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Abstract

The subject of this work is theoretical study of Ni-Mn-Ga system, known due to the magnetic
shape memory effect. Calculations were performed using the Exact Muffin-Tin Orbitals method
in combination with the Coherent Potential Approximation within the Korringa-Kohn-Rostoker
formalism. The total energy was calculated by Full Charge Density method. Effects of Zn or
Cd dopings on total energies along the tetragonal deformation path and consequently on
martensite transformation temperature 7y and Curie temperature 7¢c were examined. Off-
stoichiometric alloys with excess of Mn at the expose of Ga were studied as well. The increase
in T for all cases of doping in Ga sublattice and the decrease in Ty for both cases of doping in
Mn sublattice were predicted. Regarding T¢, all types of doping should decrease Curie
temperature with an exception of magnetic transition in the off-stoichiometric martensite.

Abstrakt

Ciel'om tejto prace je teoretické Stidium systému Ni-Mn-Ga, vykazujiceho efekt magneticke;j
tvarove] pamdti. Pri vypoctoch bola pouZzitd metéda Exaktnych Mufiin-Tin Orbitdlov v
kombindcii s aproximdciou koherentného potencidlu vrdmci Korringa-Kohn-Rostoker
formalizmu. Totdlna energia bola spoCitand pomocou metdédy uplnej ndbojovej hustoty.
Skimany bol vplyv dopovania zinkom alebo kadmiom na totalne energie pozdiz tetragonalnej
deformacnej drdhy a nasledne na teplotu martenzitickej premeny 7y a Curieho teplotu Tc.
TaktieZ boli skimané nestechiometrické zliatiny prebytkom Mn na tdkor Ga. Vysledky
predikuji nérast Ty po vSetkych pozorovanych substiticidch v podmriezke Ga a pokles Ty po
substiticidch v podmriezke Mn. Curieho teplotu znizuji vSetky Studované substiticie s
vynimkou zmeny magnetického usporiadania v martensite nestechiometrickej zliatiny.
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KTlacové slova

Magneticka tvarova pamét, ab initio vypocty, NioMnGa, dopovanie, fizové transformacie



Bibliographic citation

JANOVEC, J. Ab initio vypocty vlivu dopovdni na slitinu NizMnGa. Brno: Vysoké ueni
technické v Brn¢, Fakulta strojniho inZenyrstvi, 2018. 46 s. Vedouci bakaldiské prace Ing.
Martin Zeleny, Ph.D..

JANOVEC, J. Ab initio calculations of doping in Ni2MnGa alloy. Brno: Brno university of

technology, Faculty of mechanical engineering, 2018. 46 p. Supervisor Ing. Martin Zeleny,
Ph.D..



Declaration

I declare that I have elaborated bachelor thesis Ab initio calculations of doping in NizMnGa
alloy by myself with only help of literature and sources listed in the bibliography.

Brno, 25.5.2018

Jozef Janovec



Acknowledgements

I would like to thank my supervisor, Dr. Martin Zeleny, for the guidance, expert advices and
ideal conditions for work on this thesis. I am also thankful to Metacentrum visual organization
and Dr. Petr Sestdk from CEITEC, Brno University of Technology, for allowing me to have
the access to computational resources, vital for my work. My sincere gratitude goes to my
family members, who were supporting me throughout my studies.

This work was supported by the Czech Science Foundation under project no. 16-00043S
trough collaboration with Institute of Physics of the Czech Academy of Sciences in Prague.



Contents

I LR Lo T Lo 5 To ) 1 RO OO P PP 10

1 Thermodynamics and stability of @allOys .........cooieiiiiiiii 11
2 Solid state tranSTOrMAtIONS ........cveeeivieeriie ettt be e sbae e nae e 13
2.1 Martensitic transfOrmation ...........cocceeeeiuiiiiiiiiiiiiiie e 13
MaAGNELIC PIOPETLIES ....euveveeieeiiiiiiiie it ettt ettt s st 16

L T2\, §1 1 7. T O U OO OOT PRI PIPRPPP 18
5 Computational MEthOAS. ........cceiuiiiiiiiiiii i 22
5.1 Principles of the ab initio Methods..........ccoocoeiiiiiiniiiiiii e 22

5.2 The EMTO MEthOd........ccouiiiiiiieiie ettt 24

5.3 CalCulation SEL UP ..ee.eereerueeieeieeeieeteet et eie sttt st ebe b s s e e e e en e 25

6 RESUILS .o ceie ettt et ettt e et et et et et e e e s s e e as s e be e et b e eabe e st e e 27
6.1 The equilibrium VOIUME .......c.cocuiiiiiiiiiiiiiiete e 27

6.2 Thermodynamic Stability.........cceeiiviiiiiiiiiiiiiii i 28

6.3 Zn, Cd and Mn doping effect on tetragonal deformation............cccoevevenineninnne 29

6.4 Prediction of the austenite-martensite transformation temperature...................... 31

6.5 Prediction of the Curie teMPErature ...........cc.cecveviiiiiiiiiiiniiiireeiee e 33

6.6 ElECtrONIC SIIUCTUIE....cvveeeteeieeetiestie et et ee st saae et ebaeeae s e ssaesaaessaeannes 35
CONCIUSION. ...t cetveectitee et e et ee et e et ee ettt e e eabeeees et eesaaeeesaae e saaeseaaseesae s bbesessbeessaeessaesnseesnns 38
BibIIOZIAPNY ...cvetieiectiee et 39
List of abbreviations and SYMDOIS.........cccceviiiiiiiiiiiiii e 44
APPENAIX 1ttt 45



Introduction

In recent decades, a lot of attention was payed to alloys showing the shape memory effect,
especially to group of alloys where deformation is induced by magnetic field. This effect is
called the magnetic shape memory effect and probably the most studied system exhibiting
magnetically induced strain is the NioMnGa alloy. Promising utilization of Ni2MnGa in
practical applications is reduced by relatively low transformation temperature of martensite,
being lower than the room temperature. Therefore, a strong emphasis is given to improvement
of its features, mainly transformation temperatures. Technical characteristics of Ni-Mn-Ga
systems can be enhanced by change in alloy's stoichiometry or by doping with other elements.

One of the ways to study complex alloys is theoretical approach, using the ab initio (first-
principles) calculations of electronic structure. Results obtained from theoretical calculations
are generally in a very good agreement with experimental data. A numerous group of
calculation methods is based on density functional theory with different approaches for solving
the Kohn-Sham equations. The Exact Muffin-Tin Orbital (EMTO) method was used in this
thesis in combination with the Green's-function technique. Real potentials are within EMTO
approximation replaced by overlapping spherical potentials centred on every atom. Chemical
disorder of substitutional alloys is treated by Coherent Potential Approximation (CPA).

The aim of this work is a description of effect of Zn and Cd doping instead of both Ga and Mn
as well as a study of an off-stoichiometric alloy with excess of Mn over Ga. The calculations
were focused on prediction of martensite transformation temperature and Curie temperature.
Martensite was approximated by the non-modulated structure in all studied alloys. As a tool for
qualitative predictions, total energy difference analysis from tetragonal deformation path was
applied. This method allows us to determine only whether effect of doping on transformation
temperatures is positive or negative but we cannot find its exact value. However, such
information provides a useful guide for subsequent experimental research. The obtained
relationships have been confirmed by the analysis of DOS for minority spin channel.
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I Thermodynamics and stability of alloys

In nature, every spontaneous process is controlled by energy minimisation of related systems
and their effort to exist in the equilibrium with the surroundings. The accompanying phase
transformations of any kind can be studied experimentally and described qualitatively by
thermodynamics. For instance, phase transformations in solids are understood as a recast of
constituents' positions aiming to get into the more stable state. These transformations are pretty
much all types of structure changes, for example precipitation reactions, lattice recombination,
changes in magnetic properties, etc. These structure changes may be caused by alternations of
temperature, pressure, magnetic or electric fields, strain, etc. When studying phase
transformations, equilibrium phase diagrams can be used as reliable tools, providing us with
relations between internal properties and external conditions (mainly temperature or pressure).

In thermodynamics, a system is defined as a part of the space, separated from its surroundings
by imaginary or real boundaries. The system might be composed of one or more phases, i.e.
homogeneous, physically and chemically distinguishable parts of the system consisting of one
or more components - either elements or chemical compounds. Phases can also be characterised
by relative amounts of each component they contain. [1]

A useful overall look at both the stability of the system and the probability that a certain process
happens is given by the Gibbs free energy G, called also the free enthalpy:

G :EtOt + ZFL +pV. (1.1)

The sum free energies > F; contains terms like vibrational, rotational, translational,
configurational and magnetic energy of all the components. These terms include both internal
energy contribution and entropy contribution as can be seen below. The last pressure-volume
dependent term is relatively small in comparison to energy terms and is often negligible. [2]

Furthermore, the total energy term E; represents the electron kinetic energy and long range
electrostatic interactions between particles (ions and electrons). This energy can be obtained
from the first principle calculations. [3]

As mentioned, free energies are possibly expressed in the form of F; = E;- TS;, by applying this
into the Gibbs free energy, we obtain

G =E,y + in —ZTSi +pV, (1.2)

where S; represents the corresponding partial entropy. The sum of all the energy contributions
E; and Ey, is equal to the internal energy of a system U. In other words, the internal energy
represents the sum of partial energies corresponding to both particle motion (vibrational,
translational, rotational) and interactions between particles. The internal and the total energy
concepts are very alike, though some important differences are present. Both are the sum of
potential and kinetic contributions but internal energy is a state function of a system containing
vast number of atoms and it is independent of atomic geometry. Furthermore, because of the
great number of contributors, we cannot measure the exact internal energy of a specific state of
the system, thus we use only changes in U. On the other hand, the total energy is an intensive
property computable for a certain state and it is possible to find its value for a single atom or a
molecule. [1,3]
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By a simple rearrangement of terms in Eq. 1.2, the Gibbs energy can be written as
G :U—ZTSi+pV. (1.3)

The Gibbs free energy is a quantity that gives us a relative stability of the system at a given
temperature and pressure. As stated before, a system is trying to minimalize its energy to reach
a stable state. Whether the transformation is likely to happen, it can be derived from the
difference in Gibbs energies of both states. If it is less than zero, the change will probably carry
out, being equal zero, both states are in equilibrium and if it is greater than zero, transformation
will not happen spontaneously. In other words, the transformation is possible only if it results
in a decrease of the Gibbs energy. In the case, when a change in the Gibbs energy is zero, but
its value is not the lowest possible, the system is in metastable equilibrium. When the Gibbs
energy is at the global minimum, the system is in the stable equilibrium. A negative change in
the Gibbs energy is an inevitable condition for the transformation, however it is not a sufficient
one since in many cases an additional energy barrier must be overcame. This barrier is explained
by kinetics of phase transformations. [1]

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

Under a constant pressure, the enthalpy is usually considered as an energy change in the system,
being equal to the overall energy transfer from or to the environment during the reaction or
transformation. As well as the internal energy, it is impossible to measure the enthalpy of a
system directly hence only the change in the enthalpy is used. [4]

At zero pressure and temperature, which are assumed in this work, both temperature and
pressure dependent terms are neglected in Egs. 1.2 and 1.3. Since contributors to the > E; term
are also temperature dependent, the change in the Gibbs free energy gets the form

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

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

The enthalpy change is also referred to as the heat of formation 4Hy, which is defined as a
change in enthalpy during the formation of a substance from its constituent elements

roduct
AHf Nz;)roduct Z N (1.6)
where Eproauct 1S the total energy of product system, subscript “i” represents original components
(namely x; is the stoichiometric representation of a particular component in the product), and E;
is the total energy of component in its standard state. The N"%< is a number of atoms per unit
cell of the product and N; is the number of atoms per unit cell of a corresponding element
standard state. Using Eq. 1.6, one obtains the heat of formation per atom. [4,5]
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2 Solid state transformations

Solid phase transformations can be categorised as diffusional and diffusionless, according to
the mechanism of component reorganisation. Diffusion is a thermally activated atomic
movement contributing to the decrease the Gibbs energy. Even though the diffusion is mostly
connected with a decrease in concentration gradient (down-hill diffusion), in alloys exhibiting
a miscibility gap, atoms are preferring the movement increasing concentration gradient (up-hill
diffusion). Diffusionless transformations (so-called shear transformations) take place under
conditions inconceivable for diffusion, when a co-operated movement of atoms is exhibited for
shorter than interatomic distances. [1]

Another important criterion for the classification of phase transformations is the order of
transformation. Discontinuities caused by temperature change such as a jump in the physical
properties (crystal structure, density etc.) or temperature hysteresis and kinetics of nucleation
and growth are typical indications of the first order transformations. On the other hand, the
second order transformations occur at a fixed temperature, they are continuous, without a
temperature hysteresis or the latent heat [6]. An example of the second order transformation is
the magnetic transformation, yet, various experiments have showed the existence of a very
narrow hysteresis around the temperature of magnetic transformation and there are even
theories that all the transformations are of the first order. [7,8]

2.1 Martensitic transformation

Martensitic transformation is solid phase transformation, where a high temperature phase, so
called austenite, transforms into a low temperature phase, so called martensite. Martensitic
transformation is most commonly accompanied by a lowering of a lattice symmetry, for
instance, in the case of Ni;MnGa alloy, the cubic austenite transforms into the tetragonal
martensite [9] (defined by c/a ratio, so called tetragonality, where ¢ and a are lattice
parameters). It is a diffusionless transformation since the diffusion is limited by both low
temperature and high velocity of the process (it might be equal to the speed of sound in metals).
As a consequence, both parent and product phases show an identical chemical composition.
Martensitic transformation is one of the first order, being carried out by the mechanism of
nucleation and growth. [1,10]

Considering a diffusionless character of the transformation, only a restricted coordinated
movement of atoms is possible, and the interface between the austenite and martensite, called
the habit plane, can be coherent or semicoherent [10]. This interface happens to be coherent in
early stages of martensite formation but it changes into the semicoherent as the transformation
proceeds, because of lowering the strain energy. It was observed that the growth of the habit
plane is macroscopically undistorted that indicates the absence of plastic deformation during
the formation of discontinuity. The motion of martensitic interface across the crystal deforms
the volume of material that is associated with the formation of surface relief. [1,10,11]

The Bain model is mostly used to explain martensitic transformation in steels (Figure 2.1),
where FCC—BCT transformation is described by contracting the cell of 20% in the z-direction
and expanding the cell of 12% in the x- and y-directions [11]. So-called Bain strain explains
how the transformation runs with the minimal atom motion. However, in the Bain model, there
are not fulfilled requirements for the existence of the invariant line and the invariant plane after
martensitic transformation are not fulfilled. The invariant plane and line are understood as the
undeformed and unrotated crystallographic objects, common for both austenite and martensite.
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The Bain strain leaves two lines undistorted, but rotated against the undeformed austenitic
phase, as we can see in Figure 2.2. This problem is overcame by a rigid body rotation where
one of the new phase lines overlaps one of the old phase lines and so makes it invariant
(common for both new and old phase). The combination of the Bain strain and the rigid body
rotation gives the observed martensitic structure, though with a wrong shape. The shape
variance is solved by the formation of the macroscopic invariant plane due to an additional
deformation, such as slip or twinning, associated with lowering the strain energy in the crystal
(Figure 2.3). [1,10]

’

~20 % contraction Z,Z

\ 4

Figure 2.1 Schematic reproduction of the lattice deformation within the Bain model, aorepresents the
austenitic lattice constant, a and c¢ are lattice constants of the new martensite phase unit cell, marked
with thick lines. Adopted from [12].

By the structure formed in order to lower the elastic transformation strains, as mentioned above,
we distinguish between the lens martensite, with a high density of dislocations, and the plate
martensite, with a twinned structure. The transformation mechanism in the first type is
performed by a shear deformation, where glide planes of slip dislocations are parallel to the
habit plane and the transformation is associated with expansion that takes place normal to the
habit plane. The martensite growth is provided by the formation and motion of parallel
dislocations in the interface with the same Burgers vector in both phases [10]. Twinning is a
preferred deformation mechanism for materials with low symmetry and large lattice parameters.
In twinned martensite, the interface with austenite remains coherent. [13]

Furthermore, the martensitic transformation is mainly athermal (characterised by a rapid
nucleation and growth, while the amount of transformed martensite is dependent on temperature
only) or in few cases also isothermal (dependent on time). The martensitic transformation has
an immense importance in various applications such as steel hardening, ceramic modification
and shape memory alloys. [10]
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fcc

bcce
(a) (b) (c)

Figure 2.2 The scheme (a) represents the undistorted FCC austenite as a sphere; (b) shows the effect of
the Bain strain on austenite, the ellipsoid denotes austenite deformed along the Bain path, the lines wx
and yz are undeformed but rotated into new positions denoted by apostrophes; (c) combinates the Bain
strain with the rigid body rotation through an angle 0 that results into the existence of the invariant line
yz =y’z’. Adopted from [10].

W p W z W z
Observed
Austenite 1 shape, p2 Martensite
y wrang (wrong
/ structure shape)
“ # y by g
(a) (b (c
LATTICE
-INYARIANT
DEFORMATION
. W Z iy 2
B Twén "‘<
oundar
J 2
Twinned Slipped
Martensite Martensite

Correct macroscopic shape, correct structure

Figure 2.3 Theory of martensitic transformation. Adopted from [10].



3 Magnetic properties

Materials placed in an external magnetic field exhibit different behaviour in dependence on
their composition and temperature. When an object gets into the magnetic field, all of its atoms
are affected by the field, giving the object specific magnetic properties. This happens due to the
fact that atoms have their own magnetic moments created by the motion of electrons that
interact with the external field. As known, electrons are circulating in their orbits in the
Coulomb potential of a nuclei and create their own magnetic fields since every current loop
placed in an external potential creates a dipole magnetic field. Furthermore, electrons possess
a built-in movement around their own axes, known as spin, also creating magnetic moment.
The overall atomic magnetic moment (local moment) is determined by contribution of both
orbital and spin magnetic moments of all the atom's electrons. The nuclear magnetism can be
often neglected because nuclei have much greater mass than electrons (the magnetic moment
is inversely proportional to the mass) [14]. Atomic magnetic moments are strongly linked to
the crystal structure and thus it is unable to adjust immediately their orientation when a
magnetic field is applied. [8]

The arrangement of atomic magnetic moments defines magnetic state of the material. Materials
with no magnetic moment are called diamagnetics, yet by applying an external magnetic field,
they generate a small magnetic field in the opposite direction to the external one. Diamagnetic
materials are Zn, Cu, Bi, Au, Ag, Si, Hg or other. [14]

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

[
Pt
[
P

Figure 3.1 Alignment of local moments in a ferromagnetic material.

Antiferromagnetism is a special case of ferromagnetism with a zero net moment. Magnetic
moments of atoms are parallel but their orientations are opposite in neighbour planes (Figure
3.2). Antiferromagnetic materials can be also described as materials with two sub-lattices being
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equally magnetised in opposite directions. Some of the antiferromagnets are Mn, Cr, MnO,

- bttt
Ll

F1.1.1
Voo

Figure 3.2 Alignment of local moments in an antiferromagnetic material

Atoms of paramagnetic materials exhibit a permanent magnetic moment but unlike in the
ferromagnets, they are oriented randomly because of a thermal motion (Figure 3.3 a)). An
external magnetic field causes a little arrangement of magnetic moments resulting in an
occurrence of a small magnetisation in the direction of applied field [14]. The paramagnetic
state can be approximated within the disordered local moment approach (DLM) represented by
Figure 3.3 b), assuming the magnetically disordered system to be a pseudo-alloy of equal
number of atoms with randomly distributed parallel spins with opposite orientations of their
local moments [16]. The DLM approach can be used for the approximation of the paramagnetic
structures in various solid state calculations. Examples of paramagnetic elements are Al, Ba,

NN IR
ST A VAR
/PNt

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

Materials exhibiting ferromagnetism or antiferromangetism are accompanied with the magnetic
anisotropy - directional dependence of magnetic properties of materials. Magnetically
anisotropic materials tend to align their magnetic moments along preferable directions.
Magnetization directions are hence divided into easy and hard magnetization axes. Magnetizing
along the easy axis results in a rapid increase in the magnetization even in low fields. On the
contrary, magnetizing in the direction perpendicular to the easy axis results in a gradual increase
in the magnetization. Overall magnetization curve is a linear combination of magnetization
curves of both variants and shows the hysteresis. [17]

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

4 NinMnGa

The Ni2MnGa alloy is a part of the alloy family, named after Friedrich Heusler, who fabricated
Cu-Mn-Al alloy, the first prototype of Heusler alloys [18]. Remarkable feature of the first
Heusler alloy is that none of the components is ferromagnetic while their combination shows
ferromagnetism. Alloys in this group are defined as ternary intermetallic compounds
characterised by a strong relationship between chemical order, composition and magnetic
properties. The X-ray measurements proved that at ambient conditions, Heusler alloys
crystalize in L2 structure - the FCC super lattice consisting of four sublattices [19]. If all the
sublattices are filled, the alloy is called full-Heusler with the stoichiometric formula X>YZ and
the L2, lattice, however, the case with one vacant sublattice is called semi-Heusler with the
composition XYZ and the Cly lattice. The letter X in generic formula stands for Co, Ni, Pd, Cu
etc., Y is usually represented by Mn, Fe, Co etc., and Z is commonly Al, In, Sn, Sb, Ga etc.
[12]

Full-Heusler
X,YZ [L2,]
®@x Ovy
X @z

I
!

L Jraamsn Half-Heusler
XYZ[C1,]

®x Ov

W Void ¢ Z

Figure 4.1 Characteristic full-Heusler superlattice L2, and half-Heusler superlattice C1,. In the case of

NioMnGa, X sites are occupied by Ni atoms, Y and Z sites are occupied by Mn and Ga atoms
respectively. [20]

The Ni2MnGa alloy exhibits the martensitic transformation at temperatures around 202K
(denoted by Tu) [21]. The structure transforms from highly symmetric high temperature cubic
austenite phase into the low temperature tetragonal martensitic phase with lowered symmetry.
The martensite has a twinned structure, characterised by a high mobility of twin boundaries
[17]. There have been found several martensitic structures in the NioMnGa - non-modulated
(NM), seven-layered (14M or 7M) or five-layered (10M or SM) [9]. The fourth theoretically
predicted structure of martensite is the orthorhombic 40 structure, not proven experimentally
yet. [22] Martensite structures are illustrated in Figure 4.2. The main contributor to the total
magnetic moment in this alloy is manganese — the magnetic moment of the alloy is 4.17 pg per
formula unit (f.u.) whereas the magnetic moment of Ni is less than 0.3 pg, and Ga exhibits
neglectable magnetic moment [17]. The localized character of magnetic moments results from
the exclusion of minority spin (spin down) electrons from the Mn 3d shell. In majority spin
channel, d electrons of Mn join those of Ni and together form a common d band, while the
minority spin Mn bands are pushed above the Fermi energy [23]. It leads to the ferromagnetism
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due to the same spin orientation of Mn d electrons. The Curie temperature of the paramagnetic-
ferromagnetic transformation for the stoichiometric NioMnGa occurs at T¢c = 376K [21].

(1) 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),10M (b) and 14M (c) modulated martensite,
and 40 (d) martensite. The grey area in (a) represents four blocks out of eight structural blocks forming
the tetragonal elementary cell. Adopted and modified from [22]

Magnetic shape memory (MSM) effect is probably the most important feature of the NioMnGa
alloy. For example, there was observed a magnetic field induced strain (MFIS) in 10M and 14M
single crystal structures up to 6% and 10% respectively. MSM includes two effects caused by
applied magnetic field — magnetically induced reorientation (MIR), done by the twin boundary
motion, and magnetically induced transformation between the austenite and the martensite.
Crucial for the MSM effect in Ni2MnGa are all the existence of martensitic transformation, the
formation of martensite with twinned structure and the high magnetic anisotropy. Magnetic
field induces motion of the highly mobile twin boundaries, and consequently their structure
reorientation. The applied field slowly rotates single crystal magnetization vector to the field
direction. When the energy of the rotation surpasses the energy required for the MIR, the
microstructure changes itself by nucleation and growth of twins with the favourable orientation
to the field. The magnetization process is strong