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Abstract

A series of first-principle calculations to discover the martensitic transition of the Ni-Mn-In
alloys were implemented using the pseudopotential method by VASP and the full charge density
method by EMTO-CPA within the framework of the Density Functional Theory (DFT).

In the stoichiometric NisoMnaslnos alloy, the effect of effective Coulomb and exchange
parameters (U +J) on the phase stability, structural and magnetic properties was studied. The lattice
parameters and the phase stability vary with the U and J couplings in the cubic L2; austenite.
However, the bandgap is still showing metallic bonding in the cubic NisoMnasInys alloy.

To figure out the effect of excess Mn atoms on the preference of the martensite structure, the
tetragonal distortion was employed in the off-stoichiometric NisoMnxInsox alloys with different Mn
contents. The calculations were conducted with the optimization of the magnetic structure, where
the stoichiometric NisoMnzslnas alloy was served as the reference. The ground state-energy-
resolved tetragonal distortion reveals that the excess Mn changes the preferred stable structure from
the perfect cubic L2, structure to the tetragonally distorted structures. Furthermore, to find out more
accurate preference of the martensite structure, the formation energies were calculated. The results
show that, the orthorhombic structure is preferred at lower Mn concentrations (between 29 at. %
and 40 at. %), whereas the tetragonal L/ structure is more stable at the higher Mn concentrations
(above 40 at. %). Moreover, the effect of the Mn concentration on the magnetic properties was also
studied. With the increase of the excess Mn content, the magnetic moment increases linearly in the
ferromagnetic cubic L2; structure, whereas it varies in the two kinds of martensite. The excess Mn
could lead to the coexistence of ferromagnetism and antiferromagnetism. The appearance of the
antiferromagnetism could be attributed to the Ni-Mn antiferromagnetic interaction in the tetragonal
martensite.

Furthermore, the effects of Mn concentration and thermally excited contributions (including
the vibrational, electronic excitation and magnetic contributions) on the phase stability of austenite
and martensite from 0 K to finite temperatures in Heusler type NisoMnyInsox shape memory alloys
were also studied. Results show that at 0 K, the energy differences between the non-modulated
(NM) martensite and the austenite become negative when extra Mn is added, indicating that the
added Mn stabilizes the martensite and promotes martensitic transformation. At finite temperatures,

the three thermal contributions (the vibrational, electronic excitation and magnetic contributions)



were further calculated based on the equilibrium structure at 0 K. It was revealed that the vibrational
entropies of the two phases increase with the increase of the temperature for all Mn contents. Under
the two effects (temperature and Mn-content), the austenite has a larger vibrational entropy than
the martensite, which indicates that the vibrational entropy contributes to promoting the martensitic
transition. The Mn content and the temperature show a similar influence on the electronic entropies
of the two phases. And the magnetic moments increase linearly with the Mn content, however, the
influence of temperature is relatively small. Above 100 K, the magnetic moment of the austenite
is higher than that of the martensite in ferromagnetic NisoMn29.25In0.75 alloy, suggesting that the
magnetic entropy makes a similar contribution to promote the martensitic transformation, like the
vibrational and electronic excitation entropies.

The present work provides fundamental knowledge to understand the martensitic transition of
off-stoichiometric NisoMnxInso-x alloys, which could be used for the design of ferromagnetic shape

memory alloys with improved functional performances.

Keywords: Ni-Mn-In alloys; VASP; EMTO-CPA; martensitic transition; formation energy;

thermodynamic contribution
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Résumé

Une série de calculs de premier principe pour étudier la transformation martensitique des
alliages Ni-Mn-In a été mise en ceuvre en utilisant la méthode du pseudopotentiel de VASP et la
méthode de densité de charge compléte par EMTO-CPA dans le cadre de la théorie de la
fonctionnelle de la densité (DFT).

Pour l'alliage stoechiométrique NisoMnzsInys, l'effet de Coulomb efficace et des parameétres
d'échange (U + J) sur la stabilité de phase, les propriétés structurelles et magnétiques a été étudié.
Les parametres du réseau et la stabilité de phase varient avec les différents couplages U et J dans
l'austénite cubique L2;. Cependant, la bande interdite présente toujours une liaison métallique dans
l'alliage cubique NisoMngpsInys.

Pour déterminer l'effet des atomes de Mn en exces sur la préférence de la structure
martensitique, la distorsion tétragonale a été utilisée dans les alliages NisoMnxInsox avec différentes
teneurs en Mn. La distorsion tétragonale a 1'état fondamental, résolue en énergie, révele que l'exces
de Mn change la structure stable préférée de la structure cubique parfaite L2; en structures
déformées tétragonales. De plus, pour découvrir une préférence plus précise de la structure de la
martensite, les énergies de formation ont été calculées. Les résultats montrent que la structure
orthorhombique est préférée aux concentrations de Mn faibles (entre 29 at.% et 40 at.%), Tandis
que la structure tétragonale L/, est plus stable aux concentrations Mn plus ¢élevées (supérieures a
40 at.%). De plus, l'effet de la concentration en Mn sur les propriétés magnétiques a également été
étudié. Avec l'augmentation de la teneur en Mn en excés, le moment magnétique augmente
linéairement dans la structure ferromagnétique cubique L2, alors qu'il varie dans les deux types de
martensite. L'exces de Mn pourrait conduire a la coexistence du ferromagnétisme et de
l'antiferromagnétisme. L'apparition de 1'antiferromagnétisme pourrait étre attribuée a l'interaction
antiferromagnétique Ni-Mn dans la martensite tétragonale.

De plus, les effets de la concentration en Mn et des contributions excitées thermiquement (y
compris les contributions vibratoires, €lectroniques et magnétiques) sur la stabilité de phase de
l'austénite et de la martensite de 0 K a des températures finies dans les alliages a mémoire de forme
NisoMnxInsox typés Heusler ont également ét¢ étudiés. Les résultats montrent qu'a 0 K, les
différences d'énergie entre la martensite non modulée (NM) et l'austénite deviennent négatives

lorsque du Mn supplémentaire est ajouté, indiquant que le Mn ajouté stabilise la martensite et
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favorise la transformation martensitique. Aux températures finies, il a été révélé que les entropies
vibrationnelles des deux phases augmentent avec 1'augmentation de la température pour toutes les
teneurs en Mn. Sous les deux effets (température et teneur en Mn), l'austénite a une entropie
vibrationnelle plus grande que la martensite, ce qui indique que I'entropie vibrationnelle contribue
a favoriser la transformation martensitique. La teneur en Mn et la température montrent une
influence similaire sur les entropies électroniques des deux phases. Et les moments magnétiques
augmentent linéairement avec la teneur en Mn, cependant, l'influence de la température est
relativement faible. Au-dessus de 100 K, le moment magnétique de I'austénite est plus élevé que
celui de la martensite dans I’alliage ferromagnétique NisoMnoog2s5In2o.75, suggérant que 1'entropie
magnétique contribue de maniére similaire a favoriser la transformation martensitique, comme les
entropies vibratoires et d'excitation €lectronique.

Le présent travail fournit des connaissances fondamentales pour comprendre la transformation
martensitique des alliages Ni-Mn-In steechiométriques, qui pourraient étre utilisés pour concevoir
des alliages ferromagnétiques a mémoire de forme avec des performances fonctionnelles

améliorées.

Mots-clés: Alliages Ni-Mn-In; VASP; EMTO-CPA; transition martensitique; énergie de formation;

contribution thermodynamique
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Chapter 1

Chapter 1 Introduction

1.1 Ni-Mn-In ferromagnetic shape memory alloys

Shape memory alloys can be characterized by two kinds of behaviors: the shape memory
effect and the superelasticity [1-4]. The shape memory effect, as shown in Fig. 1.1, stands for the
recovering residual strains capacity of the alloys under the thermal field after cyclic loading, and it
is related to the thermoelastic martensitic phase transformation [5]. And the superelasticity is
associated with the recovering capacity of the loading-originated strains without any residual
strains [6]. The shape memory alloys contain two kinds of phases, i.e., the austenite and the
martensite, in which the physical properties vary from the one to the other. It includes the phase
stability, the thermal conductivity and thermal expansion coefficient, which would be attributed to
the different crystal structure and the different electronic structures of the two phases [7-9]. The
shape memory effect is related to the phase transition from the austenite to the martensite with
different structures, which could also be affected by the chemical compositions of the alloys and
the applied field [10]. The variante is the structure of martensite with lower symmetry and the

multiple configurations of the martensite.

COOLING STRESS LOADING UNLOADING HEATING

PARENT PHASE MARTENSITE MARTENSITE PARENT PHASE

Fig. 1.1 Illustration of the shape memory effect 5, 6]
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The shape memory effect was first pointed out in Au-Cd alloys in 1951 [11] and then it was
discovered in the Ti-Ni alloys in 1963 [12]. As the shape memory alloy could be used for innovative
devices and applications (including aerospace [13,14], automotive [15], and actuators [16]), it has
attracted increasing attention in recent years [17].

Magnetic shape memory alloys would produce motion which is associated with the twin
boundaries of the differently oriented martensite variants or the interfaces between the austenite
and the martensite [18]. It also force the recovering to its original form under an applied magnetic
field [19]. Among them, the Ni-Mn-Ga alloys produce the large magnetic-field-induced strains
[20,21], which could be deduced to the reorientation of the martensite twins, under the magnetic
field. However, its magnetostress is quite small, which is due to the small twinning/detwinning
resistance [22]. Therefore, as the lower environmental resistant and the strong dependence on the
magnetic field, the application of the Ni-Mn-Ga alloys is limited in single crystals under large
magnetic-field-induced strain. [23]. For the Ni-Mn-X (X: In, Sn, Sb) alloys, the magnetostriction
is attributed to its magnetic field-induced reverse martensitic transformation [24-26]. The shape
memory alloys undergo the martensitic transition from the ferromagnetic austenite to the weak-
magnetic martensite with temperature reduced [27], which called the metamagnetic shape memory
effect. During this process, the martensitic transition temperature could be influenced by the
magnetic field, and many unique physical properties would show up, including the giant
magnetoresistance, the magneto-thermal conductivity and inverse magnetocaloric effects [28].

Up to now, the Heusler-typed Ni-Mn-In alloys have been studied intensively in many aspects,
including crystal structure [29,30] , martensitic phase transition [31-35] and the martensitic phase
stability and magnetic properties [30,36—39], using experimental and computational methods. They

have attracted increasing attention due to their multi functionality, including metamagnetic shape
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memory effect [40,41], giant magnetocaloric effect [42], metamagnetic shape memory effect

[43,44], exchange bias effect [45], the giant Hall effect [36], and magnetoresistance effect [46].

1.1.1 Crystal structure of Ni-Mn-In alloys

During the thermodynamic process, a Ni-Mn-In alloy undergoes a series of transformation
which results in many different phases with different structures, as shown in the phase diagram in
Fig. 1.2. The first step phase transition is that the melt solidified directly into the partially
disordered intermediate B2 phase [47], and the second order B2 - L2, transition takes place during
cooling [43, 48]. Then, the first order cubic L2, austenite transform to the martensite with different
structures, which is strongly dependent on the chemical composition around the stoichiometric Ni-
Mn-In alloy [37]. For the martensitic phase transition, the Heusler typed Ni-Mn-In alloys transform
to two kinds of low-temperature martensite phases: i) the modulated martensite, i.e. the
orthorhombic or monoclinic modulated structures (i.e. ¢/a < 1, in the cubic coordinate system) with
In deplete, such as 6M [29], 10M [30], 40 [49] modulated structures; ii) and the non-modulated
martensite, i.e. the tetragonal structure at low In concentration, such as LIy tetragonal non-
modulated structure (i.e. ¢/a > 1, in the cubic coordinate system) [50]. The microstructures were
evidenced by the selected area electron diffraction (SAED), the x-ray diffraction (XRD), or the

neutron diffraction (ND).
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Fig. 1.2 Phase diagram of NisoMn2s.xInx alloy [43]

1.1.2 Magnetic properties of Ni-Mn-In alloys

1.1.2.1 Curie temperature

The Curie temperature (7¢) refers to the temperature at which the magnetic transition occurs
by losing the long-range magnetic order. During the magnetic transition process, the material
transform from the ferromagnetism to the paramagnetism. In the Ni-Mn-In alloys, the
ferromagnetic austenite could not transform directly into the ferromagnetic martensite, but have to
go through the antiferromagnetic martensite [34,51]. As discovered in the experimental research,
the Heusler typed Ni-Mn-Co-In alloys display the unique martensitic transition from the
ferromagnetic austenite to the paramagnetic martensite and could be activated under a applied
magnetic field [41]. Sutou et. al [27] pointed out that the martensitic transition from the
ferromagnetic L2; structure to an non-magnetic orthorhombic four-layered structure could happen
in the Ni-Mn-X (X: In, Sn, Sb) alloys. They discovered that the Curie Temperature (7¢) of the

austenite phase keeps stable with the change of composition, whereas the Curie Temperature of the
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martensite phase changes obviously with the composition. The Curie temperature of the martensite
shows an abrupt decrease at high Mn concentrations in the Ni-Mn-X alloys. Furthermore, in the
off-stoichiometric NiMnlIn alloys with Ni doped to the Mn site, the Curie temperature of the

ferromagnetic state also shows a systematical decrease with the increasing Ni content[38].

Ni-Mn-Z

Tempersture (K)

Fig. 1.3 the e/a dependence of the martensitic transition temperature (Ms) and the Curie
temperature of austenite and martensite states for Ni-Mn-Z Heusler alloys with Z as Ga, In, Sn

and Sb. [50] (e/a is the concentration-weighted average of the valence electrons)

1.1.2.2 Magnetic moment

The magnetic properties of the Heusler off-stoichiometric Ni-Mn-In alloys have been
investigated experimentally and theoretically. The previous studies found that the magnetic
moment can be mainly attributed to the Mn atoms and the localized magnetic moment, which is
caused by the indirect hybridization between the Ni and Mn atoms in the Ni-Mn-based shape
memory alloys [50,52,53]. The magnetic moment is increasing with the increased Mn

concentration in the Ni-Mn-In austenite [30], which can be attributed to the ferromagnetic coupling

-5-
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between the Mn atoms located at the In sites and the Mn atoms located at the Mn sites, as discovered
by the magnetization measurements of Nig.sMnosxInx (x = 0.14, 0.156) [30,39,43,54]. However,
the total magnetic moment of the martensite decreases abruptly when the Mn content exceeds 34
at. % [39,55,56]. It was revealed that the martensite exhibits coexisting ferromagnetic and
antiferromagnetic interactions in the off-stoichiometric alloys. This means that the excess Mn
results in the antiferromagnetic exchange interactions in the martensite, which could be attributed

to the different hybridization of Mn-Mn atoms [39,57] or Ni-Mn atoms [55,58].
1.2 Introduction of a quantum theory of materials

1.2.1 Schrodinger Equation

The physical properties of a solid could be described by the first-principle calculations under
the frame of the density functional theory. Using the Schrédinger equations to express all the
electronic structural properties, the interaction between the nuclei and electrons could be solved
through the Schrédinger equations. However, that needs huge computational capacity and is almost
impossible to be carried out even for the extremely small systems. Thus, we only focus on the time-
independent situation using the Schrédinger equation in most situations. In the Born-Oppenheimer
nonrelativistic approximation, an isolated N-electron atomic or molecular system [1] can be
expressed as below,

AY = EY (1.1)

In the equation, E is the electronic energy, ¥ = ¥ (%, X,, ..., X,,) is the wave function, and A
is the Hamiltonian operator [60]

N N N
_ 1 A 1
A= ;(—5 vh) + ;vm) + )G (12)

i<j
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with v(7}) = — X+ (1.3)
v(7;) is the “external” potential acting on electron i, which is introduced from the nucleus
with Z, charges. As the mass of the nuclei is much larger than the electrons, the nuclei moves much
slower than the electrons and can be treated as fixed with the electrons moving around. Then, the
kinetic energy of the nucleus, which contains the constant potential energy, is set to be zero.
Therefore, the Hamiltonian of the electron can be written compactly as
Hooe = T+ Vye + Ve (1.4)
The electronic wave function W, and its energy E,j..is the solution of the Schrodinger
equation.
Heoc%erec = EetecPerec (1.5)
The E,j.. and the constant nuclear repulsion E,,,. will obtain the total energy

M M
. ZyZp
Etot = Eetec T Enuc with Enue = z z R
AB

A=1B>A

(1.6)

1.2.2 Variational principle of ground state

The Schrédinger equation must be obtained with respect to the appropriate boundary
conditions. There are many acceptable independent solutions for a given system: the eigenfunctions
¥, with corresponding energy eigenvalues E}. The ¥, set is complete, and the ¥; may always be

taken to be orthogonal and normalized
fq’;é PdxN = (P|¥)) = Sk (1.7)

[ dx" is the integration cover 3N spatial coordinates and summation over N spin coordinates.
The ¥, and E|, are used to denote the ground-state wave function and energy.

With the system in the state ¥, the expectation value of the energy will be given by
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= Al where (Y|H|Y) = JW*HWd;? (1.8)
(F[¥)
The variational principles reveal that the upper bound of the ground state energy Ey is obtained
from the guessed state V. Therefore, the E/¥/ could be used to minimize the N-electron wave

functions with ground state ¥.

Ey = ming_yE[¥] = ming_y(P|T + Ve + Voo |¥) (1.9)

1.2.3 Hartree-Fock approximation

In many-dimensional space, the solving of the wave equation is so complex that it could not
deal with the atoms with many electrons in the accurate quantum theory. Therefore, the
combination of the employing the self-consistent field[61] and the Hartree’s method [4] is resorted
as the best approximation method. By displaying the many-body wave function as a Slater
determinant [1] for the single particle wave functions, the Pauli Exclusion Principle is used to
execute the Hartree-Fock approach [2] by considering the equivalent electrons into the exchange
phenomena. Fock [62] pointed out, the three-dimensional wave functions will be suitable to the
Hartree’s equation only when the three-dimensional wave function is formed by taking the best
approximation into the many-dimensional wave function. That will satisfy the extra terms
contained which could be treated as the exchange phenomena representing into the equations [63].

For a N electrons system with the nuclear potential V,,,, the ground-state wave function ¥,
and energy E, could be determined by the vibrational principle [61]. The ground state energy can
be treated as a function of electrons number (N) and the nuclear potential (Vy):

Eg =E[N,Vex ] (1.10)

The solutions of the Schrodinger equation could be solved by the vibrational principle with

the approximation of many-electron wave function ¥ (7,7, ...,7y) with #; as the particle
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coordinates and spins. Based on the self-consistent field, the core and the valence components
could be used to separate the vibrational principle ¥ (74,75, ..., Ty).

Then, the trial function (as below) can be used to derive the Hartree equation [62]:

V(7,1 e, Ty) = W1(F) oo Yy (Ty) (1.11)

Therefore, with the potential produced from the average field, which is arisen from the other
electrons within the self-consistent field, each single ¥;(#;) could satisfy a one-electron
Schrédinger equation.

The ensuing equations are too difficult to solve. But the important physics, i.e. the electron-
electron interaction, still could not be obtained from the Hartree-Fock approximation. Beyond the
Hartree-Fock approximation, the wave function could be constructed for example as a series of
Slater determinants with huge computational consuming. Therefore, this method could only be

employed to study very small systems.

1.3 Fundamentals of the Density Functional Theory

In the condensed matter physics, using the first principle to predict the crystal structure is the
most fundamental problem. The first principle method could be used to compute the total ground
state energy of system with electrons and nuclei. As nearly all the physical properties could be
related to total energies or to differences between total energies, the ground state energy should be
calculated and minimized with the relaxation of the nuclear positions to predict and to obtain the
equilibrium state of the solid [64]. Therefore, to predict the equilibrium lattice constant of a crystal,
the total energy is implemented by a series of lattice distortion calculations, and then the
equilibrium structure state could be obtained by the Equation of States. Furthermore, by
minimizing the total energy, we could obtain the equilibrium lattice constant of a crystal or obtain

the equilibrium structures of surfaces, interfaces, defects and nanostructures. Total-energy

-9.



Chapter 1

techniques also have been successfully used to predict the elastic constants, the phonons vibrations,
and the electronic structures [63,65].

The first principle calculations, which could be used to calculate the quantum-mechanical
properties, can be used to study the complex solid materials. To understand the physical properties
of the solid, the first principle calculations could be used by analyze the crystal structure and the
electronic structure information to guide materials design with higher quality and better

performance.

1.3.1 Electron density

Defined as electron number of per unit volume in a accurate state, the electron density (p (7))

is the central quantity in density functional theory. In term of W, its formula is

p(?) = Nf j-ll-p()_éll 3_6')2, ,fN)lzdS]_d?_éz dJ_C)N (112)

The non-negative function, p(#), vanishes at infinity and can be integrated by the total number

of the electrons.

(> ) = 0 fp(f)df=1v (1.13)

For the ground state atoms, the electronic density decreases monotonically with the distance
from the nucleus [66], in approximately piecewise exponential fashion [67]. The electron density
has a finite value for an atom which we designate as p(#). Therefore, the results of electron density

from the standard first-order perturbation theory for a nondegenerate state will be obtained.

1.3.2 the Thomas-Fermi model

According to the quantum mechanics principles, by employing a series of approximations and

simplifications regarding to the interaction between the nucleus and the electrons, the first-principle
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method could solve the Schrodinger equation. Therefore, the total energy calculation can be carried
out by the first principle methods to solve the many-body system. Therefore, some approximations
are employed to solve the many-body problem.

As the density is the function of three-dimension coordinates, the number of freedom could
be decreased significantly. Instead of using the wave function to solve the many-body problem,
Thomas [68] and Fermi [69] proposed an alternative approach by the solution of the electronic
density. Thomas found that, if the effective electric field could be obtained, the observable atomic
constants could be calculated theoretically. Based on the Thomas and Fermi approximation, the

independent fermions of the electrons can be written as below with Coulomb energy,

_ _f fd '"(r)n( (1.14)

With kinetic energy
= [ areni (1.15)
Using the constant electron number N = f d7n(#), E[n] could be minimized,
E[n] + AN = T[n] + E.[n j A (V. () + 1) (1.16)

The corresponding Euler equation in the Thomas-Fermi equation will be obtained. TF
approximation makes the total energy be calculated for all atoms within the well-defined

mathematical model.

1.3.3 the Hohenberg-Kohn theorems

The ground state energy can be treated as the minimized total energy, and the exact single-

particle ground-state density corresponds to the density of this minimized state [70]. In 1964,
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Hohenberg and Kohn [71] pointed out that the exact ground-state energy of a system with
interacting electrons can be expressed by the functional of the electron density
Egs = E[p()] (1.17)
The electronic density could be employed to determine the Hamiltonian operator within the
Hohenberg-Kohn theorem. According to the density theory function, the related physical properties
could be obtained. In this theory, the external potential V,,;(#) can be treated as a constant function
of the electronic density p(#); therefore, the external potential could be displayed as a unique
function of the electronic density with the Hamiltonian for the ground state. Thus, the electron
number of the system and the external potential could be derived from the electronic density.
Furthermore, the physical properties of the solids at ground state could be obtained, with which the

ground state energy could be expressed as
E[p] = Enelp] + Tlp] + Ecelp] = JP(F)VNe(F)dF + Fuk [p] (1.18)

with Fyk[p] = T[p] + Eeelp]

Therefore, containing the kinetic energy of both the electron-electron interaction and the non-
interaction particles, the functional Fyg[p] can be expressed by the electronic density. As the
importance part of the density functional theory, the functional Fyx[p] would be used to settle the
Schrodinger equation. The electron-electron interaction contains two parts: the classical part J[p]
which named as the self-interaction correction and the non-classical contribution E,,.;[p] which
named as the exchange and Coulomb correlation. Therefore, the expression of the functionals T[p]
and E,,.;[p] becomes the most challenging part in the density functional theory. The functional
Fyklp] can be used to display the solids at the ground state. When the input of the ground state
density is used as the density in the theory, it could be shown as

Ey < E[p] = T[p] + Enelp] + Eeelp] (1.19)

-12 -



Chapter 1

Therefore, when the trial density is satisfied with the boundary condition (p(7) =0,
[ p(#) d7 = N,) and related to the external potential, the ground state energy Ey could be obtained
from the equation as discussed above, in which the ground state density would also be solved by
the Thomas-Fermi model.

From now on, for the solid which would be solved by the quantum physics, the physical
properties could be obtained by the external potential and the density at the ground state. For the

ground state energy, the density p could be obtained through the function as below,

f P AWeredF + Eyg o] (1.20)

The minimum ground state energy could be obtained when the ground state density input as
the initial density, i.e. §(¥) = p(#). Then, the variation principle could only be used for the ground
state. It is hard to express it for the solid at the excited state. Hence, the functional Eyk[p] becomes

the essential point for the solving of the density functional theory.

1.3.4 the Kohn-Sham equations

According to Hohenberg and Kohn theorem, the ground state energy of a system can be

written out as below,

Ey = min,_y (F[p] + fp(?)VNe(?)d?) (1.21)

Concerning to the contribution of the kinetic energy, the classical Coulomb interaction and

the non-classical portion could be covered into the functional F[p]:
Flpl =Tlpl +Jlp]l + Enalp] (1.22)
As the Thomas-Fermi model is limited to the expression of the kinetic energy, the main issue
to solve the function is still focused on finding out the expression of the T[p] and E,,;[p]. The
Kohn-Sham proposes the expression of it by using the self-consistent one-electron Schrédinger
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equations replacing the many-electron problem in 1965 [72,73]. They suggested that the non-

interacting reference system should be calculated by the real density for the kinetic energy,

N

N
1
To= =5 D WV ps@® = D > @) = p(@) (123)

i
The orbitals of the non-interacting system are expressed as ;. Ts is the false kinetic energy.
The separation of the functional F|[p] is introduced by the Kohn-Sham equation,
Flpl = Tslpl + Jlpl + Exclpl (1.24)
Where Exc[p] is the exchange-correlation energy. Therefore, the interacting system could be

expressed by considering the separation, as follows,

Elp]l = Tslpl + Jlpl + Exclp]l + Enelpl (1.25)
1 _)1 _)2 - - e -
Elp] = Tslo] + 5 f f % d7yd7, + Exclp] + j Viep (F)dF (1.26)

Then the only inexplicit part is Ex.[p] and the wave functions is y; (7).

The one-body Hamiltonian was introduced by the Kohn-Sham equation through interpretation,
but without being justified. As the approximation method has to be applied to find out the exact
expression of the Ex¢[p], many of researches have been focused on the approximation methods to

describe the exchange and correction energies.

1.3.5 Methods for solving the Kohn-Sham Equation

The development of solving the Kohn-Sham equations by the more efficient and accurate
method is the biggest challenge for computational materials science. The solving of the Kohn-
Sham equation can be implemented by the approximation method which could offer the basic
knowledge of the physical properties in the fixed crystal structure. But, the calculation of the energy

or the distortion of the structures needs much higher accuracy.
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There are mainly three methods to solve this problem.

Firstly, by keeping in the interstitial region, the full-potential could describe the localized
bonds, and the pseudopotential of the nuclei could be expressed by the approximation Coulomb
potential, which could also be given almost the same properties of both the physical and chemical
properties compared with the all-electron full potential method [74].

Secondly, the pseudopotential method could be implemented to fulfill the solving of the
interaction between the nuclei and the valence electrons, and the gradient level description or the
exact localized density could be executed for the solids [75-83].

In practice, the finite number of the basic functions by a linear combination could be used to
express the wave function y; (7). The efficient pseudopotential could be used to explain the
electronic-ion interaction by using the Hamiltonian formalism because the physical properties are
dependent on the valence electrons instead of the core electrons. The pseudopotential
approximation removes the core electrons and replaces them by the pseudo wave functions to
represent the true valence waves functions. The functions of the valence wave, the corresponding
pseudopotential and the pseudo wave functional are displayed in Fig. 1.4. The screened
pseudopotential, which is determined by the empirical, and the self-consistently screened ab initio
pseudopotentials make the pseudopotential method use generalized in the solid [65]. The energy
could be solved by the one-particle equations and evaluated by the density functional expression

which could be used to describe the physical properties of the solid systems.
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Fig. 1.4 All-electron (solid lines) and pseudoelectron (dashed lines) potentials with the corresponding wave function,

respectively. The r. is the radius of all-electron and pseudoelectron values [106].

Thirdly, the muffin-tin approximation can also be employed as the Kohn-Sham methods
which could give reasonable effective and electronic density and can be defined as the Full Charge
Density technique [84,85]. Due to the limitation, it could only be used to the density packed systems.
The atomic-like around the core sites and almost fewer changes are the reason that the
approximation could be used, which leads the spherically symmetrical potential center and the
interstitial region to express the Kohn-Sham potentials. The standard Korringa-Kohn-Rostoker
(KKR) [86,87], screened-KKR [88] and the Atomic Sphere Approximation(ASA) [89-92] are all
the Muffin-tin approximation. The developed muffin-tin formalism is the Exact Muffin-tin Orbitals
(EMTO) theory which could solve the optimized overlapping muffin-tin (OOMT) potential more
accurately within the single-electron equation.

The exact physical property will decide the computational accuracy within the Kohn-Sham
method. The fixation crystal structure and the lattice distortion with the changed energy would
require different computational accuracy and computational consumption. Besides these, the
computational expenses differ from different computational methods both in the accuracy and
efficiency. The full-potential method is the most accurate method but with the most expensive

computational resource cost, and could be replaced by the pseudopotential method which solves
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the Kohn-Sham equation only by the valence electrons [93-97]. As the full-potential method is
mainly focused on the bonding within the interstitial region, the pseudopotential could replace the
Coulomb-like potential with enough accuracy and the property results are almost consistent with
the results of the full-potential methods [74]. In the present work, the calculations are implemented
using the pseudopotential method by the Vienna Ab-initio Simulation Package (VASP) [93,98,99]
and the full-charge method, the muffin-tin approximation by the Exact Muffin-tin Orbital theory

combined with the Coherent Potentials Application (EMTO-CPA) [100-103].

1.3.5.1 Plane wave in combination with Pseudopotential approximations

The ab-initio could be implemented by the VASP using the Ultra-Soft Pseudopotential (USPP)
[104-106] or the Projector-Augmented Wave (PAW) [107] methods with a plane wave basis set,
which could be used to reduce the plane wave number of per atom for the transition metals. The
ground state could be obtained by the relaxation of the atoms by the forces and the full stress tensor.

The wave functions of the electrons could be expanded by the plane waves, as demonstrated
in the Bloch’s theorem states, however, the plane wave basis set could not be suitable to be
employed to expand the electronic waves due to the huge number of plane waves needed for the
bound core orbitals and the initial oscillation of the wave functions near the core. Therefore, to
perform the all-electron calculation, a large plane wave basis is needed and a huge computational
time is required. However, a smaller plane wave basis setting is needed to describe the electronic
wave functions under the pseudopotential approximation. So the calculation of the physical

properties is focused on the pseudo-potential-based electronic structure simulation.

1.3.5.2 the EMTO-CPA effective potential
In spite of using the pseudopotential approximation of the Schrodinger equation to obtain the

physical properties, there is another approach to obtain the physical properties through the
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electronic spectrum through solving the Green function [108—110], which could be employed to
obtain the Hamiltonian formalism of both the ordered systems and the disordered systems. The
Green function could be used to implement the muffin-tin methods, which could be obtained from
the electronic structure by coherent potential. The well-developed full-charge density is the extra
muffin-tin orbital method which could obtain the overlapping muffin-tin potential for each single
sublattice of the alloys. By combining the coherent potential approximation into the extra muffin-
tin orbital (EMTO) approach, the spherical potential could be simulated by the averaged Green
function for each alloy component. The charge densities of the electronic and the protonic with the
electrostatic potential could be component dependent due to the inside and the outside charges from
the potential sphere. Employing the Screened Impurity Model (SIM), the charge misfit of the
spherical potentials are included [111,112], and the total potential inside the potential sphere of the
alloys are calculated with the total intracellular potential by the Madelung potential, the Spherical
Cell Approximation and the SIM corrections. Then, the average interstitial potential which is
obtained from the spherical potential can be used to obtain the interstitial potential within the SCA.

As an efficient method, the EMTO could be employed to solve the Kohn-Sham equation in
the frame of the density functional theory, and could be used to describe the exact crystal potential

more accurately than the other muffin-tin methods. The formula is as below:
Eo=T 01+ ) Frura ]+ Ercglg] +Foper ) (1.27)
R

T is Kinetic energy. Excr is the Exchange-correlation energy. Einwar is the intra-cell energy belongs

to the Wigner-Seitz cells at Radium(R) and Einwa is the interaction between diffenrent cells. The
EMTO approach could be used to calculate not only the one-electron states but also provide the

ideal ground state more accurately with the CPA combined for the random alloys.
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1.3.6 Exchange-correlation functions

There are two kinds of approximations widely used to provide the exchange-correction parts:
the generalized gradient approximation (GGA) and the local density approximation (LDA). The
local density approximation (LDA) could solve the extended systems as the most accurate
approximation [70,72]. The LDA could map the many-body problem by the one-electron
exchange-correlation potential with non-interaction. However, the LDA is limited to some systems,
in which: (i) the semiconductors and insulators are underestimated because of the band gaps which
could be excited; (ii) the systems with the overbinding, in which the cohesive energies would be
severely overestimated and the lattice parameters would be underestimated; (iii) the magnetic and
the strongly correlated systems; (iv) Van der Waals interactions are not described in the LDA
properly, although there are some recent suggestions for overcoming this problem [113,114].

Then, due to the limitation of the local density approximation on the exchange-correlation
functional, the generalized gradient approximation (GGA) has been proposed by Perdrew et. al
[115—-117]. The gradient of the electron density shows an explicit dependence, and could be widely
used to the systems, where the LDA has limitations by correction of the overbinding [93,118] and
the correction of the magnetic ground states, especially for the ferromagnetic [119] and the
antiferromagnetic systems [120], which would offer the improvement of the magnetic moments for

the systems with strong localization and correction.

1.4 Motivation and objectives

In the last decades, the experimental method has been employed to study the physical
properties of the Ni-Mn-In alloys. However, compared with the theoretical method, there are many
limitations, including the high cost and the time-consuming. In computational materials science,
we could simulate:
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1y

2)

the preferred substitution positions of the extra Mn and the effect of the Mn concentration
on the preference of the martensite phases with any designed compositions by analysis of
the ground state energies and the electronic structures. That could provide useful guidance
for the Ni-Mn-In off-stoichiometric alloys design with different structures for experiments
and practical applications;

the entropy change (including the vibrational, electronic excitation and magnetic entropies)
of any desired Mn concentrations at a temperature, which cannot be obtained from the
experiments. The simulation of the entropy could give prediction for the experimental

martensitic transformation variation.

Based on this background, we have been oriented to investigate the phase stability by the

ground state properties (including the formation energy, electronic structures, and the elastic

constants of ground states at 0K), and the thermal excited contributions (including the vibrational,

electronic excitation and magnetic contributions at finite temperatures) of the austenite and the

martensite phases in stoichiometric and off-stoichiometric Ni-Mn-In alloys.

1)

2)

The effect of effective Coloum and exchange parameters on the phase stability, structural
and magnetic properties of the ferromagnetic austenite with L2; structure of stoichiometric
NisoMnpslnys alloy were simulated using the plane-wave pseudopotential density-functional
calculations. The exchange-correlation function was expressed by the Generalized Gradient
Approximation (GGA) with the effective Coulomb and exchange U and J parameters by
the Vienna Ab-initio Simulation Package (VASP).

To figure out the effect of the excess Mn atoms on the preference of the martensite
structures, the tetragonal distortion was employed in the off-stoichiometric Ni-Mn-In alloys
with different Mn contents using the Extra Muffin-tin Orbital combined with the Coherent

Potential Approximation (EMTO-CPA). The calculations were conducted with the
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3)

optimization of the magnetic structure, where the stoichiometric NisoMnaslnzs alloy was
served as the reference. Furthermore, based on the martensitic structure preference results,
the phase stability of the tetragonal LIy and the orthorhombic structures in the
ferromagnetic state were compared with the cubic L2; structure in the off-stoichiometric
Ni-Mn-In alloys with different Mn contents. The effect of the Mn concentration on the total
magnetic moment was calculated for the three structures in the ferromagnetic state. The
antiferromagnetic interaction of tetragonal structures was also analyzed by the magnetic
moment of the elements.

To figure out the effect of the Mn concentration and thermally excited contributions
(including the vibrational, electronic excitation and magnetic contributions) on the phase
stability of austenite and martensite from 0 K to finite temperatures of the NisoMnxInso-x
alloys, 5 different Mn contents for the austenite and the martensite were calcualted at finite
temperatures. The phase stabilities of the ground state of the austenite with an ordered L2;
structure and the martensite with a non-modulated (NM) tetragonal L/, structure were
studied by the formation energies at 0 K. The temperature excitation entropic contributions
(including vibrational and electronic) were calculated at different Mn contents. The
relationship between the magnetic moment variation and the Mn concentration were also
analyzed at finite temperatures for the further prediction of the magnetic entropy change

tendency.

The objective of the present work is to bridge the gap between the experimental observation

and theoretical calculations; provide direct evidence for the explanation of the experimental results
of the Ni-Mn-In alloys; reveal the mechanism of the physical properties; lay a solid foundation for
the promoting of the current alloys and for the design of the ferromagnetic shape memory alloys.

To carry out the calculation, Université de Lorraine and Northeastern University supported the
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clusters for the implementation of the Clusters. And to ensure the quality of the calculation, the
systems of the supercomputer for both organizations are both using the Portable Batch System
(PBS) for the batch job and computer system resource management. and setting 16 cores for one

note.
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Chapter 2

Chapter 2 Effect of effective Coulomb and exchange parameters on phase stability, structural

and magnetic properties of NisoMn2sInzs alloys

2.1 Outline

In this chapter, we revealed the crystal structure, the phase stability and the electronic
structures of the ferromagnetic austenite with cubic L2; structure in the stoichiometric NisoMnysInas
alloy under the frame of density-functional theory using the plane-wave pseudopotential
calculations considering the Hubbard U and J coupling parameter into exchange-correlation by the
Vienna Ab-initio Simulation Package (VASP). We first investigated the effective Coulomb and
exchange U and J parameters on phase stability, structural and magnetic properties of the ordered
austenite of the NisoMnasInas alloy with. When the Hubbard U and J coupling was added into the
first principle calculations, the lattice parameter and the ground state energy vary with the different
U and J coupling in the cubic L2, austenite of the NisoMnosInys alloy. The bulk modulus and elastic
constants, which were obtained by the Equation of States (EOS) and the shear strain method,
respectively, were affected by the Hubbard U and J parameter of the austenite NisoMn2sInzs alloy.
With the results of the parameter test, we thoroughly compared the physical properties, including
the formation energy and the electronic structure, which were obtained with and without the
effective Coulomb and exchange parameters. The electronic structure was given by the band
structure and the density of states (DOS). The charge density difference was also investigated with
the Hubbard U and J parameter added into the first principle calculations. And we analyzed the

physical property results and compared them with the principle function of their definition.
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2.2 Introduction

As a type of magnetic actuator materials, ferromagnetic shape memory alloys attract intensive
attention because of the shape memory effect, which is originated from the magnetic field-induced
strain [1]. There are two kinds of ferromagnetic Ni-Mn-based shape memory alloys, 1) the Ni-Mn-
Ga alloy, ii) the Ni-Mn-X alloy (X: In, Sb, Sn). The Ni-Mn-Ga alloy represents a magnetic field-
induced strain, which is larger than 5% as reported in the previous researches [2,3]. Whereas, the
wide usage of the Ni-Mn-Ga alloy is limited as it has a low Curie temperature (7¢) and low
martensitic transition temperature (Ms) [4]. As shown in the phase diagram, the Ni-Mn-X alloys
(X: In, Sn and Sb) have a higher martensitic transformation temperature, which is compositional
dependent and could increase with the decreasing In, Sn and Sb contents [1,5,6]. They also have a
large magnetic field-induced strain at the same time, which are originated from its thermal
transition from the cubic ferromagnetic austenite to the modulated weak-ferromagnetic martensite
[1].

As the crystal structure of the Ni-Mn-In alloys are crucial for understanding the mechanism
of the martensite transition process which would result in shape memory effect, the crystal structure
of phases have been largely investigated through experimental methods, such as X-ray diffraction
(XRD), neutron diffraction (ND) and TEM selected area electron diffraction (SAED) [1,7-13]. A
ternary Ni-Mn-In alloy usually could have the austenite phase with cubic L2; structure (space group,
Fm-3m), the non-modulated martensite phase with tetragonal L/ structure [7] and the monoclinic
modulated martensite phase with 6M (space group, P2/m, with f = 93.044°) [13], I10M [7] or 40
[14] structure. As shown in Fig. 2.1, the lattice orientation relationship of the austenite and the
martensite could be expressed by the Bain model, [1 1 0]a//[1 0 0]m, [00 1]a//[0 1 0]m, [1 -1 0]a

// 10 0 1]m [13]. In order to understand the physical mechanism of the shape memory effect, which
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is induced by a magnetic field, the study of the electronic structure and the magnetic property of
different structures is essential. As discovered in the previous research, the ferromagnetism of the
alloys was discovered to be mainly attributed to the indirect d-d coupling of the Mn-Mn atoms,
which would contribute to the magnetic properties of the alloys [15]. However, there is relatively

scarce analysis of the origin of the magnetic properties in the experimental studies.
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Fig. 2.1 Orientation relationship between the cubic L2; austenite (A) and the martensite (M), constructed under the

Bain model [13].

As the Hubbard U parameter stands for the onsite Coulomb repulsion between two electrons
of one atom [16] and could describe the electronic properties of the materials with exotic
magnetism in reasonable situation [17], the combination of the Hubbard U parameter with the
conventional first principle calculations could be used to take the Coulomb and exchange-
correlation, which are orbital dependent, into consideration during the analysis of the electronic
structure and the magnetic properties for the transition metal with the strong correction of d or f
electrons [18-20]. The Hubbard U parameter is the required energy, which is used to move an
electron from one atom to another assuming that the atoms are all embedded in a polarized

surrounding. It is equivalent to the difference between ionization potential and electron affinity in
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solids [21]. Moreover, the ground state energy could be lowered by removing an electron, which
would lead to a polarization of its surroundings [22]. Therefore, the Hubbard parameter U is
considered into the calculation of the ordered austenite stoichiometric NisoMn2sInzs alloys for a
more accurate analysis of the ground state energy and the magnetic properties by employing the
Generalized Gradient Approximation exchange-correlation (GGA + U) method [18]. In this
method, the correlation effects for on-site Coulomb repulsion between the localized 3d states of
Mn and Ni would be considered.

As reported in the literature, the elastic constants are associated to the interatomic bonding
characterization between the adjacent atomic planes and the anisotropic character of the bonding
[23,24], therefore, it could be used to predict the mechanism of the phase stability [25-27]. For the
cubic L2; structure, it has three independent elastic constants C;;, C;2 and Cy4, Which can be
obtained from the bulk modulus [28] and distortion methods [29,30]. For the cubic NisopMnasInos
austenite, i.e., the ordered L2, structure, the mechanical stability conditions can be evaluated with
the conditions below,

C,>0, C,—|C,|>0 and C,+2%C,>0

As the elastic constants stand for phase ability to respond to the external forces [26], the elastic
constants could be derived by the stress-strain relationship, which could be obtained from the
ground state energy calculations as a function of crystal deformation by the ab-initio method [31].
The elastic constants, as the second derivatives of the total energy [32], could be derived from the
total energy of the crystal around the equilibrium volume by a truncated Taylor expansion of the

strain components [33,34].
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2.3 Computational method

First-principle calculations were implemented by the Vienna Ab-initio Simulation Package
(VASP) within the framework of Density Functional Theory (DFT) [35-37]. The Projector
Augmented Wave method (PAW, [38,39]) was employed as an efficient method with high
accuracy computational ability for the transition elements, i.e., Ni and Mn. Atom relaxation was
carried out by a conjugate gradient algorithm. The Methfessel Paxton smearing method with
smearing width 0.2 eV was applied to determine the occupation of the electronic states in alloys
with highly accurate force and energy [40], which was recommended in the VASP documentation.
The preliminary calculations were executed using the Generalized Gradient Approximation (GGA)
of Perdew, Burke and Ernzerhof (PBE) [41]. The electronic convergence threshold with 10* eV
per unit cell was used for the structural relaxation. With the setting of the total energy difference
and the total- and atomic- force changes to be within 1meV/atom and 0.02 eV/A, respectively, the
atom position and the lattice parameters were optimized for all structures to obtain the equilibrium
state. The electronic configurations (Ni (3d%4s%), Mn (3d°4s’) and In (55°5p)) were employed. The
ground states of pure Ni, pure Mn and the pure In metals were calculated using the L2; structure
for formation energy calculation of the Ni-Mn-In alloy. Firstly, to ensure the quality of the
calculations, the calculation parameters, including the cut-off energy (ENCUT values) and the k-
point grid, were obtained through a series of tests by the full-relaxation (optimizing the cell and
ionic). The tests were implemented by a series of total energy calculations with various kinetic
energy cutoff radii (ENCUT values) combined with different k-point meshes for the stoichiometric
Ni-Mn-In alloy in the primitive cell. The test results are shown in Table 2.1 and Fig. 2.2. We could
obtain that, for the ENCUT value tests, the different k-point meshes do not affect the convergence

trend of the energy difference tendency. However, the energy difference varies with the different
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ENCUT values, and it decreases before 320eV, then increases with ENCUT value and keeps stable
after 420 eV. When the ENCUT value reaches 420 eV and the k-points use 10 x 10 x 10 point grids,
the energy difference begins to be less than 1 meV/atom, as shown in Table 2.1. Therefore, all the
calculations would be calculated using spin polarization with an energy cut-off of 420 eV for
further physical properties calculation and the Monkhorst-Pack [42] with 12 x 12 % 12 (for 4-atom

cell of austenitic primitive cell) k-point meshes were applied for the integration of Brillouin zone.

Table 2.1 Convergence test with different kinetic energy cutoff radii (ENCUT values) and k-point grid combination

for primitive cell of stoichiometric NisoMn;sIn,s alloy

k-point grids le_‘;lé’ift:f 270 eV 320 eV 370 eV 420 eV 470 eV
Axdxd 10 0.025410 0.005323 0.019322 0.023782 0.023749
6x6x6 2% -0.001088 -0.021158 -0.007386 -0.002631 -0.002722
8x8x8 60 0.004087 -0.016157 -0.002394 0.002306 0.002278
L0x10x10 110 0.001461 -0.018870 -0.005027 -0.000361 -0.000440
12x19x12 182 0.001584 -0.018510 -0.004704 -0.000028 -0.000074
{4x14x14 280 0.001419 -0.018729 -0.004942 -0.000256 -0.000311
L6x16x16 408 0.001823 -0.018432 -0.004610 0.000058 0.000000
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Fig. 2.2 VASP convergence test, including energy cut-off (ENCUT value) and k-point (KPTS) parameters based on

energy difference within 10 eV/atom.

Furthermore, the formation energy (£y) of austenite was calculated using Eq (2.1) for the
stoichiometric NisoMnzsInos alloy with and without effective Coulomb and exchange U and J
coupling parameter. The Eris defined as the total energy of the alloy minus the sum of the energies
of the related pure elements in their reference states [43]. For the NisoMnysInzs alloy, the unit which
contains 2 Ni atoms, 1 Mn atom and 1 In atom was considered here.

E; = E,,(Ni Mnln)—2E\; — E,;, — E,, (2.1)
In the equation, E; 1s the energy of a conventional cell with the formula of NisoMnasInys, and the
Eyi, Evn, and Ej, 1s the calculated energy of the pure element Ni, Mn and In with the cubic L2;
structure, respectively. The energy per atom in their ground state were first calculated as the

reference for the formation energy calculations. The results are shown in Table 2.2.
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Table 2.2 Formation energy of pure element

element E/(eV/atom)
Pure Ni -5.557
Pure Mn -8.883
Pure In -2.557

Using the theoretical equilibrium optimized lattice parameter, the elastic constants were
calculated by the energy-strain relationship, which is obtained as the second derivatives of the
system energy with respect to the strains [29]. It should be noted that the distortion within 2 % was
employed to minimize the errors, which could arise from the higher-order terms in the Taylor
equation. The bulk modulus was derived from the Equation of States (EOS) by the Morse function
[28] and the shear modulus C’ was obtained from the orthorhombic distortions [30], then the crystal
elastic constants (C;; and C;2) were obtained from the bulk modulus B = (C;;+2C;2)/3 and the
tetragonal shear modulus C”" = 1/2 (C;-C;2). For the band structure calculations, the self-consistent
CHGCAR file was determined by a fully self-consistent calculation with a k-point grid spanning
the entire Brillouin zone. The Density of States (DOS) was calculated by the tetrahedron method
with the Blochl corrections using the Gamma centered k-mesh. Taking the position of non-
interacting atoms as a reference, the charge density difference was calculated and analyzed by the
VESTA software [22]. The Generalized Gradient Approximation exchange-correlation (GGA + U)
method was used to account for the on-site correlation at the transition-metal sites considering

electron-electron correlation [40].
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2.4 Results and discussion

With the aim to figure out the influence of the Hubbard U and J parameter on phase stability
of the stoichiometric NisoMnasInzs alloy, a series of NisoMna2sInzs alloys with 26 different Hubbard
U and J parameter combinations were simulated at 0 K. Firstly, the structural parameter, the ground
state energy and the total magnetic moment of the NisoMna2sInys alloy without considering any
Hubbard U parameter were calculated by crystal structure optimization within a 16-atom cell using
the VASP. The 16-atom cell was constructed using the experimental lattice parameter a = 6.071A
[13]. The optimized lattice parameter is 6.061 A which is in good agreement with the previous
experimental and computational results [44,45]. Then the structural properties of the austenite
phase were also calculated considering the effective Coulomb and exchange parameters, and the
results are displayed in Fig. 2.3. From Fig 2.3 (a), we could find that the equilibrium structural
parameter a change with the U and J parameters. For all J values, the optimized lattice parameter
increases first and then decreases with the increase of the U value. The lattice parameters a become
very close at U equal to 6 under all the J values. These lattice parameters are near the
experimentally evaluated value. However, the ground state energy increases with the U value for
all J values, as shown in Fig. 2.3 (b), which means that the increased U value would decrease the
stability of the austenite of the NisoMnosInys alloy. It decreases with the increased J values for all
the U values except for the cases of J equal to 0.5 and 0.55. At these two J values, the ground state
energies are very close at each U value. This means that the phase stability would be enhanced by
the J value and it could arrive at a stable stage around J equal to 0.5. The magnetic moment has a
similar tendency to that of the lattice parameter with all the U and J coupling, as shown in Fig. 2.3

(c). It increases with U and then decreases when U is larger than 6 eV for all the J.
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Fig. 2.3 Variations of (a) optimized lattice parameter; (b) ground state energy; (c) total magnetic moment of austenite

of NisoMnysIn,s alloy with U and J coupling.
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Then the phase stability was analyzed by the elastic constants and bulk modulus with different
U and J coupling. Firstly, the bulk modulus and the elastic constants of the cubic structure without
U and J coupling were calculated and compared with of the published experimental data [5] and
calculation data [46], as shown in Table 2.4. It is seen that the calculated elastic constant (C;;, C2)
of the NisoMngysInos austenite is lower than the theoretical results [46] which is obtained by the full
potential linear muffintin orbital method. In present work, Cy. is around 90 GPa, which is consistent
with the reported experimental results, as shown in the table. For the bulk modulus, its value is
positive but a little larger than the calculation result in Ref. [46]. Our calculational results which
were obtained by the pseudopotential method using VASP are comparable to the previous

experimental results.

Table 2.4 Bulk modulus and elastic constants of austenite phase with L2; structure obtained from without U and J

coupling calculation, compared with experimental and theoretical results obtained from the previous literature. Unit is

GPa.
PAW PBE Exp. [5]* Exp. [5]° Theo. [46]
B 132.76 116 174 129
Cii 147.05 132+8 190+5 22.09
Ci2 128.84 108 166 166.93
Cyy 90.52 90+3 90+15 59.56

2 Elastic constants obtained from the ultrasonic methods at 300 K [5].
® Elastic constants obtained from using Neutron diffraction experiments with the initial slopes of the acoustic phonon
branches (& — 0) at 520 K [5].

The calculation of the elastic constants of NisoMn2sInas with different U and J coupling were
carried out, as displayed in Fig. 2.4. The black dash line was the result of the calculation without

U and J coupling. It is seen that the bulk modulus (B) and the elastic constants (C;; and C;2) vary

with the Hubbard U and J values and converge at U equal to 8 eV for all the J values. The values
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of Cyy, C12, and B at convergence vary with the different Hubbard U and J coupling and show large
difference compared with the values without Hubbard U and J coupling, whereas the values of Cy4
converge to 101 GPa at U = 8 eV for all the J values. The negative C;;-|C;2| values of U =4 eV
showed that the U = 4eV would lead the disability of the austenite structure. From the elastic
constant results, we could deduce that the phase stability of the austenite of NisoMnoslnys alloy

could be affected by the Hubbard U and J coupling.
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Fig. 2.4 Variation of elastic constants of austenite of NisoMnoslnys alloy with different spin orbital U and J coupling.

Dashed lines stand for elastic constants without U and J coupling

Therefore, based on the above effective Coulomb and exchange parameters test, we choose

the effective Coulomb parameter U = 6 ¢V based on the optimization of the lattice parameter and

the magnetic moment, and the effective exchange parameter J = 0.5 from the minimum ground

state energy variation, for further physical properties analysis.

The formation energies of the austenite phase without and with U= 6 eV and J= 0.5 coupling

were calculated based on the optimized equilibrium state and the ground state energy of the

ferromagnetic austenite NisoMnoslnys alloy. The results were displayed in Table 2.3. Compared

with the calculation result without considering the effective Coulomb and exchange U and J
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coupling, the lattice parameter of the austenite increases from 6.0610 A to 6.1037 A by considering
Hubbard U and J coupling, which are both in good consistent with the previous experimental
measurement values (a = 6.071 A [47] and 6.078 A [48]) and theoretical value (a = 6.090 A [49]).
The magnetic moment of the ferromagnetic austenite of the NisoMnaslnas alloy without U and J
coupling is 4.235 up which agrees with the theoretical simulation results (4.208 up [50] and 4.410
18 [49]). Whereas, the magnetic moment increases to 5.0035 us, when the Hubbard U = 6 eV and
J= 0.5, which is slightly larger than the previous results. However, larger ground state energy and
the larger formation energy were obtained, which means that the consideration of the Hubbard U
and J coupling makes the L2, structure less stable. Based on the comparison of the formation energy
of the NisoMnosInys ferromagnetic austenite with and without the U and J coupling, we could find
that the Hubbard U and J coupling could reduce the stability of the cubic L2; austenite phase.
However, based on the definition of the Hubbard U which could be used to embed the atoms in a
polarization surrounding, the ground state would be lowered by adding the Hubbard U and J

coupling into the NisoMnasInys alloy which has the transition metal element with 3d electrons [22].

Table 2.3 Optimized lattice parameter, magnetic moment and formation energy of cubic NisoMnysInys austenite (unit

cell with 4 atoms) without U and J coupling and with U= 6 eV and J=0.5.

al(A) mag/(0g) Eo/(eV) Ef(eV) structure
NisoMnosInys
6.061 4.235 -22.838 -0.256 cubic
(without U + J coupling)
NisoMnasIngs
6.104 5.003 -14.024 8.531 cubic

(U=6¢eVandJ=0.5)

In order to figure out the effect of the Hubbard U and J parameter on the electronic structure

of the NisoMnosInys alloy, which has a strong correlation with the 3d electrons in the transition
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metal elements, we further calculated the band structure, the density of states (DOS) and the charge
density differences. Fig. 2.5 displays the band structure and the DOS of the austenite of the
NisoMnosInys alloy with the cubic structure without and with the U and J coupling. From the band
structures in the figure, we found that the effective Coulomb and exchange parameters did not make
significant change around the Fermi level, and only some band structures move away from the
Fermi level which shows the energy as -6 eV instead of -1 eV. Concerning the DOSs, we could find
that the Mn 3d states and In p-states are hybridized with the Ni 3d states under the Fermi level in
the calculation without the Hubbard U and J coupling. The effect of U and J coupling would create
a stronger localization of the Ni 3d states, as shown in Fig. 2.5 (b). There is a ~10 eV energy split
between the Mn up and down 3d-states with considering the effective Coulomb and exchange U
and J coupling, whereas they were near the Fermi level without the effective Coulomb and
exchange parameters. We could also find a strengthened In p-states moving far away from the
Fermi level, when the effective Coulomb U and J parameters were considered. However, with the
effective Coulomb and exchange U and J coupling, the bandgap is still showing the metallic

bonding in the cubic NisoMnasInos alloy.
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Fig. 2.5 Band structure and density of states (DOS) of austenite of NisoMnaslnas with UpJyp and UgJy s calculations.

The charge density difference was also analyzed for different effective Coulomb and exchange
parameters, and the calculation results without and with the effective Coulomb and exchange
coupling U = 6 and J = 0.5 were shown in Fig. 2.6. It is seen that the redistribution of the charge
density could be affected by the Hubbard U and J parameters. We would find that a charge density
localization between the Mn and the Ni atoms. This density of charge increases with the increase
of the U and J coupling. For U = 6 and J = 0.5, a charge density localization appears between the
Ni and In atoms. There is a charge transfer between the In p-orbitals and the Ni d-orbitals. We
could obtain the same effect between Mn d-orbitals and Ni d-orbitals. The electronic configuration
of the Ni, Mn and In atoms (initially 3d°4s’, 3d%4s’ and 5s°5p’) changes toward the respective

3d"°4s°, 3d°4s’ and 5s°5p°.
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Fig. 2.6 Charge density difference of NisoMnasInys calculated (a) UnJy (without effective Coulomb and exchange

parameters); (b) UsJy.s (with effective Coulomb and exchange parameters).
2.5 Conclusions

The effect of the effective Coulomb U and exchange J parameters on the structural parameters,
the phase stability (including the ground state energy, the formation energy, and the elastic
constants), and the electronic structure (including the band structure and the density of states, the
magnetic moment, and the charge density difference) of the cubic austenite stoichiometric
NisoMnosInys alloy was systematically calculated in this chapter. The first principle calculations
combined with exchange-correlation of the GGA + U approach allow us to draw the following

conclusions.
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1) With 26 different effective Coulomb and exchangeU and J parameter couplings, we found
that the optimized lattice parameter changes with the effective Coulomb and exchange U
and J parameters around the experimentally evaluated value. The lattice parameters a
become extremely close at U equal to 6 under all the J values. The ground state energy
increases with U value at all J values, whereas it could arrive at a stable stage around J
equal to 0.5. The elastic constants and the bulk modulus vary with the different U and J
coupling, and did not show any evident tendency to enhance or reduce the phase stability.
Therefore, we choose the effective Coulomb parameter of U = 6 eV, which is based on
the optimization of the lattice parameter and the magnetic moment, and the effective
exchange parameter J = 0.5 which is based on the minimum ground state energy variation
for further physical properties analysis.

1) With U = 6 eV and J = 0.5 considered into the exchange-correlation GGA method, the
lattice parameter of the austenite increases slightly. The magnetic moment is slightly
larger than the result of the calculation without considering the effective Coulomb and
exchange parameters. However, the calculation did not obtain a lower formation energy
but a higher value, which means that the consideration of the Hubbard U and J coupling
makes the L2; structure less stable.

i11) The effects of the effective Coulomb and exchange parameters on the electronic structure
were carried out by the calculation of the band structure, density of states and charge
density difference. Even though the Coulomb parameter has some slight influence on the
spin coupling, there is no obvious change around the Fermi Level. With the effective
Coulomb and exchange parameters U and J coupling, the bandgap is still showing the

metallic bonding in the cubic austenite NisopMn2sInas alloy.
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In the present Chapter, with the aim to present more accurately electronic structure near Fermi
level for the cubic austenite of the NisoMna2sInzs alloy with the metal transition element Ni and Mn
with 3d orbitals, we first tried to systematically calculate the physical properties by considering the
effective Coulomb and exchange U and J parameters with the exchange-correlation GGA method
in VASP. However, we did not find any obvious effect on the equilibrium crystal structure or the
electronic structure. We could conclude that there is no need to add the efficient Coulomb
parameter into the physical property calculation of the Heusler type Ni-Mn-In alloys in the first-
principle calculations. Therefore, we did not add the efficient Coulomb parameter into the

exchange-correlation for later calculations for the Ni-Mn-In alloys.
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Chapter 3 Composition dependent martensitic structural preference of NisoMnxInso-x alloys

by VASP and EMTO-CPA method

3.1 Outline

In this chapter, in order to figure out the Mn concentration effect on the preference of the
martensitic structure, the tetragonal distortion was employed in the off-stoichiometric NisoMnxInso-
x alloys with a series of Mn contents using the Extra Muffin-tin Orbital combined with Coherent
Potential Approximation (EMTO-CPA) without a spin fixation by taking the stoichiometric
NisoMnxInso alloy as the reference. Furthermore, to figure out more accurate preference of the
martensitic structure, the formation energies of the tetragonal L/ and the orthorhombic structures
at ferromagnetic state were calculated using different relaxation method by the chemical disorder
method with a 4-atom cell by the EMTO-CPA for the tetragonal structure (c¢/a > 1) and a supercell
method with a 96-atom cell by VASP for the orthorhombic structure at 0 K, respectively. Moreover,
the effect of the Mn concentration on the magnetic properties was also calculated for the austenite
with the cubic L2; structure and the martensite with the tetragonal L1y and the orthorhombic
structures, and the antiferromagnetic interaction of the martensite with the tetragonal L/ structure

are also carried out.

3.2 Introduction

Based on the activation mechanisms of shape memory effect, the Heusler type Ni-Mn-based
alloys could be classified into two groups: (i) Ni-Mn-Ga alloys, in which the shape change is
originated from the magnetic field-induced martensite variant rearrangement [1—4]; (i1) Ni-Mn-X
(X' =1In, Sb and Sn) alloys, in which the shape change is generated from the magnetic field-induced

reverse martensitic transformation [5—7]. During the cooling process, both these alloys undergo a
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series of transitions, including the melt to the partially disordered B2 phase transition [§], the
second-order B2 - L2; transition [9] and the first-order martensitic transition. Especially, for the
Ni-Mn-In alloys, the austenite could transform into two kinds of martensite phase depending on
the chemical composition, i.e., (i) the modulated martensite with orthorhombic or monoclinic
structure, such as 6M [10], /0M [11] or 40 [12] structures; (ii) the non-modulated martensite with
tetragonal L1 structure [13]. These structures have been previously examined by X-ray diffraction,
neutron diffraction or TEM selected area electron diffraction.

For the off-stoichiometric NisoMnxInso.x alloys, the ferromagnetic austenite does not directly
transform to the ferromagnetic martensite, but has to go through the antiferromagnetic martensite,
which is called metamagnetic transition [14,15]. That is because the extra Mn atoms may enhance
the ferromagnetism in the austenite by increasing the total magnetic moment [11,16]. This results
in the antiferromagnetic exchange interactions in the martensite, which could be attributed to the
different hybridization of Mn-Mn atoms [16—18] or Ni-Mn atoms [19,20]. It also leads to a
composition-dependent Curie temperature variation of the martensite. The Curie temperature could
decrease drastically with the increased Mn concentration [6]. Moreover, the phase stabilities of
austenite and martensite could vary with the Mn composition [11], and the martensitic transition
temperatures would increase significantly with the additional Mn content [6,21]. Therefore, the
effect of the Mn concentration on the phase stability and the magnetic properties of the austenite
and the martensite [21-23] is critical for understanding the martensitic transformation. In the
previous report [16], the possibility of martensitic phase transition was studied in Ni-Mn-In alloys,
where the structural transformation was realized by the tetragonal distortion and the
antiferromagnetic interaction was caused by the Mn-Mn hybridization. The results showed a

transition from the cubic structure into the tetragonal structure with ¢ larger than a (in the cubic
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coordination system) [16]. However, the possibility of martensitic transition from the cubic
structure to the tetragonal structure with ¢ smaller than a (in the cubic coordinate system) by
tetragonal distortion was not much studied. It is considered that this kind of tetragonal structure
could be the origin of the orthorhombic or the monoclinic modulated structure leading to the
formation of the modulated structures [6,22]. Moreover, as demonstrated by experimental
observations and theoretical calculations, the antiferromagnetic interaction could also be attributed
to the Ni-Mn hybridization with additional Mn content [19,20,24].

In the present work, the effect of the Mn concentration on the preference of the martensitic
structure in the off-stoichiometric NisoMnxInsox alloys was studied by the tetragonal distortion
using the Extra Muffin-tin Orbital method combined with the Coherent Potential Approximation
(EMTO-CPA) under magnetic structure optimization. Based on the martensitic structure
preference results, the phase stability of the tetragonal L/ and the orthorhombic structures in the
ferromagnetic state were calculated by chemical disorder method within the EMTO-CPA and the
supercell method within the VASP. The formation energies were compared with the cubic L2;
structure of the off-stoichiometric NisoMnxInso-x alloys with different Mn contents. Furthermore,
the effect of the Mn concentration on the total magnetic moment was calculated for the three
structures in the ferromagnetic state. The type of antiferromagnetic interaction within the tetragonal

L1y martensite in the ferromagnetic and antiferromagnetic coexisting state was also analyzed.

3.3 Computational method

Before constructing the crystal structures of the off-stoichiometric NisoMnxInsox alloys, the
preferred site of the excess Mn atoms with an amount of 6.25 at. % in a unit cell with 16 atoms was
determined by the formation energies using the Vienna Ab-initio Simulation Package (VASP) [25].
The conventional cell of the cubic L2, NisoMnysInas alloy is presented in Fig. 3.1. In the figure, the
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primitive cell is also outlined with the dashed lines. Here, the atomic combination of the primitive
cell (4 atoms) is defined as a motif, and it is used as one of the structure units for calculating the
formation energy and total magnetic moment of other structures (tetragonal and orthorhombic, as
described later). The full charge density method was applied to treat the tetragonal distortion by
the Extra Muffin-Tin Orbital method combined with the Coherent Potential Approximation
(EMTO-CPA) [26-28] with the optimization of the magnetic structure. For the phase stability
analysis of the tetragonal L/, martensite of the Ni-Mn-In alloys with different Mn concentrations,
the more efficient EMTO-CPA was used. For the simulation of the orthorhombic martensite
structures with different Mn concentrations, a cell containing 96 atoms was constructed with the
supercell method allowing volume relaxation using the VASP. The Generalized Gradient
Approximation (GGA), established by Perdew, Burke, and Ernzerhof (GGA-PBE) [29], was
employed to describe the exchange-correlation functions. The electronic configurations were Ni
(3d%4s%), Min (3d%4s"), and In (45s°4p’), respectively. Based on the convergence test, the reciprocal-
grid density of 12 x 12 x 12 Gamma centered Monkhorst-Pack k-point meshes for the L2; primitive
cell and 420 eV as the kinetic energy cutoff were applied in the VASP calculations. The EMTO
was performed with a basis set including the s, p, d, f orbitals. After carefully testing the
convergence of the equilibrium parameter against the k-point meshes, a 13 x 13 x 13 k-point
meshes was set for the primitive cell with 4 atoms. The formation energy (£y) of the Niz2MnxIno«
was determined according to the following function of the Mn concentration (x):

E,(x) = E,(NiMn In, ) ~2*E,, —x*E,, —(2—x)*E,
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Fig. 3.1 Crystal structure of cubic L2; Niso)MnasInys austenite. The solid lines outline a conventional cell with 16 atoms

and the dashed lines outline a primitive cell with 4 atoms.

3.4 Results and discussion

To find out the sublattice site preference of the excess Mn atoms, the formation energies of
different point defects within the 16-atom cell (Fig. 3.1) were tested by crystal structure
optimization using VASP. The calculated formation energies of the perfect austenite and the
austenite with 6.25 at. % point defects are shown in Table 3.1. It is seen that the values of the point
vacancy defect formation are positive. This indicates that the point defect will reduce the ground
state stability of the ferromagnetic cubic structures. Among all the defected structures, the
sublattice with the substitution of Mn for In (nMn) possesses the lowest negative defect formation
energy, which infers that this kind of point defect could exist steadily. Therefore, the excess Mn
substituting for In was employed for the further study of the influence of Mn content on the
martensitic structure preference in the off-stoichiometric NisoMnxInsox alloy. Note that the antisite
defect with Mn substituting for Ni is not converged at 0 K, which indicates that the cubic structure
of NisoxMnas+xInzs alloy could not exist at 0 K. This discovery is consistent with the fact that there
is less evidence of such kinds of alloys in the previous experimental investigations.

-63 -



Chapter 3

Table 3.1 Optimized lattice parameters and formation energy of perfect austenite and austenite with point defect for a

16-atom cell (v_element indicates vacancy situation)

a/(A) E,/ (eV/unite cell) a/(A)  E¢/(eV/unite cell)
v_Ni 6.0261 0.533 mMn 6.0645 -0.850
v_In 5.9195 1.500 NisMnsIngs  6.0607 -1.130

As the stable structure of the Ni-Mn-X alloys could be changed with the type and the
concentration of the element X [13], the tetragonal and the orthorhombic distortions can be applied
to simulate the martensitic phase transition [30]. The non-modulated martensite with a tetragonal
L1y structure is related to a distorted cubic structure with ¢ larger than a. The modulated martensite
with a monoclinic structure, like the orthorhombic structure, is originated from a distorted cubic
structure with ¢ less than a, as reported in the literature [11]. Moreover, the previous experimental
observation revealed that the martensite exhibits a coexistence of ferromagnetic and
antiferromagnetic interactions in the off-stoichiometric alloys. The antiferromagnetic interaction
could be originated from Mn-Mn [16—18] or Ni-Mn hybridization [19,20]. It has been shown that
the martensitic transition could not happen from the cubic L2; austenite to the tetragonal L7y
martensite in the stoichiometric alloy [16]. Nevertheless, for the compounds with Mn
concentrations ranging from 32.5 at. % to 40 at. %, the transformation could happen from the
ferromagnetic cubic L2; austenite to the co-existing ferromagnetic and antiferromagnetic
tetragonal L7y martensite. The antiferromagnetic interaction is supposed to come from the Mn-Mn
hybridization by tetragonal distortion. However, the martensitic transformation from the cubic
austenite to the modulated monoclinic martensite remains unclear. In order to figure out the effect

of the Mn concentration on the martensite structure preference of the off-stoichiometric
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NisoMnxInso-x alloys and to reveal the antiferromagnetic interaction between the atoms, the
tetragonal distortion was applied to determine the possible stable structures at 0 K for the first step.
For the calculations, the c/a value is limited between 0.7~1.6, and no structural relaxation was
conducted. The energies of different structures were calculated using the efficient EMTO-CPA
method with the optimization of the magnetic structure. The calculated results were represented
with the ground state energy difference between the distorted structure and the initial cubic
structure at every Mn concentration. Based on the point defect formation energy analysis, four
NisoMnxInsox alloys (x = 25, 29.25, 34.5 and 36.5) with the excess Mn substituting for In (nMn)
were used. First, we set the ground state energy of the cubic structure (c¢/a = 1) of each alloy to be
the reference state, i.e., 0 eV. Then, the ground state energy difference between the distorted
structure and its reference state was calculated as a function of the c/a ratio for each alloy, and the
results are shown in Fig. 3.2 (a). It should be mentioned that the small deviations from 0 eV at c/a

=1 for the alloys with 29.25 at. % and 36.5 at. % Mn were caused by the curve fitting.
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Fig. 3.2 (a) Variation of ground state energy difference as a function of tetragonal distortion (c¢/a ratio) in Ni-Mn-In
alloys with different Mn contents. (b) ¢/a ratio value of local minimum energy point of Ni-Mn-In alloys with different

Mn contents. Parabola curves indicate c/a ratio value of local minimum energy point for ¢/a < 1 and ¢/a > 1.

It is seen from Fig. 3.2 (a) that, for the stoichiometric NisoMnzsIn2s compound, the perfect
cubic structure with ¢/a = 1 possesses the minimum ground state energy. This reveals that the cubic
structure is the most stable state and is hard to undergo any martensitic transformation, which
corresponds to the previous calculation result [31]. In contrast, the ground state energy difference
between the tetragonally distorted structure and the cubic structure of the off-stoichiometric
NisoMnxInsox alloys is negative for both ¢/a > 1 and c/a <1 distortions. The NisoMn29.25In20.75 alloy
has the lowest local minimum energy in the c¢/a < 1 case, whereas the NisoMn36.5In13.5 alloy has the
lowest local minimum energy in the ¢/a > 1 case. Since the structure having local minimum ground
state energy difference corresponds to the possible stabilized tetragonal structure, we could deduce
that the tetragonal structure becomes preferred than the cubic L2; structure with the excess Mn,
and the different Mn content results in different types of tetragonal structure. These results are in
good agreement with the experimental results which evidenced that the excess Mn content

enhances the stability of the martensite [11]. Moreover, for each off-stoichiometric concentration,
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there exist two local minima, with the one being higher than the other, as shown in Fig. 3.2 (a).
The structure corresponding to the lower minimum should be the stable structure, whereas that to
the higher minimum should be the metastable structure. Taking the concentration of 29.25 at. %
Mn as an example, one can find that the stable structure is the one with c¢/a = 0.81, and the
metastable structure is the one with ¢/a = 1.14. Furthermore, to find out the relationship between
the possible preferred stable structure and the excess Mn contents, the tetragonal distortion with
c¢/a> 1 and c/a < 1 possessing local minimum energy at different Mn concentrations were fitted,
and the curves are displayed in Fig. 3.2 (b). In general, the curves of the relative ground state energy
as a function of the ¢/a ratio show a parabolic shape for both ¢/a < 1 and ¢/a > 1 distortions in the
off-stoichiometric NisoMnxInsox alloys. For the tetragonal distortion with ¢/a > 1, the c/a value
corresponding to the local minimum energy increases with the increased Mn content first and then
decreases. However, for the tetragonal distortion with ¢/a < 1, the tendency is opposite. The c/a
value corresponding to the local minimum energy decreases first and then increases when the Mn
concentration is larger than 34.5 at. %. As the tetragonal distortion c¢/a value of the stable and
metastable structure varies with Mn concentration, for clarity, the stable and metastable state
corresponding to the two types of local minimum energy were highlighted with the histograms at
each composition in Fig. 3.2 (b). It is seen that the stable structure shifts from the tetragonal
structure with ¢/a < 1 to ¢/a > 1 with the increasing Mn concentration, whereas the metastable
structure changes from the tetragonal structure with ¢/a > 1 to ¢/a < 1. The stable structure with
tetragonal distortion c¢/a < 1 only appears in the alloy with 29.25 at. % Mn. When the Mn
concentration further increases to 34.5 at. % and above, the stable structures are those with
tetragonal distortion c¢/a > 1. Therefore, we could deduce that the tetragonal structure stability

would be enhanced with the extra Mn added, and the preferred martensitic structure changes from
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the tetragonal structure with c¢/a < 1 to that with ¢/a > 1. This result agrees with the observation

that the alloys with lower Mn concentration showed the tetragonality related to the modulated

structures [13], and the alloys with higher Mn concentration showed the tetragonal L1 structure

[11].
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Fig.3.3 (a) Optimized lattice parameter (a) of ferromagnetic cubic L2; and tetragonal L1y (c¢/a = 1.18) structures; (b)

optimized cell volume of ferromagnetic cubic L2; and orthorhombic structures (Dashed-line indicates extrapolation of

the fitting.)

Based on the above results of tetragonal distortion, the preference of the martensitic transition

to the different tetragonal structures was analyzed for the off-stoichiometric NisoMnxInsox alloys

with the extra Mn added. As the accurate structure of the preferred martensitic structure under the
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effect of the Mn concentration is still not clear, we constructed the tetragonal L1y structure (space
group: [4/mmm, [32]) and the orthorhombic structure (originated from the monoclinic 6M
martensite [10]) which correspond to the respective tetragonal structure with ¢/a> 1 and ¢/a <1 in
the tetragonal distortion. The formation energies of the two structures with different Mn
concentrations were calculated in the ferromagnetic state, and further compared with that of the
perfect cubic L2; structure. Since the previous experimental observation found that the Curie
temperature of the tetragonal martensite ranges from 200 K to 50 K [11,13], we only considered
the ferromagnetic state for the martensite with the tetragonal L/ and the orthorhombic structures
in this step. In the present work, firstly, we did the optimization test for the c¢/a values of the
tetragonal L/, structure with a series of lattice parameter (@) using the tetragonal distortion under
the Equation of State with the Morse function for the NisoMn29.25In20.75 and NisoMn3a.sIn;s.s alloys
by the EMTO-CPA. We found that the c/a ratio showed little dependence on the Mn concentration.
For the c/a ratio value around c/a = 1.18, the variation is within 0.05. Therefore, we adopt the c/a
= 1.18 for the tetragonal L/ structure at all the concentrations for the optimization of their lattice
parameter a. The optimized lattice parameter (a) of the cubic L2, and the tetragonal L/ structures
in the ferromagnetic ground state is shown in Fig. 3.3 (a). It is seen that the lattice parameters of
the two structures show a composition dependence for all the alloys. For the ferromagnetic L2,
structure, the optimized lattice parameter decreases regularly with the increase of the extra Mn.
This is consistent with the actual lattice parameter of the ferromagnetic austenite in the
stoichiometric alloy (@ = 6.072 A) [16] and in the off-stoichiometric alloy (a = 6.016 A) [15]. The
lattice parameter (a) of the tetragonal L/, structure shows the same tendency which could be
attributed to the smaller atomic radius of the Mn atom. The martensite with an orthorhombic

structure was also calculated with volume relaxation for the NisoMnxInso-x alloys. Since the EMTO-
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CPA is too complicated to relax the three lattice parameters, the alloys with different Mn contents
were constructed with the supercell method in the VASP with the relaxation of the cell volume and
the atom positions. The optimized volume of the cubic L2; and the orthorhombic (Orth.) structures
were obtained, and the results are displayed in Fig. 3.3 (b). We truncated the Mn concentration at
37.5 at. % for the orthorhombic structure since the 6M structure was measured in the Ni-Mn-In
alloys with 36 at. % Mn [10]. The volumes of the two structures decrease with the extra Mn added.
The volume of the L2; structure shows an abrupt decrease after 29 at. % and becomes smaller than
that of the orthorhombic structure. In contrast, the volume of the orthorhombic structure decreases
linearly with the increase of the Mn concentration. Such a volume change tendency is opposite to
the experimental observation which demonstrated that the martensite transition from L2; to the 6M
structure was a volume compression process [33]. This discrepancy may be caused by the original

orthorhombic structure setting, as the cell shape was fixed during the calculations.
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Fig. 3.4 Formation energy of ferromagnetic cubic L2, tetragonal L/, with ¢/a = 1.18 and orthorhombic structures as

a function of Mn concentration (Dashed-line indicates extrapolation of the fitting.)

Based on the obtained equilibrium lattice parameters, the formation energies of the cubic L2},
the tetragonal Ly (c/a = 1.18) and the orthorhombic structures were calculated to analyze the

preference of the martensitic structure, as shown in Fig. 3.4. For the stoichiometric NisoMnosInos
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alloy, the cubic L2; structure still possesses the lowest formation energy. This result further
confirms that the stoichiometric cubic structure is the stable structure at 0 K, which agrees with the
above tetragonal distortion results (Fig. 3.2 (b)). With the excess Mn added, the formation energies
of the three structures increase with the Mn content. This indicates that the stability of all the three
structures of the off-stoichiometric NisoMnxInsox alloys with the extra Mn would be lowered. The
tetragonal L7y and the orthorhombic structures show lower formation energy than the cubic L2;
structure at the compositions higher than 29 at. % Mn, indicating that the two kinds of martensite
are more stable than the cubic austenite with the excess Mn added in the off-stoichiometric
NisoMnxInsox alloys in the ferromagnetic state. Comparing the formation energy of the cubic L2;
with that of the orthorhombic structure, one can find that the difference increases first and then
decreases with the largest formation energy difference appearing at about 33 at. % Mn (Fig. 3.4).
However, the formation energy difference between the cubic L2; and the tetragonal L/ structures
increases first and then keeps roughly constant at compositions higher than 40 at. % Mn (Fig. 3.4).
If we compare the formation energies between the two kinds of martensite, we can also find that
the orthorhombic structure with about 29 at. % Mn is lower, meaning that the orthorhombic
martensite is more stable. This is consistent with the result of the tetragonal distortion test during
which the most stable tetragonal structure with c¢/a < 1 appears in the alloy having 29.25 at. % Mn
(Fig. 3.2 (b)). However, according to the variation tendency of the formation energies of the two
kinds of martensite, the formation energy of the tetragonal L/ structure becomes smaller than that
of the orthorhombic structure at about 40 at. %. This is different from the result predicted by the
above tetragonal distortion analysis (Fig. 3.2 (b)). In that prediction, the smallest Mn content when
the tetragonal L1 structure becomes stable is about 34.5 at. % (Fig. 3.2 (b)). The discrepancy may

be caused by the different first principle methods for the tetragonal distortion in the tetragonal L1y
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and the orthorhombic structure calculations, each having a different relaxation limitation. Despite
the discrepancy, this result indicates that the orthorhombic structure is preferred between 29 at. %
and 40 at. % Mn, and the tetragonal L/, structure becomes more stable at the compositions above
40 at. % Mn. Thus, the orthorhombic structure is preferred at lower Mn concentrations, and the
tetragonal L/, structure becomes favored at higher Mn concentrations. This result agrees with the
previous report that the ground state structure of the NisoMnxInso-x (with 29 < x < 40) alloy is the
modulated martensite with the monoclinic structure, and the ground state structure of the
NisoMnxInso.x (with 40 < x < 50) alloy is the non-modulated martensite with the tetragonal L/
structure [11,34]. Thus, we could deduce that the excess Mn would enhance the possibility of the
martensitic transition from the austenite with the cubic structure to the martensite with the
orthorhombic or the tetragonal structure. The preferred martensitic structure between the

orthorhombic and the tetragonal L/ structure is determined by the Mn concentration.
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Fig. 3.5 (a) Primitive cell of cubic L2; structure, (b) primitive cell of tetragonal L/, structure and (c) conventional

cell of orthorhombic structure of ferromagnetic off-stoichiometric NisoMnyInsox alloy (34.375 at. % Mn) with excess

Mn substituting for In. The spin-up directions of atomic sites are indicated. (Mn/In indicates the excess Mn and In at

the same site. Mny, indicates the excess Mn substituting for In.)
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Fig. 3.6 Total magnetic moment of cubic L2;, tetragonal L/, and orthorhombic structure in off-stoichiometric
NisoMnylnso.x alloys with different Mn contents in the ferromagnetic state and tetragonal structures of NisoMnsz4 sInis s
and Niso)MnsesInizs alloys at ferromagnetic and antiferromagnetic coexisting state. (Dashed-line indicates

extrapolation of the fitting.)

Furthermore, with the aim to figure out the effect of the Mn concentration on the magnetic
properties of the three structures, the total magnetic moment of one motif of the three structures
was also calculated for the off-stoichiometric alloys with different Mn contents in the
ferromagnetic state. As an example, the unit cells of the alloy with 34.375 at. % Mn are illustrated
in Fig. 3.5, where the spin (up) direction of each atomic site is indicated. In the figure, the L2; and
L1y structures were constructed by the Coherent Potential approximation [35] (Fig. 3.5 (a) and (b)).
However, the orthorhombic structure was constructed by the supercell approach [36] (Fig. 3.5 (¢)),
and here we show it conventional cell with 32 atoms. The calculated magnetic moment results are
displayed in Fig. 3.6. It is seen that the total magnetic moment of the cubic L2; and that of the
tetragonal L1 structure show an increase with the excess Mn concentration for all the compositions,
and the magnetic moment difference between the martensite and the austenite is quite small. For
the ferromagnetic orthorhombic structure, the total magnetic moment shows a parabolic tendency

which increases with the Mn content first and then tends to decrease after the 37.5 at. % Mn content.
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We could find that the total magnetic moment of the alloys with Mn content less than 34 at. %
increases with the Mn content, which agrees with the experimental measurements [22]. There is no
decrease in the total magnetic moment of all the structures with different Mn content in the
ferromagnetic state in the present work. However, in Ref. [22], the total magnetic moment was
found to decrease abruptly above 34 at. % Mn.

Then, we carried out the calculation on the total magnetic moment of the 34.5 at. % and the
36.5 at. % Mn alloy with the tetragonal structure. These two compounds possess the local minimum
energy in the tetragonal distortion (i.e., the tetragonal structure with ¢/a < 1 corresponds to the
orthorhombic martensite, and c¢/a > 1 corresponds to the tetragonal L/ martensite). During the
calculation, the magnetic structure was optimized. Compared with the ferromagnetic martensite,
the total magnetic moment of the martensite with tetragonal structures for these two alloys shows
an abrupt decrease to around 2.5 pug. The magnetic moment of the Ni atoms shows
antiferromagnetism with a value of about - 0.2ug and that of Mn shows ferromagnetism with a
value decreasing to 2.25 us. The results suggest the coexistence of the ferromagnetism and
antiferromagnetism in these two concentrations. The antiferromagnetic interaction could be
originated from the Ni-Mn hybridization interaction, which is consistent with the theoretical
calculation result of the tetragonal structure [19], as displayed in Fig. 3.6. Considering that the Mn
content (around 34 at. %) is certificated as the phase transformation point from the cubic to the
martensitic structure [11,17], the total magnetic moment of the tetragonal structures with 34.5 at. %
and 36.5 at. % Mn were in good agreement with the experimental observation at 5 K [22]. Therefore,
we could assert that the excess Mn could linearly enhance the ferromagnetism of the austenite,
whereas the excess Mn results in a more complex magnetic state in the martensite. The higher Mn

concentration could give rise to a coexistence of the ferromagnetism and the antiferromagnetism
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in the two martensite structures. The antiferromagnetic interaction could be attributed to the Ni-

Mn hybridization.

3.5 Conclusions

In the present work, we analyzed the effect of Mn concentration on the preference of
martensitic phase transition in off-stoichiometric NisoMnxInso-x alloys. The structural stability of
cubic L2; austenite, tetragonal L/ and orthorhombic martensite were evaluated by the first-
principle calculations. The formation energies of point defect types (vacancy and antisite) around
stoichiometric NisoMnosInys alloys in the ferromagnetic state were calculated systematically, and
the preference substitution of the excess Mn atoms was then determined. Based on the Mn
substitution preference, the tetragonal distortion was calculated for the off-stoichiometric
NisoMnxInso.x alloys with different Mn concentrations by the EMTO-CPA with magnetic structure
optimization. The results showed that the tetragonal structure stability could be enhanced with the
additional Mn, and the cubic L2; structure becomes less stable. With the increasing Mn
concentration, the preferred stable tetragonal structure evolves from the tetragonal structure with
c/a < 1 to the one with ¢/a > 1. In order to find out the accurate phase stability of the off-
stoichiometric NisoMnxInsox alloys with tetragonal structures for both ¢/a <1 and ¢/a > 1 at 0 K,
the formation energies of the tetragonal L/y and orthorhombic structures were calculated with
structure optimization in the ferromagnetic state, respectively. As compared with the cubic L2;
structure, the orthorhombic structure is preferred at lower Mn concentrations, and the tetragonal
L1y structure becomes preferred at higher Mn concentrations. Furthermore, the total magnetic
moment of the ferromagnetic cubic L2; and tetragonal L/ structures are strengthened with the
increase of Mn content, whereas that of the orthorhombic structure shows a parabolic tendency

with a decreasing tendency after 37.5 at. % Mn. Under the magnetic structure optimization, the
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total magnetic moment of the tetragonal structure decreases abruptly after 34.5 at. % Mn. The high

Mn concentration could result in the coexistence of ferromagnetism and antiferromagnetism. The

latter could be attributed to the Ni-Mn antiferromagnetic hybridization.
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Chapter 4 Composition dependent thermal excited contributions to phase stability of

ferromagnetic NisoMnxInso-x alloys at finite temperatures

4.1 Outline

In present chapter, by considering the effect of the Mn concentration and the thermally excited
contributions (including the vibrational, electronic excitation and magnetic contributions) on the
austenite and the martensite phase stability from 0 K to finite temperatures, the martensitic phase
stability of the Heusler type Ni-Mn-In shape memory alloy was studied by the first-principle
calculations using exact muffin-tin orbitals with coherent potential approximation (EMTO-CPA).
Based on this, the martensitic transformation tendency was explored. The formation energies of
the two phases were obtained with 5 different Mn compositions at 0 K. Furthermore, based on the
equilibrium states, the vibrational and electronic entropies of the two phases were calculated.
Further, the influences of the Mn content and the temperature were simulated on the magnetic

moment of both phases in their ferromagnetic state.

4.2 Introduction

The off-stoichiometric Heusler typed Ni-Mn-X alloys (X: In, Sb and Sn) undergo a martensitic
phase transition from austenite with a cubic L2; structure to martensite with a modulated structure
(suchas 6M [1], 10M [2], 40 [3]) or non-modulated L /y structure [4] around the room temperature,
during which the alloy demonstrates shape memory and magnetocaloric effects. The phase
diagrams of the NisoMnxInso-x alloys - established either from experimentally measured data [2,5,6]
or from the theoretical prediction by DFT calculation at 0 K [7] - show that the martensitic
transition temperature varies with the Mn composition and increases drastically with the addition

of Mn. In general, the vibrational entropy has an important influence on the martensitic transition.
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So far, two simulation approaches have been mainly used to investigate the vibrational contribution.
The one is the accurate and classic quasi-harmonic approximation [8—11], and the other is the
efficient and practical Debye model [12—15]. For the Ni-Mn-X alloys in the ferromagnetic state,
the magnetic entropy also makes a significant contribution to the martensitic transition. This can
be explored by the fix-spin moment approach [11] and the Debye Bragg-Williams approach [14].
As reported by the previous studies on the Ni-Mn-In alloys, the cubic phase tends to transform into
the tetragonal phase when the excess Mn is added [2,5-7]. During the process, the magnetic
transition from the ferromagnetic state to the ferromagnetic and antiferromagnetic coexisting state
may occur in the off-stoichiometric NisoMnxInso.x alloys with L1y structures at 0 K [16]. By
combining the ab-initio calculations with the Monte Carlo simulation, the complex magnetic
contribution from ferromagnetic and antiferromagnetic interactions in the tetragonal phase was
investigated on the NisoMns4lnis alloy at finite temperatures [17]. However, there are less
systematical investigations on the influence of the Mn content on the thermodynamic stability of
the austenite and martensite of Ni-Mn-In alloys at finite temperatures by considering all the
thermally excited contributions. Clearly, the phase stability of the austenite and the martensite
could be affected not only by chemical composition, but also by temperature. The former influences
the atom and electronic interactions, and the latter affects the phonon and electronic excitations.
Therefore, to figure out the effect of these factors on the martensitic phase transition, the
thermodynamic stability should be quantitatively evaluated on the thermal physical origins
(including the vibrational, electronic excitation and magnetic entropy) for the austenite and the
martensite. Such an investigation could not easily be conducted by experiments. Theoretical

simulation by the first-principle calculations could be an effective approach.
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The conventional first-principle calculations can be employed to obtain the information about
crystal structure, electronic structure and magnetic moment of the phases at ground state, and it is
powerful in exploring composition effect on phase stability at 0 K [18]. However, to predict the
martensitic phase transition, which always occurs at finite temperatures and is affected by the
thermally excited entropies, the first-principle calculations show certain limitations. To figure out
the temperature excitations, the ab-initio simulation combined with the integrated approaches could
be applied to obtain the different thermodynamic entropies [ 19] for the analysis on the temperature-
driven phase transition of alloys with different compositions.

In the present work, we made an attempt to work out the influences of Mn content and
temperature on phase stabilities of austenite and martensite in 5 NisoMnxInso.x alloys. The
thermodynamic contributions to the phase stability at finite temperatures, including the vibrational,
electronic excitation and magnetic contribution, were studied. The phase stability of the ground
state of the austenite with an ordered L2; structure and the martensite with a non-modulated (NM)
tetragonal structure with different Mn contents were analyzed through calculating their total
energies at 0 K. Then, the temperature excitation entropic contributions (vibrational and electronic)
were calculated at different Mn contents. The relationship between the magnetic moment and the

Mn content was also investigated at finite temperatures.

4.3 Computational method: theory and methodology

In the framework of the Density Functional Theory (DFT) [19], the plane-wave basis projector
augmented wave (PAW) method with the generalized-gradient approximation (GGA-PBE) [20]
was used in the exact muffin-tin orbital method combined with the coherent potential
approximation (EMTO-CPA) [21]. The ferromagnetic interactions of atoms were set for both

austenite and martensite phases. Although the martensite phase has two kinds of structures (the
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modulated martensite with monoclinic structure, and the non-modulated martensite with tetragonal
structure), only the non-modulated L/, structure was used to calculate the martensite phase stability,
as the modulated structure was considered to consist of twin related L/ structures (the so-called
adaptive structure) [22]. The convergence criterion of energy was 10 eV. A 13 x 13 x 13 k-point
sampling mesh was set for the ferromagnetic austenite and martensite with 4 atoms, respectively.
The lattice parameters of ground state for the two phases with different Mn contents were
determined by the equation of states (EOS) with the Morse function [12] and were used as the
equilibrium configurations for the further finite temperature calculations. According to the
experimental observations [1,23], the extra Mn atom prefers to substitute In and stays at In site.
To determine the thermodynamic properties of crystalline materials, the temperature and
volume related formulation of the Helmholtz free energy [15,24,25] should be used, as follows:

FW,T)=EyV)+E,(V,T)+ F,(V.T)+ F, (V. T) =T*S,,,/(T) (4.D

mag

In the equation, Eok is the static lattice total energy at 0 K and is only volume dependent. Fyis, Fe
and Fnqg, are the vibrational, electronic excitation and magnetic free energies, respectively, and
they are both volume and temperature dependent. Scons 1s the configurational entropy. The
vibrational contribution was simulated in the frame of the efficient quasi-harmonic Debye-
Griineisen model using the Gibbs2 code [26-28]. The electronic excitation contribution was
calculated with the EMTO [21] using the finite temperature Fermi distribution [29,30]. Here, we
only calculated the magnetic moment at finite temperatures to predict the variation of the magnetic

entropy at finite temperatures using the EMTO [21]. The temperature dependent magnetic moment

was derived from the magnetic free energy (£, (T, 1) =-T5,,,, (1) ), where the magnetic entropy

was estimated by the mean-field approach (S, (1) =k;log(x +1), in which g is the magnetic

ag

moment of atom 7) [15,31-34].
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Entropy change during the martensitic transformation can be defined as [14]:
AS™ — gmar. _ gaus. (4.2)
Since the martensitic transition is diffusionless in the Ni-Mn-In alloys, the change of the
configurational entropy is zero [35], and the anharmonic contributions is also negligible. Therefore,
only the three main contributions should be taken into consideration for the Ni-Mn-In alloys [36—
38]:

AS=AS., +AS., +AS 4.3
vib ele mag

4.4 Results and discussion

Based on the equilibrium energies of the austenite and the NM martensite, we first analyzed
the effect of Mn concentration on the ground state stability in terms of the static lattice contribution
at 0 K which is the most important part of the conventional contribution to the free energy. Fig. 4.1
presents the equilibrium energy difference (AE = E™ - E™*) between the two phases in the
ferromagnetic state as a function of Mn content at 0 K. It is seen that a positive value (0.026 eV) is
reached at 25 at. % Mn, which indicates that the austenite is more stable than the martensite in the
stoichiometric alloy. Apart from this, the energy differences of all compositions with excess Mn
are negative, i.e. the total energy of the martensite is lower than that of the austenite at 0 K. This
suggests that the ground state of the off-stoichiometric NisoMnxInso-x alloys is the martensite.
Moreover, with the increase of the Mn content, the energy differences between the two phases
decrease monotonously. This indicates that the stability of the NM martensite becomes higher with
the increasing Mn content. This tendency is in good accordance with what predicted from the phase
diagram of Ni-Mn-In alloys [2,7] which showed that the NM martensite with L/ structure is stable

at high Mn concentration. Such a tendency was also observed in the experiments, e.g. the NisoMnsg
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alloys have a tetragonal structure at room temperature [4] and the martensitic transition temperature
of the ferromagnetic martensite increases dramatically with the extra Mn [5,39]. However, the total
energies obtained in the present work were calculated with the atoms fixed at their equilibrium
positions at 0 K. In reality, the martensitic transitions of the Ni-Mn-In alloys were observed at
different temperatures below or above room temperature [5]. Therefore, the temperature related
entropy changes due to thermal excitation are essential to understand the phase transitions of the

off-stoichiometric NisoMnxInsox alloys.
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Fig. 4.1 Total ground state energy differences between austenite and NM martensite of NisoMnyInso.x alloys

Then, we analyzed the temperature excitations (including the vibrational, electronic excitation
and magnetic entropies) of the off-stoichiometric NisoMnxInsox alloys. Firstly, the vibrational
entropy (Svip) arising from the phonon interactions was calculated based on the equilibrium
structures obtained at 0 K. The results are shown in Fig. 4.2. One can find that the vibrational
entropy value of the austenite is higher than that of the NM martensite for all Mn contents. This
indicates that the vibrational entropy contributes to destabilizing austenite at elevated temperatures.
The lower vibrational entropy value of the NM martensite can be attributed to its close-packed

structure and to the existence of the soft modes in the austenite before the martensitic transition
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[40]. From Fig. 4.2, one can also find that the vibrational entropies of the two phases increase
sharply in the whole investigated temperature range (from 100 to 600 K). At 100 K, the vibrational
entropies of the two phases are very close. This may be due to the fact that 100 K is too low to
excite the phonon interactions. Moreover, for the NM martensite, the different amount of the extra
Mn does not provoke big change in their vibrational entropies at all temperatures from 100 K to
600 K. The similar situation can be also observed in the off-stoichiometric austenite. However, a
certain difference appears between the stoichiometric austenite and the off-stoichiometric austenite
from 200 K to 500 K. With the addition of the extra Mn, the vibrational entropy of austenite
decreases sharply. This suggests that the phase stability of the off-stoichiometric austenite is
lowered with respect to that of the stoichiometric austenite. As for the vibrational entropy
difference between the two phases, it increases with the increase of the temperature at all Mn

contents.

8 —a—Mn,,
—a—Mn,, ..
aus.(L2 - &—Mn,. .
= 6f ( )_/‘ In,, .
= - A +.\‘ll1: x
o _.s:8 6
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< 4 i = mar.(Ll“) — Mn,,
= -~ Mn,, .
) 7| Mn., .
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0 = = ; &« Mn
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T (K)
Fig. 4.2 Vibrational entropy of austenite and NM martensite of NisoMnyInso.x alloys at finite temperatures with different

Mn content
To clearly figure out the entropy differences between the two phases and estimate the phase

r.

transition tendency at each Mn content, the vibrational entropy difference (AS”;) between the
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austenite and the NM martensite were also calculated for the 5 Mn contents at finite temperatures,
and the results are displayed in Fig. 4.3. It is seen that the values of the vibrational entropy
differences are negative and decrease sharply with temperature for all Mn compositions. When the
Mn content is 36.5 at. %, the vibrational entropy difference possesses the lowest value at all the

temperatures. The martensitic phase transition from the austenite to the martensite could take place

when the AS); =87 — 8% <0, according to the classic thermodynamics rule [14,41]. From the
increased difference between the two phases, we could draw a conclusion that the vibrational

contribution further enhances the martensitic transition, and the extra Mn also promotes the

transition at finite temperatures.
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IFig. 4.3 Vibrational entropy change between austenite and NM martensite of NisoMngInsox alloy with Mn

concentrations at different temperatures.

As the second possible contribution to the phase stability comes from the electronic excitation
entropy, we further calculated the electronic excitation entropies of the two phases with different
Mn compositions at finite temperatures. Here, the electronic entropies of the NisoMna2g 25In0.75 alloy
were presented in Fig. 4.4, for instance, as the electronic entropies of the two phases for the 4 other

concentrations show the same tendency and have the similar magnitude. It is seen that the electronic
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excitation entropies (Se) of the two phases increase with the increased temperature and the
electronic entropy of the NM martensite is smaller than that of the austenite, which is consistent
with the influential tendency of the vibrational entropy (Fig. 4.2). Compared with the vibrational
contribution, although the electronic excitation contribution is quite small, it is in the same direction

to promote the martensitic transition.
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Fig. 4.4 Electronic entropy of austenite and NM martensite in NisoMnoo »25sInoo. 75 alloy at finite temperatures.

In addition to the two kinds of temperature-excitation entropies calculated above, the magnetic
entropy also plays an important role in phase stability. As the magnetic moment lies at the origin
of the magnetic entropy and is correlated with the magnetic entropy according to the mean-field
approach [15,32], we further calculated the magnetic moments of the two phases with different Mn
contents at finite temperatures. Here, we set the two phases in the ferromagnetic state. As the Curie
temperatures were measured to be around 300 K [2,7] for the austenite and 200 K for the martensite
[17], the magnetic moments of the martensite and austenite were calculated at temperatures below
their respective Curie temperatures. In Fig. 4.5, the total magnetic moments of the unit-cell
austenite and martensite were each plotted as a function of the Mn content at finite temperatures.

For comparison, the experimental results at 5 K [6] and the ab-initio simulation results at 0 K [16]
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were also displayed in the figure. Fig. 4.5 (a) shows that the magnetic moments of the austenite
increase with the Mn contents at 0 K and 300 K, which means that the ferromagnetism of the
austenite is enhanced by the added Mn. Based on the related expressions in the mean-field approach,
we can deduce that an increased magnetic moment will contribute to a larger magnetic entropy at
high temperatures [15,32]. Thus, the added Mn increases the magnetic entropy of the austenite.
However, the amount of magnetic moment of the austenite is only sensitive to Mn content but
indifferent to temperature. As shown in Fig. 4.5 (a). for the same alloy, the magnetic moment at 0
K is almost the same as that at 300 K. This indicates that the effect of temperature excitation is less
effective than the that of the Mn content. For the NM martensite, it is seen from Fig. 4.5(b) that the
magnetic moment increases linearly with the Mn content in the ferromagnetic state, and the
magnitudes at 0 K and 200 K are very close. When compared with the simulated magnetic moments
of L1 martensite at 0 K from Ref. [16] where both the ferromagnetic and antiferromagnetic states
were considered, an accordance between our calculated results and the data from Ref. [16] is
reached at 29 at. % Mn. As discovered by the Monte Carlo simulation [17], the existence of the
antiferromagnetic interaction decreases the overall magnetic moment of the Ni-Mn-In alloys. The
disagreement of our results at the Mn contents higher than 29 at. % in Fig. 4.5(b) indicates that a
change of magnetic nature (to paramagnetic or antiferromagnetic) in the martensite phase occurs
when the Mn content is increased [5]. Such a discrepancy is due to the fact that we set the two
phases in the ferromagnetic state within the EMTO. Thus, the magnetic state of the phases was

kept ferromagnetic during the whole calculation process and no magnetic transition was allowed.
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Fig. 4.5 Magnetic moment variation with Mn content (a) austenite (b) NM martensite of NisoMnyInsox alloy, together

with data from previous research

As only the L1y structured martensite with the Mn content around 29 at. % is still dominated

by the ferromagnetic state, the temperature excitation on the magnetic moments of the

ferromagnetic austenite and the ferromagnetic martensite was further analyzed and compared for

the alloy with 29.25 at. % Mn. The results are shown in Fig. 4.6. It is seen that the magnetic moment

of the austenite shows a quick increase with temperature and then slightly decrease to the Curie

temperature, whereas that of the NM martensite slightly decreases with the increase of temperature

to the Curie temperature. However, above 100 K, the magnetic moments of the austenite are higher

than those of the martensite. This means that the magnetic contribution also promotes the phase
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transformation like the vibrational and electronic contributions. This tendency agrees with the
experimental observation but the total magnetic change is not obvious. It may be caused by the
disorder of the magnetic moment at high temperatures and this could be modified by the local

disorder local moment (DLM) approach [42] around the transition temperatures.

498 Mn .. ¢ aus.(L2 )
§ 496+
S 494}
en 4.92}1
< mar.(L1 2
490 c

0 100 200 300
T (K)

Fig. 4.6 Total magnetic moments of austenite and NM martensite in NispMnag 25Inyg 75 alloy at finite temperatures

Using the conventional method, frozen magnon approach [31], to model the magnetic free
energies 1s in general a challenging task from first-principles in multi-component alloy systems.
Therefore, mean field approximation could be implemented to estimate the Suqg, especially under
the high-temperature limitation. Therefore, in this Chapter, the magnetic moments were determined
as a function of temperature (T) which is obtained from the equilibrium volume at the ground state
at OK. From Fig. 4.7 (a), the magnetic moment of Mn sited on the normal Mn site in L2; structure
is much larger than that of the NM structure. The magnetic moment of Mn decreases monotonically
in L2; structure, whereas it variates at finite temperature with Mn content in NM structure. As
shown in Fig. 4.7 (b), the magnetic moment of extra Mn substituted on the In site decreases linearly
in both phases with the increasing Mn content at finite temperatures. With the Mn content below

41 at. %, the magnetic moment of extra-Mn substituted on In site is larger than the Mn site on the
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normal Mn site in both phases. When the Mn content reaches the 49 at. %, the magnetic moment
of both kinds of Mn are almost the same. The magnetic moment of the NM phase is larger than
that of L2; phase. Compared with the effect of the temperature, the Mn content plays an essential

effect on the magnetic moment of Mn site on In and normal Mn sites.
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Fig. 4.7 Magnetic moment fluctuation of Mn (a) substituted on normal Mn site (b) substituted on In site of austenite

and martensite in Ni-Mn-In alloy with different Mn contents at finite temperatures

As shown in Fig. 4.7 (c¢), the magnetic moment of Ni of NM phase is larger than the values of
L2; phase with the Mn content below 41 at. %, whereas it increases slowly after 41 at. % Mn
content and becomes smaller than that of L2, phase at 49 at. %, which is opposite to the variation

of the Mn magnetic moment. The magnetic moments of In are negative in all alloys shown in Fig.

-03 -



Chapter 4

4.7 (d). In L2, phase, the values keep similar at different temperature with different Mn content.

And the magnetic moment of In varies slightly when the Mn content reaches the 49 at. % in the

NM.
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Fig. 4.7 Magnetic moment fluctuation of Ni (¢) and In (d) of austenite and martensite in Ni-Mn-In alloy with different

Mn contents at finite temperatures

4.4 Conclusions

In this work, the effects of Mn content and the three main thermally excited contributions on
phase stability of the ordered cubic L2; austenite and the non-modulated tetragonal martensite were

investigated from 0 K to finite temperatures for the NisoMnyInsox alloys and the martensitic
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transformation possibility was evaluated. The simulation was implemented by the first-principle

calculations combined with the integration approach using the EMTO-CPA software.

1)

2)

3)

4)

At 0 K, the addition of the extra Mn can lower the phase stability of austenite and increase
that of martensite through affecting their static lattice contributions, leading to an enhanced
martensitic transformation tendency. The effect increase with the increase of Mn content.

For the vibrational contribution at finite temperatures, the addition of the extra Mn leads
to a sharp decrease of the vibrational entropy of the austenite with respect to that of the
martensite, which indicates a reduced phase stability of the austenite. The negative
vibrational entropy difference between the martensite and the austenite increases with the
temperature, which indicates an enhanced phase transition possibility.

For the electronic excitation contribution, it is quite small under the excess Mn and the
temperature excitation, compared with the vibrational contribution, but shows the same
tendency to promote the martensitic transition.

For the magnetic contributions of the two phases in the ferromagnetic state, the total
magnetic moment of austenite increases with the increase of the Mn content, which should
result in an increase of the magnetic entropy. The total magnetic moment of the martensite
demonstrates the same tendency with the Mn content, but it is always lower than that of

the austenite. Thus, the magnetic contribution is also favorable for martensitic transition.

The results of the present work provide new information on the effects of Mn content and

thermally excited contributions on phase stabilities of both austenite and martensite of Heusler

typed NisoMnxInsox shape memory alloys to evaluate their martensitic transformation tendencies.
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Chapter 5 Conclusions and perspectives

From the above theoretical calculations, the following important conclusions could be drawn:

Effect of effective Coulomb and exchange parameters on phase stability, structural and

magnetic properties of NisoMnzsInzs alloys

The effect of the Hubbard U and J coupling parameters on the phase stability, structural and
magnetic properties of the ferromagnetic austenite with a cubic L2; structure in the stoichiometric
NisoMnosInys alloy were simulated with the Vienna Ab-initio Simulation Package (VASP) in the
frame of the density-functional theory using the plane-wave pseudopotential calculations. The the
phase stability of the ordered NisoMna2sInys austenite with the effective Coulomb and exchange U
and J parameters was firstly investigated in the present work. The effect of the effective Coulomb
and exchange U and J parameters on the optimized structural parameters, the phase stability
(including the ground state energy, the formation energy and the elastic constants), and the
electronic structure (including the magnetic moment, the band structure and the density of states
and the charge density difference) of the cubic stoichiometric NisoMn2sInzs austenite were obtained.
The results of the first principle calculations with the GGA + U approach of the cubic L2; austenite
of NisoMnasInos alloy were as below.

1)  The optimized lattice parameters vary with the effective Coulomb and exchange U and
J parameters around the experimentally evaluated value. With all the J values, the lattice
parameters a become extremely close at U equal to 6. The ground state energy arrives at
a stable stage when J equal to 0.5. The elastic constants and the bulk modulus change
with U and J coupling, whereas they do not show any evident tendency to affect the

phase stability. Based on the optimization of the lattice parameter and the magnetic
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iii)

moment and the minimum ground state energy variation for further physical properties
analysis, the effective Coulomb and exchange parameters of U= 6 ¢V and J = 0.5 were
chosen for further calculation.

With the exchange-correlation GGA + U (U = 6 eV and J = 0.5) method, the lattice
parameter of the austenite increases slightly. Compared with the calculation without
considering the effective Coulomb and exchange parameters, the magnetic moment
increase slightly. However, the calculation showed a higher formation energy, which
means that the consideration of the Hubbard U and J coupling reduced the stability of
the L2; structure.

The effects of the effective Coulomb and exchange parameters on the electronic structure
were obtained by band structure, density of states and charge density difference. With
some slight influence on the spin coupling, no obvious change was detected around the
Fermi Level. With the effective Coulomb and exchange parameters U and J coupling,

the bandgap still shows the metallic bonding in the cubic austenite NisoMn2sInzs alloy.

We first tried to systematically calculate the physical properties of the cubic austenite of the

NisoMnyslnys alloy by considering the effective Coulomb and exchange U and J parameter into the
exchange correlation by the GGA using the VASP with an aim to modulate more accurately for the
metal transition element Ni and Mn with 3d orbitals. Since there is no obvious effect on the
equilibrium crystal structure or the electronic structure, we could deduce that there is no need to
add the efficient Coulomb parameter into the physical property simulation of the Heusler typed Ni-

Mn-In alloys by the first-principle calculations.

Composition dependent martensitic structural preference of NisoMnxlInso.x alloys by VASP

and EMTO-CPA method
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The effect of the Mn concentration on the martensitic phase transition preference was
analyzed, and the structural stability of the cubic L2; austenite, the tetragonal L/ and the
orthorhombic martensite of the off-stoichiometric NisoMnxInso.x alloys were evaluated by the first-
principle calculations by taking the stoichiometric NisoMna2sInys alloy as the reference. The ground
state energy resolved tetragonal distortion revealed that the excess Mn changes the preferred stable
structure from the perfect cubic L2; structure to the tetragonally distorted structures, and the stable
tetragonal structure would shift from the tetragonal distortion with c¢/a < 1 to c/a >1 with the
increase of the Mn concentration. Furthermore, to find out more accurate preference of the
martensitic structure, the formation energies were calculated using different relaxation methods by
the chemical disorder method with a 4-atom cell by the EMTO-CPA for the tetragonal L/ structure
and the supercell method with a 96-atom cell with the VASP for the orthorhombic structure at 0 K
in the ferromagnetic state. The results show that, compared with the perfect cubic L2; structure of
the stoichiometric NisoMnoslnys alloy, the orthorhombic structure is preferred at lower Mn
concentrations which are between 29 at. % and 40 at. % Mn, whereas the tetragonal L/ structure
is more stable at the higher Mn concentrations which are above 40 at. % Mn. Furthermore, the
effect of the Mn concentration on the magnetic properties was also calculated, and it shows that
the magnetic moment of the cubic L2; structure increases linearly with the excess Mn in the
ferromagnetic state, whereas it varies with the Mn concentration in the two kinds of martensite.
The excess Mn could lead to the coexistence of ferromagnetism and antiferromagnetism, and the
appearance of the antiferromagnetism could be arisen from the Ni-Mn antiferromagnetic

interaction in the tetragonal martensite.

Composition dependent thermal excited contributions to phase stability of ferromagnetic

NisoMnxInsox alloys at finite temperatures
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To figure out the martensitic phase stability of the NisoMnxInso-x alloys, the thermodynamic
contributions, including the vibrational, the electronic excitation and the magnetic contribution,
were calculated with 5 different Mn contents for the austenite and the martensite at finite
temperatures. The ground state phase stability between the austenite with an ordered L2; structure
and the martensite with a non-modulated (NM) tetragonal structure were studied through
calculating their formation energies at 0 K. Then, the temperature excitation entropic contributions
(including vibrational and electronic) were calculated at different Mn contents. The relationship
between the magnetic moment and the Mn contents were also investigated at finite temperatures.

By considering the effect of the Mn concentration and the thermally excited contributions
(including the vibrational, electronic excitation and magnetic contributions) on the austenite and
the martensite phase stability at finite temperatures, the martensitic phase transition mechanism of
the Heusler typed Ni-Mn-In shape memory alloys was studied by the first-principle calculations
using the exact muffin-tin orbitals with the coherent potential approximation (EMTO-CPA). The
formation energies of the two phases were obtained with 5 different Mn compositions at 0 K and
the results showed that the NM martensite is more stable than the austenite at high Mn
concentrations. Furthermore, for the two phases, the vibrational entropy increases with the rise of
the temperature for all the Mn compositions. The additional Mn would decrease the vibrational
entropy of the austenite in the off-stoichiometric alloys from 100 K to 600 K. In all the cases
(temperature and Mn-content), the austenite has the larger vibrational entropy than that of the
martensite, which reveals that the vibrational entropy contributes to promote the martensitic
transition. The Mn-content and the temperature show a similar influence on the electronic entropy
of the two phases, but the contribution of the electronic entropy is much smaller compared with the
vibrational contribution. Furthermore, the influences of the Mn content and the temperature on the

magnetic moment of the both phases in their ferromagnetic state were also calculated. The
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magnetic moments increase linearly with the Mn-content, however, the influence of temperature is
relatively small. Above 100 K, the magnetic moment of the austenite is higher than that of the
martensite, suggesting that the magnetic entropy makes a similar contribution to promote the

martensitic transformation like that of the vibrational entropy.

Perspectives

Up to now, the Ni-Mn-In ferromagnetic shape memory alloys, which shows promising
prospects for the future applications, have been investigated extensively on many aspects by both
the experimental and calculational methods. However, there is still a long way before the material
could be used in the large-scale practical applications since there are still several essential
properties that need to be resolved. The physical properties which could be further explained by
the ab-initio simulations are summarized as follows:

1) To date, the effect of the Mn concentration on the magnetic properties of the martensite
with different structures (including the tetragonal L/ and the orthorhombic or monoclinic
structures) of the off-stoichiometric NisoMnxInsox alloys is still lack, especially for the
possible physical mechanism of the antiferromagnetic interaction in the martensite structure
that still needs to be studied systematically, which could be discovered by the local disorder
method within the EMTO or the antiferromagnetic spin-orbital setting within the VASP at
0 K, respectively;

2) The magnetic contribution to the Helmholtz free energy of the martensite at finite
temperature, which is critical for the prediction of the phase transformation temperature, is
still not very clear. Based on the discovery of the magnetic properties of the martensite at

0 K, the simulations of the magnetic entropy for the modulated martensite with the
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orthorhombic or the monoclinic structure (such as 6M, 10M, 40), will be an important

research direction.
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Résumeé en Francais

1. Introduction

Les alliages a mémoire de forme (SMA) peuvent étre caractérisés par deux types de
comportements: la superélasticité et I'effet de mémoire de forme (SME) [1-4]. La superélasticité
est associée a la capacité de récupération des déformations d'origine de chargement sans aucune
contrainte résiduelle [5]. Les alliages a mémoire de forme magnétique (MSMA) sont une nouvelle
fagon de produire du mouvement et de la force [6]. Les alliages a mémoire de forme magnétique
produiraient un mouvement qui est associé aux joints de macles des variantes de martensite
orientées différemment ou aux interfaces entre 'austénite et la martensite [7]. Il force également
la récupération a sa forme d'origine sous un champ magnétique appliqué [6]. Parmi eux, les alliages
Ni-Mn-Ga produisent les grandes déformations induites par le champ magnétique [8,9], qui
pourraient étre déduites de la réorientation des macles de martensite sous le champ magnétique.
Cependant, sa contrainte magnétique est assez faible, ce qui est di a la faible résistance au maclage
/ démaclage [10]. Pour les alliages Ni-Mn-X (X: In, Sn, Sb), la magnétostriction est attribuée a son
réarrangement magnétique des variantes [11-13]. Les alliages @ mémoire de forme subissent la
transition martensitique de l'austénite ferromagnétique a la martensite faiblement magnétique a
basse température [14]. Au cours de ce processus, la température de transition martensitique
pourrait étre influencée par le champ magnétique, et de nombreuses propriétés physiques uniques
se manifesteraient, notamment la magnétorésistance géante, la conductivité magnétothermique et
les effets magnétocaloriques inverses [15].

Au cours du processus thermodynamique, un alliage Ni-Mn-In subit une série de
transformations qui se traduit par de nombreuses phases différentes avec des structures différentes.
La premiére étape de transition de phase consiste a ce que la masse fondue se solidifie directement
dans la phase B2 intermédiaire partiellement désordonnée [16], et la transition de second ordre B2
- L2; a lieu pendant le refroidissement [17]. Ensuite, l'austénite cubique de premier ordre L2, se
transforme en martensite de structures différentes, qui dépendent fortement de la composition
chimique autour de l'alliage stoechiométrique Ni-Mn-In [18]. Pour la transition de phase
martensitique, les alliages Ni-Mn-In de type Heusler se transforment en deux types de phases

martensitiques a basse température: 1) la martensite modulée, c'est-a-dire les structures modulées



orthorhombiques ou monocliniques (ie c/a <1, dans le syst¢tme de coordonnées cubique) avec In

appauvri, comme les structures modulées 6M [19], 10M [20], 40 [21]; 11) et la martensite non

modulée, c'est-a-dire la structure tétragonale a faible concentration en In, telle que la structure

tétragonale non modulée L1y (c'est-a-dire c/a> 1, dans le systéme de coordonnées cubiques) [22].

Jusqu'a présent, les alliages Ni-Mn-In de type Heusler ont été étudiés de manicre intensive

sous de nombreux aspects, y compris la structure cristalline [19,20], la transition de phase

martensitique [23-27] et la stabilité de la phase martensitique et les propriétés magnétiques [18,

20,28-30], en utilisant des méthodes expérimentales et informatiques.

Dans le présent travail, nous avons étudi¢ trois aspects des alliages Ni-Mn-In.

1))

2)

3)

Nous avons d'abord étudié 1'effet des parametres efficaces de Coulomb et d'échange
U et J sur la stabilité de phase, les propriétés structurelles et magnétiques de 'austénite
ordonnée de l'alliage NisoMnasInys.

L'effet de la concentration en Mn sur la préférence de la structure martensitique dans
les alliages off-stoechiométriques NisoMnxInsox a été étudié par la distorsion
tétragonale sous optimisation de la structure magnétique. Sur la base des résultats de
préférence de structure martensitique, la stabilité de phase du L1y tétragonal et des
structures orthorhombiques a I'état ferromagnétique a été calculée. Les énergies de
formation ont été comparées a la structure cubique L2; des alliages off-
stoechiométriques NisoMnxInsox avec différentes teneurs en Mn. De plus, l'effet de la
concentration de Mn sur le moment magnétique total a été calculé pour les trois
structures a 1'état ferromagnétique. Le type d'interaction antiferromagnétique au sein
de la martensite tétragonale LIy a I'état ferromagnétique et antiferromagnétique
coexistants a également été analysé.

Les contributions thermodynamiques, y compris la vibration, 1'excitation électronique
et la contribution magnétique, ont été calculées avec 5 teneurs en Mn différentes pour
les stabilités de phase de l'austénite et de la martensite a températures finies. La
stabilit¢ de phase de 1'état fondamental de 1'austénite avec une structure ordonnée L2;
et de la martensite avec une structure tétragonale non modulée (NM) a été étudi¢e a 0
K. Ensuite, les contributions entropiques d'excitation de température (vibrationnelles

et électroniques) ont été calculées a différents contenu en Mn. La relation entre le



moment magnétique et la teneur en Mn a également été étudiée a des températures
finies.

2. Méthode de calcul

Dans ce travail, une série de calculs de premiers principes dans les alliages Ni-Mn-In ont été
effectués dans le cadre de la théorie de la densité fonctionnelle (DFT) en utilisant le Vienna Ab
initio Software Package (VASP) [31-33] et I'Extra Muffin-Tin Orbital (EMTO) combiné avec le
Coherent Potential Approximation (CPA). Le présent travail a été€ orienté vers I'é¢tude de la stabilité
de phase d'austénite et de martensite dans les alliages Ni-Mn-In a 0 K et a températures finies. La
méthode Projector Augmented Wave (PAW, [34,35]) a été utilisée. La relaxation de l'atome a été
réalisée par un algorithme de gradient conjugué. Les calculs préliminaires ont été exécutés en
utilisant l'approximation de gradient généralisé (GGA) de Perdew, Burke et Ernzerhof (PBE) [36].
Les calculs seraient effectués en utilisant la polarisation de spin avec une coupure d'énergie de 420
eV et le Monkhorst-Pack [37] avec 12 x 12 x 12 (pour la cellule primitive austénitique a 4 atomes)
des mailles de point k appliquées pour I’intégration de la zone de Brillouin. La valeur des
parametres efficaces de Coulomb U et d'échange J a été testée dans ce travail.

L'énergie de formation (£y) de la cellule NizMnxInox (2 4 atomes) a ét€¢ déterminée selon la
fonction suivante de la concentration en Mn (x):

E (x)=E(Ni,Mn In, )-2*E, —x*E, —(2-x)*E, €))

Pour déterminer les propriétés thermodynamiques des matériaux cristallins, la formulation
liée a la température et au volume de 1'énergie libre de Helmholtz [38—40] doit étre utilisée, comme
suit:

F(V’T):EOK(V)+P;I(V>T)+E/ib(V>T)+Fm (VaT)_T*Scor;f'(T) (2)

ag
Dans I'équation, Eok est 1'énergie totale du réseau statique a 0 K et dépend uniquement du volume.
Fvib, Fel et Fmag, sont respectivement l'énergie vibratoire, 1'excitation électronique et I'énergie
magnétique libre, et elles dépendent a la fois du volume et de la température. Sconf est 1'entropie
configurationnelle. La contribution vibrationnelle a été simulée dans le cadre du modele efficace
quasi-harmonique de Debye-Griineisen avec le code Gibbs2 [41—43]. La contribution de
l'excitation électronique a été calculée par 'EMTO [44] en utilisant la distribution de Fermi a
température finie [45,46]. Ici, nous avons seulement calculé le moment magnétique a des

températures finies pour prédire la variation de l'entropie magnétique a température finie, en



utilisant I'EMTO [44]. Le moment magnétique dépendant de la température est dérivé de I'énergie

magnétique libre (

mag

(T, ) =-T8,,, (1)), ou l'entropie magnétique a ete estimée par l'approche

du champ moyen (S, () =k;log(s +1), w, est le moment magnétique de l'atome i) [15, 31—

ag
33].
Le changement d'entropie pendant la transformation martensitique peut étre défini comme
[50]:
AST- = gmar- _ gaus. (3)
La transition martensitique étant sans diffusion dans les alliages Ni-Mn-In, le changement de

l'entropie configurationnelle est absent [51] et les contributions anharmoniques peuvent également

étre négligées.
3. Résultats et discussion

3.1 Effet de Coulomb efficace et des parametres d'échange sur la stabilité de phase, les

propriétés structurelles et magnétiques des alliages NisoMnzsInzs

Comme le montre la figure 1, 'austénite et la martensite ont la relation d'orientation: [1 1

0]a//[1 0 0]nm, [0 0 1]4//[0 1 O]m, [1 -1 0]a//[0 O 1]m.
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Fig. 1 Relation d'orientation entre I'austénite cubique L2; (A) et la martensite (M), construite selon le modéle de Bain

[19].



Sur la base de cette relation d'orientation, nous avons révélé les structures cristallines,
magnétiques et électroniques et les propriétés €lastiques de l'austénite ferromagnétique de structure
L2; pour le NisopMnasInos stoechiométrique. Pour ce faire, nous adoptons d'abord le paramétre de
réseau expérimental a = 6. 071A [19] et optimisé pour le volume d'équilibre. Sur la base du
parametre de réseau optimisé, les propriétés de structure de la phase d'austénite ont également été
calculées en tenant compte des parametres de Coulomb efficaces, comme le montre la figure 2.
Nous avons d'abord étudié la structure et la stabilit¢ de phase ordonnée de l'alliage d'austénite
NisoMnoslnys avec le Coulomb U efficace et les paramétres d’échange J. 1l a ét¢ montré que le
parametre du réseau, les énergies de I'état fondamental varient avec les différents couplages U et
J dans la structure d'austénite L2; de l'alliage NisoMna2sInzs. Le moment magnétique a montré la
méme tendance avec le paramétre de réseau, qui augmente avec le Hubbard U ajouté, puis diminue
lorsque le U est supérieur a 6 eV. Alors que pour I'énergie de 1'état fondamental, elle augmente
linéairement avec le paramétre Coulomb U effectif a toutes les valeurs d'échange J. Par conséquent,
nous choisissons les paramétres efficaces de Coulomb et d'échange: U= 6 eV et J = 0,5 pour les

analyses plus approfondies de la stabilité de phase.
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Fig. 2 Variations de (a) paramétre de réseau optimisé; b) énergie a 1'état fondamental; (¢) moment magnétique total de

l'austénite en alliage NisoMn;sInys avec couplage U et J.

Les énergies de formation de la phase d'austénite sans et avec couplage U =6 eV et J = 0,5
ont été calculées sur la base de 1'état d'équilibre optimisé. L'énergie a I'état fondamental de 1'alliage
ferromagnétique austénite NisoMn2slnzs est indiquée dans le tableau 1. Une énergie a 1'état
fondamental plus grande et une énergie de formation plus importante ont été obtenues, ce qui
signifie que la prise en compte du couplage Hubbard U et J rend la structure L2; moins stable. Sur
la base de la comparaison de 1'énergie de formation de l'austénite ferromagnétique NisoMnasInas
avec et sans couplage U et J, nous avons pu constater que le couplage Hubbard U et J pouvait
réduire la stabilité de la phase d'austénite cubique L2;. Cependant, sur la base de la définition du
Hubbard U, qui pourrait étre utilisé pour intégrer les atomes dans un environnement de polarisation,

I'état fondamental serait abaissé [52].



Table 1 Paramétre de réseau optimisé, moment magnétique et énergie de formation de 'austénite cubique NisoMnasInas

(cellule unitaire a 4 atomes) sans couplage U et Jetavec U=6¢eV et J=0,5.

al(A) mag/(0p) Eol(eV) Ed(eV) structure
NisoMnasIns
6.061 4.235 -22.838 -0.256 cubic
(sans couplage U +J)
NisoMnasIns
6.104 5.003 -14.024 -0.059 cubic

(U=6¢eVandJ=0.5)

Afin de comprendre l'effet du parametre Hubbard U et J sur la structure électronique de
l'alliage NisoMna2sInas, nous avons en outre calculé la structure de bande, la densité des états (DOS)
et les différences de densité de charge, comme le montre la figure 3. A partir des structures de
bande, nous avons constaté que les parameétres efficaces de Coulomb et d'échange n'ont pas montré
de changement significatif autour du niveau de Fermi, et seules certaines structures de bande se
sont ¢loignées du niveau de Fermi. Nous pourrions également trouver un état In p renforcé
s'éloignant du niveau de Fermi, lorsque les paramétres effectifs de Coulomb U et J ont été pris en
compte. Cependant, avec le couplage de Coulomb effectif et d'échange U et J, la bande interdite

montre toujours la liaison métallique dans 'alliage cubique NisoMnasInas.
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Fig. 3 Structure de bande et densité d'états (DOS) d'austénite de NisoMnyslnys avec calculs Uy et UsJo s.
3.2 Préférence structurelle martensitique dépendante de la composition des alliages

NisoMnxInso-x

Pour découvrir la préférence du site de sous-réseau des atomes de Mn en exces, les énergies
de formation de différents défauts ponctuels dans la cellule a 16 atomes ont été testées par
optimisation de la structure cristalline a I'aide de VASP. Les énergies de formation calculées de

l'austénite parfaite et de I'austénite avec 6,25 at. %. sont indiquées dans le tableau 2.
p q

Tableau 2 Paramétres de réseau optimisés et énergic de formation d'austénite parfaite et d'austénite avec défaut

ponctuel pour une cellule de 16 atomes (v élément indique une situation de vacance).

Es/ (eV/ cellule Es/ (eV/ cellule
al(A) élémentaire) al(A) élémentaire)
v_Ni 6.0261 -0.584 mMn  6.0645 -0.850
v_In .
- 5.9195 0.522 NigMnsIng 6.0607 -1.130

Afin de comprendre l'effet de la concentration de Mn sur la préférence de structure
martensitique des alliages off-stoechiométriques NisoMnxInsox et de révéler l'interaction
antiferromagnétique entre les atomes, la distorsion tétragonale a été appliquée pour déterminer les
structures stables possibles a 0 K pour la premiere étape. Les résultats calculés €taient représentés
avec la différence d'énergie a I'état fondamental entre la structure déformée et la structure cubique
initiale a chaque concentration de Mn. Sur la base de 1'analyse d'énergie de formation de défauts

ponctuels, quatre alliages NisoMnxInsox (x = 25, 29,25, 34,5 et 36,5) avec I’excés de Mn se



substituant a In (1.Mn) ont été utilisés. Les résultats sont montrés sur la figure 4. On voit sur la
figure 4 (a) que, pour le composé stoechiométrique NisoMnysInas, la structure cubique parfaite avec
c/a=1possede I'énergie d'état fondamental minimale. En revanche, la différence d'énergie de I'état
fondamental entre la structure déformée tétragonalement et la structure cubique des alliages hors
steechiométriques NisoMnxInsox est négative pour les distorsions c¢/a > 1 et c/a <1. De plus, pour
connaitre la relation entre la structure stable préférée possible et les teneurs en Mn en exces, la
distorsion tétragonale avec c/a > 1 et ¢/a <1 possédant une énergie minimale locale a différentes
concentrations de Mn a été ajustée, et les courbes sont présentées sur la figure 4 (b). A partir des
résultats, nous pourrions déduire que la stabilité de la structure tétragonale serait améliorée avec

I'ajout de Mn supplémentaire, et la structure martensitique préférée passe de la structure

tétragonale avec c¢/a <1 a celle avec ¢/a > 1.

(a) A Mn,,

0.6 Mn:‘)_,_s
£ 03 My,
= —Mnm<
=
2 0.0
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Fig. 4 (a) Variation de la différence d'énergie de 1'état fondamental en fonction de la distorsion tétragonale (rapport
c/a) dans les alliages Ni-Mn-In avec différentes teneurs en Mn. (b) valeur de rapport ¢ / a du point d'énergie minimum
local des alliages Ni-Mn-In avec différentes teneurs en Mn. Les courbes paraboliques indiquent la valeur du rapport
¢/a du point d'énergie minimum local pour c¢/a <1 et ¢/a > 1.

Sur la base des résultats ci-dessus de distorsion tétragonale, la préférence de la transition
martensitique aux différentes structures tétragonales a été analysée pour les alliages hors
steechiométriques NisoMnxInsox avec le Mn supplémentaire ajouté. Comme la structure précise de
la structure martensitique préférée sous I'effet de la concentration en Mn n'est toujours pas claire,
nous avons construit la structure tétragonale L/ et la structure orthorhombique (provenant de la
martensite monoclinique 6M [19]) qui correspondent a la structure tétragonale respective avec c/a >
1 et ¢/a <1 dans la distorsion tétragonale. On voit que les parametres de réseau des deux structures
montrent une dépendance de composition pour tous les alliages. Le parametre de réseau (a) de la
structure tétragonale L/ diminue réguliérement avec I'augmentation du Mn supplémentaire. Le

volume des structures orthorhombiques diminue également avec 1'ajout de Mn supplémentaire.
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(b) 54
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Fig.5 (a) Paramétre de réseau optimisé (a) des structures ferromagnétiques cubiques L2, et tétragonales L/ (c/a =
1,18) ; (b) volume cellulaire optimisé des structures ferromagnétiques cubiques L2; et orthorhombiques (la ligne
pointillée indique 1'extrapolation de I'ajustement.)

Sur la base des parameétres de réseau d'équilibre obtenus, les énergies de formation du L2,
cubique, du L/, tétragonal (c/a = 1,18) et des structures orthorhombiques ont été calculées pour
analyser la préférence de la structure martensitique, comme le montre la Fig. 6. Sur la base des
résultats de calcul d'énergie de formation, nous avons constaté que la structure orthorhombique est
préférée a des concentrations de Mn plus faibles, et la structure tétragonale L1y devient favorisée
a des concentrations de Mn plus élevées. Ainsi, nous pourrions en déduire que l'exceés de Mn
augmenterait la possibilité de la transition martensitique de 'austénite avec la structure cubique a
la martensite avec la structure orthorhombique ou tétragonale. La structure martensitique préférée
entre la structure orthorhombique et la structure L/ tétragonale est déterminée par la concentration

en Mn.
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Fig.6 Energie de formation de L2; cubique ferromagnétique, LI, tétragonale avec c/a = 1,18 et structures
orthorhombiques en fonction de la concentration en Mn (la ligne pointillée indique 1'extrapolation de 1'ajustement.)
Le moment magnétique total d'un motif des trois structures a également été calculé pour les
alliages hors steechiométriques avec différentes teneurs en Mn a 1'état ferromagnétique. On voit
que le moment magnétique total du cubique L2; et celui de la structure tétragonale L/ montrent
une augmentation avec l'excés de concentration en Mn pour toutes les compositions, et la
différence de moment magnétique entre la martensite et 1'austénite est assez faible. Nous avons
¢galement effectué le calcul du moment magnétique total de I’alliage 34,5 at. % et celui 36,5 at. %
Mn a structure tétragonale. Comparé a la martensite ferromagnétique, le moment magnétique total
de la martensite a structure tétragonale pour ces deux alliages montre une baisse brutale a environ
2,5 us. Le moment magnétique des atomes de Ni montre un antiferromagnétisme avec une valeur
d'environ - 0,2 up et celui de Mn un ferromagnétisme avec une valeur décroissante a 2,25 up. Les
résultats suggerent la coexistence du ferromagnétisme et de 'antiferromagnétisme dans ces deux
concentrations. L'interaction antiferromagnétique pourrait provenir de l'interaction d'hybridation

Ni-Mn.

2
x -
2
c.
D 6F
&O" =+ Orth.p,
4l & Tetra"ss
=0 * Tetra s
= ¢ * |YExp[24]
2r 2 & Tetra S, [20]
25 30 35 40 45 50

Mn (at. %)

Fig. 7 Moment magnétique total des structures cubiques L2, tétragonales LI, et orthorhombiques dans les alliages
hors stoechiométriques NisoMnyInsox avec différentes teneurs en Mn a 1'état ferromagnétique et les structures
tétragonales de NisoMnssslniss et NisoMnsesInizs & coexistence ferromagnétique et antiferromagnétique. (La ligne

pointillée indique 'extrapolation de I’interpolation.)

3.3 Contributions excitées thermiquement dépendantes de la composition a la stabilité de

phase des alliages ferromagnétiques NisoMnxInsox & températures finies
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Sur la base des énergies d'équilibre de 'austénite et de la martensite NM, nous avons d'abord
analysé la stabilité de 1'état fondamental a 0 K qui est la partie la plus importante des contributions
conventionnelles a 1'énergie libre. La Fig.8 présente la différence d'énergie d'équilibre (AE = E™"
- E®") entre les deux phases a 1'état ferromagnétique a OK en fonction de la teneur en Mn. Les
résultats ont montré que les différences d'énergie de toutes les compositions avec un exces de Mn

sont négatives, c'est-a-dire que I'énergie totale de la martensite est inférieure a celle de 1'austénite

a OK.
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Fig. 8 Différences d’énergie totales a 1'état fondamental entre 1'austénite et la martensite NM des alliages NisoMnyInso-

Ensuite, nous avons analysé¢ les excitations de température (y compris l'excitation
vibrationnelle, électronique et les entropies magnétiques) des alliages non-stoechiométriques
NisoMnxInso.x. Premierement, 'entropie vibrationnelle (S.i») résultant des interactions phononiques
a été calculée sur la base des structures d'équilibre obtenues a 0 K. Les résultats sont présentés sur
la figure 9. On peut constater que la valeur d'entropie vibrationnelle de 1'austénite est plus grande
que celle de la martensite NM a tous les teneurs en Mn. Cela indique que I'entropie vibrationnelle

contribue positivement a la déstabilisation de 1'austénite a des températures élevées.
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Fig. 9 Entropie vibrationnelle de I'austénite et de la martensite NM des alliages NisoMnyInsox & des températures finies

avec différentes teneurs en Mn.

Pour comprendre clairement les différences d'entropie entre les deux phases et estimer la

tendance de transition de phase a chaque teneur en Mn, les changements d'entropie vibrationnelle
(ASZ;) entre l'austénite et la martensite NM ont également été calculés pour 5 teneurs en Mn a

températures finies, et les résultats sont affichés sur la Fig.10.

0.0
x JS«; Smur ms T !\4!]1‘)'5
\\\ vib vib uh S f\'hlj“
= -0.4+F \ \ e M"m:
é NS —o—Mn,,
~a-0.8F \ et N
é \ ) n“
Z, 1.2} E
1.6 - : :
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200 T (K) 400
Fig. 10 Changement d'entropie vibratoire entre l'austénite et la martensite NM de l'alliage Niso)MnxInsox avec
différentes concentrations de Mn en fonction de la température.

Comme la deuxiéme contribution possible a la stabilité de phase peut provenir de l'entropie
d'excitation électronique, nous avons en outre calculé les entropies €lectroniques des deux phases
avec des compositions de Mn différentes a des températures finies. Ici, les entropies €électroniques
de l'alliage NisoMn29.25In20.75 ont été présentées sur la figure 11 a titre d'exemple représentatif. On

voit que les entropies d'excitation ¢lectronique (S.) des deux phases augmentent avec

14



I'augmentation de la température et I'entropie électronique de la martensite NM est plus petite que

celle de l'austénite, ce qui est cohérent avec la tendance influente de 1'entropie vibrationnelle.

0.6 FMn
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Fig. 11 Entropie électronique de l'austénite et de la martensite NM dans un alliage NisoMnag2sInyg7s a températures

finies.

Ensuite, nous avons utilisé la variation du moment magnétique pour estimer 1'effet de la
concentration en Mn et de la température sur la stabilité de phase des deux phases. Comme seule
la martensite a structure L/ avec une teneur en Mn d'environ 29 at. % est toujours dominée par
I'état ferromagnétique, l'excitation de la température sur les moments magnétiques de l'austénite
ferromagnétique et de la martensite ferromagnétique a été€ analysée et comparée pour 1'alliage avec
29,25 at. % Mn. Les résultats sont présentés sur la Fig. 12. On voit que les moments magnétiques
de l'austénite montrent une augmentation rapide avec la température puis diminuent légérement
jusqu'a la température de Curie, tandis que ceux de la martensite NM diminuent légerement avec
I'augmentation de la température jusqu'au Curie Température. Cependant, au-dessus de 100 K, les
moments magnétiques de 'austénite sont supérieurs a ceux de la martensite. Cela signifie que la
contribution magnétique favorise également la transformation de phase comme les contributions

vibrationnelles et électroniques.
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Fig. 12 Moments magnétiques totaux de l'austénite et de la martensite NM dans un alliage NisoMn2gosInoo7s a

températures finies.

4. Conclusion

Dans le but de présenter une structure électronique plus précise pres du niveau de Fermi pour
l'austénite cubique de l'alliage NisoMna2sInys avec 1'é1ément de transition métallique Ni et Mn avec
des orbitales 3d, nous avons d'abord essay¢ de calculer systématiquement les propriétés physiques
en considérant les parametres de Coulomb efficace et d'échange U et J avec la méthode GGA
d'échange-corrélation dans VASP. Cependant, nous n'avons trouvé aucun effet évident sur la
structure cristalline d'équilibre ou la structure électronique. Par conséquent, nous n'avons pas
ajouté le paramétre Coulomb efficace dans la corrélation d'échange pour des calculs ultérieurs pour
les alliages Ni-Mn-In.

L'effet de la concentration de Mn sur la préférence de transition de phase martensitique a été
¢tudié. Les résultats ont montré que la stabilité de la structure tétragonale pouvait étre améliorée
avec le Mn supplémentaire, et la structure cubique L2; devient moins stable dans les alliages non
steechiométriques NisoMnyInso-x. Avec l'augmentation de la concentration en Mn, la structure
tétragonale stable préférée évolue de la structure tétragonale avec c/a <1 a celle avec c¢/a > 1. Par
rapport a la structure cubique L2;, la structure orthorhombique est préférée a des concentrations
en Mn plus faibles, et la structure tétragonale L1y devient préférée a des concentrations de Mn plus
élevées. Sous l'optimisation de la structure magnétique, la concentration élevée de Mn pourrait
entrainer la coexistence du ferromagnétisme et de l'antiferromagnétisme. Ce dernier pourrait étre

attribu¢ a I'hybridation antiferromagnétique Ni-Mn.
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Les stabilités de phase de l'austénite cubique ordonnée L2; et de la martensite tétragonale non
modulée dans les alliages NisoMnxInsox ont été étudiées par simulation des énergies totales a 0 K
et des contributions excitées thermiquement (y compris l'entropie vibrationnelle, l'entropie
d'excitation ¢lectronique et le moment magnétique) a des températures finies. La différence
d'entropie vibrationnelle négative entre la martensite et 1'austénite augmente avec la température,
ce qui indique une possibilité de transition de phase augmentée. Par rapport a la contribution
vibrationnelle, la contribution d'excitation ¢électronique est assez faible, mais montre la méme
tendance a favoriser la transition martensitique. Le moment magnétique total d'une cellule
¢lémentaire d’austénite ferromagnétique augmente avec l'augmentation de la teneur en Mn, et
devrait conduire a une augmentation de l'entropie magnétique. Ainsi, l'entropie magnétique

apporte ¢galement une contribution positive a la transition de phase.
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