragjoeformation path of different systems is to
find its equilibrium volume, in order to calculaterrect total energies. Equilibrium volumes
are determined by the lowest energy. Calculatiohsetvagonal deformation paths were
performed for the equilibrium voluméa of the austenite primitive cell because the diifiers
between the austenite and NM martensite equilibkolames is minimal, especially for low
concentrations of dopants and therefore the ereadpmg the deformation path are sufficiently
accurate when using the austenite equilibrium veldion everyc/a. [35]

Table 1 Calculated austenite primitive cell equilibriumwme Voain both FM and PM states and heats
of formation for selected alloys. Results foeMinGa are compared with other theoretical (obtaimed
PAW method) and also experimental data.

AH?
Aoy AR jewtu) Alloy Al
FM NisgMn2sGaps (this work) 49.105 -0.3052

PAW method 49.081 [57] -0.2993 [58] PM NisoMn2sGaps 49.176

Experimental data [59] 49.284  -0.3089 + 0.0404

 FMNisMnzxGaaZns 48969 02855 | | PM MiMn,sGaeZns ~ 49.070

FM NisgMn20GaesZns 49.101 -0.3118 PM MiMn2oGasZns 49.166
FM NisoMn2sGaxoCds 50.364 -0.2262 PM NiMn2sGax0Cds 50.470
FM NisoMn20GasCds 50.444 -0.2562 PM NiMn20GaxsCas 50.505
FM NisoMns1 26Gais.75 48.998 -0.2433 PM MiMnz126Gais.7s 49.177
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The results of calculations focused on findingeafailibrium volume in the FM state are shown
in Figure 6.1 a). Cadmium increadsin both Mn and Ga sublattices the most, the equuilib
volume is slightly greater when Cd substitutes M0d (— Mn). These effects are easily
trackable as results of larger atomic size of Cd.tke other hand, the influence of Zn is
opposite to that of Cd. Zr Ga substitution decreasés, and the Zn— Mn substitution does
not have any significant effect &aa. Effect of Mn in Ga sublattice is alike to theeaff of Zn
being in the same sites. The results for the Pk stiee presented in the Figure 6.1 b) and show
the same trends as observed in the FM state. Bguih volumes for some dopant
concentrations are listed in Table 1 for both FM &M states.
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Figure6.1 Effects of dopants on equilibrium volume of priwét cell of the austenite in a) FM state

and b) PM state for different concentrations. Paint O represent¥oa of the FM stoichiometric

Ni-MnGa.

Considering magnetism of alloys, constituents @irtetandard states are ferromagnetic nickel,
antiferromagnetic manganese and diamagnetic gallResponsible for ferromagnetic nature
of Ni2MnGa is therefore mainly manganese and partly hi&ebstituents considered in this
work are from the twelfth group (Zn and Cd) anddeethey are both diamagnetic. This means
doping by Zn or Cd should not have any major impaanagnetic properties of the alloy when
substituting Ga atoms and should decrease the @talymagnetic moment when substituting
Mn atoms. Local magnetic moments of Ni and Mn al agetotal magnetic moments per unit
cell are listed in Table 2, all the other constitisepresent in individual alloys have magnetic
moments lower than O/&. It can be seen that in all cases of doping ask#s, total magnetic
moment falls down and doping at Ga sites have almmgffect on magnetic moment.

6.2 Thermodynamic stability

In aim to prove thermodynamic stability of studigibys, calculations were carried out to
obtain their standard heats of formation. The cphegs based on the assumption of theoretical
reaction of

2Ni+ (1 —x)Mn+ (1 —y)Ga+ (x+y)X - NipMny_Gay_yXyyy. (6.1)
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The concentrations of reactants within this equatiary from alloy to alloy, depending on the
amount of dopant X (X = Zn/Cd) and on the sublatetement that is replaced. For the case of
an increase of Mn component at the expense offteaheoretical reaction can be written as

2Ni+ (1 +z)Mn+ (1 —2z)Ga - NiyMn,,,Ga,_,. (6.2)

The heat of formation is then obtained by implenmenthe Eq. 1.6, where the energlgs
represent calculated total energies of constitearhents in their pure crystalline forms. For
this purpose, we assumed the ferromagnetic FCCehicntiferromagnetic manganese
approximated by FCC lattice, diamagnetic FCC gaidliand diamagnetic HCP zinc and
cadmium. Heats of formation were calculated foricanistenite.

Heats of formation for some alloys are presentéchivle 1. All heats of formation are negative,
meaning that components are more stable in alluass in separated standard forms. In other
words, it proves that studied alloys are possibldabricate. The heats of formation were
calculated for cubic austenite.

6.3 Zn, Cd and Mn doping effect on tetragonal defdioma

The results of calculations of the total energyedeyment along the tetragonal deformation
path in the FM state is presented for both dopyn@i and Cd separately and then compared
to each other. The total energy is a function thgonality along the tetragonal deformation
path. For better visualisation, deformation patiespotted with respect to the austenite energy
since absolute total energies of different allagsiicantly vary. In all figures, the austenite
total energy is set to be equal zero and all plogteergy points are obtained as a subtraction of
the austenite total energy from the absolute &ralgies along the deformation path.
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Figure 6.2 Difference of calculated total energies and autddntal energy dependenceaafor case
of a) Zn— Mn and Zn— Ga and b) Cd» Mn and Cd— Ga substitution for various concentrations.

The results obtained for stoichiometricMnGa in both FM and PM states (highlighted in red
in all plots), are taken as a reference valuesfanodified alloys. In all figures, MMnGa is
represented by red colour. The tetragonal defoongtiath of the undoped alloy shows two
energy minima and a barrier between them (Figur2s66). The minimum occurring at
c/a = 1 represents the LZubic austenite. The second minimum occurs/atz 1.25 and

29



represents the NM tetragonal martensite. Experiatignobserved tetragonality of NM
martensite is equal te/ew =~ 1.17 — 1.23 [29], that is little smaller than edéted value, but
all ab initio methods underestimate tetragonality [35]. Energy/at 1 in all energy profiles
of doped alloys belongs to the cubic austeniteaaretgy minima at higher/a belongs to the
NM martensite. The energy barriercéa~ 1.09 indicate that austenite is stable with resec
the tetragonal deformation. The existence of theridta may prevent austenite from
transforming into the NM martensite, hence we sagdleat the ground state structure is
different from the NM martensite, e.g. 10M or 14Mmensite. Recent theoretical results show
that the transformation path of this alloy to 10Mrtensite does not exhibit any energy barrier
[60], which corresponds to experimentally obsert® martensite near OK [32]. If there is
no energy barrier on the tetragonal deformatioih,piie austenite is unstable with respect to
such deformation and the cubic structure can freralysform into the NM martensite at 0 K.
The energy barrier is the reason why the grourté staucture of NMnGa is different.

The results for Zn doping are shown in Figure 6.2ltais clearly visible that Zrn—» Mn
substitution leads to both destabilization of NMrteasite (the martensite energy minimum is
at highe1E than that in the undoped alloy) and reduction®fetragonality¢/anm. Also, the
energy maximum moves towards high&rand energy difference that may indicate an inereas
in stability of the austenite phase/g = 1). On the contrary, Zr> Ga substitution has an
opposite effect, total energy of the NM martensstéower for modified alloys and energy
barrier between austenite and martensite gets em8bth of these factors are in favour of
prediction of more stable NM martensite. In theeasubstitution, the tetragonality changes
only slightly. Tetragonalities for different condeations are displayed in Table 2.

—@— FM NisoMnzsGazs
5 ——FM NisoMn5GazoZns

FM NisoMn20GazsZns
== FM NisoMn,5Ga,0Cds
-15 FM NisoMn20GazsCds
—— FM NisoMns31.25Gasg. 25

E,,. - E4 [meV/atom]
o

-10

-20

0.9 1 1.1 1.2 1.3 1.4
c/a

Figure 6.3 Comparison of total energy difference verslasfor 5 at% of Zn or Cd substitutions in both
Mn and Ga sublattices and 6.25 at% of Mn substituth Ga sublattice.

The results for doping with Cd are shown in theuFég6.2 b). Total energy profiles above the
profile of the stoichiometric NMnGa characterise Ceéb Mn substitution. Tendencies are the
same as for the Zm> Mn substitution, the martensitic phase is lesblstaomparing to the
undoped alloy, tetragonality of the martensite dases. The energy barrier between austenite
and martensite for the Cé> Mn doping is almost unchanged, compared to theZivVn
doping. The substitution of Cd atoms into the Galatice has also similar effect as reported
for the Zn— Ga doping. The only difference is that Cd dopiegtly lowers the tetragonality
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of martensite. The comparison of zinc and cadmitfects is plotted in Figure 6.3, where the
results for 5 at% of dopants are shown, since b@e stronger effect. In Figure 6.3 energies
along the tetragonal path for Ma Ga substitution are also plotted. It shows muocipde
minimum of the NM martensite comparing to Zn ordgging. It is observable that Zn and Cd
doping have almost the same effect on Ni-Mn-Gag¢gnal path.

Table 2 The local magnetic moments iR per atom of Mn, Ni and total magnetic momeniadrnper
formula unit for austenite and nonmodulated marterend tetragonality of martensite for different
compositions. All values were calculated for the &islte.

AUSTENITE MARTENSITE
Alloy Mn [ug] Ni[ue] poue/fu] | Mnue] Ni[ue] ot [usffu] — (C/@)m
NisoMn2zsGaps 3.52 0.33 411 3.43 0.38 411 1.252
NisoMnzsGaoZns | 3.51 0.34 412 3.43 0.38 4.11 1.243
NisoMnzoGapsZns | 3.52 0.29 3.69 3.48 0.37 3.81 1.202
NisoMn2sGaoCds |  3.57 0.33 4.17 3.49 0.38 4.18 1.237
NisoMn20GasCds | 3.57 0.26 3.31 3.53 0.34 3.44 1.204
NisoMnsl,zsﬁalsjs 3.50 0.26 3.70 3.39 0.27 3.10 1.302

6.4 Prediction of the austenite-martensite transfoionaemperature

The main goal of doping in Ni-Mn-Ga is to incredise martensite transformation temperature
as well as the Curie temperature. As mentionetiersection 4, trends and change3wtan

be predicted from the knowledge of tetragonal defdron paths. Whethérv increases or
decreases, it is predicted by comparing austemite aartensite total energy difference of
studied system with a reference system (in our thsereference alloy is stoichiometric
NioMnGa). If the difference for doped system is gretitan that for referential one, the growth
of Tm can be predicted. Similarly, the smaller enerdied@nce corresponds to the decrease in
Tm. The results presented in the previous sectionvsahaleepening of martensite energy
minimum when the Ga-sublattice is doped by which&lapant. Conversely, substitution of
Mn atoms resulted in the destabilization of maiten®escribed effects are summarised in
Figure 6.4 and in Table 3.

In Figure 6.4, the y-axis represents energy diffeeebetween austenite and non-modulated
martensite in meV/atom and the x-axis shows comggons of dopants (Zn, Cd or Mn). The
intersection of plotted lines at concentration éqexo represents austenite-martensite total
energy difference for stoichiometric MnGa and is taken as the reference value. The first
assumption is that all the ascending lines repteakoys with higher values of martensite
transformation temperature thdm of nonmodified alloy. The second assumption ig tha
steepness lines tells us how rapid this increaseldtbe. In particular, both lines representing
Cd or Zn in the Ga-sublattice as well as line cgponding to the off-stoichiometric alloys
ascend and these types of doping should incréas&hese predictions are in a very good
agreement with the experimental data. It was fooudthat the substitution of Ga with Zn
increased the austenite transformation temperawi® K and 114 K for zinc concentrations
of 2at% and 3 at%, respectively [31]. Also expernitsefor off-stoichiometric alloys support
theoretical data presented in this work, namelyitiveease of the austenite transformation
temperature by 135 K and 158 K for alloys with 8% and 4.8 at% of Mn at Ga sites [26]. In
Figure 6.4 are plotted also results for doping With adopted from [35]. Both Cw» Ga and
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Cu— Mn energy difference dependencies ascend, preditiie increase i for both types
of doping.This was confirmed by experimental data, as suhtit of 2.5 at% and 5 at% of Cu
for Ga leads to th&w rise by roughly 120 K and 320 K, respectively. Dapof Cu instead of
Mn resulted in th&w rise by roughly 50 K and 70 K, respectively [30he steepness of the
Cu— Ga doping line is higher than of the Zn Ga line and the rate dis growth is bigger.
The same can be said about-2nGa and Cu— Mn dopings. However, the MR Ga doping

is the steepest, but its experimentally observdeceion Tv is comparable to that of Zn
substitution in the Ga sublattice. Introduced ekpental data confirm the first above
assumption, but the second one is disputed by the-M5a doping. This is probably caused
by the antiferromagnetic nature ofNin1+xGayx alloys. Otherwise, the second assumption was
confirmed for ferromagnetic alloys studied in thigrk.

On the other hand, doping the Mn-sublattice witheiof Zn or Cd results in descending lines,
predicting a decrease T as a result of this type of modification.

N
o

Zn->Ga

=
o]

Zn—->Mn

=
(o))

—a— Cd—>Ga

[
H

Cd->Mn

=
N

—— Mn->Ga

== Cu->Ga

=
o

== Cu—>Mn

AE, ,, [meV/atom]
(o]

()]

0 1 2 3 4 5 6 7
concenration of dopants [at%]

Figure 6.4 Energy differences between austenite and non-mutltaartensite in FM state for alloys
with various concentration of dopant in correspagdiublattice.

When considering the/arule, the number of valence electrons of Mn, Ni,i&set to be 7, 10
and 3. Doping elements Zn and Cd have each oflEdem electrons. Thefaratio of NeMnGa,
equal to 7.5, is then increased by Zn or Cd dopingny site. Referring to threfarule, this
should indicate an increaseTn, but trends are different for alloys with moditicas in Mn
sublattice. Findings in this and several previowsks [5,33,61,62] disclaim a validity of the
el/a rule for predicting trends ofm changes for doped Ni-Mn-Ga systems. The energy
differences between austenite and martensite dioliedd systems as well as the corresponding
e/aratios are listed in the Table 3.
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Table 3 Energy differences between ferromagnetic and pagaetic states in meV/atom, crucial for
Tw and T¢ predictions, and heats of formation for some aldylartensite is denoted by letter M,
austenite is denoted by letter A.

MARTENZITE AUSTENITE

Alloy AEawm Ao AEpuu ela
NisoMn2sGaps 5.0341 29.8101 23.8236 7.50
NisoMn2sGapoZns 6.5988 28.5856 24.1909 7.95
NisoMn20GapsZns 0.8163 19.0480 15.1431 7.75
NisoMn2sGapoCas 6.4789 27.4861 23.0889 7.95
NisoMn20GapsCas 1.2446 18.7687 14.9799 7.75
NisoMnz1 26Gas. 75 18.7214 37.8374 23.8644 7.75

6.5 Prediction of Curie temperature

In order to predict behaviour of the Curie tempamat calculations of the tetragonal
deformation paths were performed in paramagneattestemploying the DLM approximation.
Predictions oflc are based on the study of energy differences leetWw& and PM states. This
method, as well as the method used for prediciw@re not able to give us accurate value of
the transformation temperature but we can prestsnends in comparison with stoichiometric
NioMnGa. If the energy difference between PM and Fadest for doped structure lowers in
comparison with the undoped allok; will likely decrease and vice versa. Since we cann
determine the martensitic transformation tempeeatdirstudied alloys, we predict a change in
Curie temperature of both austenite and marteR8te®M transformations. However, in real
systems, only one of mentioned magnetic transfaamattakes place depending o (if Tw

> Tc then the real Curie temperature occurs in matteasid is denoted &%, if Tw < Tcthen
the real Curie temperature occurs in austeniteisrskenoted a%#). Computed tetragonal
deformation paths for both FM and PM states arevahin Figure 6.5, both magnetic states are
related to the FM austenite energy of given contjuosi

There were assumed two magnetic transformatiotissrwork — FM austenite to PM austenite
and FM martensite to PM martensite. If we will coles the unmodified NMnGa alloy
(represented by red colour), the FM energy prafdénes martensite as a ground state structure
of the FM state. The PM state energy profile derfratess energy minimum for the PM
austenite solely, indicating that the PM martenstanlikely the structure of PM state [54].
The conclusion resulting from these information tisat pure NIMnGa undergoes
transformations in following order: FM martensitleq ground state structurej FM austenite

— PM austenite. Such a prediction made just fronwkng the shape of tetragonal deformation
paths is correlating with an experimental datalyasvas measured to be at around 200 K and
T4 at around 370 K. [63-65]
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Figure 6.5 Tetragonal deformation paths for FM and PM stade$ fat% of Cd dopant a), and tetragonal

deformation paths for FM and PM states for 5 at%rotlopant b).

As follows from Figure 6.5, Zn and Cd have almts same effects in both magnetic states.
From analysis of deformation paths for doping to diblattice in PM states, it is obvious that
only stable paramagnetic structure is austenite. ddta presented in Figure 6.7 show that
energy differences of FM and PM austenites (for $dblattice doping) are smaller for both
types of doping than in unmodified alloy. This faen be linked to the decrease in Curie
temperature. Effects of Zn and Cd are again idahtitwe look at the FM states of the Mn-
sublattice doping (orange and yellow energy prefile figure 6.5) and Figure 6.4, we can
forecast a decrease ®fs. It is probable that at higher concentrations af & Cd in this
sublattice, the FM austenite would become the gi@iate structure. Thus, substitution of Mn
atoms should result in lowering of bolly and Tc at studied concentrations and a likely
transformation scenario is as follows: FM marieens> FM austenite-» PM austenite.
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Figure 6.6 Tetragonal deformation paths for FM and PM state$125 at% of Mn substituting Ga.

Considering the substitution of Ga atoms by Cd or Eigure 6.7 shows descending
dependences for transformation in martensite andostl constant dependences for
34



transformation in austenite. From this we can asstimat a positive effect ofc has neither of
dopants considered in this work in Ga-sublattites Visible from figure 6.5 that there are two
energy minima present in the PM states. It meaatslibth austenite and martensite may be
possibly found in PM state, and therefore it isficlilt to specify the appropriate order
transformations. Doping the Ga sites by Zn or @dease3wv and decreases Curie temperature.

From analysis of Figure 6.6, we can state thaMhe—~ Ga doping in the PM state should have
similar effect as Zn or Cd doping in Ga sites (gizdtion of PM martensite). The plot in Figure
6.7 confirms the above assumption for the FM aitgter PM austenite transformation,
however, if the transformation occurs in martenditshould have a positive effect @ .
From experimental data we know tiat < T#' (Curie temperature for 3.9 at% and 4.8 at% in
this order equals to 374 K and 370 K [26]) and legthe line carrying information about Cutie
temperature is the line for austenite. Predicti@nrhagnetic transformation in martensite is
much more optimistic which should indicate an iase in Curie temperature. Experimental
data proved further decreaseTaf for higher concentrations of Mn, making this pogidin
inaccurate. [26]. This disagreement is probablysediby the usage of DLM approximation for
modelling of antiferromagnetic off-stoichiometribogs with excess of Mn at expose of Ga.

>
—@— Austenite Zn->Ga

34 Martensite —X%— Martenzite Zn->Ga

Austenite Zn->Mn

29 Martenzite Zn->Mn

—@— Austenite Cd—>Ga

//
|l

—X=—— Martenzite Cd—>Ga

Austenite Austenite Cd->Mn

AE oy 1y [MmeV/atom]

19
Martenzite Cd->Mn

—@— Austenite Mn—->Ga
14

0 2 4 6 —fl— Martenzite Mn->Ga

concentration of dopant [at%]

Figure 6.7 Energy differences between FM and PM structurégaind Cd doped alloys with 5 at% of
dopants at every atom site. Magnetic transitionmamtensite are symbolized by squares, transitions
austenite are represented by dots. The dasheddpessent unlikely transformations.

6.6 Electronic structure

The effect of doping on electronic structure ofMi-Ga alloys was also studied in order to
explain observed relations and to examine the ktedility of austenite. In Appendix, minority
and majority DOS channels are plotted for austénited) and martensite (e —i). Majority DOS
channels do not play such important role in stgbdf Ni-Mn-Ga alloys as minority channels
and therefore the former are not commented invibik. By analysis of minority spin channel
of density of states (DOS), we can address stalaifiaustenite to formation of a pseudogap.
The pseudogap in pure JMnGa austenite is located about 0.65owE: (the Fermi level).
The creation of a pseudogap can be defined asuli oé$ybridization or interaction of Fermi
surface and Brillouin zone [28], resulting in cieatof an Ni-Ni antibonding peak near the
Fermi energy, which is related to a Jahn-Telletaibiity. In this model, the lattice distortion
breaks the degeneracy dfbands neaE: and thus cause a redistribution of electrons with
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resulting reduction of energy [66]. A shallow arainow pseudogap indicates weaker covalent
bonding [67].

The antibonding peak located approximately 0.2 e E; is responsible for instability of
austenite, since a high density of states lgarcrease total energy of the cubic phase and
makes it instable. Similarly, the tetragonal digtor is accompanied with motion of the
antibonding peak over the Fermi level which caugstence of energy barrier in the tetragonal
deformation path [35]. In Figure 6.8, theaee compared total densities of states in austenite
phase for undoped M¥inGa and doped alloys. The substitution of Ga atbyn&n or Cd have
the same effect on electronic structure arobfdbut differs for states with lower energis
substitution moves both the pseudogap and thearibg peak closer t&s and increases
density of states on the Fermi energy comparirtheaindoped alloy. This is also responsible
for destabilization of the cubic austenite. On ¢betrary, substitution of Mn atoms by Zn or
Cd fills the pseudogap and lowers the antibondiegkp This behaviour is linked to the
stabilization of austenite and consequently todiberease Ofm.
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Figure 6.8 Comparison of total DOS majority spin channelsaiastenite phases of undoped and doped

alloys.

The DOS plots for minority spin channel for studalbys in martensitic phase are plotted in
Figure 6.9 Thestability of martensite phase in the undoped alkogronounced by shift of the
antibonding peak over the Fermi level. Doping in &#blattice results in a shift of both
pseudogap and antibonding peak towards higher eserghe pseudogap in DOS of the
undoped alloy is slightly deeper. The minimizatafrdensity of states on the Fermi level is not
present and hence a positive effect of doping is@Hdattice is caused by destabilization of the
austenite phase. However, doping in Mn sublattfeects neither pseudogap position nor its
depth. A shift of the antibonding peak ogiis not as strong as for the Ga substitution artd no
even as in the MVInGa alloy, hence stability of martensite is lessounding. Effects of Zn
and Cd are again almost the same. The results & €lrulations correspond to and support
outcomes from analysis of tetragonal deformatiahga

36



70

i
' ——5%Cd->Ga
60 :
| e 5%ZNn—>Ga
50 : e 5%Cd—>Mn
: =——5%Zn->Mn
3 40 [
o« | undoped
by |
(%)
o |
S 30 |
|
20
|
10 |
|
| E¢
0 |

-125 -105 -0.85 -0.65 -0.45 -025 -0.05 015 035 055 0.75
E-E¢[eV]
Figure 6.9 Comparison of total DOS majority spin channelsmdaped and doped alloys in martensite
phase.

37



Conclusion

This work dealt with theoretical study of Ni-Mn-@Gsagnetic memory systems usialy initio
calculations. Goal of this work was primarily foedson the prediction of effects of doping
with Zn and Cd on transformation temperatures. dditeon, the investigation of an off-
stoichiometric NiMn1+xGaix alloy was performed. Sought properties were thelynamic
stability of alloys, martensite transformation tesrgiure Tv, Curie temperaturdlc and
electronic structure.

All obtained results for Zn and Cd dopings showngigant similarities when comparing
substitutions in identical sublattices. Tetragateformation paths and energy differences in
both ferromagnetic and paramagnetic states ardicdéfor Zn and Cd substitutions. Since
both elements are from the same group of the pertadble, an assumption was made that
elements from one group have the same effects iiriNGa system in general.

The calculation of the heat of formation provedslidied alloys to be thermodynamically
stable at temperature 0 K. Developmeniwtan be predicted based on the analysis of thke tota
energy along the tetragonal deformation path irofaagnetic state. Substitutions of Zn or Cd
for Ga atoms resulted in an increasdjn On the other hand, doping of both Zn and Cd for
Mn influenced the system in a negative way andltegun decrease ifim. The information
obtained from the study of the total energy develept along the tetragonal deformation path
were interpreted by analysis of DOS for Zn and Ggedl alloys. Doping in Ga sublattice was
found to destabilizes austenite and to move thliNintibonding peak above the Fermi level
in matensite. These effects are responsible forease inTu. However, doping for Mn
stabilized austenite and did not push the antibapgdeak over the Fermi level completely.

The studied change in stoichiometry resulted mdykadthe steepest growth of austenite-
martensite energy difference with increasing cotre¢éion of Mn. This behaviour should
correspond to the most significant increas@nn yet experimental data show that effect of
doping with Zn in Ga sublattice is similar to tlwtthe growth in Mn content. The observed
behaviour and the deviation from the rule may hesed by antiferromagnetic nature of the off-
stoichiometric alloy.

Predictions of Curie temperature were based on adsgn of the total energies along
tetragonal deformation paths in paramagnetic andrfeagnetic states. The results indicate a
negative (decrease) or negligible effectTenfor all types of doping apart from the magnetic
transformation in martensite phase in the off-stimimetric alloy. Thus, the growth @t could

be expected with increasing concentration of Mnictlis in contradiction with experimental
data probably also due to antiferromagnetic natiréhis alloy. Both Zn and Cd cause a
decrease in tetragonality in both sublattices, endther hand, the tetragonality in the off-
stoichiometric alloy rises.

The predictions done for the Zn doping in the Ghlattice are supported by experimental
results reported in available literature. This agrent validates also predictions of development
of Tm made in his work as well as the method based ocdh®arison of energy differences
between austenite and martensite.
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List of abbreviations and symbols

Abbreviation M eaning

FCC Face centred cubic lattice MSM Magnetic shape memory

BCT Body centred tetragonal lattice DOS Density of states

NM Non-modulated martensite DFT Density functional theory

10M five-layered modulated martensite  EMTO  Exact Muffin-Tin Orbitals

14M Seven-layered modulated martensitK KR Korringa-Kohn-Rostoker

40 Four-layered modulated martensite CPA Coherent Potential
Approximation

L21 Cubic full-Heusler lattice PBE Perdew-Burke-Ernzerhof

Cl Cubic semi-Heusler lattice PAW Projector augmented vawe

MIR Magnetically induced reorientation FM Ferromagnetic state

MFIS Magnetic field-induced strain PM Paramagnetic state

Symbol Unit Characterization

G eV Gibbs energy

Etot eV Total energy

F eV Free energy

p Pa Pressure

\% m? volume

S JKImol? entropy

U eV Internal energy

T K Temperature

H eV Enthalpy

AHs eV Heat of formation

Tm K Martensitic transformation temperature

Tc K Curie temperature

C Pa Tetragonal shear modulus

Ruws A Wigner-Seitz radius

Voa A3 Equilibrium volume of austenitic primitive cell

AH;1 eV Heat of formation of austenite

Ea eV Total energy of austenite

Em eV Total energy of martensite

Mot uB Total magnetic moment per formula unit

AEam eV Total energy difference between austenite and msitee

AEpM-FM eV Total energy difference between PM and FM state

T K Curie temperature in austenite

T K Curie temperature in martensite

=] eV Fermi level

cla - Tetragonality

ela - Valence electron density

(c/a)nm - Tetragonality of NM martensite
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Appendix

Minority (spin down) and majority (spin up) DOS dmels. Plotted are total DOS per primitive
cell and DOS per atom for every constituent atofme Total DOS is a sum of contributions
from all constituents with respect to their contdfigures a) — e) represent austenite, f) — i)

represent martensite.
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