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Nanotwinning and Modulation of Martensitic Structures
in Ni2MnGa Alloy: An ab initio Study
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The ab initio electronic structure calculations show importance of nanotwinning concept for understanding
martensitic lattice geometry in Ni2MnGa magnetic shape memory alloys. All modulated martensitic structures,
4O, 10M and 14M, are stabilized due to the presence of nanotwin double layers in the structure, i.e., nanotwins
consisting of two (101) lattice planes of nonmodulated martensitic structure. In all structures, the most significant
decrease of total energy arises from a shift of Mn and Ga atoms at the nanotwin boundaries by about 1% of atomic
coordinate.
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1. Introduction

The Ni–Mn–Ga alloys belong to the class of magnetic
shape memory (MSM) materials, which hold a large po-
tential for a wide range of applications including actua-
tors, sensors, energy harvesters, and even magnetic re-
frigeration systems [1–4]. The most studied phenomenon
exhibited by the MSM alloys is a giant magnetic field-
induced strain (MFIS) [5] that can reach up to 12% [6].
The MFIS occurs by the rearrangement of twins in an
applied external magnetic field [5] and its magnitude pri-
marily depends on martensite microstructure [7–9].

At elevated temperature, there is a single austenitic
phase of Ni–Mn–Ga with cubic L21 structure. Several
martensitic phases have been observed below the marten-
sitic transformation temperature, which occurs at 202 K
for stoichiometric Ni2MnGa [10] and further changes for
off-stoichiometric alloys [11, 12]. Some martensitic struc-
tures with c/a < 1 exhibit modulation of (110) planes in
the [11̄0] direction with a periodicity of 5 or 7 lattice
planes (denoted as 10M or 14M). The 10M martensite
observed for near stoichiometric composition [10, 11] ex-
hibits a MFIS of about 6% [7] and its structure is almost
tetragonal with very small monoclinic angle and a/b ra-
tio close to 1 [7, 8]. The monoclinic 14M martensite has
been reported for compositions far from stoichiometry
exhibiting a MFIS of about 10% [9]. A MFIS of 12% has
been reported in NM martensite of Ni–Mn–Ga doped by
Co and Cu, which has a tetragonally distorted L21 lattice
with c/a = 1.14 and does not exhibit modulation [6]. NM
martensite with c/a = 1.21 is also stable in significantly
off-stoichiometric Ni–Mn–Ga [11, 12]; however, it shows
no MFIS. Moreover, for certain alloy compositions the
(10M→)14M→NM sequence of intermartensitic transfor-
mations occurs with decrease of temperature [13, 14] or
by applying external stress [15, 16].
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Using the nanotwinning concept [17] the modulated
structures can be described by a monoclinic lattice
with an alternating sequence of nanotwins constituted
from (101) lattice planes of NM structure as basal
planes [18, 19]. A structure with the width of five lattice
planes in one orientation and the width of two planes in
opposite orientation (denoted as (52̄)2 in the Zhdanov no-
tation [20]) describes 14M structure. The (52̄) is repeated
twice to fulfill the periodicity of atomic ordering (Fig. 1a).
Similarly, 10M structure (Fig. 1b) can be considered
as alternating nanotwins of width three and two lattice
planes (denoted as (32̄)2). In contrast to orthorhombic
structures with harmonic modulation [21, 22], the fully
relaxed (32̄)2 and (52̄)2 structures with nanotwins give
ab initio total energies very close to the total energy of
the NM structure [23, 24]. Thus, the nanotwinning de-
scription provides better agreement with the experimen-
tal observation of 10M structure as a ground state in sto-
ichiometric Ni2MnGa, although the NM martensite still
exhibits lower energy.

Existence of nanotwins made up of two (101) lattice
planes in both structures indicates that this nanotwin
double layer could be the most prominent building block
of modulated structure. Our recent ab initio calcula-
tions [25] confirmed the importance of nanotwin dou-
ble layer for stabilization of modulated structures, be-
cause the (22̄)1 structure constituted only from oppo-
sitely oriented nanotwin double layers (Fig. 1c), denoted
also as 4O, exhibits the total energy approximately about
2 meV/atom lower than other martensites. This newly
predicted structure has orthorhombic symmetry with the
modulation periodicity of four lattice planes.

Nanotwins in NM martensite created by pure geomet-
rical construction [19] does not provide structures with
the lowest total energies. These artificially constructed
ideal structures are further stabilized within the relax-
ation process by small changes of lattice parameters and
atomic positions. The most essential decrease of the to-
tal energy in 4O structure arises from the shift of Mn
and Ga atoms in x direction at the nanotwin bound-
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Fig. 1. Fully relaxed crystal structures of 14M (a),
10M (b) and 4O (c) martensites described by nanotwin-
ing concept and cuts of 4O structure along the nan-
otwin boundaries (d). Lattice parameters of fully re-
laxed structures are marked (lattice parameters of ideal
structures with minimized (c/a)int before relaxation are
in parentheses). Green dashed lines indicate nanotwin
boundaries. The shifts of Mn and Ga atoms in x direc-
tion responsible for significant decrease of total energy
are marked by red arrows. Red dashed circles mark Ga
atoms in the atomic layer underneath the figure plane.

aries within the double layer approximately about 1%
of atomic coordinate (Fig. 1d) as was shown in our pre-
vious work [25]. The purpose of this work is to provide
similar detailed description of relaxation processes for ex-
perimentally observed 10M and 14M structures described
by nanotwinning concept. Our ab initio calculations will
clearly demonstrate the importance of nanotwin double
layer for the stability of all modulated structures.

2. Computational details
The ab initio calculations were performed using the

Vienna Ab initio Simulation Package (VASP) [26, 27]
in which the electron–ion interaction was described by
projector augmented-wave potentials [28, 29]. The elec-
tronic orbitals were expanded in terms of plane waves
with a maximum kinetic energy of 600 eV. We used the
gradient-corrected exchange-correlation functional pro-
posed by Perdew, Burke, and Ernzerhof [30]. The Bril-
louin zone (BZ) was sampled using a Γ -point-centered
mesh with the smallest allowed spacing between k-points
equal to 0.1 Å−1 in each direction of the reciprocal lat-
tice vectors. This setting ensured constant k-point den-
sity in all our calculations. The integration over the BZ
used the Methfessel–Paxton smearing method [31] with a
0.02 eV smearing width. Settings for k-point density and

smearing width were obtained with the help of an adap-
tive smearing method [32]. The total energy was calcu-
lated with high precision by convergence to 10−7 eV per
computational cell. Relaxation of the atomic positions
and structural parameters was performed with the quasi-
Newton algorithm, using the exact Hellmann–Feynman
forces, and was considered to be converged after all forces
dropped below 1 meV/Å.

In purely geometrical construction of ideal nan-
otwinned structures, there are only two independent
parameters: cell volume and internal (c/a)int of basic
tetragonal building blocks [19] (see Fig. 1a). These build-
ing blocks correspond to one eights of L21 lattice for
(c/a)int = 1 or NM lattice for (c/a)int = 1.2503, which
is the calculated equilibrium (c/a)NM ratio. Compared
to experimental value of (c/a)NM = 1.21, the calculated
value is overestimated, which is usual for ab initio cal-
culations [21, 23, 33]. The volume was kept constant
at 194.63 Å3/atom for ideal structures, because there
are only small volume differences between martensites.
Other lattice parameters and atomic positions of ideal
structures can be further derived according to equations
in Ref. [19].

Although the unconstrained relaxation leads directly
to structures with the lowest total energy, we artificially
divided the relaxation process into three constrained
steps to estimate their contributions to total energies:
(a) searching for equilibrium (c/a)int, (b) relaxation of
Mn and Ga atoms in nanotwin boundaries in x direction
and (c) relaxation of lattice parameters. Contrary to our
previous work [25] we performed the relaxation of Mn
and Ga atoms before the relaxation of lattice parame-
ters, because the shift of Mn and Ga atoms has stronger
influence on total energy.

3. Results

All ideal nanotwinned structures with (c/a)int =
(c/a)NM exhibit total energies higher than NM marten-
site. The difference is approximately 1 meV/atom for 4O
and 14M martensite and 2.5 meV/atom for 10M (com-
pare energies on vertical line in Fig. 2a). The total en-
ergy can be further decreased by finding of the equilib-
rium (c/a)int. All structures corresponding to displayed
energies in Fig. 2a can be considered as ideal, because
they fulfil the definitions in Ref. [19]. Lattice parame-
ters of ideal structures with the equilibrium (c/a)int can
be found in Fig. 1 in parentheses. For 14M martensite
the energy minimum lies at (c/a)int = 1.2214, where
the total energy decreases by about 0.4 meV/atom. The
effect of relaxation is stronger for 10M martensite, be-
cause the minimum corresponds to (c/a)int = 1.2108
and energy decreases by about 0.6 meV/atom. How-
ever, the energy is still higher than the energy of 10M
martensite described by harmonic modulation (red hor-
izontal dashed line) constructed according to Ref. [21].
Thus, 10M and 14M martensite still exhibit higher en-
ergies than the energy of NM structure. The strongest
relaxation effect can be found for 4O structure, where



660 M. Zelený

Fig. 2. Total energies with respect to the energy of NM
structure as functions of internal (c/a)int (a) and change
of atom coordinate of Mn and Ga atoms at the nan-
otwin boundaries in x direction (b). Black vertical line
in (a) corresponds to the equilibrium (c/a)NM of NM
structure. Red horizontal lines indicate energies of 10M
structure described by harmonic modulation (dashed
line) and fully relaxed 10M structure described by nan-
otwinning concept (dash-and-dot line). Blue horizontal
line indicates the energy of fully relaxed 14M structure
and black doted horizontal line corresponds to the en-
ergy of fully relaxed 4O structure.

equilibrium (c/a)int = 1.2045 and total energy is about
0.3 meV/atom smaller than the energy of NM structure.
It corresponds to energy decrease by about 1.3 meV/atom
compared to the 4O structure with (c/a)int = (c/a)NM .

Differences in equilibrium (c/a)int can be understood
as a result of competition between the smallest (c/a)int
of nanotwin double layer and the largest (c/a)NM of NM
structure. The 4O structure is constituted only by dou-
ble layers, thus it exhibits the smallest (c/a)int. The
ratio further increases together with increase of number
of layers separating the double layers in 10M martensite
(3 layers) and 14M martensite (5 layers). Also the en-
ergy gain from minimizing of (c/a)int corresponds to the
increasing density of double layers in the structures. The
energy gain is more than twice larger in 4O structure,
because it also contains twice larger number of double
layers than 10M and 14M structures.

Figure 2b) shows how the shift of Mn and Ga atoms in
x direction at the nanotwin boundaries further decreases
the total energy of structure with equilibrium (c/a)int.
Although the ideality of the structures is now lost, the
overall lattice parameters do not change in this relaxation
step and they still correspond to the values obtained ac-

cording to Ref. [19]. The minima for all modulated struc-
tures can be found for shift by about 0.9% of atomic co-
ordinate, which corresponds approximately to 0.039 Å.
It indicates that the shift is not affected by martensitic
structure and originates solely from the geometry of dou-
ble layer. The energy benefit is the largest again in 4O
martensite due to the highest density of double layers
and corresponds to 1.38 meV/atom. Thus, the energy of
4O structure lies now 1.70 meV/atom below the energy of
NM structure. The shift of Mn and Ga in 10M martensite
results in total energy decrease of about 1.12 meV/atom.
The 10M structure described by nanotwinning is now pre-
ferred by about 0.75 meV/atom compared to 10M struc-
ture described by harmonic modulation, but it still lies
about 0.59 meV/atom above NM structure. The smallest
effect can be seen for 14M structure, where total energy
decreases by only about 0.86 meV/atom. Thus, the to-
tal energy still remains slightly above the energy of NM
structure. As a result of the shift of atoms at nanotwin
boundaries, the (c/a)int slightly changes in basic building
blocks within nanotwin double layer in Mn–Ga sublattice
and these building blocks are not tetragonal anymore but
exhibit very small monoclinic distortion.

The last relaxation step comprises full optimization
of lattice parameters and remaining atomic positions,
which results in complete loss of ideal geometry and small
change of volume. The differences between (c/a)int ratios
of Ni and Mn–Ga sublattices are now more pronounced as
well as the differences between (c/a)int ratio inside and
outside of the nanotwin double layers. Basic building
blocks are no more tetragonal in whole lattice although
their monoclinic distortion is very small, less than 1◦.
Lattice parameters of fully relaxed and ideal structures
can be found in Fig. 1. Obtained contributions to to-
tal energies are not as large as in previous relaxation
steps. The smallest effect can be found for 4O struc-
ture, where energy decreases by about 0.28 meV/atom.
Because the structure constitutes only from double lay-
ers, almost optimal geometry of the lattice was already
achieved in previous steps. The total energy of 14M
martensite decreases by about 0.41 meV/atom, which
makes 14M structure finally more energetically favor-
able than NM structure. Full relaxation of 10M struc-
ture results in further decrease of the total energy about
by 0.53 meV/atom, thus the energy is now just about
0.06 meV/atom higher than the energy of NM structure.
The largest energy gain obtained from full relaxation of
10M martensite compared to other modulated structures
shows that the pure geometrical construction of ideal
nanotwinned structure does not provide very good agree-
ment with the fully relaxed 10M structure. However,
the nanotwinning concept is still the best model, which
provides a good starting point for obtaining the crystal
structure of 10M martensite exhibiting the lowest energy.

4. Conclusions
The ab initio calculations were used for investigation

of lattice relaxations responsible for stabilization of mod-
ulated structures 4O, 10M, and 14M in stoichiometric
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Ni2MnGa martensite. The purely geometrical construc-
tions of modulated lattices based on nanotwinning con-
cept are used as a starting point. Minimizing of (c/a)int
at constant volume shows that this single indepen-
dent parameter of the structures increases in sequence
4O→10M→14M with increasing number of basal planes
separating the nanotwin double layers presented in all
modulated structures. Compared to fully relaxed struc-
tures, the geometrically constructed ideal structures ex-
hibit significantly higher energies. Only the energy of
4O structure lies below the energy NM structure, which
exhibits the biggest (c/a)int ratio and contains no nan-
otwins. Total energies of modulated structures can be
further significantly lowered by the shift of Mn and Ga
atoms in x direction at the nanotwin boundaries by about
0.9% of atomic coordinate. The energy gain from this
shift for 10M and 14M structures is not as big as for 4O
structure. However, it is still the most beneficial step of
relaxation process. Because the shift is almost the same
in all modulated structures, this lattice distortion orig-
inates only in presence of nanotwin double layer and it
does not depend on overall geometry of the structure.
It confirms the importance of nanotwin double layers for
the stabilization of all modulated structures. Further full
optimization of lattice parameters and atomic positions
pushes the lattices far away from its initial (ideal) geom-
etry. Although this step has less significant effect on the
total energies of 10M and 14M structures than the pre-
vious one, the total energies finally reach the same level
as energy of NM structure.
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