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First-principles calculations on elastic, magnetoelastic, and phonon
properties of Ni,FeGa magnetic shape memory alloys*
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The elastic, magnetoelastic, and phonon properties of Ni, FeGa were investigated through first-principles calculations.
The obtained elastic and phonon dispersion curves for the austenite and martensite phases agree well with available the-
oretical and experimental results. The isotropic elastic moduli are also predicted along with the polycrystalline aggregate
properties including the bulk modulus, shear modulus, Young’s modulus, and Poisson’s ratio. The Pugh ratio indicates that
NioFeGa shows ductility, especially the austenite phase, which is consistent with the experimental results. The Debye tem-
peratures of the NipFeGa in the austenite and martensite phases are 344 K and 392 K, respectively. It is predicted that the
magnetoelastic coefficient is —5.3 x 10° J/m? and magnetostriction coefficient is between 135 and 55 ppm in the NiyFeGa

austenite phase.
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1. Introduction

Ferromagnetic shape memory alloys (FSMAs) such as
Ni,MnGa have received continuous attention from a tech-
nological perspective as smart materials for application in
sensors and actuators.!?l Ni;MnGa shows magnetic-field-
induced strains (MFISs) up to 12% by the rearrangement of
twin variants in the non-modulated (NM) martensitic phase.!
However, the application of Ni,MnGa alloys is restricted by
their brittleness and low transition temperatures. Recently,
NiyFeGa alloys have emerged as an alternative to NipMnGa
alloys owing to their better ductility.[*! This alloy exhibits a
Curie temperature of 430 K and a martensitic transformation
temperature of 142 K. Different martensitic phases such as the
modulated 5M, 6M, and 7M phases would be formed dur-
ing the phase transition upon cooling.!>! The MFISs of the
NiyFeGa alloys are approximately 0.02%—0.3% in modulated
martensite, 71 and an MFIS of about 2% has been achieved
in the non-layered L1p martensite of the Ni-Fe-Ga—Co al-
loys since the extra Co atoms improve the magnetic anisotropy
constant, Curie temperature, and transformation temperature
of the compounds.*! The microstructural features and struc-
tural phase transition in the NiFeGa and Ni-Fe-Ga—Co al-
loys have been systematically investigated by means of trans-

9:10] Recently, Liu et al. [11.12]

mission electron microscopy.! re-
ported that the Ni-Fe—Ga alloys have become one of the poten-
tial candidates for solid-state mechanical cooling applications
because they show large reversible elastocaloric effects.

Theoretical investigations based on density functional
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theory prove to be a powerful tool; for instance, to predict
the structural, elastic, electronic, and thermodynamic prop-
erties of materials such as NB,,[!3] cubic-NbH, hydride,!'¥!
sulfur-doped GaSe,!1! and CdSel,xTex.[m] Several ab initio
investigations have been carried out on the structural, elec-
tronic, elastic, and magnetic properties of stoichiometric!!7-1°]
and off-stoichiometric?*?!l Ni,FeGa alloys in the austenite
and martensite phases. Moreover, several theoretical stud-
ies aiming to understand the origin of the martensitic phase
transformation have closely correlated the phonon anomaly in
the austenite phase with Fermi surface nesting and electron—
phonon coupling.!?>?31 However, only a few theoretical stud-
ies have been conducted to date on the isotropic elastic mod-
uli, Debye temperatures, and magnetoelastic properties of the
NioFeGa alloys. Studying the isotropic elastic moduli is very
important because the mechanical and thermodynamic prop-
erties can be obtained by calculating the elastic constants. [>*]
Furthermore, phase-field simulations have been used to simu-
late the formation and evolution of magnetoelastic domains
under combined mechanical and magnetic loading,>! the
stress—strain behaviors, and the magnetic-field-induced strain
behaviors[?°! of the Ni;MnGa alloys. The magnetoelastic co-
efficient is an important parameter for establishing the ther-
modynamic potential in phase-field simulations, and it is usu-
ally obtained by fitting the experimental measurements. [26-27]
Therefore, it is meaningful for multi-scale simulations that the
first-principles calculations provide the parameters such as the
magnetoelastic coefficients for the phase-field simulations to

build a model of the thermodynamic potential.[?®! The pur-
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pose of the present work is to provide a first-principles-based
description of the magnetoelastic coupling in ferromagnetic
shape memory alloys, which can be used as a basis for fur-
ther studies of this important class of materials. In this work,
we present the investigations of the isotropic elastic moduli
and the magnetoelastic properties of stoichiometric NipFeGa
alloys through ab initio calculations. We approach this inves-
tigation by modeling the austenite as a 16-atom L2 supercell.
The phonon dispersions of the austenite and martensite struc-
tures were also calculated.

2. Computational details

The calculations were performed using the Vienna ab ini-
tio simulation package!***°! (VASP) based on density func-
tional theory. The electronic exchange and correlation were
described within a spin-polarized generalized-gradient ap-
proximation (GGA), using the function proposed by Perdew,
Burke, and Ernzerhof (PBE).[3'321 The Brillouin zone (BZ)
was sampled with a special 11 x 11 x 11 k-point mesh arranged
in a Monkhorst—Pack scheme,?®! and the energy cutoff was
set at 470 eV. The electron—ion interaction was as described
in the projector augmented-wave (PAW) formalism, and Ni
(3d%4s?), Fe (3d74s'), and Ga (3d'%4s%4p!) were treated as
the valance states. For the calculation of the magnetocrys-
talline anisotropy energy, the spin—orbit coupling effect was
considered, and the symmetry was switched off. The full self-
consistent calculation of the spin—orbital interaction have been
previously performed in the non-collinear model implemented
by Hobbs ez al.**! and Marsman and Hafner®>! in the VASP.

The phonon calculations were performed using the finite
displacement approaches with the phonopy[*%37! code. The
Hellmann—-Feynman forces were calculated using the VASP
code and by applying Methfessel-Paxton smearing with a
smearing parameter of ¢ = 0.1 eV to a 4 x4 x 4 k-point grid.
The 2 x 2 x 2 supercell for the austenite phase was generated
by repeating the conventional unit cell (Fig. 1(a)) twice in each
direction, and the 3 x 3 x 2 supercell for the non-modulated
(NM) martensite phase was generated with the conventional
tetragonal cell shown in Fig. 1(b).

(a) (b)

~

Fig. 1. (a) The L2; Heusler structure of Ni;FeGa fabricated with the
conventional unit cell, and (b) the conventional tetragonal cell used in
the phonon calculations. The black, gray, and white circles in the pic-
tures represent the Ni, Fe, and Ga atoms, respectively.

3. Results and discussion
3.1. Structural properties

Figure 1(a) shows the conventional cell representing the
austenite phase of the Ni;FeGa alloys. The stoichiometric
NiyFeGa compound adopts an L2 structure, where Ni atoms
occupy the sites (0.25, 0.25, 0.25) and (0.75, 0.75, 0.75), Ga
atoms occupy the sites (0, 0, 0), and Fe atoms are located at
(0.5, 0.5, 0.5), with 16 atoms per unit cell. To obtain the equi-
librium structure of the austenite phase, we calculated the total
energy of the unit cell for different volumes of the alloy and
fitted it to the 4™-order Birch-Murnaghan equation of state
(EoS). The calculated E-V relationship for the austenite phase
is shown in Fig. 2. Table 1 lists the fitted parameters of the
EoS, including the equilibrium lattice parameter, a, the bulk
modulus, B, and the pressure derivative, B’. The predicted lat-
tice constant of the austenite phase is 5.77 A and is consistent
with the experimental value of 5.76 A3 and other theoretical
values 5.76 AU7! and 5.77 A.1?3] The predicted bulk modulus,
B, is 166.2 GPa, which also is in good agreement with other
theoretical values of 165.1 GPa!'”l and 164.7 GPa.l?*! The
total magnetic moment of the austenitic phase is 3.3 ug/f.u.,
which is in good agreement with previously obtained theo-
retical value of 3.29 ug/f.u..l!”l The stability of the austenite
phase with respect to the tetragonal distortions is explored and
presented in Fig. 3. The total energy of the austenite Ni;FeGa
calculated with respect to the different tetragonal deforma-
tions shows two minima: one at ¢/a = 0.9, corresponding to

Table 1. Structural properties such as the lattice constant (a, in A), total
magnetic moment (i, in up/f.u.), bulk modulus (B, in GPa), and the
pressure derivative (B') for the NiFeGa austenite phase.

a u B B
This work 5.766 3.30 166.2 4.6
VASP? 5.76 3.292 165.1 4.822
QEb 5.77° 164.7° 5.32b
Expt.© 5.76¢ 3.03¢

2Ref. [17] by VASP calculations.
bRef. [23] by QUANTUM ESPRESSO calculations.

‘Ref. [38].
—91.5
EoS
= Calc.
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Fig. 2. The relationship between the calculated energy and volume. The
solid curve represents the data from the E-V curves fitted according to
the 4™M-order Birch-Murnaghan equation of state (EoS). The dots rep-
resent the actual calculated results.
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Fig. 3. The total energy of the austenite Ni;FeGa calculated with re-
spect to different tetragonal deformations, ¢/a.

the modulated martensite structure, the other at ¢/a = 1.35,
corresponding to the NM martensite phase. The structures
represented by both minima have lower energies than the cu-
bic structure, which means that the cubic phase is unstable
and that the tetragonal distortion enhances the phase stabil-
ity. The differences between the energies of the cubic and NM
tetragonal structures at ¢/a = 0.9 and 1.35 are about 1.2 and
13.5 meV/atom, respectively. Our calculated energy differ-

ences are in agreement with the previously reported results of

10.5P% and 11 meV/atom, respectively.!!”!

3.2. Elastic properties

First, the three independent elastic constants for the cu-
bic phase and the six for the NM martensitic phase were cal-

1391 The stress calculations

culated by the strain—stress method.
were conducted with 2 and 4 independent sets of strains for the
cubic and NM tetragonal phases, respectively. The calculated

results are listed in Table 2, and other theoretical values!!7-20]

381 are listed for comparison.

as well as experimental values!
It is noted that in the austenite phase, Cy; is smaller than Ci,
and the shear elastic constant, C' (C' = %) is negative,
which is an important quantity that indicates the instability
of the austenite phase.[*”) Table 2 also shows that the elas-
tic constants of the tetragonal martensite, NipFeGa, satisfy the
criteria for mechanical stabilities, indicating that the phase is
mechanically stable. The mechanical stabilities for the cubic

and tetragonal crystals are as follows.

Table 2. Calculated elastic constants and isotropic moduli (in GPa), Poisson’s ratio (v), and Pugh ratio of NipFeGa alloys. The
available experimental data and other calculation results are also listed.

Phase C]] C33 C|2 C13 C44 C66 C/ B G E v B/G
Austenite This work 163.8 168.1 106.5 2.2 166.7 28.7 81.6 0.42 5.80
VASP? 166.0 168.9 109.8 -1.5 168
VASP® 140.87 141.57 98.39 -0.35 14134 58.89 155.13 0.32 239
QE¢ 223 75 32
Expt.cl 163 136.9 86 13 145.6
. This work 247.6 211.1 90.7 142.6 92.2 40.4 78.5 161.8 61.0 162.6 0.33 2.65
Martensite NM !
VASP?* 248.5 207.1 96.0 158.1 104.8 453 76.3 169.8
aRef. [17].
bRef. [20].
“Ref. [23] by QUANTUM ESPRESSO calculations.
dRef. [38].
Cii—Ci2>0, €1 >0, G33>0, Ci1 +2C12 >0, given by
Ci1—C12>0, C11 +GC33—-2C13>0, Cge >0, (1 1 |
(2C11 +C33+2C12 +4C14) > 0. Gy = G (c11+cn+c33)— E(Clz +caz+ci3)
. . . _ 1
The isotropic moduli such as the bulk m(?dulus, B, shear m(')d + s (Cas + 55+ Cop).- 3)
ulus, G, Young’s modulus, E, and the Poisson and Pugh ratios
were obtained using the Voigt!!-Reuss“?)-Hill/3! relations The bulk modulus calculated by the Reuss approximation is
for polycrystalline materials. In calculating the moduli G and ~ &1ven by
B, Voigt*!l assumed that homogeneous strain was maintained 1
. § 42] = = (s11+52+533) +2 (512 + 523 +513) 4 “4)
throughout the stressed samples. Reuss, on the other hand, Br

believed that homogeneous stress was maintained in all direc-
tions throughout the stressed samples. However, Hill[*! later
proposed that the true values of the moduli should be given
by the average of the Voigt and Reuss values. For simplicity,
we only considered the tetragonal crystal structure. The bulk
modulus calculated by the Voigt approximation is given by

1 2
Bv:§(Cn+622+033)+§(612+623 +c13). )

The shear modulus calculated by the Voigt approximation is

where s;; are the elastic compliance constants.
The shear modulus calculated by the Reuss approxima-
tion is given by

15
—— = 4(s11+5202+533) —4(s12+523 —513)
Gr
+3 (544 + 555 + S66) » (5)
where
2

c11€33 — €

si =90 = ( )

(c11 —c12) (cr1 +ei2)e33 —2¢3y”
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(c11+c12)
cii+en)eiz —2c3,]

533:(

(cfs —ci2e3)

S12 = ’
(c11 —c12) (e11 +c12) 33 — 2¢34
s C13
13=
2¢3, — (cii+cin)ess’
1
S44 = 855 = av
1
566 = —- (6)

C66
B and G are typically calculated as the average of the shear
moduli given by
B=1(3R+Bv) G=1
2 ’ 2
The Young’s modulus, E, and Poisson’s ratio, v, for an

(Gr+Gy). (7

isotropic material are given by
9BG
= V=—r. 8
2B+ G’ 2(3B+G) ®

The important moduli for applications, i.e., the bulk and shear

3B—-2G

moduli, are calculated and are listed in Table 2. The bulk mod-
ulus, B, represents the resistance of the material to fracture,
and the isotropic shear modulus, G, is related to the resistance
of the material to plastic deformation. It should be noted that
the bulk modulus (B = 166.7 GPa) calculated from the elastic
constant (EC) of the austenite phase agrees well with those
directly obtained by fitting with the Birch-Murnaghan EoS
(B = 166.2 GPa), as listed in Table 1, which further demon-
strates the accuracy of our elastic constant calculations.

According to the Pugh criteria,[* a B/G ratio of 1.75
separates ductile and brittle materials; that is, ductile fcc met-
als all have a high B/G, whereas brittle bcc metals all have a
low B/G.*¥3! All the phases we calculated were ductile since
their Pugh ratio, B/G > 1.75. In Table 2, the Pugh ratio for
NiyFeGa, 5.8, is larger than that for Ni,MnGa, 3.93, reveal-
ing the more ductile nature of Ni;FeGa. The smaller Pois-
son’s ratio for the NM martensite phase, as listed in Table 2,
indicated that the NM martensite phase was relatively stable
against shear deformation.

The Debye temperature is an important fundamental pa-
rameter correlated to the physical properties of materials, such
as the specific heat capacity and melting point. We calcu-
lated the Debye temperatures of Ni;FeGa in the austenite and
martensite phases from the average sound velocity, vy, using
the following relation and assuming a constant sound velocity.

The Debye temperature is given by 4471
B
6p = 67487 v, ©)

and the average sound velocity, vy, is approximated by the
following equations:

HEEO I
Vm= = =+—= ,
m 3 V? v13

3B+4G\'/? G\'?
“—(sp) ’“—(p) 1o

where v|, v, and vy, are the longitudinal, transverse, and av-
erage sound velocities of the isotropic material, respectively,
and are listed in Table 3. Here, B and G are the polycrystalline
bulk and shear moduli, respectively. The Debye temperatures
of the austenite and martensite phases were 344 and 392 K,
respectively, as listed in Table 3. It is noted that the Debye
temperature for the austenitic phase is lower than that for the
martensitic phase, which indicates that the specific heat, C,,

for austenite is higher than that for martensite. !

Table 3. The longitudinal sound velocity (vi, in km/s), transverse sound
velocity (v, in km/s), and average sound velocity (vy, in km/s) cal-
culated from the polycrystalline elastic modulus, and the Debye tem-
perature (®p, in K) obtained from the average sound velocity for the
austenitic and NM martensitic NioFeGa alloys.

Phase Vi Ve Vi O®p
Austenite 4.5 1.7 1.9 344
Martensite NM 4.9 2.5 2.7 392

3.3. Magnetoelastic properties

For small distortions in the cubic crystal lattice, the mag-
netoelastic energy, K(£),[*8 is related to the uniaxial magne-
tocrystalline anisotropy energy (MAE) of the cubic structure.
In the present work, the MAE is defined as K = E119 — Eoo1,
where E|19 and Ego; are the total energies when the magneti-
zation is in the [110] and [001] directions of the cubic phase,
respectively.

K(e) = —%BIHKO. an

The total energy can be written as the sum of the elastic and
magnetoelastic energies, E¢) and Ey,e, respectively, which are

assumed to be quadratic,#”!

Eiot = —aBj€+Ce?, (12)

where « is a constant that equals 1 for magnetization paral-
lel to the tetragonal axis and 1/2 for magnetization perpen-
dicular to the tetragonal axis, € is the tetragonal distortion
(e =2/3(c/a—1)), By is the magnetoelastic coupling coef-
ficient, and C is related to the elastic constant (C = 3V,C'/2),
where Vj is the volume of the unit cell. The magnetostric-
tion coefficient is defined as the strain that minimizes the to-
tal energy given by Eq. (12) and is given by the following
formula: %

B

llooz—i- (13)

The magnetoelastic coupling coefficients, B, of the
NipMnGa and Ni;FeGa alloys are determined from the slopes
of the lines in the MAE versus € plot in Fig. 4. The B; of
NisMnGa is 4.4 x 10° J/m?, which was in agreement with

016201-4
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the By of 4 x 10% J/m? obtained by fitting the experimen-
tal measurements in the previous phase-field simulation. 6]
From the magnetoelastic coupling coefficient (By = —5.3 x
106 J/m?) and shear elastic constant (C’ = 13-32 GPal?338])
of the NiFeGa, the magnetostriction coefficient of austenite
NiyFeGa was calculated between 135 and 55 ppm by Eq. (13)
and is listed in Table 4. To our knowledge, the neither the
magnetoelastic coupling coefficient nor the magnetostriction
coefficient of the Ni;FeGa alloys has been previously reported.
It is notable that the By of Ni;MnGa is positive while that
of NipFeGa is negative. In Fig. 4, the MAE of Ni;MnGa
changes from positive to negative when the tetragonal strain
crosses ¢/a = 1, thus leading to a positive B, and the MAE
of NiyFeGa changes from negative to positive, resulting in a
negative Bj.

Table 4. Calculated magnetoelastic coefficient (B;, in 100 J/m3) and
magnetostriction coefficient (419p) of NizMnGa and Ni,FeGa alloys.

Alloys By c 1100/10_6
NipMnGa This calculation 44 4522  —(326-67)
Theoretical values? 4.5-22  —(500-100)
Phase field simulations® 4
NipFeGa  This calculation —53 13-32 135-55
aRef. [49]
PRef. [26]
1.5
A @ Ni,FeGa
A Ni)MnGa
N 1.0
s
= 0.5
2
—
~
) 0
<
=
—0.5F
~1.0 1 1 1 1 1
—0.015 —0.005 0.005 0.015

£

Fig. 4. The magnetocrystalline anisotropy energy (MAE) calculated as
a function of the strain of the NipMnGa and NipFeGa alloys.

3.4. Phonon band structure calculations

The phonon dispersion curves and the total vibrational
densities of states (VDOSs) calculated using GGA for the cu-
bic and NM phases of Ni,FeGa are shown in Figs. 5(a) and
5(b), respectively. The phonon dispersion curves in Fig. 5(a)
predicted by our calculations are in agreement with those re-
cently obtained in neutron diffraction experiments.!38! The
transverse acoustical (TA) and optical branches in the [1 0 0]
(G=X) direction were doubly degenerate owing to the symme-
try of the cubic crystal, while the dispersion along the [1 1 0]
(G-K) direction is composed of 3 acoustical and 9 optical non-
degenerate branches. The negative phonon frequencies of the

transverse acoustic mode (TA;) branch completely softened
along the [110] direction between the wave vectors { = 0 and
¢ =0.75 in Fig. 5(a), and this anomaly is usually related to
Fermi surface nesting and electron—phonon coupling.??! The
appearance of the TA, acoustic phonon anomaly means that
the cubic L2 structure is unstable at zero temperature, and the
anomaly corresponds to the formation of modulated structures
such as the SM or 7M structures in the premartensite phase.>!]
Pérez-Landazébal et al.[®8] reported that the TA, branch along
[110] direction of the nonstoichiometric L2 phase of Ni;FeGa
showed a slight softening due to inelastic neutron scattering
around ¢ = 0.35. Satyananda er al.!*?! reported softening
at the wave vectors { = 0.58 rather than between the wave
vectors £ = 0 and § = 0.75 obtained in our calculations be-
cause the linear response method of density functional pertur-
bation theory (DFPT) was used in their calculations. Since
the softening of the acoustic (TAz) mode is related to a neg-
ative shear constant (C’), the appearance of the phenomenon
indicates the structural instability of the NipFeGa single crys-
tal against shear deformation. Figure 5(b) reveals that all the
phonon modes had real values in the whole Brillouin zone,
indicating that the NM martensite phase in the NiFeGa was
dynamically stable. Therefore, the NM martensite phase was
more stable than the austenite phase from the perspective of
lattice dynamics.

(a)

Frequency/THz

Frequency/THz

zZ A R XI' M

Wave vector ¢/2ra~! VDOS

Fig. 5. Phonon band structure and vibrational density of states (VDOS)
along high-symmetry lines in the first Brillouin zone for (a) cubic (b)
non-modulated martensite NioFeGa alloys. The circles indicate the
neutron-scattering measurement data from Ref. [38]. The imaginary
values of the phonon frequencies are plotted along the negative fre-
quency axis.
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4. Conclusions

In this work, the elastic, magnetoelastic, and phonon
properties of the NioFeGa system were investigated and com-
pared to the available theoretical and experimental data. By
fitting the total energy as a function of the volume with the
Birch—-Murnaghan EoS, the bulk modulus and the equilibrium
lattice parameter are obtained. The bulk modulus (B), shear
modulus (G), Young’s modulus (E), and Poisson’s ratio (V) of
the NipFeGa are determined using the Voigt—Reuss—Hill ap-
proach, and the results were in good agreement with previ-
ous calculations. The Debye temperatures of the Ni;FeGa in
the austenite and martensite phases were 344 and 392 K, re-
spectively. The magnetoelastic coefficient is —5.3 x 10° J/m?,
and the magnetostriction coefficient of the NioFeGa austen-
ite phase is between 135 and 55 ppm, as obtained by calcu-
lating the magnetocrystalline anisotropy energy—which can
provide a helpful reference for further phase-field simulation
work. The phonon dispersion curves and vibrational densities
of states of the austenite and martensite phases were presented.
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