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Abstract

The structural stabilities, elastic, electronic and magnetic properties of the Heusler-type shape
memory alloy NipFeGa are calculated using density functional theory. The volume conserving
tetragonal distortion of the austenite NioFeGa find an energy minimum at c¢/a = 1.33.
Metastable behaviour of the high temperature cubic austenite phase is predicted due to elastic
softening in the [110] direction. Calculations of the total and partial magnetic moments show a
dominant contribution from Fe atoms of the alloy. The calculated density of states shows a
depression in the minority spin channel of the cubic Ni;FeGa just above the Fermi level which
gets partially filled up in the tetragonal phase. In contrast to NiMnGa, the transition metal
spin-down states show partial hybridization in NipFeGa and there is a relatively high electron

density of states near the Fermi level in both phases.

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, both experimental and theoretical research
on magnetic shape memory alloys (MSMA) has gained
momentum owing to their multifunctional behaviour for novel
applications. Apart from the shape memory effect, MSMA
alloys exhibit phenomena like the giant magnetocaloric
effect and magnetoresistance which are also of technological
importance. NipMnGa is one such MSMA which has
been studied extensively [1-5]. In spite of its remarkable
properties, Ni;MnGa is found to suffer from some drawbacks
such as relatively low Curie and martensitic transformation
temperatures, high brittleness, etc. Alternatively, NiFeGa
and CoNiGa alloys with compositions close to the
stoichiometric Heusler structure have been proposed as
promising ferromagnetic shape memory alloys [6, 7]. It is due

0953-8984/13/025502+07$33.00

to the fact that NiFeGa and CoNiGa alloys have a martensitic
transformation domain close to room temperature, which
is an essential requirement for technological applications.
Moreover there is the possibility of tailoring a dual phase
microstructure by including small amounts of the y phase
which increases the ductility of these alloys, and thus
opens up a way to overcome the high brittleness of
NiMnGa [8]. A detailed investigation of the electronic
structure of these new promising alloys is very important
for understanding the martensitic transformation mechanisms
and other related physical properties. The critical issues
related to the martensitic transformation are the changes
in the crystallographic and electronic structures. Though
these issues have had extensive theoretical study for
Co—-Ni—Ga alloys [9—12], not much attention has been paid
to Ni-Fe—Ga systems except in the works of Liu et al [13],
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Bai et al [14] and Qawasmeh and Hamad [15]. Employing a
full-potential linearized-augmented plane-wave (FP-LAPW)
method, Liu e al [13] considered the martensitic phase to
be orthorhombic in structure and focused on the electronic
and magnetic properties of the system as it undergoes the
martensitic transformation. While Liu et al explained the
martensitic transformation in NipFeGa as occurring by the
same mechanism as in NipMnGa, we arrive at a different
conclusion. Recently Qawasmeh and Hamad [15] have also
adopted the FP-LAPW method to investigate the structural,
electronic and magnetic properties of NioFeGa along with a
number of other Heusler alloys. Bai et al [14] focused on the
charge density and electronic structure of the L2 phase using
pseudopotential methods. However, the cubic to tetragonal
martensitic transformation in terms of electronic structure and
the elastic stability has not been discussed explicitly in these
works. As per experimental findings, the Ni-Fe—-Ga alloy
has a two way shape memory effect, a Curie temperature
of 430 K and a martensitic transformation temperature of
142 K [16] in stoichiometric and as high as &271-277 K in
some off-stoichiometric compositions [17, 18].

In this work we consider the martensitic phase to be
tetragonal in structure according to the experimental results of
Li [19] as well as Alvarado [20] and apart from calculating the
electronic and magnetic properties of the system we explore
the total energy landscape of the lattice while deforming it
tetragonally by varying the c/a ratio. The energy landscape
gives us an idea about the stability of the system along the
so-called Bain path. We also compute the elastic properties
of the system in its austenite phase and try to correlate
the structural instability with the elastic one. In all the
investigations, NioMnGa alloy has been taken as the prototype
and the results for NipFeGa are compared with the prototype
material.

2. Theoretical details

All the calculations were performed using density functional
theory (DFT) [21, 22] as implemented in the QUANTUM-
ESPRESSO code’, [23]. We employed the generalized
gradient approximation (GGA) for the exchange correlation
functional in the formulation of Perdew, Burke and
Ernzerhof [24]. For the pseudopotentials used, the electronic
configurations were Ni(3d®4s2), Mn(3d%4s'), Fe(3d74s!) and
Ga(4s%4pl), respectively. The Kohn—Sham orbitals were
described using a plane-wave basis set. An energy cutoff
of 60 Ryd was used to truncate the plane-wave expansion
of the electronic wavefunctions. The charge-density cutoff
was kept at 12 times that of the kinetic energy cutoff of
the respective systems and the Methfessel-Paxton smearing
size was fixed at 0.02 Ryd. The Brillouin zone integration
was performed over a Monkhorst—Pack 12 x 12 x 12 mesh
for the four atom and eight atom primitive cell of the
cubic and tetragonal phases, respectively. The modelling

5 QUANTUM-ESPRESSO is a community project for high-quality
quantum-simulation software based on density functional theory and
coordinated by Paolo Giannozzi. See http://www.quantum-espresso.org and
http://www.pwscf.org.

parameters yield an energy convergence of 0.0001 Ryd. The
Brillouin zone integration was carried out using smearing with
Methfessel-Paxton first-order spreading. A denser k-mesh of
20 x 20 x 20 was used for calculations of density of states.

3. Results and discussion
3.1. Structural properties

The NipFeGa alloy synthesized using a melt-spinning
technique contains a well defined L2; order at room
temperature. The experimental lattice parameter is 5.74 A

with a face centred cubic (fcc) unit cell volume of 189 A’ [25].
Both stoichiometric and off-stoichiometric compounds with
compositions close to NipFeGa undergo a first-order structural
transition from the cubic austenite to the tetragonal martensite
on cooling [19, 20], just like the prototype NioMnGa. The
experimentally observed nonmodulated structure is tetragonal
with ¢/a > 1. The cubic L2; Heusler structure of the
austenite phase and the tetragonal L1y structure of the
martensite phase are shown in figure 1. The optimized lattice
parameters along with the net magnetization of respective
phases are listed in table 1. We have compared our values
with some existing experimental as well as theoretical results.
For austenite Ni;MnGa and NipFeGa, and for martensite
NipMnGa the lattice parameters are in good agreement with
the experimental as well as previous theoretical ones. As
for magnetic moments the disagreement with the existing
theoretical results is about 2% for NipMnGa and about 5%
for NipFeGa which can be attributed to the different methods
and potentials used for the calculations.

3.2. Elastic properties

The elastic constants of the cubic austenite phases of
NipMnGa and Ni,FeGa obtained at the GGA-DFT level of
theory are given in table 2. The three independent elastic
constants for the cubic austenite phases are determined by
imposing three different deformations on the unit cell under
equilibrium. One of the elastic moduli is the bulk modulus B
and the other two are the shear moduli C’' and C44. The bulk
modulus B is obtained by using the strain under hydrostatic
pressure e = (48, 6, 6, 0,0, 0). The tri-axial shear strain e =
(0,0,0,54,46,8) and volume conserving orthorhombic strain
e= (5,38, + 8)_2 — 1,0,0,0) are applied for the shear
moduli Cy44 and C’, respectively [29, 30].

First, we calculate total energies E and E for the strained
and the unstrained lattice respectively. The (E—Eg)/ Vo values
are then plotted as a function of §, where V) is the equilibrium
volume. The strain parameter & is varied from —0.02 to
0.02 in steps of 0.01. Figure 2 illustrates the total energy as
a function of strain for the three distortions for both systems
NioMnGa and NiyFeGa. The lines in the figures represent the
fourth-order polynomial fit to the energy versus strain curve.
The elastic constants are then extracted from the second-order
coefficient of the fit of their respective data.

In table 2 we give the values of the elastic constants of the
cubic austenite phase. An analysis of the existing theoretical
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Figure 1. Schematic view of (a) the conventional Heusler structure L2 in the austenite phase and (b) the tetragonal structure L1 in the

martensite phase.

Table 1. Calculated structural and magnetic parameters of Ni;MnGa and Ni,FeGa alloys corresponding to 0 K.

Alloy Structure Lattice parameters (A) Magnetic moment (ug fu.™h
Ni;MnGa  L2; a=581(5824581"  4.17(4.07
Ll a=5.44 (5.39") 4.23 (4.14%)
c/a=1.22(1.25%
NiyFeGa L2, a=>5.77 (5.74% 3.31(3.139)
Ll a=524 3.36
c/a=1.33

4 Experiment with neutron powder diffraction [26].

b Ab initio calculations by Entel [27].

¢ X-ray diffraction (XRD) and Transmission Electron Microscopy (TEM) experi-
ment [25], Single crystal neutron diffraction experiment [28].

d Full-potential linearized-augmented plane-wave method [13].

Table 2. The bulk modulus B (GPa) and the elastic constants Cj;
(GPa) of the cubic Ni;MnGa and Ni,FeGa alloys.

Alloy B (o4 Cii Ci Cyq
Ni,MnGa 152.7 1.3 154.4 151.8 109.0
Ni,FeGa 164.4 —-1.6 162.2 165.5 103.8

and experimental results for NipMnGa [29, 31-33] reveals
that the bulk modulus B and shear moduli C’, C44 lie in
the range 146-155, 2.5-6.1 and 100-110 GPa, respectively.
Except for C/, the calculated values of B and Cy4 are in
good agreement with the previously reported results. For
Ni,FeGa, the elastic constant values extracted from the
phonon dispersion relations produced by inelastic neutron
diffraction experiments gives C1; ~ 163 GPa, C44 ~ 86 GPa
and C' ~ 13 GPa [28]. The experiment was performed at a
temperature of 300 K. Our calculated value of Cy; is in very
good agreement with the existing data. Here we note that
a complete softening of C’, which corresponds to the long
wavelength limit of the TA;-phonon branch of the lattice, is
predicted at the GGA-DFT level of theory.

We now discuss the stability of the L2 austenite phase
of NipFeGa with respect to the volume conserving tetragonal

distortion. We will also compare the result with that of
NipMnGa where the minimum along the so-called Bain
path occurs at c¢/a &~ 1.22 in agreement with the previously
reported result [34]. Figure 3 shows variation of the energy
difference with respect to the minimum energy with c/a
for NipMnGa and NipFeGa. We notice that the minimum
in energy is predicted to be at c¢/a = 1.33 for NipFeGa,
and the E versus c/a curve is essentially flat at c¢/a = 1.
At this point, there exists a qualitative difference between
the two systems concerned. Unlike Ni;MnGa, there is no
significant local maximum along the transformation path from
cubic to tetragonal for NipFeGa. This is a behaviour similar
to that of Co,NiGa, with which the present system shares
a number of common physical properties like high Curie
temperature, two way shape memory effect etc. There is
another point worth discussing regarding the energy versus
c/a plots. As shown in the figure, the plot corresponding
to NipMnGa is comparatively flatter than that of Ni;FeGa.
This raises concern because this predicts reverse estimates for
martensitic transformation temperatures as compared to the
experimental values. In fact the experimental samples used
for determining the martensitic transformation temperature of
NiyFeGa had an embedded second phase of off-stoichiometric
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Figure 2. Total energy as a function of strain for NipMnGa and Ni,FeGa in cubic L2;.
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Figure 3. Total energy dependence of Ni,MnGa and Ni,FeGa
under the variation in c¢/a.

composition [16]. On the other hand Pal and Mandal [18]
predicted that the martensitic transformation temperature
of NipFeGa is very sensitive to the composition. Thus
the aforementioned anomaly regarding the estimation of
martensitic transformation temperature could be attributed
to the deviation of the experimental sample from the
stoichiometric composition. Further experimental attempts
are required to solve this issue.

3.3. Magnetic properties

A detailed analysis of the magnetic moments can provide
useful information about the electronic structure of a

magnetic system. Here we investigate the overall change in
magnetization of the systems as they undergo a transformation
from the cubic austenite phase to the tetragonal martensite
phase.

In both the cases, the magnetization increases as the
system goes from a higher symmetry to a lower symmetry
structure. Similar to Mn of the prototype NipMnGa, Fe has
the largest moment of 2.87 and 2.75 ug for the austenite and
the martensite phases, respectively. As for the Ni sites the
magnetic moment increases from 0.2877 to 0.3698 ug when
the system goes from a high temperature to a low temperature
phase. Thus the ferromagnetism primarily originates from the
Fe sites. There is a transfer of magnetic moment from Fe to Ni
during the martensitic transformation. The contribution from
the Ga sites in both systems is small but finite. For a number
of Fe based Heusler alloys of type X,YZ, the full-potential
calculations [35] reported that Fe occupying the Y site carries
a magnetic moment of the order of 2.7-2.8 up f.u._l, while
the value gets modified to 2.20-2.26 up f.u.”' when Fe
occupies the X site. Table 1 shows an overall decrease in
magnetic moment as Mn is substituted by Fe in the lattice.
Since contributions from Ni to the total magnetic moment in
both cases are small, it is the lower magnetic moment value of
Fe which is responsible for the overall reduction of magnetic
moments in NipFeGa.

3.4. Electronic structure

Figure 4 shows the total as well as the site-projected d-bands
for the austenite phases. As a normal practice, the Fermi levels
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Figure 4. The top left and right panels show the total electronic structure of L2; Ni;MnGa and Ni,FeGa, respectively. The middle and
lower panels show the site-projected d-bands for the transition metal components. The vertical dotted line represents the Fermi level.
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Figure 5. The total electronic DOS for Ni;MnGa (left) and Ni,FeGa (right) along the Bain path. The vertical dotted line represents the

Fermi level.

are indicated by dotted vertical lines. It is clear from the figure
that the qualitative difference in the electronic structure for
both systems comes in the minority spin states. Like most
of the Heusler alloys, including NipMnGa, a pseudogap is
formed in Ni;FeGa at approximately 1 eV below the Fermi
level. Unlike NipMnGa, where the Fermi level sits midway in
the valley formed by the bonding and anti-bonding spin-down
states, the Fermi level of NipFeGa sits just at the beginning
of the valley. The underlying fcc symmetry of the structures
give rise to eg and tp, states in both systems. The dual peak
immediately below the Fermi level of NipFeGa comprises
Ni-e, states and Fe-ty, states. On the other hand the large peak
above the Fermi level comprises Ni-ty states and Fe-eg states.

In the case of NipMnGa there is no sign of hybridization
of Ni-3d spin-down states with Mn-3d spin-down states, the
respective peaks lying distinctly on either side of the Fermi
level. However, the situation is not so extreme in the case of
NiyFeGa, and we observe that Ni-3d-states hybridize partially
with Fe-3d ones for spin-down anti-bonding states.

The characteristic changes of the electronic DOS for both
NioMnGa and NioFeGa are now discussed through figure 5 as
the systems go from the cubic L2 phase to the tetragonal L1
phase along the Bain path. The band Jahn-Teller effect is the
most common interpretation of the martensitic transformation
in NipMnGa which originates from a redistribution of Ni-ey
states forming a peak in minority DOS in the austenite phase.



J. Phys.: Condens. Matter 25 (2013) 025502

M B Sahariah et al

Ni,MnGa

Ni,FeGa

T(Dal\//\JU'U

o I

by

I
VF
3

i

DOS (states/eV f.u.)

DOS (states/eV f.u.)
D

E-Eg (eV)

8 6 4 2 0 2 4

8 6 4 2 0 2 4
E-Ep (eV)

Figure 6. The top left and right panels show the total electronic structure of L1y Ni;MnGa and Ni;FeGa, respectively. The middle and
lower panels show the site-projected d-bands for the transition metal components. The vertical dotted line represents the Fermi level.

With tetragonal distortion the Ni-e, peak gets split into two
and one peak diminishes gradually. This has the effect of
lowering the energy of the system and thus stabilizing the
martensitic phase. The mechanism is somewhat different in
NipFeGa. Here the Ni-e; and Fe-tp, states converges and then
split again to form two tpg hybridized states, one just below
the Fermi level and another just above it. This also results in a
lowering of energy as tyg states are lower in energy compared
to eg. The overall effect is to create an equivalent number
of occupied and unoccupied states close to the Fermi level,
making the situation distinct from that of Ni,MnGa.

Figure 6 shows the total as well as the site-projected
d-bands for the martensite phases. Just like in austenite
phases, here also there is an absence of hybridization of
3d-states in the case of NioMnGa and weak hybridization in
the case of Ni,FeGa.

4. Conclusions

We have studied the structural stabilities of the NixFeGa
alloy by looking at the energy landscape along the tetragonal
distortion path of the Heusler structure and by computing
the elastic constants in the cubic Heusler phase at 0 K. We
predict a metastable behaviour of the high temperature cubic
austenite phase which can be correlated to elastic softening
in the [110] direction. The energy landscape does not exhibit
any local maxima along the transformation path. Calculations
of the total and partial magnetic moments show that Ni;FeGa
has an overall lower value of magnetic moment in both
phases as compared to that of Ni;MnGa. An analysis of the
individual atomic contributions reveals that it is the Fe which
lowers the overall magnetization of the system. There are
two possible ways we can raise the magnetization as well
as the martensitic transformation temperature—by changing
the composition of various constituents or by alloying Fe

with some other transition metal like Co. a few experiments
have already successfully explored the first possibility [17,
18]. In both systems, the majority spin states are occupied
and hence do not play any part in stabilizing the martensitic
phase. As far as the minority spin states are concerned
there is a qualitative difference in their behaviour for both
systems over the martensitic transformation. In the case of
NipMnGa it is the so-called band Jahn-Teller mechanism
which stabilizes the martensitic phase, whereas in case of
NipFeGa the stabilization occurs by virtue of the shifting
of occupations from e, states to the low lying tp, states. In
accordance with the previous results, we find that there is
no hybridization amongst the 3d-transition metal states in
NioMnGa. On the other hand the 3d-states of Ni and Fe in
NipFeGa show partial hybridization. Unlike NipMnGa there
is high density of electronic states just below and above the
Fermi level of Ni;FeGa. This relatively high electron density
of states around the Fermi level in both phases indicates that
it will be interesting to study the Fermi surface topology for
an understanding of the structural transformation.
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