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� Predicted ground state in Ni2MnGa
depends on exchange-correlation
energy approximation.

� Only GGA+U approximation with U >
1.2 eV predicts ground state correctly
as 10M.

� U = 1.8 eV brings the best fit with
experimental material parameters.
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a b s t r a c t

The precise determination of the stability of different martensitic phases is an essential task in the suc-
cessful design of (magnetic) shape memory alloys. We evaluate the effect of electron delocalization cor-
rection on the predictive power of density functional theory for Ni-Mn-Ga, the prototype magnetic shape
memory compound. Using the corrected Hubbard-model-based generalized gradient approximation
(GGA+U), we varied the Coulomb repulsion parameter U from 0 eV to 3 eV to reveal the evolution of pre-
dicted material parameters. The increasing localization on Mn sites results in the increasing stabilization
of 10M modulated structure in stoichiometric Ni2MnGa in agreement with experiment whereas uncor-
rected GGA and meta-GGA functional provide the lowest energy for 4O modulated structure and non-
modulated structure, respectively. GGA+U calculations indicate that 10M structure is more stable than
other martensitic structures for U > 1.2 eV. The key features of density of states (DOS) responsible for
the stabilization or destabilization of particular martensitic phases calculated with GGA+U are found also
in DOS calculated with advanced quasi-particle self-consistent GW (QSGW) method. It supports the
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Table 1
Calculated and measured lattice parameters of modula

c (Å)

10M
U = 0.0 eV 5.384
U = 1.8 eV 5.563
SCAN 5.435
Exp. [46] 5.553

14M
U = 0.0 eV 5.390
U = 1.8 eV 5.546
SCAN 5.430
Exp. [48] 5.507
physical background of Hubbard correction. Moreover, the calculations with U = 1.8 eV provide the best
agreement with experimental data for lattice parameters of stoichiometric and off-stoichiometric alloys.
� 2021 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Magnetic shape memory (MSM) materials from the family of
Heusler alloys offer a wide variety of multifunctional properties
such as magnetic field-induced strain (MFIS), magnetic field
induced martensitic transformation or magneto-caloric effect [1–
5]. The key to material functionalities is the ferroelastic
microstructure of martensite combined with ferromagnetic order-
ing. The necessary prerequisite for MFIS is the high mobility of
twin boundaries coupled with a large magneto-crystalline aniso-
tropy [6,7].

The most promising candidate for practical applications is Ni-
Mn-Ga alloy. It exhibits several martensite phases below marten-
sitic transformation temperature, TM, depending on exact composi-
tion, temperature and applied strain. Only modulated martensitic
phases with c/a < 1 – i.e. five-layered, 10M (see Fig. 1(g,h)), and
seven-layered, 14M – exhibit sufficiently low twinning stress for
the reorientation of martensitic twins, which allows the MFIS [8–
10]. Although alloying with Co and Cu can decrease twinning stress
to enable MFIS in third observed martensitic phase, non-
modulated (NM, see Fig. 1(b,c)), [11–13], the twinning stress is still
one order of magnitude higher than in modulated martensites
[8,10,12]. The NM phase exhibits tetragonally distorted L21 lattice
with c/a > 1.

Themartensitic transformation between L21 structure of austen-
ite andmartensitic structures is schematically represented in Fig. 1.
Whilst the transformation from cubic to NM structure is character-
ized by simple elongation along one of h0 0 1i crystallographic direc-
tions and contraction along both perpendicular directions, the
transformation to modulated structures is more complex and

includes shuffling of (1 1 0) lattice planes in 1 1
�

0
h i

direction, con-

traction in [0 0 1] direction, elongation along both perpendicular
directions, and small monoclinic shear in [1 0 0] direction.

The basic material characteristics of Ni-Mn-Ga such as marten-
sitic transformation temperature, TM, Curie temperature, TC, and
elastic properties can be tuned by changing of stoichiometry and
by doping [8,14–17]. Since the twinning stress is very low only
in modulated structures, the usability of Ni-Mn-Ga alloy in MSM-
based devices is directly limited by compositional and temperature
stability range of modulated martensites. Because a small devia-
tion from Ni2MnGa stoichiometry or addition of another element
may stabilize NM martensite and destabilizes modulation
[12,13,17–20], the proper understanding of nature of martensitic
transformation and its compositional dependences are essential
ted 10M and 14M martensites in L

a (Å) b (

6.170 5.8
6.012 5.9
5.890 5.8
5.946 5.9

6.322 5.7
6.184 5.8
6.053 5.7
6.173 5.8
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when searching for new alloys with enhanced properties and pre-
diction of their resulting martensitic structure.

The origin of diffusionless martensitic transformation in Ni-Mn-
Ga alloys was theoretically explained by the presence of Ni-eg anti-
bonding peak near the Fermi level in minority spin channel in den-
sity of states (DOS). This peak is responsible for the Jahn-Teller
instability of L21 cubic structure of austenite [21–23]. The instabil-
ity leads to the tetragonal distortion of martensitic lattice, but it
cannot itself explain the appearance of modulation. The shuffling

of (1 1 0) lattice planes in 1 1
�

0
h i

direction in 10M and 14M mod-

ulated structures originates in an additional feature of electronic
structure of austenite, Fermi surface nesting [15,24–26], which is
manifested in the structure of stoichiometric austenite as softening
of TA2 phonon mode. The phonon softening appears several kelvins
above TM and results in transformation to premartensite with mod-
ulated cubic structure. The modulation is stabilized due to the exis-
tence of charge-density-wave, which was recently confirmed
experimentally [27]. The initial soft-mode shuffling in premarten-
site is later stabilized within the martensitic transformation by
Jahn-Teller effect [28,29], resulting in the observed five-layer or
seven-layer lattice modulation in tetragonally distorted structure
of martensite. On the other hand, the Fermi surface nesting was
never reported for off-stoichiometric compositions, in which the
direct transformation to NM martensite is driven solely by Jahn-
Teller effect.

The links between the electronic structure and crystal structure
of martensite are evidently complex. Consequently, the precise
description of electronic structure is critical for the prediction of
transformation paths, thermodynamic stability of martensitic
phases, and of their structural and other related properties. Ab ini-
tio calculations of electronic structure based on density functional
theory (DFT) succeeded in prediction of several properties of Ni-
Mn-Ga, e.g. instability of austenite [21,24,25], stability of modu-
lated structures [17,30] and even in prediction of martensitic
transformation temperature [31]. However, there are some unre-
solved issues, which indicates that description of electronic struc-
ture within the commonly used generalized gradient
approximation (GGA) for exchange-correlation energy [32] is not
accurate enough.

For example, DFT calculations within GGA found the lowest
total energy for the 4O martensite [30]. This phase was experimen-
tally observed in Ni-Mn-Sn [33,34] but never in Ni-Mn-Ga alloys.
On the other hand, the experimentally found ground-state struc-
ture of modulated 10M martensite in stoichiometric Ni2MnGa
21 (cubic) coordinates. Experimental results were obtained at room temperature.

Å) c/a b/a c (�)

73 0.873 0.952 91.12
88 0.925 0.996 90.56
79 0.923 0.997 90.76
46 0.934 1.000 90.39

27 0.853 0.906 90.94
40 0.897 0.944 90.55
28 0.897 0.946 90.67
27 0.892 0.944 90.60
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Fig. 1. Schematic representation of Ni-Mn-Ga (a) austenite, (b, c) NMmartensitie stable at off-stoichiometric compositions, (d, e) construction of 10Mmodulated lattice using
nanotwining concept, with different internal (c/a)int of gray tetragonal (NM) building blocks marked, and (f, g) 10M modulated martensite stable at stoichiometric Ni2MnGa
composition described in cubic coordinates. (b, d, f) show the lattices with c/a of NM martensite equal to 1.25 obtained with GGA calculation. (c, e, g) show the lattices with
reduced c/a of NM martensite equal to 1.10. The value c/a = 1.10 is exaggerated to illustrate clearly the lattice-change trend caused by electron localization within GGA+U
calculations; it was not obtained within the reported calculations.
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exhibits calculated total energy higher than 14M or NMmartensite
[17,35–37]. In experiment, the sequence of intermartensitic trans-
formations from 10M?14M?NM was observed only for off-
stoichiometric alloys above 3 at.% of Mn-excess [8,18,38,39] or
under tensile stress [40]. GGA calculations predict NM martensite
more stable then 14M above 1.75 at.% of Mn-excess [17], but sta-
bility of 4O structure dominates up to 3 at.% of Mn-excess [19].
This discrepancy was explained by the existence of kinetic barrier
for transformation to NM and completely barrier-less transforma-
tion to 10M structure [28]. However, even the calculated lattice
parameters of martensitic structures do not agree well with exper-
iments. Tetragonality, c/a, of NM martensite with off-
stoichiometric composition is overestimated: GGA calculations
predict c/a = 1.3 for alloy with approx. 6% of excess Mn [19,41],
whereas experimental measurements show c/a = 1.21 [14,42],
3

which is even smaller than what GGA predicts for stoichiometric
Ni2MnGa (c/a = 1.25) [28,43–45]. Similar problem is seen in the
modulated structures: GGA predict the 10Mmartensite as strongly
monoclinic [28,35,37] which is in contrary with almost tetragonal
structure found by X-ray diffraction [46,47] and in 14M structure
the calculated monoclinic angle is also larger than in experiment
[48]. According to the nanotwinning concept [49] describing plane
shuffling in modulated martensites as periodically arranged nan-
otwins of particular NM martensite phase (see Fig. 1(d,e)), the
overestimated monoclinic angle c is caused by the overestimated
(c/a)int ratio of the internal tetragonal building blocks correspond-
ing to the unit cell of NM martensite, Fig. 1(d-g) [50].

The accuracy of electronic structure description within DFT cal-
culations can be significantly improved by the proper selection of
approximation for exchange-correlation energy. A way how to
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increase accuracy is to use GGA but compensate for its main draw-
backs. Commonly used approximations such as GGA suffer from
over-delocalization of valence electrons resulting in over-
stabilized metallic character of electron interaction [51]. The
over-delocalization can be overcome by introduction of an addi-
tional Hubbard-like term with Coulomb repulsion parameter U,
which induces electronic localization due to the explicit account
for the on-site electronic interactions [52]. The advantage of such
approach can be improved precision while maintaining modest
calculation costs. The disadvantage can be seen in the fact that
the result of calculations becomes sensitive to the numerical value
of parameter U, which is usually obtained by semi-empirical way
through seeking for agreement with available experimental mea-
surement of certain property of interest [51]. In case of Ni2MnGa,
the increased localization affects overall shape of DOS including
Ni-eg peak responsible for instability of austenite [53] and conse-
quently the character of Fermi surface with significant impact on
martensitic transformation and the structure of resulting phase.

Previous calculations using the corrected GGA+U approxima-
tion show that the stability of NMmartensite as well as its c/a ratio
strongly depend on the magnitude of the Hubbard-correction
parameter U for Mn [53,54]. Large U = 5.97 eV results in complete
destabilization of NM martensites and stabilization of the cubic
structure [53]. Smaller U = 3.93 eV significantly improved agree-
ment of calculated elastic constants of NM martensite with exper-
imental measurements as well as decreased its c/a ratio [54].
Recently used U = 1.8 eV in GGA+U calculations on Co- and Cu-
doped Ni-Mn-Ga NM martensite resulted in a good agreement
between calculated and measured elastic constants [55].

More advanced treatment of exchange-correlation energy
including a dependence on the kinetic energy density can be done
with help of meta-GGA approximation [56]. Results obtained with
a parameter-free meta-GGA functional called SCAN (strongly con-
strained and appropriately normed) exhibit a decrease of c/a ratio
for NM structure in agreement with experimental data [57]. Using
of SCAN also modifies the nesting properties of the austenitic Fermi
surface [58]. However, the nesting vector is underestimated which
results in a more complex landscape of the competing nonmodu-
lated and modulated phases. Moreover, using of SCAN provides
overestimated magnetic moments [58].

An alternative description for more accurate electronic struc-
ture is to rely on a GW approximation. Such method can include
the screened Coulomb potential with a random phase approxima-
tion. Employing such approximation, the method of quasi-particle
self-consistent GW (QSGW) [59] can be applied to metallic systems
without using any matter-dependent or tuned parameters. It
allows us to gain an insight into electronic structure with high
physical accuracy. For example, the QSGW can demonstrate more
localized electronic states with a narrower band width for d-
electrons.

In the present work we provide deeper analysis of electron
localization described by Hubbard correction parameter U on elec-
tronic structure of Ni-Mn-Ga alloys and on stability of different and
particularly modulated martensitic structures including 10M, 14M,
NM, 4O and 6O martensite as well as their lattice parameters. The
results of GGA+U calculations are further compared with alterna-
tive increased precision methods, i.e. meta-GGA functional SCAN
and GW (QSGW) method.
2. Materials and method

2.1. Computational methods

The presented DFT calculations were performed using the
Vienna Ab initio Simulation Package (VASP) [60,61] in which the
4

electron-ion interaction was described by projector augmented-
wave (PAW) potentials [62,63]. The electronic orbitals were
expanded in terms of plane waves with a maximum kinetic energy
of 800 eV explicitly taking into account the 3p63d94s1 electrons as
valence states for Ni, 3p63d64s1 for Mn, 3d104s24p1 for Ga. We used
the gradient-corrected exchange–correlation functional (GGA) pro-
posed by Perdew, Burke, and Ernzerhof [32] as well as meta-GGA
functional SCAN [56] with non-spherical contributions included
inside the PAW spheres. The intra-atomic Coulomb interaction
within GGA was modified through the rotationally invariant
approach to GGA+U proposed by Dudarev [64] with U varying from
0 eV to 3 eV for Mn site. The Brillouin zone (BZ) was sampled using
a C-point-centered mesh with the smallest allowed spacing
between k-points equal to 0.08 Å�1 in each direction of the recip-
rocal lattice vectors.

Input crystal structures of modulated martensites before relax-
ation were constructed with help of nanotwinning concept from
basic tetragonal building blocks corresponding to structure of
NM martensite (see Fig. 1(d,e), Ref. [50] and Fig. 1 in [28] for more
details). These blocks form alternating sequences of oppositely ori-
ented nanotwins with the width of two, three, or five atomic
planes depending on the modulation period. Full relaxation of
the atomic positions and all 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. Such settings are sufficient for esti-
mation of total energy with precision better than 0.1 meV/atom.

The QSGW calculation was performed by using a first-principles
package, ecalj, which is based on a mixed-basis of the augmented
plane-wave and muffin-tin orbital method [65]. The lattice con-
stant of stoichiometric NM martensite was set to a = 5.419 Å and
c/a = 1.25 and the sampling k-point spacings were 0.24 Å�1 and
0.12 Å�1 for constructing the self-energy and the Green’s function,
respectively.
2.2. Experiment

Our theoretical prediction for lattice constants of off-
stoichiometric NM martensite was compared with experimental
measurements. A single crystal ingot Ni53Mn24Ga23 was grown in
optical zonal furnace using modified method [66]. Chemical com-
position was determined by X-ray fluorescence spectrometer,
EDAX� AMETEK� ORBIS PC, equipped with a Rh anode tube (E
(Ka) = 20.216 keV) and Apollo XRF ML-50 EDS detector. Lattice
parameters were measured by X-ray diffraction. In temperature
range 245–360 K (up to austenite) using PANAnalytical X’Pert
PRO diffractometer equipped with home-made heating/cooling
stage and in range 93–298 K using Rigaku SmartLab diffractometer
equipped with Anton Paar DCS 500 domed cooling stage. At room
temperature, the crystal structure of NM martensite exhibited lat-
tice parameters c = 6.55 Å and a = 5.48 Å, i.e. c/a = 1.20.
3. Results

3.1. Total energy landscape

Calculated total energies of the studied structures of stoichio-
metric Ni2MnGa as a function of Coulomb interaction parameter
U are shown in Fig. 2(a). They are given relative to the energy of
NMmartensite. The open symbols at U = 0 include no Hubbard cor-
rection. They correspond to the previous calculation setting using
the uncorrected GGA functional [28] except that the semi-core
states have been treated as the valence state to increase the preci-
sion of the present work. This change, however, brought no quali-
tative change in energy magnitudes. At U = 0 eV, the lowest energy



Fig. 2. (a) Total energies of austenite and 4O, 10M, 14M and 6O modulated martensites with respect to energy of NM martensite and (b) magnetic moments of all studied
structures calculated with GGA+U for stoichiometric alloy as a function of correction parameter U (open symbols). Full symbols at the separated y-axes on the left correspond
to the result calculated with meta-GGA/SCAN.
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is still found for the hypothetical 4O structure consisting of alter-
nating sequence of oppositely oriented nanotwins with the width

of two planes, i.e. as 2 2
�� �

1
in the Zhdanov notation [67], see

Fig. 1 in [28] for more details.
In stoichiometric Ni2MnGa, however, the experimentally

observed ground state is 10M martensite. This structure, known

also as 32
�� �

2
, consists of alternating sequence of two and three

lattice planes thick nanotwins repeated twice to accomplish the
L21 ordering. In our calculation with U = 0 eV it exhibits energy

even higher than NM and 14M, i.e. 5 2
�� �

2
, structure. The highest

energy among studied martensitic structures was found for a
hypothetical 6O martensite, consisting of alternating sequence of
oppositely oriented nanotwins with the width of three planes, i.e.

3 3
�� �

1
.

From the calculation, the structures can be sorted according to
their decreasing total energies as A – 6O – 10M – 14M – NM – 4O.
Only the energy of 4O structure is lower than the energy of NM
martensite. The lowest energy of 4O indicates very stable twin
boundaries forming double layers (two-layer thick nanotwins)
[29,30]. In contrast, the highest energy of 6O structure indicates
highly unfavorable twin boundaries for triple layers (three-layer
thick nanotwins).

Different landscape of the total energies is obtained when using
SCAN functional, shown with separate axis in Fig. 2(a). The total
energies decrease according to this sequence: A – 4O – 14M –
10M – 6O – NM. Austenite exhibits a high energy of 13.3 meV/
atom (out of range in Fig. 2(a), not shown). The NM martensite,
having no nanotwin boundaries, exhibits the lowest energy, i.e. is
the most stable structure. This shows that the calculations with
SCAN result in positive energies of twin boundaries for any kind
of nanotwins in contrast to calculation with uncorrected GGA func-
tional. Moreover, triple layers are more stable than double layers.
The differences indicate that the energy of nanotwins and nan-
otwinned structures depends strongly on the choice of exchange-
correlation functional.

Over-delocalization of valence electrons described for uncor-
rected GGA functional also has significant impact on the stability
of martensitic structures. To remedy this undesirable effect and
reveal changes into the energy landscape caused by increased
localization we introduce on-site Coulomb interaction parameter
U (GGA+U) for the d states of Mn. All relative energies decrease
with increasing U, Fig. 2(a), except for a small initial increase for
4O structure. The effect is the strongest in the austenite, which
becomes more stable than NM martensite for U > 2.2 eV. The
5

14M, 10M, and 6O structures also become more stable than NM
structure at U = 0.2, 0.6, and 1.5 eV, respectively. Most importantly,
10M martensite becomes the ground state for U > 1.2 eV. Appar-
ently, the moderate value of U, significantly smaller than previ-
ously proposed values U > 3.5 eV [53,54], is sufficient to provide
qualitative agreement with the experimentally observed ground
state (10M).

Magnetic moments per formula units (f.u.) corresponding to the
energies in Fig. 2(a) are summarized in Fig. 2(b). The uncorrected
GGA provides significantly smaller magnetic moments for all stud-
ied structures compare to results obtained with SCAN, which has
tendency to overestimate magnetization as was already reported
for austenite and NMmartensite [58]. The results from uncorrected
GGA also exhibit only small differences in magnetic moments
(around 0.1 lB) between studied structures, whereas the magnetic
moments from SCAN are significantly smaller for martensitic
structures (except for hypothetical 6O martensite) than for austen-
ite but still higher than for GGA. These findings are in a good agree-
ment with the previously published results for austenite and NM
martensite [57]. The increase of parameter U results in the increase
of magnetic moments of all studied structures as a consequence of
the higher localization of Mn states causing larger splitting of
majority and minority spin channels. Magnetizations of marten-
sitic structures corresponding to SCAN results are reached for
U ~ 2.0 eV. Because austenite exhibits less steep increase of mag-
netic moments than martensitic structures (except for the 4O
martensite), its magnetization never reaches the value correspond-
ing to SCAN result in the studied range of U. Moreover, austenite
shows lower magnetic moment than martensitic structures (ex-
cept for the 4O martensite) for U > 0.6 eV. Such a drop of magneti-
zation after transformation from martensite to austenite at TM has
been reported also experimentally [68]. However, the difference in
magnetization measured at TM could be caused also by differences
in TC between austenite and martensite [69] and need not be nec-
essary associated with magnetization of studied phases at low
temperatures near 0 K.
3.2. Lattice parameters

The optimal correction parameter U can be estimated from the
comparison of calculated lattice parameters with experimental
measurements. Particularly the c/a ratio of NM martensite can be
considered as one of the most fundamental parameters of the
material as NM martensite serves as a building block for all struc-
tures as illustrated in Fig. 1. According to the nanotwining concept,
the lattice parameters of modulated structures are consequently



ig. 4. Tetragonal c/a ratio of NM martensite as a function of correction parameter
. The asterisk corresponds to result for stoichiometric structure calculated with
eta-GGA/SCAN. Inset shows the measured parameter. Horizontal dashed and
ash-dotted lines show experimental values at room temperature, whereas solid
ne corresponds to the experimental value for Ni-excess alloy extrapolated to 0 K.
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derived from the tetragonality of these internal building blocks, (c/
a)int, which corresponds to the c/a of NM martensite with the same
composition. However, the experimental lattice parameters and c/
a ratio are not available for stoichiometric alloy as NM structure is
unstable. To enable comparison with experiment, we performed
additional calculations for two off-stoichiometric compositions
Ni50Mn31.25Ga18.75 and Ni53.125Mn25Ga21.875. Increasing amount of
Mn by about ~6 at.% or Ni by about ~3 at.% is expected to stabilize
NM martensite over modulated structures (see the supplementary
material in [9]). It should also increase the energy difference
between austenite and NM martensite, DEA-NM, and thus to further
stabilize NM structure over austenite [70].

Fig. 3 shows the energy difference between austenite and NM
martensite, DEA-NM, as well as the energy difference between 4O
and NMmartensites,DE4O-NM as a function of correction parameter
U. Here, the 4O structure serves as a general model representing all
modulated structures [19]. Although the DEA-NM for both off-
stoichiometric compositions decreases with increasing U, it always
stays significantly above the corresponding value for stoichiomet-
ric alloys displayed in Fig. 2(a). This indicates increased martensitic
transformation temperature in off-stoichiometric alloys [15,71].
On the other hand, DE4O-NM remains almost independent of U
and positive, which indicates lower stability of modulated struc-
tures compared to non-modulated NM structure. Thus, the NM
martensite can be considered as a ground state for the excess com-
positions. The effect of U is stronger for Mn-excess alloy, as we
applied U correction only for Mn.

The c/a parameter of NM martensite as a function of U is given
in Fig. 4. The c/a ratio generally decreases with increasing U in sto-
ichiometric as well as in Mn-excess and Ni-excess alloys. Using the
SCAN functional results in significantly smaller c/a = 1.19 ratio of
stoichiometric alloy (asterisk in Fig. 4) than using of uncorrected
GGA functional (GGA+U with U = 0 eV) as was already reported
[57]. The same c/a = 1.19 can be achieved by GGA+U with
U = 1.5 eV, which corresponds to the previous finding that SCAN
behaves as an effective GGA+U scheme with U parameter of about
2 eV [58]. Off-stoichiometric alloys exhibit larger calculated c/a
ratio than stoichiometric alloy.

Calculated values of c/a can be compared with the experimental
measurements of Mn-excess and Ni-excess alloys with corre-
sponding compositions: Ni50.5Mn30.4Ga19.1 [42] and Ni53Mn24Ga23
(horizontal dashed and dash-dotted lines in Fig. 4). Mn-excess
alloy provides the best agreement for U � 1.8 eV whereas the
experimental c/a ratio of Ni-excess alloy is achieved at U �
Fig. 3. Total energies of austenite and 4O martensite with respect to the energy of
NM martensite calculated with GGA+U for off-stoichiometric and stoichiometric
alloys as a function of correction parameter U.
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2.5 eV. Such direct comparison is, however, problematic, because
experimental data are measured at room temperature, whereas
ab initio calculations provide results for 0 K. As tetragonality of
NM martensite always increases with decreasing temperature
(see inset in Fig. 4 for Ni53Mn24Ga23 alloy or Fig. 3(a) in [12] for
NMmartensite doped by Cu and Co), real c/a for comparison should
be larger. Quadratic extrapolation of measured data down to 0 K
for Ni-excess alloy (inset in Fig. 4) indicates maximal increase of
c/a up to ~1.22 (thin solid horizontal line in Fig. 4) which corre-
sponds to U approx. 1.8 eV. This value of U corresponds to c/a ratio
1.18 for hypothetical stoichiometric NM martensite. The best
choice for correction parameter U is in the interval between 1.4
and 2 eV to obtain realistic c/a ratio for off-stoichiometric NM
martensite and also for 10M martensite as a ground state of stoi-
chiometric alloy (Fig. 2(a)).

Comparison between predicted lattice parameters of stoichio-
metric alloy and experimental data can be done only for modulated
structures. Such comparison for 10M structure with stoichiometric
composition Ni50Mn25Ga25 [46] and for 14M structure with com-
position Ni50Mn30Ga20 [48] is summarized in Table 1. Listed lattice
parameters are in so-called L21 (cubic) coordinates (see Fig. 1(f,g)),
which is the best choice to describe the distortion of austenitic lat-
tice during martensitic transformation (see Ref. [50]). Even though
experimental data are again available only for room-temperature
measurements, using the U correction clearly brings better agree-
ment between theory and experiment, particularly for U = 1.8 eV.
The increase of U results in the decrease of monoclinic angle c
and increase of c/a and b/a ratios of both structures. Thus, the
structure of 10M martensite becomes nearly tetragonal for
U > 1.5 eV. According to the nanotwinning concept, the decrease
of monoclinicity of modulated lattices is tightly related to the
decrease of (c/a)int in the underlying internally nanotwinned NM
structure (see Fig. 1).

On the other hand, the increased (c/a)int of internal nan-
otwinned building blocks results in larger interlayer distances of
nanotwins in 10M and 14M martensites (see Fig. 1(d,e)). Subse-
quently, the increased difference between the width of oppositely
oriented NM nanotwins consisting of two and three (five) planes
increases the monoclinic angle of the lattices as well as the ampli-
tude of modulation [50], but decreases the resulting average c/a
and b/a of modulated structures. Consequently, increasing
U (i.e. smaller (c/a)int of building blocks) will result in decreasing



M. Zelený, P. Sedlák, O. Heczko et al. Materials & Design 209 (2021) 109917
modulation amplitude, which finally leads to c/a and b/a of modu-
lated structure equal to 1. It means that martensitic transformation
will be completely suppressed for large U [51]. This effect can be
recognized also in Fig. 2(a), where it is apparent that energies of
all modulated structures as well as the energy of austenite will
converge to the same value for large U (U > 3 eV). Because calcula-
tions with SCAN also provide decreased c/a of NM structure, the
related (c/a)int will be smaller as well resulting in the decreased
monoclinic angle of modulated structure (Fig. 1). The c/a and b/a
ratios also correspond well to experimental results while the abso-
lute values of lattice constants a, b and c are underestimated with
SCAN.
3.3. Elastic constants and magnetic anisotropy

Besides more precise lattice parameters, the use of GGA+U
improves the prediction of other important properties related to
MFIS, such as elastic constants and magnetocrystalline anisotropy.
Table 2 summarizes available experimental data and results calcu-
lated with U = 0 eV and with U = 1.8 eV for NM martensites with
stoichiometric, Mn-excess and CoCu-doped compositions. The
later were investigated already [55,72] using GGA+U calculations
with U = 1.8 eV as they exhibit huge 12% MFIS [11]. Equilibrium
c/a of NM martensite for alloy doped by 6.25 at.% of Co instead
of Ni and 6 at.% of Cu instead of Ga calculated with U = 1.8 eV (c/
a = 1.142) agrees much better with experimental result for alloy
doped by 5 at.% of Co and Cu (c/a = 1.158 [12]) than c/a calculated
without U correction (c/a = 1.190).

Calculations without U corrections overestimated the bulk
modulus B, compared to experimental data. However, the shear

modulus in 1 0 1ð Þ 1
�

0 1
h i

shear system, G
101ð Þ 1

�
01

� �, is more impor-

tant since its low magnitude is essential prerequisite for low twin-
ning stress in NM martensite [55,73,74]. Experimental
measurements show decrease of shear modulus G

101ð Þ 1
�
01

� � from

12 GPa to 4 GPa between Mn-excess and CoCu-doped alloys.
Although the calculations without U correction shows also signifi-
cant decrease of G

101ð Þ 1
�
01

� � from 40 GPa to 15 GPa, the best quanti-

tative agreement with experimental data is achieved with
U = 1.8 eV correction with decrease from 11 GPa to 5 GPa.

Similarly, GGA+U calculations provide much smaller magnetic
anisotropy constant K1 compared to uncorrected GGA calculations
[72]. Whereas experimental measurements at 10 K found K1 for
Mn-excess alloy equal to �5.00�105 J/m3 for NM martensite [75],
calculations without U corrections give more than two times larger
value �10.91�105 J/m3, which is close to earlier reported results of
calculations for stoichiometric Ni2MnGa [76–78]. On the other
hand, GGA+U slightly underestimated K1, but it is still much closer
to experimental value [72]. The overestimation for GGA+U calcula-
Table 2
Calculated and measured c/a, bulk modulus B, shear modulus in 1 0 1ð Þ 1

�
0 1

h i
system, G

10ð
excess and CoCu-doped alloys. Experimental result were obtained at room temperature e

c/a B (GPa)

Stoichiometric Ni2MnGa
U = 0.0 eV 1.257 159
U = 1.8 eV 1.177 144

Mn-excess Ni-Mn-Ga ~ 6%
U = 0.0 eV 1.311 156
U = 1.8 eV 1.208 [55,72] 137 [55]
Experiment 1.207 [42] 123 [55]

Ni-Mn-Ga-Cu-Co ~ 6%
U = 0.0 eV 1.201 156
U = 1.8 eV 1.142 [55,72] 144 [55]
Experiment 1.158 [12] 145 [55]

7

tions is even more pronounced in the case of CoCu-doped alloy
with positive value of K1, which indicates switching of easy magne-
tization plane to easy magnetization axis. This positive shift of K1

can be explained by selected doping model, because magnetocrys-
taline anisotropy is strongly influenced by the sublattice that hosts
Cu doping atoms. Calculated results are provided for a supercell
where Cu atoms occupy strictly the positions in Ga sublattice. In
experimentally prepared alloy, Cu is expected to be distributed
almost equally between Mn a Ga sublattices, which results in shift
to negative magnetic anisotropy [72].

3.4. Density of states analysis

To understand the improved agreement between theory and
experiment, we analyzed in detail the density of states (DOS) for
selected cases. The comparison of calculated total DOS of stoichio-
metric NM martensite calculated using GGA+U, SCAN and QSGW is
given in Fig. 5. The localization effect of electron correlation is usu-
ally corrected by an empirical U parameter in GGA+U, while it can
be taken into account by the screened Coulomb potential in QSGW.
The main effect of increasing U is the localization of Mn states,
which subsequently results in larger splitting between the major-
ity and minority spin channel. Whereas the Mn states are located
around �3 eV in the majority spin channel for U = 0 eV, increased
U to 3 eV pushes them further down to �4 eV below Fermi level, Ef.
Similarly, unoccupied Mn states in minority spin channel are
pushed from 1.5 eV to 2.5 eV above Fermi level. Increased spin
polarization should also result in increased magnetic moment on
Mn atoms, but due to almost complete splitting of Mn bands
between both channels even for U = 0 eV, localization effectively
affects only majority spin channel and observed increase of mag-
netic moments is only moderate albeit significant.

The DOS obtained using QSGW exhibits also slightly more pro-
nounced splitting of Mn bands, which corresponds to the GGA+U
results for U = 1 eV. Thus, some modest localization of Mn states
is fully consistent with more precise QSGW calculations. However,
not only Mn states are affected by Hubbard correction for Mn. For
U = 0 eV there is a Ni-eg antibonding peak in minority spin channel
localized closely above Ef. The same peak can be found near below
Ef in austenite, which causes instability of cubic structure at low
temperature. Tetragonal distortion makes the peak split to above
and below Ef due to Jahn-Teller effect [23], which consequently
decreases the DOS at Ef and thus stabilizes the NM martensite.
Small increase of U on Mn results in delocalization and splitting
of the Ni-eg peak into several smaller peaks located closer to Ef.
The same effect of delocalization of Ni-eg state in minority channel
can be also seen for the QSGW result. Further increase of U
increases DOS at Ef, which destabilizes the NM structure. On the
other hand, the DOS obtained with SCAN exhibits more pro-
nounced splitting of Ni-eg peak resulting in decrease of number
1Þ 1
�
01

� � , and magnetic anisotropy constant K1 of NMmartensites for stoichiometric, Mn-
xcept K1 which was measured at 10 K.

G
101ð Þ 1

�
01

� �(GPa) K1 (105 J/m3)

31 �10.99
11 �4.42 [72]

40 �10.91
11[55] �2.26 [72]
12 [55] �5 [75]

13 0.40
6 [55] 1.39 [72]
4 [55] �2.99 [72]



Fig. 5. Total density of states of NM martensite calculated with GGA+U for different
U, with meta-GGA/SCAN and with QSGW.
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of states at Ef. Also all other occupied states are shifted to lower
energies compare to uncorrected GGA and GGA+U calculations.
That explains strong stabilization of NM martensite in calculations
with SCAN.

As the effect of U in martensitic structures seems to be the
strongest in stabilization of hypothetical structure of 6O marten-
site, we also analyzed its DOS (Fig. 6). The 6O structure is formed
from two oppositely oriented nanotwins each consisting of three
(1 0 1) planes of NM structure. Thus, there are two types of Ni,
Mn and Ga atom sites, which will exhibit slightly different DOS
due to different environment: some atoms lay in plane correspond-
ing to nanotwin boundary and some atoms lay in other planes. Due
to this difference, there are many contributions from each type of
Ni and Mn atoms in minority channel around Ef destabilizing the
6O structure. However, these differences get smaller with increas-
ing U due to decreased width of nanotwin, which originates in
decreased (c/a)int. The Ni peaks around Ef are more localized for
large U, which results in decreased DOS at Ef and higher stability
of 6O structure. The same effect can be expected to stabilize 10M
martensite for U > 1.2 eV as the triple-layer NM nanotwins (see
Fig. 1(e)) are inherent part of 10M martensite.

The 6O structure is also stabilized with respect to austenite in
calculations with SCAN. However, this stabilization is not as signif-
icant as the stabilization of NM martensite. The DOS of 6O struc-
Fig. 6. Total density of states of 6O martensite calculated with GGA+U for different
U and with meta-GGA/SCAN.
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ture obtained with SCAN exhibits very similar features around Ef
as the DOS obtained with GGA+U. Although the DOS is very low
exactly at Ef, the Ni-eg states are located very close below Ef, even
closer than in the DOS obtained with GGA+U. Therefore, in SCAN
calculations, these states destabilize 6O structure in comparison
with NM martensite. A similar behavior of DOS around Ef can be
observed also for 10M, 14M and 4O modulated structures.

4. Conclusions

Our ab initio investigation of different martensitic structures in
Ni-Mn-Ga alloy shows that modification of electronic structure
through the corrected Hubbard-model-based GGA+U approxima-
tion provides much better agreement with available experimental
data than the uncorrected GGA. With increasing U, the correspon-
dence with experiment occurs at U = 1.2 eV where 10M martensite
becomes ground state. Very good agreement with measured lattice
constants of stoichiometric 10M martensite is obtained in the
interval of U between 1.4 eV and 2 eV. For U = 1.8 eV almost tetrag-
onal structure is obtained with c/a = 0.925 (in L21 or cubic coordi-
nates) instead of monoclinic structure with c/a = 0.873 calculated
with uncorrected GGA, i.e. U = 0 eV. Structures of Mn-excess and
Ni-excess NM martensites with c/a > 1 as well as of Co- and Cu-
doped alloys exhibit smaller c/a ratios than those obtained without
U correction in agreement with experimental data. It indicates that
uncorrected GGA overestimates the c/a of NM martensite indepen-
dently on composition. Importantly, the DOS of NMmartensite cal-
culated with U correction and with advanced QSGW method
exhibit the same key features, which confirms proper physical
background of +U correction. In summary, introducing a modest
localization of Mn states considerably increases the precision in
the theoretical design of martensitic structures in Ni-Mn-Ga based
magnetic shape memory alloys.
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Chulist, K. Ullakko, Highly mobile twin boundaries in seven-layer modulated
Ni–Mn–Ga–Fe martensite, Scr. Mater. 178 (2020) 62–66, https://doi.org/
10.1016/j.scriptamat.2019.10.042.

[11] A. Sozinov, N. Lanska, A. Soroka, W. Zou, 12% magnetic field-induced strain in
Ni-Mn-Ga-based non-modulated martensite, Appl. Phys. Lett. 102 (2013),
https://doi.org/10.1063/1.4775677 021902.

[12] A. Soroka, A. Sozinov, N. Lanska, M. Rameš, L. Straka, K. Ullakko, Composition
and temperature dependence of twinning stress in non-modulated martensite
of Ni-Mn-Ga-Co-Cu magnetic shape memory alloys, Scr. Mater. 144 (2018) 52–
55, https://doi.org/10.1016/j.scriptamat.2017.09.046.

[13] A. Pérez-Checa, D. Musiienko, A. Saren, A. Soroka, J. Feuchtwanger, A. Sozinov,
J.M. Barandiaran, K. Ullakko, V.A. Chernenko, Study of the critical parameters
for magnetic field-induced strain in high temperature Ni-Mn-Ga-Co-Cu-Fe
single crystals, Scr. Mater. 158 (2019) 16–19, https://doi.org/10.1016/j.
scriptamat.2018.08.018.

[14] N. Lanska, O. Soderberg, A. Sozinov, Y. Ge, K. Ullakko, V.K. Lindroos,
Composition and temperature dependence of the crystal structure of Ni–
Mn–Ga alloys, J. Appl. Phys. 95 (2004) 8074–8078, https://doi.org/10.1063/
1.1748860.

[15] P. Entel, V.D. Buchelnikov, V.V. Khovailo, A.T. Zayak, W.A. Adeagbo, M.E.
Gruner, H. Herper, E.F. Wassermann, Modelling the phase diagram of magnetic
shape memory Heusler alloys, J. Phys. D 39 (2006) 865–889, https://doi.org/
10.1088/0022-3727/39/5/S13.

[16] O. Heczko, Magnetic shape memory effect and highly mobile twin boundaries,
Mater. Sci. Technol. 30 (2014) 1559–1578, https://doi.org/10.1179/
1743284714Y.0000000599.

[17] B. Dutta, A. Çakır, C. Giacobbe, A. Al-Zubi, T. Hickel, M. Acet, J. Neugebauer, Ab
initio prediction of martensitic and intermartensitic phase boundaries in Ni-
Mn-Ga, Phys. Rev. Lett. 116 (2016), https://doi.org/10.1103/
PhysRevLett.116.025503 025503.

[18] A. Çakir, L. Righi, F. Albertini, M. Acet, M. Farle, S. Aktürk, Extended
investigation of intermartensitic transitions in Ni-Mn-Ga magnetic shape
memory alloys: A detailed phase diagram determination, J. Appl. Phys. 114
(2013), https://doi.org/10.1063/1.4831667 183912.
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