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Abstract. The effect of shear deformation on Ni;MnGa magnetic shape memory alloy has been investigated using ab
initio electronic structure calculations. We used the projector-augmented wave method for the calculations of total
energies and stresses as functions of applied affine shear deformation. The studied nonmodulated martensite (NM)
phase exhibits a tetragonally distorted L2, structure with c¢/a > 1. A large strain corresponding to simple shears in
<100>{001}, <001>{100} and <010>{100} systems was applied to describe a full path between two equivalent NM
lattices. We also studied <10-1>{101} shear which is related to twining of NM phase. Twin reorientation in this
system is possible, because applied positive shear results in path with significantly smaller energetic barrier than for
negative shear and for shears in other studied systems. When the full relaxation of lattice parameters is allowed, the
barriers further strongly decrease and the structures along the twinning path can be considered as orthorhombic.

1 Introduction

Much attention has been paid to the Ni-Mn-Ga magnetic
shape memory alloys because they exhibit interesting
properties such as a giant magnetic field-induced strain
(MFIS) of several percent [1]. This effect occurs in
martensite  phase, i.e. below the martensitic
transformation temperature at which a high-temperature
cubic phase, austenite, transforms to a phase with lower
symmetry, martensite. The MFIS is a consequence of the
coupling between the ferromagnetic microstructure and
ferroelastic martensite microstructure, which results in a
reorientation of martensite twins and the giant strain.
Large magneto-crystalline anisotropy and high mobility
of martensite twin boundaries are important factors
enabling the MFIS [2-5]. From an atomistic point of
view, the reorientation of twins is characterized by a
diffusionless and completely reversible change of the
crystal structure orientation from one martensite twin
variant to another.

Several types of martensites have been observed in
the Ni-Mn-Ga system. While near stoichiometric
Ni;MnGa shows cubic L2; symmetry in the austenitic
phase, the structure of martensitic phase depending on
temperature and exact composition are referred as
(pseudo-)tetragonal or orthorhombic and can exhibit a
modulation. The modulation means a shuffle of (110)
planes of L2, structure in [1-10] direction with different
periodicity [6]. Modulation with a periodicity of ten
lattice planes (10M) or even fourteen lattice planes (14M)
has been reported for structures with c¢/a < 1, which
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exhibits the MFIS of 6% [7,8] or 10%, respectively [9].
The third martensitic phase observed in Ni-Mn-Ga alloys
has non-modulated (NM) tetragonal structure with
(c/ayxm = 1.17-1.23, which can be described as body-
centered tetragonal unit cell L1, [10]. The MFIS reported
in this phase is not larger than ~0.1% [11]. However, a
MFIS of 12% has recently been reported in the special
case of NM phase with reduced (c/a)ny = 1.147, achieved
by simultaneous doping by 4 at. % of Cu and Co [12]. In
addition, a premartensite exists above the martensitic
transformation temperature and exhibits cubic structure
with symmetry reduced by modulation with periodicity of
six lattice planes (6M) [13]. The assumed phase sequence
starting from high temperatures is then
L2,—-6M—10M—14M—NM during cooling [14].
Moreover, a mixture of modulated with non-modulated
martensite can be found coexisting in one sample for
particular compositions [15].

The concept of adaptive martensite has been proposed
on basis of work of Khachaturyan et al. [16] to describe
10M and 14M structures. It alternatively interprets the
modulated martensites as a periodically nanotwinned
tetragonal NM phase with a nanotwin period
corresponding to the modulation period [17]. Thus the
modulated structures can be described by an alternating
sequence of nanotwins with a width of three (101) lattice
planes in one orientation and width of two planes in the
other for 10M [18] structure or by alternating nanotwins
of width five and two (101) lattice planes for 14M
structure [19,20]. The alternating nanotwins result in
monoclinic symmetry of both structures, which are
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Figure 1. Simulation cells for <100>{001}, <001>{100},
<010>{100} shears (a) and <10-1>{101} twining shear (b).
Directions of applied deformations, lattice parameters and
lattice angles are shown. For <10-1>{101} twining shear the
monoclinic lattice constant 4 and both angles are marked:
“tetragonal” angle f and monoclinic angle 4°. For better
understanding the 2x1x2 cell is shown in this case instead of
simulation cell with 8 atoms only.

denoted in literature as (3-2), and (5-2),, respectively.
This concept has been recently proved by DFT
calculation with very precise settings. When the
monoclinic variation of the simulated supercell is
allowed, the (5-2), nano-twinned structure exhibits
almost the same total energy as NM structure and the
energy of the (3-2), nano-twinned structure is just slightly
larger [21]. These energies are considerably lower than
that of the modulated pseudo-tetragonal and
premartensite structures. Such energy levels also
correspond to the sequence of phase transformations with
decreasing temperature.

Whereas the relative stability of different phases has
been clarified, the detailed atomistic description of
martensitic or intermartensitic transformations is still
missing as well as the mechanism of twin reorientation,
i.e. twin boundary motion. The mobility of twin
boundaries has been described by the twinning stress,
which is typically defined as the stress needed for twin
boundary motion. Twin boundaries with low twinning
stress (<1 MPa) are often referred to as highly mobile
[22,23]. Different twinning modes can arise in the
martensite such as as a—c, a—b, or b—c twinning, as well
as monoclinic twinning [24,25] forming the hierarchical
twin microstructure [26]. Only reorientation due to
motion of the a—c twin boundaries is relevant for the
MFIS [27]. In addition two types of a—c twin boundaries
with different mobility have been observed in 10M
martensite. Type I twin boundaries are exactly parallel to
(101) plane, while Type II twin boundaries are
approximately parallel to (101 10) wusing cubic
coordinates, i.e. they are tilted 4° from (101) plane.
[28,29]. The Type 1 exhibits strong decreasing
dependency of the twinning stress with increasing
temperature, whereas the twinning stress of Type II is
nearly temperature independent and sufficiently low in a
relatively wide temperature range [30,31]. The
mechanism of reorientation in NM martensite is based on
shear strain in <10-1>{101} system, thus the twinning
stress is related to the shear stress in (101) plane and
elastic shear modulus [32]. However, the motion of twin
boundary is not so simple because the activation energy
of the shear induced coherent motion process is not of the

same order of magnitude as the magnetocrystalline
anisotropy energy which was shown by quasistatic DFT
simulations [33,34]. The mechanism includes also
twinning dislocations slip along the twinning interfaces,
which was confirmed by an experimental transmission
electron microscopy measurement [35-37,17] and also by
DFT calculations in combination with the Peierls—
Nabarro model [32].

In this work, we present a detailed first-principle or
ab-initio investigation of shear in different shear systems
of Ni,MnGa with NM crystal structure. It allows us to
estimate the transformation path and energetic barrier
between two equivalent NM lattices as well as the shear
stress along the path and ideal shear strength.

2 Computational method

The quantum-mechanical framework of our ab-initio
investigation is spin-density functional theory. The
calculations were performed using the Vienna ab-initio
simulation package (VASP) [38] in which the electron-
ion interaction is described by projector-augmented wave
(PAW) potentials [39,40]. The electronic orbitals were
expanded in terms of plane waves with a maximum
kinetic energy of 600 eV. We use the gradient-corrected
exchange-correlation functional proposed by Perdew,
Burke, and Ernzerhof [41]. The Brillouin zone (BZ) was
sampled using a ['-point centred mesh with the smallest
allowed spacing between k-points equal to 0.1 A™' in
each direction of the reciprocal lattice vectors. This
setting ensures constant k-points density in all our
calculations. The integration over the BZ used the
Methfessel-Paxton smearing method [42] with 0.02 eV
smearing width. Settings for k-point density and smearing
width have been obtained with help of adaptive smearing
method [43]. The total energy was calculated with a high
precision, converged to 10’ eV per computational cell.
To describe the NM martensite we use the
tetragonally distorted L2; cell with 16 atoms and
equilibrium lattice parameters a = 5.3857 A and (c/a)xm =
1.247 (see Fig. 1(a)). We investigate the response of the
described unicell to affine shear deformation by applying
shear strains in three different shear systems:
<100>{001}, <001>{100} and <010>{100}. For
<100>{001} system the affine shear deformation means
that all atoms are shifted parallel to the direction of
shearing [100] by a distance proportional to their
perpendicular distance from the fixed basal plane (001).
The affine shear deformation changes only the lattice
vectors, while the fractional coordinates of the atomic
positions within the cell remain unchanged [44]. Within
this process the symmetry of the structure is reduced
from tetragonal to monoclinic. As a measure of the shear
deformation we have chosen the value of applied strain
€100j001, Which is calculated from the displacement Ax;g
of the top plane (001) relative to the bottom plane (001)
of the computational cell divided by their distance (lattice
constant ¢). This ratio also corresponds to the tangent of
the shear angle, which is equal to 90° — f monoclinic
lattice angle. However, the tetragonal symmetry is
renewed for some large strain, because at some point the
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Figure 2. The energy-strain (a) and stress-strain (b) curves for
shear in <100>{001} system. Corresponding values of lattice
angle f are also shown on the x axis.

atoms will reach equivalent positions to the positions at
the beginning. In other shear systems the process differs
only in shifted planes and directions. A different
monoclinic cell with 8 atoms has been used for
simulation of shear in <10-1>{101} system which
corresponds to shear related to twining of NM phase. In
Fig. 1(b) the tetragonal symmetry corresponds to the cell
with monoclinic angle equal to 102.52° and (101) plane
of NM structure is (001) plane in the simulation cell.

A quasi-reversible deformation process at zero
absolute temperature was assumed for all types of
deformation. We considered two modes of shearing, as
defined by Ogata et al. [45], pure and simple shear.
Simple shear means that the shear deformation is not
followed by a relaxation of the shape of the sheared cell
and the positions of the atoms. Pure shear implies a full
relaxation of the cell (shape, volume and atomic
coordinates), with the only constraint that the shearing
angle is fixed; i.e., all components of the stress tensor oy
except one (o3 or op) have to vanish after relaxation.
However, the effect of atomic relaxation can be neglected
due to their small contribution. Thus, only cell shape and
volume relaxations were allowed in our simulations. The
structural relaxation was performed using the external
optimizer GADGET developed by Bucko et al. [46],
which allows the use of symmetry-adapted generalized
coordinates. Relaxation was stopped when all
components of the stress tensor (except oj3 or oyy)
computed via the generalized virial theorem [47] were
converged to within 0.1 GPa.

3 Results

We consider three inequivalent shear deformations in
(001), (010) and (100) planes of Ni,MnGa NM structure,
namely <100>{001}, <001>{100} and <010>{100}

shears. The simple shears acting in (001) basal plane are
equivalent in both directions [100] and [010] parallel with
this plane, thus the <100>{001} is equivalent with
<010>{001}. The strain can be calculated as &jgoj001 =
tan (90° — f) = Axjqo/c. Both simple shears acting in [001]
direction are equivalent in planes (100) and (010), thus
<001>{100} is equivalent with <001>{010} and &go1100 =
tan ff = Axgpi/a. Finally, the simple shear in <010>{100}
system is equivalent with shear in <100>{010} system
because in both cases the square basal plane of crystal
structure is distorted. The strain &yq100 = tan (90° — y) =
Axg¢/a. This inequivalency of three shear systems is
result of tetragonal symmetry of NM, because in cubic
structure all six mentioned shears will exhibits same
results. In this work another shear system <10-1>{101} is
also studied. It corresponds to the twin reorientation,
because both twin variants of NM structure can be found
on this deformation path. Computational cell used for this
path exhibits monoclinic angle f° = 102.52°, therefore
applied strain is calculated as &jo.y101 = tan (90° — £°) —
tan 102.52°. All energies are shown with respect to the
energy equilibrium NM structure.

3.1. <100>{001} shear

The energy- and stress-strain curves for NM structure
under <100>{001} shear are shown in Fig. 2. The full
shear deformation path corresponds to the applied strain
100001 = 1.604,  where  body-centered  tetragonal
symmetry of NM is renewed, because atoms occupy the
same positions as at the beginning. Structures along the
path between the first and the last point exhibit
monoclinic symmetry, with only one exception in the
middle of the path at &;g9j001 = 0.802 where symmetry is
simple tetragonal with c¢/a < 1. At this point the
metastable transition state (TS) with highest energy is
reached, because the Ni atoms occupy the same position
as in the origin, but Mn and Ga atoms are placed at the
same x-coordinate as Ni atoms, which results in very
short interatomic distances and simple tetragonal
symmetry. The height of the energy barrier in TS is equal
to 77.62 mRy/atom. This barrier decreases more than
50% to 28.88 mRy/atom for pure shear when relaxation
of lattice parameters is allowed. The lattice relaxation
also results in the shift of the position of TS to &9oj001 =
0.555. As can be seen in Fig. 2(a) the curve after
relaxation is symmetric with respect to the angle S
whereas the curve for simple shear was symmetric with
respect to the applied strain.

The corresponding stress-strain curves in Fig. 2(b)
show a stress response of the crystal on the applied strain.
The maxima (or minima) on these curves correspond to
the values of the theoretical or ideal shear strength (ISS)
which is related to the stress necessary for the nucleation
of a dislocation and for the formation of stacking faults in
this shear system. The absolute value of ISS for simple
shear is 26.6 GPa whereas for pure shear this value is
13.5 GPa. However, the ISS for simple shear is not very
meaningful value because also other components of stress
tensor are not equal to zero and can be even bigger than
o013 component. There is also a point in the middle of each
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Figure 3. The energy-strain (a) and stress-strain (b) curves for
shear in <001>{100} system. Corresponding values of lattice
angle f are also shown on the x axis.

path with o3 = 0 which corresponds to the TS, because in
this metastable state the structure is not under stress at all.

3.2 <001>{100} shear

The situation is different for <001>{100} system,
because the shear is applied in [001] direction which
corresponds to the longest lattice parameter ¢ of the
structure. Thus the large strain equal to &g1j100 = 2.493
has to be applied to obtain the same structure as in the
origin. The TS at eyuo0 = 1.247 lies about 249.38
mRy/atom higher than the equilibrium structure (see Fig.
3(a)). This value is more than three times higher compare
to <100>{001} shear because interatomic distances in the
plane perpendicular to the shear plane are much shorter
and larger lattice distortion is necessary to accommodate
the stress. Of course the ISS for simple shear in this
system is also much larger and equal to 57.2 GPa (see
Fig. 3(b)). However, when the relaxation of the lattice
parameters is allowed we obtain the same profile of
energy- and stress-strain curves as in the case of
<100>{001} pure shear. It happens because during
relaxation process the lattice parameter a perpendicular to
the shear plane is largely expanded and the lattice
parameter ¢ is contracted. After relaxation we can find
exactly the same structures along the deformation path
for <100>{001} shear and <001>{100} shear. When
strain &go1100 = 1.604 is applied the NM structure is again
obtained but is rotated.

3.3 <010>{100} shear

In the <010>{100} shear the basal plane of the tetragonal
lattice with square geometry is distorted, thus the
structure equivalent to the origin is reached at &g;100 = 2
and y = 26.57° (see Fig. 4). The TS for simple shear lies
at go1g100 = 1, where symmetry of the structure is simple
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Figure 4. The energy-strain (a) and stress-strain (b) curves for
shear in <010>{100} system. Corresponding values of lattice
angle y are also shown on the x axis.

tetragonal with c/a > 1. For pure shear the top of the
barrier is just slightly shifted out of this position. The
heights of the barriers are 78.7 mRy/atom and 38.9
mRy/atom for simple and pure shear, respectively. The
ISS for simple shear is 22.4 GPa. The stress-strain curve
for pure shear exhibits more extremes than for simple
shear. However, the global minimum and maximum
correspond almost to the same value of the ISS which is
12.0 GPa.

3.4 <10-1>{101} shear

The shear in three previously discussed shear systems
does not depend on the sign of applied strain. Increasing
or decreasing of the shear angle results in the same
structures before and also after relaxation. This is not true
for <10-1>{101} where the tetragonal NM structure
corresponds to the monoclinic cell with angle p° =
102.52°, thus the structure after applying shear strain will
depend on the shear sign. The negative strain increases
the monoclinic angle and leads to the so called anti-
twining shear, because structures along the path exhibit
much higher energies than the NM structure and large
strain has to be applied to reach tetragonal symmetry
again. On the other hand, when the positive strain is
applied the resulting energies are much lower and
deformation path is much shorter which corresponds to
the twining shear.

For anti-twining simple shear the original structure is
again reached for &¢.110 = -1.604, however this structure
corresponds to the opposite orientation of twin than in the
origin. Because the path is symmetric with respect to the
strain, the top of the barrier lies at &1¢.1101 = -0.802 and
the height of the barrier is 70.5 mRy/atom (see Fig. 5(a)).
The top of the barrier (34.0 mRy/atom) is shifted closer
to the origin for the pure anti-twining shear and lies at
€10-1101 = -0.617. The corresponding ISS is 25.8 GPa and
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0.50

13.5 GPa for simple and pure shear, respectively (see Fig.
5(b)).

The detailed look on the twining shear is shown in
Fig. 6. The opposite twin orientation is reached at ;.10
= (0.444 and monoclinic angle 5’ = 77.48. The barrier is
much smaller than in all the above discussed shear
system even for simple shear. The height of the barrier is
1.04 mRy/atom only (see Fig. 6¢). Because this path is
symmetric with respect to strain as well as with respect to
monoclinic angle, the top of the barrier can be found at
€10-i101 = 0.222 which corresponds to 5> = 90°. The ISS
corresponding to simple twining shear is 1.46 GPa. When
relaxation of atomic coordinates is allowed, the energy-
strain curve has a different shape, because it exhibits a
local minimum in the middle of the path and two
maxima. Energies at these maxima are 0.394 mRy/atom.
The highest absolute value of the stress along pure
twining shear path is 0.80 GPa which corresponds to the
ISS. The relaxation of lattice dimensions has also another
effect. When a simple shear strain is applied and
monoclinic angle f’ decreases, the “tetragonal” angle S
grows in the first half of the path up to 91.5° and then
decreases back to 90° (see Fig. 6¢). So, the symmetry is
only monoclinic along simple shear path. For pure shear

the “tetragonal” angle £ is near to 90° and structures after
relaxation along the whole path can be considered as
orthorhombic. Thus, the relaxation increases the
symmetry of these structures.

4 Conclusions

The shear in four inequivalent systems of Ni,MnGa NM
structure has been studied using the PAW ab-initio
method. The deformation paths for <100>{001} simple
shear and <010>{100} simple shear exhibit the height of
the barrier approximately 80 mRy/atom. Just slightly
smaller barrier has been found for anti-twining
deformation path in <10-1>{101}. These barriers
decrease approximately about 50% for pure shear where
relaxation of lattice parameters was allowed. Similar 50%
decreasing was observed also for ideal shear strength
approximately from 26 GPa to 13GPa. The barrier for
simple shear in <001>{100} system is much higher and
equal to 250 mRy/atom due to the shorter interlayer
distances between shear planes {100}. Analogically, also
the ideal shear strength is much higher and equal to 57
GPa. On the other hand, the path for pure shear is
identical with the path for pure shear in <100>{001}
system due to relaxation of lattice parameters.

Compared to above mentioned cases the twining path
in the <10-1>{101} system exhibits significantly smaller
energy barrier equal to 1 mRy/atom, which further
decreases after relaxation to 0.4 mRy/atom. Additionally,
the structures after relaxation exhibit orthorhombic
symmetry along whole twinning deformation path. The
highest value of stress for pure shear corresponds to 0.8
GPa, which is in the same order of magnitude as the
theoretical values reported for other shape memory
materials [48]. These small values for shear stress and
energy barrier shows that the twin reorientation can be
realized in <10-1>{101} shear system and by the path
with orthogonal crystal lattices. Let us note that the
presented values of energies and stresses along the
twining path are not exact values for twin reorientation
because calculated energy barrier is still about one order
bigger than previously published energies of magnetic
anisotropy in NM phase and stresses along described path
are bigger than reported values for twining stress.
However, both quantities can be further decreased by
presence of dislocations in the shear plane (101) or by
increasing temperature.
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