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Elastic properties of Ni;MnGa in both austenitic and martensitic structures are determined by using ab
initio methods based on density functional theory (DFT) within the spin-polarized generalized-gradient
approximation. The tetragonal shear elastic constant C' takes a very small value in the austenitic phase,
indicating the elastic instability results in a phase transition to martensitic structure. Isotropic mechanical
properties such as bulk modulus, shear modulus, Young’s modulus and Poisson’s ratio are predicted. The
trend of the Debye temperatures calculated for three structures of Ni,MnGa is comparable with that of
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1. Introduction

Magnetic shape memory alloys (MSMAs) differ from tradi-
tional, thermally activated SMAs in that they are characterized by
strong magnetoelastic coupling. The Heusler-type metals, such as
Ni-Mn-X (X: Al, Ga, In, Sn, Sb), undergo martensitic transforma-
tions that are sensitive to alloy composition, external pressure,
and applied magnetic field. Certain compositions display unique
structural responses to external magnetic fields, undergoing either
magnetic twin reorientation or field-induced phase transfor-
mations that lead to a macroscopic shape memory effect. In
Ni-Mn-Ga, this effect generates recoverable strains that are an
order-of-magnitude larger than those associated with the most
common commercial magnetostrictors [1]. Since this discovery,
Mn-based Heusler compounds have been heavily studied, both
through experimental probing of structure-property relationships
and theoretical modeling of the underlying mechanisms. Especially,
Ni-Mn-Ga magnetic shape memory alloys serve as a reference sys-
tem for all fundamental and applied studies related to magnetic
shape memory (MSM) technology due to their unique magneto-
mechanical properties. They can be used for development of
sensors and actuators with rather high frequency compared to tem-
perature driven conventional shape memory alloys and have larger
shape changes than ordinary magnetostrictive materials. To be
more specific, for instance Terfonel-D alloys exhibit magnetostric-
tive strains up to 0.17% [2]. In contrast, the structural deformation
in Ni;MnGa can reach about 10% under moderate magnetic fields
on the order of 1T [3].

* Corresponding author. Tel.: +90 258 2963587; fax: +90 258 2963535.
E-mail address: ozsev@pau.edu.tr (S. Ozdemir Kart).

0925-8388/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2010.08.039

MSM effect in Ni;MnGa is caused by structural transformation
from a higher symmetry cubic L2 (austenite) structure to a variety
of different lower symmetry structures (martensite) upon cooling.
Depending mostly on the composition, the martensitic structure
is characterized by the tetragonal 5M modulated structure with
c/a=0.94, the orthorhombic 7M structure with c/a=0.9, and the
nonmodulated (NM) tetragonal structure with c/a=1.2 [4]. The
crystal structure of martensite is an important factor that deter-
mines the maximal magnetic field induced strain (MFIS) value
described as 1 — c/a. The structural deformation in the 5M modu-
lated phase can reach 6% [5,6], while much larger (up to 10%) MFIS
has been observed in 7M martensite [3]. However, NM tetragonal
martensite does not exhibit any MSM behavior due to the appear-
ance of high twinning stresses (approximately 6-18 MPa in this
phase) [7].

Numerous studies aiming to understand the physical mech-
anism governing the martensitic phase transition have been
performed in recent years. It has been reported that the stability
of structural phases in Ni-Mn-Ga can be provided by the average
change in both the valence electrons per atom (e/a) and tetragonal-
ity ratio (c/a) with composition as well as the martensitic transition
temperature [8-14]. These studies suggest that, at low e/a (<7.7)
the 5M phase exists, 7M structure is observed at the interme-
diate e/a, and the structure is tetragonal NM at high e/a (>7.7).
Moreover, it has been estimated that the martensitic transition
temperature increases with the e/a ratio. However, the effect of lat-
tice dynamics on the lattice instability resulting in large MFIS has
notyetbeeninvestigated enough [9]. Enkovaaraetal.[15] predicted
the phase transition temperature (Ty;=175K) from austenite to
martensite with c/a=1.27 by calculating the vibrational free energy
within the Debye approximation. More recently, Uijttewaal et al.
[16] determined the free energies of the austenite, the modulated
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Table 1
Applied strains and corresponding strain energy densities for austenitic, NM and 5M martensitic structures. Unlisted compounds of strain are taken as zero for each case.

Phase Strain Parameters AE|Vo

Austenite C1 £1=62=63=8 3(Ci1 +2C12)8?
Cc2 81=5,82=78, 83=82/(1732) (C117C12)52+0(54)
c3 £3=8%)(1-8%),66=6 2C448% +0(8%)

Martensite NM T1 £1=8%)(1-82),e4=8 2C448% +0(8%)
T2 83=62/(1—52), £6=0 2C6652+O(54)
T3 81=5,82=—5,83=82/(1—82) (C]l—C12)82+O((34)
T4 £1=8,6,=0%/(1-82),85=—3 Cu=2C3+G) 52 | o(84)
T5 £1=0,62=0,63=0 (C11 +Crz +2Cy3 +C33/2)8% +0(84)
T6 £3=8 S8

Martensite 5M 01 £1=48 517152
02 £2=8 s
03 £3=48 CaTaaz
04 £1=82/(1-6%),e4=8 2C448% +0(8%)
05 £,=8%/(1-8%),65=6 205582 +0(84)
06 83=52/(]752), £6=0 2C6652+O(54)
07 £1=—0,82=8%/(1-68%),e3=48 1(Ci1 —2C13 + C33)82 + 0(8%)
08 £1=0,6=-19, 83=82/(1—82) %(Cll —2C12+C22)(32+0(84)
09 82)(1-6%),e2=—18,e3=8 $(Caz — 2G5 + C33)82 + 0(84)

premartensite and the NM martensite of Ni;MnGa by using DFT
and further including contributions from the fixed-spin moment
magnons to reveal the complete phase sequence between the three
structures as a function of temperature. The role of the vibrational
and electronic contribution of the free energy to lattice instability
has also been discussed by Chernenko et al. [17] from the results
of the low-temperature specific heat measurement for Ni-Mn-Ga
alloys.

Experimental studies show that martensitic transformation is
characterized by the coupling of the soft phonon modes and
pronounced softening of the shear modulus C'=1/2(Cy; — Cq2) of
the parent phase [8,18-20]. Inspired by these observations, Hu
et al. [21] recently calculated the composition dependent elas-
tic modulus for off-stoichiometric L21-Ni;MnGa by investigating
the correlation between elastic modulus and martensitic transi-
tion temperature or e/a ratio by constructing stable cite occupancy.
Unfortunately, the behavior of elastic properties of martensite
structure is still insufficient in the literature. In our previous study
[22], we predicted the elastic constants for both cubic L2; and NM
tetragonal martensitic structure of Ni;MnGa using the potential
with large number of valence electrons. However, the elastic mod-
ulus for 5M modulated tetragonal structure remains unknown.

We are particularly interested in the calculation of the elas-
tic constants for Ni;MnGa in this study, since the determination
of elastic constants is essential in designing of almost all applica-
tions of MSMAs. The knowledge of full anisotropic elastic constants
provide the basis of the magneto-mechanical coupling, in addition
to supplying information on strength of the materials, mechani-
cal stability, phase transitions, and the anisotropic character of the
bonding. The elastic properties are also used to determine measur-
able physical and thermodynamical properties, e.g. — transverse
and longitudinal - speeds of sound which in turn may be used to
estimate the Debye temperature.

We have performed spin-polarized total energy calculations
by the use of first-principles methods based on DFT with the
aim of developing microscopic understanding of MSM behavior of
Ni;MnGa. This paper is devoted to the study of mechanical prop-
erties of Ni,MnGa in both austenitic and martensitic structures. To
the best of our knowledge, this work presents the elastic constans
of Ni;MnGa in the structure of 5M martensite for the first time. We
have also re-calculated elastic constants for cubic and NM struc-
tures by using the potential with e/a=7.5. The elastic constants

are predicted by straining the cubic L2, 5M pseudo-tetragonal and
NM tetragonal martensitic structures. Because of the special sig-
nificance of the isotropic bulk modulus, shear modulus, Young'’s
modulus and Poisson’s ratio for technological applications, we have
also calculated these quantities from the elastic constants. The
Debye temperatures of Ni;MnGa are estimated from the average
sound velocity.

2. Computational method

Spin-polarized total energy calculations have been performed within the frame-
work of the DFT by using the Vienna ab initio simulation package (VASP) program
[23]. We have used the pseudopotential with 3p®3d34s? for Ni, 3p®3d°4s? for Mn,
and 3d'°4s24p! for Ga as the valence configurations to calculate the structural
parameters of cubic austenitic, NM and 5M martensitic phases, and also elastic con-
stants of cubic austenitic and NM martensitic phases of stoichiometric Ni;MnGa in
our previous work [22]. The computational method for structural properties is given
in detail in the same study [22] and will not be repeated here. We should note that, in
this study the valence electronic configurations for Ni and Mn are changed to 3d84s?
and 3d>4s? respectively, while keeping Ga valence configuration as 3d'°4s24p!. This
offers a shorter run time and utilizes less memory than hard-pseudopotential used
in the previous study; it additionally enables efficient calculation of the elastic con-
stants of modulated structures. We have checked the effect of the number of valence
electrons on the structural parameters and elastic constants by repeating the cal-
culations for only austenitic phase for two potentials, and we found at most 3%
difference. Hence, we have taken the structural parameters obtained in our previ-
ous study [22] and calculated the elastic constants for three phases by using the
specified valence configurations above. Note that the e/a=7.5 value results from
accounting the 3d electrons of Ga in the core rather than valence due to their small
contribution of Ga 3d electrons to the cohesion.

There are two methods in calculating the elastic constants from first principles:
one is related to the analysis of the calculated total energy of a crystal as a function of
applied strain. The second one is based on the analysis of changes in the calculated
stress values arising from variation in the strain. In our calculation, we choose the
first method to predict the elastic constants. For the deformation of a crystal in
a linear elastic manner at small strain, the energy of the strained system can be
expressed by a Taylor series expansion as:

6 6
%
E(V,s):E(Vg,O)+Vo§ (r,-a,-+70§ Cyeiej + 0(e%), 1)

i=1 ij=1

where ¢ and o are the strain and stress tensors, respectively. Vp is the volume of
the unstrained lattice, E(Vo, 0) is the corresponding total energy, and C; are the
elastic constants. The elastic constants are identified as proportional to the second
order coefficient in a polynomial fit of the total energy as a function of the distortion
parameter.
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3. Results and discussion

The elastic constants for three phases of Ni;MnGa considered
in this work are calculated for the minimized crystal structure
obtained from our previous study [22]. The three independent elas-
tic constants for cubic phases, the six for NM martensitic phase,
and the nine for 5M martensitic phase are determined by imposing
three, six and nine different deformations, respectively, on the equi-
librium strain free unit cell. The components of each strain tensor
(a 6-vector in Voigt notation) and the corresponding expressions
for the strain energy densities are given in Table 1. For each lattice
structure of Ni;MnGa studied, we strained the lattice by varying the
strain parameter, §, from —0.03 to 0.03 in steps of 0.01 to obtain
the total minimum energies at these strains. Fig. 1a—c illustrates
the total energy as a function of strain for the three distortions, the
six distortions, and nine distortions for cubic, NM and 5M struc-
tures, respectively. The lines in the figures represent the third order
polynomial fit to the energy versus strain curve. Then, the elastic
constants are extracted from the second order coefficient of this fit.

A cubic crystal has three independent elastic moduli obtained
from the bulk modulus B=(Cq; +2Cy2)/3 and two shear moduli
of C11-Cq2 and Cy4. For the calculation of the bulk modulus, we
consider cubic strain tensor of C1 shown in Table 1 with energy
change AE=(3/2)Vy(Ci1 +Ci2)82. The shear moduli of C;1-Cy and
C44 are obtained by applying orthorhombic (C2) and monoclinic
(C3) volume conserving strains, respectively. The results for the
bulk modulus, the elastic stiffness constants C;;, and the elastic com-
pliances S;; of the austenitic phase are presented in Table 3. The
components of S;; are calculated from the Cj; using the following
relations:

1
Sus = —, 2
4= (2)
1
Si1—=Si2= th (3)
C
S11+S12 = L (4)

(Ci1 — C12)(2C12 + Ci1)°

They are in agreement with the experimental elastic con-
stants of Ni;MnGa in the L2; structure obtained by ultrasonic
measurements determined between room temperature and the
intermediate pre-martensitic phase transition temperature [18,24]
and other theoretical calculations [21,25]. While the accuracy of
the bulk modulus calculated for cubic phase, showing a deviation
of 6.7% from the experiment performed by Worgull et al. [24] and
46% from the experiment carried out by Manosa et al. [18], is com-
parable to that of the other calculations [21,25]. Our value for C,
tetragonal shear constant, found as 5.5 GPa, compares well with
the experimental values for L2 structure obtained by ultrasonic
measurements ranging between 4.5 GPa [24] and 22 GPa [18].

We applied the six strains listed in Table 1 in order to deter-
mine the elastic constants of martensitic NM tetragonal structure
of Ni;MnGa. The expression for corresponding strain energy den-
sities are also given in the same table. The first four strains (T1-T4)
in Table 1 are selected to be volume conserving to minimize the
change in the basis set related with the applied strain. However, the
last one yielding C33 is accompanied by a volume change, but pre-
serves the symmetry of the L2 lattice. The strains T1, T2 and T6 give
directly the Cy4, Cgg, C33, respectively. The remaining elastic con-
stants of Cy1, C12, and Cy3 are obtained from the energy expressions
resulted from the distortion matrices of T3, T4, and T5. The T5 dis-
tortion induced by hydrostatic stress yields the expression for bulk
modulus as 9B/2=Cq1 +Cq2 +2Cq3 + C33/2, resulting in B=158 GPa.
The elastic constants of Cq1, Ci2, Ci3, C33, C44 and Cgg are found as
252,74,144,194,100, and 55 GPa, respectively, as shown in Table 2.
Listed also in the same table are the compliances S;; for tetragonal

The bulk modulus B (GPa), the elastic constants C; (GPa), and the corresponding elastic compliances S;; (TPa~!) of Ni;MnGa alloy calculated in the cubic L2, and martensitic structures of NM and 5M, compared with available

experiments and previous theoretical calculations.

Table 2

S»n Sa3 S33 Suq Sss Se6

S13

S12
-29.6

Ciz Gis Cx G Cs3 Caq Css Ces S
107
103
102

152
143

Cn

Phase

9.35

61.3

163
152
136
173
153

5.5
45
22

155.7
146.0
106.7
152.1
149.7

Our cal.

Austenite

Exp. [24]

[18]

92

99.4
100

141.3
148

15.9

Other cal. [21]

[25]

25

18.2

10.0

15.0

7.26 1.65 —6.61

55

100

194

252 74 144

89

158.0

Our cal.

Martensite NM

66.7

10.0

11.0

-4.74 568 —-4.44 114

1.04

107 271 56 135 265 127 194 91 100 15 5.84

153.2

Our cal.

Martensite 5M
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Fig. 1. Total energy as a function of strain (§) for Ni;MnGa in the structures of (a)
cubicL24, (b) tetragonal NM martensite, and (c) 5SM martensite. The circles represent
the calculated values, the solid line is the polynomial fit.

structure obtained from the following relations:

C
Sii+Si2= % (5)
1
1n-S2=—"">-,
S S Ci1—Ci2 (6)

C

513=—%, (7)
Ci1+C

S33 = HC 2 (8)
1

Saa= -, 9

“=c 9)
1

Se6 = —, 10

66 = oo (10)

where C = (C“ + C]z)C33 - 2C123.

In Table 2, we also present the elastic constants of marten-
sitic 5M modulated structure of L24. The stability of this structure
is achieved from the orthorhombic supercell of 40 atoms formed
by five tetragonal crystallographic unit cells. Hence, we need nine
different strains to determine nine independent elastic constants.
The distortions used for 5M modulated structures and the corre-
sponding strain energy densities are described in the last row of
Table 1. The first three elastic constants of Cq1, Co, and C33 are
obtained by means of deformations (01, 02, 03) of the lattice
involving the orthorhombic symmetry. The three different vol-
ume conserving monoclinic shear distortions of 04, 05, and 06 are
employed in determining the shear elastic constants of Cy4, Css,
and Cgg, respectively. The remaining elastic constants of Cy3, Cy3,
and C,3 are calculated from a combination of three volume con-
serving orthorhombic deformations (07, 08, and 09). Table 2 also
displays the results for the elastic stiffness constants, as well as the
compliances of orthorhombic structure. The relations between the
stiffness and compliance constants for the orthorhombic phase are
given as:

_ C3% — C2Cs3

S11 c (11)
S - € —Cuis )
1y = 0 —CuCn )
Sa2 = @, (14)
gy - CnCin—Cuis as)
Sa5 = C12° —CC11C227 (16)
Sas= A, (17)
Cyq
Ss5 = Ciss’ (18)
S66 = o (19)

where C=Cy32Cyp — 2C12C13Co3 + €11 Ca3? + C122C33 — C11 CaaCas.
There are not any measurements or any other theoretical stud-
ies for all of the elastic constants for both NM and 5M martensitic
structures of Ni;MnGa alloy to compare with our results. The elas-
tic stiffness coefficients for both austenitic and martensitic phases
shown in Table 2 obey the generalized elastic stability criteria [26]
for cubic, tetragonal and orthorhombic crystals. This indicates that
L21, 5M and NM structures are mechanically stable. Moreover,
these stability conditions lead to some restrictions on the magni-
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tude of bulk modulus. They can be written as:

Ci2 < Bo < (yy,
1 1
3 3
1 1
§(C12 +Ci3+C3) <Bo < §(C11 + Ca2 + C33)

(Ci12 4+ 2Cy3) < By < 5(C11 + 2C33), (20)

for cubic, tetragonal and orthorhombic structures, respectively. The
bulk modulus found as 155.7, 158.0 and 153.2 GPa for austenitic,
NM and 5M martensitic structures satisfies the restrictions given
in Eq. (20). We obtain a significantly low value for the tetrag-
onal shear constant C' of the parent phase. This is 16 and 19
times smaller than the values obtain for NM and 5M marten-
sitic phases. This small value is significant in understanding the
observed large deformation upon transition. Calculations indicate
that only a small decrease in the shear elastic constant cause phase
transition. The ratio of two shear constants C44/C can be used as an
elastic anisotropy factor for cubic crystals. We calculate it as 17.6,
which is in good agreement with the values of the experiments
ranging between 5 and 23 [18,24]. This important high value of the
elastic anisotropy is resulted from the remarkable softening of C’ at
the phase transition.

Earlier studies show that the first martensite transition on cool-
ing depends on the composition, and L2; structure favors phase
transition into the martensite in the order of 5M, 7M and NM struc-
tures upon cooling [4,14,27]. According to X-ray diffraction data
[11], only the NM phase exist for e/a>7.71 and Ty, >353 K while
layered phases (5M and 7M) are observed at lower values of e/a
and Ty. In this sense, Ty, and e/a of NM structure are larger than
those of 7M and 5M structures. As seen from Table 2, when the
phase transformation from austenite to martensite occurs, tetrag-
onal shear constant C’ drastically increases, but C44 monotonically
decreases. While the martensitic transformation from 5M to NM
(through 7M) in which e/a and Ty, rise takes place, the C’ decreases,
but C44 increases. This is confirmed by the previous study in which
the elastic constants were calculated for different kinds of off-
stoichiometric L21-Ni;MnGa [21]. The values for the bulk modulus
show little variation with respect to structures.

The elastic constants shown in Table 2 are for the Ni,MnGa
single crystals. In the applications, single crystal properties do
not show the mechanical properties at the larger scale. Moreover,
when the single crystal samples are not produced experimen-
tally, polycrystalline samples are used to determine the elastic
moduli. Hence, the individual elastic constants C;; cannot be mea-
sured. Instead, bulk modulus B and shear modulus G are obtained.
Hence, we consider the calculation of polycrystalline aggregates
of Ni,MnGa from the theoretical single crystal properties. There
are two approximation methods to derive the isotropic elastic
moduli for polycrystalline single-phase materials by averaging the
anisotropic single crystal elastic properties over all possible ori-
entations of crystallites. They are the Voigt and Reuss methods
representing the upper and lower bounds, respectively, to the
isotropic elastic modulus [28-30]. According to the Voigt approx-
imation, assuming uniform strain through the sample the shear
modulus (Gy) in the cubic system is given by the following equa-
tions:

_ G —Cia+3Cy

Gy 5

(21)

Averaging according to Reuss method assuming uniform stress
in the polycrystalline aggregate leads to

5

GR= .
R 40511 —S12) + 35a

(22)

The bulk modulus Bis the same in both the Voigt and Reuss aver-
ages in the cubic system and it is given by the following equation:

_ C1+2Gyp
=5

Hill [31] has discovered that the arithmetic average of the Voigt
and the Reuss bounds, called as Voigt-Reuss-Hill (VRH) aver-
age, represents the best estimation of the isotropic elastic moduli.
Using VRH average, the shear and bulk modulus are taken as
G=1/2(Gy+Gg) and B=1/2(By +Bg), respectively.

For the tetragonal NM phase of Ni; MnGa, the isotropic averaged
shear modulus is bounded from above by the Voigt approximation:

B =By =B (23)

1
By = 5(2C11 +2Cy2 +4C13 4 C33) (24)

and from below by the Reuss approximation;
1
Bg = .
2(S11 + S12) + 533 + 4513

Correspondingly, the Voigt and Reuss shear modulus of poly-
crystalline NM tetragonal phase are given by:

(25)

1
Gy = E(ZCH —Ci2 — 2Cy3 + C33 + 6Cy44 + 3Cep) (26)
and
15
Gr = s 27
R = (8511 — 4515 — 8513 + 4533 + 6544 + 3S66) (27)
respectively.

Analogous expressions hold for the orthorhombic structure of
5M modulation. Bulk modulus is bounded from above by:

1
By = §(C11 +Ci2 4+ CG3 +2(Ci2 + Ci3 + &23)), (28)
and below by
By ! (29)

T S11+S22 4533 + 2(S12 + S13 + 523)
The Voigt shear modulus and Reuss shear modulus are defined
as:

1
Gy = E(C“ +C2+C33—C2—Cy3
—C23 +3Cyq + 3Cs5 + 3Ces)s (30)

and
B 15
4(S11 + S22 + S33) — 4(S12 + S13 + 523) + 3(Saq + Ss5 + Se6)

Gr

(31)

respectively.

From the results of the elastic stiffness (Cj;) and compliance con-
stants (S;) given in Table 2, the elastic moduli of polycrystalline
Ni;MnGa in the three structures of interest in this study are deter-
mined by using the Voigt-Reuss-Hill averaging scheme given by
the Eqs. (21)-(31). The results are listed in Table 3. The values of
Voigt and Reuss bulk modulus calculated are nearly the same. How-
ever, the difference between two values of shear modulus is rather
large, so we quote as one-half of the difference between the bounds.
From Tables 2 and 3, we can see that the isotropic bulk modulus
calculated from the elastic constants for the orthorhombic struc-
ture (Table 3) has nearly the same value as the single crystal bulk
modulus obtained from applying hydrostatic pressure to the crys-
tal (Table 2). As expected, because the elastic constants of cubic
and tetragonal phases are obtained by using distortion matrix giv-
ing the expression for the bulk modulus, we get the same values
of bulk modulus for two methods (Tables 2 and 3). The ratio of
bulk to shear modulus of polycrystalline phases (B/G) proposed by
Pugh [32] provides the information about the ductility of the mate-
rial. A high (B/G) value is associated with the better ductility, while
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Table 3

The isotropic bulk modulus B (GPa) and shear modulus G (GPa) for polycrystalline Ni;MnGa from the single crystal elastic constants using Voigt, Reuss and Hill's approxima-
tions. The Young’s modulus E (GPa) and the Poisson’s ratio v are predicted from Hill’s approximation, along with the available experiments.

Phase Bv BR B GV GR G B/G E v
Austenite 155.6 155.7 155.7 66.4 12.8 39.6 + 26.8 3.93 109 0.383
107.9¢ 0.32b
0.38¢
Martensite NM 158.0 157.8 157.9 73.8 53.8 63.6 + 10.0 2.48 168 0.322
Martensite 5M 151.8 151.7 151.8 68.7 38.7 53.7 £ 15.0 2.82 144 0.342
2 Taken from [33].
b Taken from [34].
¢ Taken from [35].
Table 4

a low value represents more brittleness. The critical value differ-
entiating the ductile material from the brittle material is about
1.75. Estimated from our calculations, the value of B/G is 3.93,
2.48 and 2.82 for cubic, tetragonal and orthorhombic structures of
Ni;MnGa, respectively. Therefore, Ni;MnGa material can be classi-
fied as ductile material. However, these values are insufficient for
the applications of MSM technology requiring more ductile mate-
rial. We also obtained the Young’s modulus E and Poisson ratio v
which are the parameters concerned with the shear strength and
the hardness of the material. They are related to B and G by the
following equations:

9BG

E=31¢ (32)
and

3B-E
U= W. (33)

Listed also in Table 3 are the results for Young’s modulus and
Poisson’s ratio of Ni;MnGa in three structures. Poisson’s ratio mea-
sures the stability of a crystal against shear strain, while Young’s
modulus measures the stiffness of an isotropic elastic material to
linear strain. The higher value of Young’s modulus calculated for
martensitic structures indicates that the ferromagnetic Ni;MnGa in
the austenitic phase is less hardness material than in the marten-
sitic structure. On the other hand, the Poisson ratio decreases, as
expected, when this stoichiometric material goes into phase tran-
sition from austenite to martensite. The results of Young’s modulus
and Poisson’s ratio calculated for cubic Ni;MnGa are in good agree-
ment with the experimental results (see Table 3) [33-35].

After we have calculated elastic constants of austenitic and
martensitic structures, we are also interested in the variations of
Debye temperature with respect to structure. Debye temperature is
an important physical property when concerning elastic constants,
specific heat and melting temperature. At low temperature, due to
only the contribution of acoustic vibrational modes, the Debye tem-
perature predicted from elastic constants is consistent with that
determined from specific heat measurements. For low tempera-
tures, we have estimated the Debye temperatures (6p) of Ni;MnGa
structures from the averaged sound velocity, v, by using the fol-
lowing relation [36]:

_h[3n (Nap\1'/
QD_E{E (V)} Um, (34)

where h is the Plank’s constant, k is the Boltzman'’s constant, N, is
the Avogadro’s number, p is the density, M is the molecular weight
and n is the number of atoms in the molecules. The averaged sound
velocity vy, is approximately predicted by the following equation
[37]:

1/2 1\
(12 1 35
Um |:3 <Vt3+l/l3):| s (35)

The longitudinal v, (m/s), transverse vr (m/s) and average sound velocity vy (m/s)
calculated from polycrystalline elastic modulus and Debye temperature 6p (K)
obtained from average sound velocity for Ni;MnGa alloy in the austenitic and
martensitic structures, along with the available experiments.

VL vr Um 013

Austenite 5165 2251 2542 323
2612

Martensite NM 5572 2853 3196 406
3452

Martensite 5M 5346 2622 2944 374
2782
3192

@ Taken from [17].

where v; and v; are the longitudinal and transverse elastic wave
velocities of the isotropic material given by the following equations
[38]:

1/2 1/2

w= (A ang o= [€] (36)
3p Iy

respectively. Here B and G are the polycrystalline bulk modulus and

shear modulus, respectively.

The wave velocities and Debye temperatures calculated for
Ni;MnGa in the austenitic and martensitic structures are given in
Table 4. As seen from the table, Debye temperature for austenitic
phase is smaller than that for martensitic phase, as confirmed by the
experiments which show that specific heat Cp for austenite is larger
than for martensite [38,39]. Moreover, an increase of Debye tem-
perature is shown when the 5M-NM transformation happens. This
behavior is in agreement with the low temperature specific heat
measurements [17]. The values for Debye temperatures deviate
from the experimental values [17] at most 23%.

4. Conclusion

The variation of anisotropic elastic constants upon phase trans-
formations of Ni;MnGa is investigated by first-principles DFT
method. The main results can be given as the following:

e The single crystal elastic and the corresponding compliance
constants are predicted by straining the cubic L2; austenitic,
tetragonal NM and 5M modulated martensitic structures. The
results for the elastic constants of parent phase are in good agree-
ment with those of available experiments and other theoretical
calculations. Those for 5M martensitic structure are calculated
for the first time in this study. Our results for elastic constants,
which obey the stability conditions, show that the austenitic and
martensitic structures are mechanically stable against the defor-
mations applied.

Considerably small value for the tetragonal shear constant, C
of austenitic phase indicates the ease of the phase transition
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into martensitic phase. The tetragonal shear constant C’' sharply
increases when the phase transition from austenite to marten-
site occurs. On the other hand, C' decreases as 5M transform to
NM phase (through 7M structure). In contrast, the pure shear
constant C44 shows an increase upon phase transitions. The pure
shear constant, Cgg, for 5M martensite is 15 GPa, though larger
compared to austenite C' (5.5 GPa) value, still smaller than the
Cgg value (55 GPa) for NM martensite. This may thermodynami-
cally drive the transformation to final NM martensite through 7M
martensitic phase. The calculated values of Young’s modulus and
Poisson’s ratio indicate that the martensitic structure is harder
than the austenitic structure.

¢ The Debye temperatures for Ni;MnGa in the different structures
are obtained by using the average sound velocity. The trend of
Debye temperature as a function of e/a (phase transformation
from austenite to 5M and 5M to NM) is consistent with the behav-
ior of the experiment.

In summary, we have computed the mechanical properties of
Ni;MnGa in the cubic, NM and 5M structures relevant for its tech-
nological applications. The results for 7M modulation are not given
in this work due to large computational requirements. In the future,
the structural, mechanical and electronic properties of 7M phase
will be investigated.
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