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Abstract: Large magnetic field-induced strains can be achieved in modulated martensite for Ni-Mn-
In alloys; however, the metastability of the modulated martensite imposes serious constraints on
the ability of these alloys to serve as promising sensor and actuator materials. The phase stability,
magnetic properties, and electronic structure of the modulated martensite in the Ni2Mn1.5In0.5 alloy
are systematically investigated. Results show that the 6M and 5M martensites are metastable and
will eventually transform to the NM martensite with the lowest total energy in the Ni2Mn1.5In0.5

alloy. The physical properties of the incommensurate 7M modulated martensite (7M–IC) and nan-
otwinned 7M martensite (7M− (52)2) are also calculated. The austenite (A) and 7M− (52)2 phases
are ferromagnetic (FM), whereas the 5M, 6M, and NM martensites are ferrimagnetic (FIM), and
the FM coexists with the FIM state in the 7M–IC martensite. The calculated electronic structure
demonstrates that the splitting of Jahn–Teller effect and the strong Ni–Mn bonding interaction lead to
the enhancement of structural stability.

Keywords: Ni–Mn–In; first-principles calculations; modulated martensite; Jahn–Teller effect

1. Introduction

Ferromagnetic shape-memory alloys have attracted great interest due to their prop-
erties such as favorable magnetic field-induced strain (MFIS) and magnetocaloric effects
(MCEs) [1–5]. Those properties are crucial to the utilization of Ni–Mn-based alloys in appli-
cations such as magnetic-driven actuators and solid-state energy-efficient refrigeration. The
important factors for achieving large MFIS depend on the type of martensite structure with its
c/a ratio around 1.00 [1,6–9]. For example, for modulated martensite with c/a < 1.00, 5.1%
and 6% MFIS were obtained in the five layer modulated (5M) martensite [6,7] and 9.5% MFIS
in the seven-layer modulated (7M) martensite [1] of the Ni–Mn–Ga alloys. Sozinov et al. [8]
achieved a reduction in c/a value in the non-modulated (NM) martensite, from 1.25 [9] to
1.15, by co-doping Co and Cu in the Ni2MnGa alloy; thus, an MFIS as large as 12% could
be obtained.

Austenite (A) can develop modulated (including 5M, six-layer modulated martensite
(6M), and 7M) and non-modulated martensite (NM) structures after martensitic transforma-
tion in the Ni–Mn-based alloy [10–13]. The observed modulated martensite structures are

Materials 2022, 15, 4032. https://doi.org/10.3390/ma15114032 https://www.mdpi.com/journal/materials

https://doi.org/10.3390/ma15114032
https://doi.org/10.3390/ma15114032
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0001-7735-4702
https://orcid.org/0000-0003-2971-3701
https://doi.org/10.3390/ma15114032
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma15114032?type=check_update&version=1


Materials 2022, 15, 4032 2 of 10

mainly described by lattice modulation (including commensurate and incommensurate)
and nanotwinning (long-period stacking order) [14,15]. The lattice modulation model
gives the degree of deviation from equilibrium position for each atom in a periodically
amplitude-modulated structure by a modulation equation, e.g., the monoclinic incommen-
surate model for 7M martensite (7M–IC) [14]; the long-range stacking order model assumes
that the atoms in each plane are uniformly sheared, e.g., the (52)2 stacking order for 7M
martensite (7M− (52)2) [15]. There has been a controversy over the two types of 7M–IC
and 7M− (52)2 martensites due to the complexity of the long-period structure. A large
number of experiments on these two types of 7M martensite have been performed [16–25].

The parent phase has an ordered L21 structure in the Ni–Mn–In alloy and the marten-
sitic transformation shows a non-diffusion type; the modulated martensitic structure
in the Ni–Mn–Ga alloy is also extended to the Ni–Mn–In alloy. Righi et al. [23] and
Kaufmann et al. [24] stated that the 7M martensite showed a monoclinic 7M–IC model
and 7M − (52)2 nanotwin combination structure for the Ni–Mn–Ga alloy, respectively.
Li et al. [25,26] confirmed the monoclinic commensurate structure of the 5M martensite
and the monoclinic incommensurate structure of the 7M martensite from the EBSD Kikuchi
diffraction patterns. The phase stability and magnetic properties of the commensurate
5M and 7M–IC were subsequently investigated by Xu et al. [27,28] using first-principles
calculations based on the experimental results of Li et al.

Liang et al. [29,30] reported that the Ni50Mn37.5In12.5 alloy exhibited a 6M martensitic
structure at room temperature (RT) by X-ray diffraction (XRD). Krenke et al. [31] determined
the crystal structures of the Ni0.5Mn0.5−xInx (0.05 ≤ x ≤ 0.25) alloys at RT by XRD. When
x = 0.05, the alloy presented an NM martensite; for x = 0.10, the crystal structure of the
alloy was a monoclinic 7M martensite; and the alloy possessed a monoclinic 5M structure
for x = 0.15 and 0.155. Hernando et al. [32] indicated that the Ni50Mn36In14 alloy had a
5M martensite structure and the Mn50Ni40In10 alloy had a 7M martensitic structure by
XRD at 150 K. Yan et al. [33] determined that the 6M martensite possessed a monoclinic
incommensurate structure based on neutron diffraction and (3 + 1) D superspace theory in
the Ni2Mn1.44In0.56 alloy.

Due to the complexity of the modulated structures, it is difficult to study the phase sta-
bility and magnetic properties of different modulated martensitic structures in experiments.
Studying the physical properties of modulated martensites by first-principles calculations
is a feasible approach. The main purpose of this work is to reveal the phase stability of
the 7M− (52)2 and 7M–IC models existing in experiments by means of the first-principles
calculations and to explain the physical nature of the phase stability from the electronic
structure. Meanwhile, the austenite (A), 5M, 6M, and NM structures are also taken into
account in order to systematically investigate the possible phases experimentally observed
in the Ni–Mn–In alloy. This study attempts to comprehend the two experimentally disputed
modulation models from a thermodynamic standpoint and provides theoretical support
for further research.

2. Computational Methods

The presented calculations were performed with the spin-polarized density-functional
theory (DFT) as implemented by the Vienna ab initio Simulation Package (VASP) [34].
The interaction between ions and electrons was described by the projector augmented
wave (PAW) method [35], and the exchange–correlation potential was described using
the Perdew–Burke–Ernzerhof implementation of a generalized gradient approximation
(GGA) [36]. Ni-3d84s2, Mn-3d54s2, and In-4d105s25p were treated as valence states. The
cutoff energy of the plane waves was set to 351 eV. The Brillouin zone was sampled by
the Monkhorst–Pack grid [37] with a 10 × 10 × 10 k-point mesh for the A structure, a
7 × 11 × 5 mesh for the 6M structure, an 8 × 6 × 4 mesh for the 5M and 7M structures, and
a 7× 14× 10 mesh for the NM structure. Due to the difference in the initial lattice constants
of the different martensitic structures, the k-point mesh was different based on the Brillouin
zone and lattice constants of the austenitic phase. The total energy convergence criterion



Materials 2022, 15, 4032 3 of 10

was set to 10−3 eV and the total and atomic forces were set to 0.02 eV/Å for all calculations.
For the A and NM structures, 16-atom cells were created, and 40-atom, 24-atom, 56-atom,
and 80-atom unit cells were established for the 5M, 6M, 7M− (52)2, and 7M–IC structures,
respectively. The crystal structure model is shown in Figure 1. It should be noted that
the modulated martensite models were based on the experimentally resolved structures.
Schematic diagrams and detailed atomic Wyckoff positions of the modulated structures
involved here are given in Figure S1 and Tables S1–S4 of the supplementary material. The
ferromagnetic (FM) and ferrimagnetic (FIM) states were considered for all possible phases;
details can be found in Figure S2 of the Supplementary Materials.
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Figure 1. Crystal structures of (a) cubic austenite, (b) NM martensite, (c) 5M martensite, (d) 6M
martensite, (e) 7M− (52)2 martensite, and (f) 7M–IC martensite for Ni2MnIn alloy.

3. Results and Discussion
3.1. Structural Parameters of Possible Phases

Table 1 shows the equilibrium lattice constants in the FM and FIM states for the possible
phases of the Ni2Mn1.5In0.5 alloy. Our calculated result for the A phase in the FM state is
5.95 Å, which is in excellent accordance with the previous theoretical values (5.962 Å [38]
and 5.95 Å [39]). Because there is no available experimental evidence for the alloy with
the same composition, the XRD results at RT for the Ni2Mn1.52In0.48 and Ni2Mn1.48In0.52
alloys were chosen for comparison with the calculated results for the 7M martensite. The
experimental values are relatively close to those obtained from the 7M− (52)2 structure.
However, because the lattice constants are affected by the alloy composition, temperature,
and the macroscopic strain field present in the martensite, it remains uncertain which
modulated martensite will ultimately be realized in the alloy. Another noteworthy point is
that for each structure, the crystal volume (V) of the FM state is larger than that of the FIM
state. This is due to the magnetic factor as was noted earlier: the lattice constant of the FM
state is greater than that of the non-ferromagnetic state [40].

The optimized lattice constants for the 6M martensite in the FIM state agree with
the experimental value measured at T = 300 K using the conventional least-squares ap-
proach [29,41]. In particular, the relative error between the theoretically calculated lattice
constants for the 6M martensite in the FIM state and those experimentally measured by
Wang et al. [41] is only 0.13~0.77%.
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Table 1. Theoretical lattice parameters of possible phases of Ni2Mn1.5In0.5 alloy in FM and FIM states
in comparison with experimental or other theoretical data.

Structure
Lattice Parameter

a (Å) b (Å) c (Å) β (Å) V

A
FM 5.95, 5.962 a, 5.95 b 90 52.57
FIM 5.93, 5.94 a 90 52.15

5M
FM 4.21 5.91 21.05 90.17 52.42
FIM 4.41 5.49 21.30 89.03 51.64

6M
FM 4.26 5.82 12.71 91.40 52.51
FIM 4.41 5.47 12.89 94.07 51.70

Exp. c 4.66 5.40 12.80 95.24 53.49
Exp. d 4.42 5.48 12.99 94.19

7M−
(
52 )2

FM 4.23 5.88 29.55 92.01 52.44
FIM 4.37 5.55 30.05 95.45 51.78

7M–IC
FM 4.24 5.87 42.28 91.14 52.63
FIM 4.39 5.52 43.12 94.89 52.02

Exp. e 4.37 5.69 30.21 93.67
Exp. e 4.35 5.73 30.38 93.24

NM
FM 4.21 5.95 90 52.64
FIM 3.87 6.89 90 51.49

a Ref. [38], EMTO-CPA. b Ref. [39], GGA-PBE c Ref. [29], XRD. d Ref. [41], XRD. e Ref. [42], XRD.

3.2. Phase Stability of Possible Phases

To determine the phase stability of each possible phase in the Ni2Mn1.5In0.5 alloy, the
formation energies in the FM and FIM states were calculated and the results are shown in
Figure 2a. The formation energy can be calculated as previously reported [43].
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As can be seen from Figure 2a, for both the A and 7M− (52)2 phases, the formation
energy in the FM state is lower than that in the FIM state, indicating that the A and 7M− (52)2
phases are more likely to possess the FM state; whereas for the 7M–IC martensite, the difference
in formation energy between the FM and FIM states is small, only about 0.32 meV/atom,
implying that the 7M–IC martensite is strongly susceptible to the co-existence of the FM and
FIM states due to incomplete Curie transformation of the martensite. The magnetic ground
state of the 7M–IC martensite below is considered to be the FM state for convenience. The
formation energy of the FIM state is lower than that of the FM state for the 5M, 6M, and NM
martensites, implying that these martensites display the FIM state.

The formation energy difference between austenite and different martensites is also
calculated based on the determination of each phase’s magnetic ground state; the results
are shown in Figure 2b. The formation energies of the two models of the 7M martensite are
almost equal, with a difference of only 0.06 meV/atom between the 7M− (52)2 and 7M–IC
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in the FM state. This means that the difference in phase stability between these two phases
is not significant. It is probable that the macroscopic stress field during the martensitic
transformation determines which model of the 7M modulated structure is presented in the
experiments. This may be one of the reasons for the controversy between the two models in
the experiments. Notice that the reasons for contradictory experimental observations could
be also different. For example, it was shown for the 5M martensite in the Ni–Mn–Ga alloys
that modulation periodicity changes from commensurate to incommensurate with the
decrease in temperature and is accompanied by the refinement of the a/b laminate [44–46].
We also found that the formation energy of the 7M martensite is 0.5 meV/atom higher than
that of the A phase. This indicates that the 7M martensite is not transformed from the A
phase by a thermodynamic driving force. However, the 7M martensite observed in the
experiments is likely to be induced by the local stress concentration. For the other marten-
sites, the difference in formation energy is more pronounced. In previous experiments, it
was observed that the Ni2Mn1.5In0.5 alloy exhibited 6M martensite at RT [30].

The Ni2Mn1.5In0.5 alloy sample has been previously melted and experimentally char-
acterized by DSC [30], XRD [30], and SEM. The results are shown in Figure 3. As can
be seen from Figure 3, the martensitic transformation is observed, and the martensitic
transformation temperatures are Ms = 408 K, Mf = 417 K, As = 416 K, and Af = 426 K,
respectively. The SEM results show that the alloy presents slatted modulated martensite
at room temperature. Furthermore, the martensitic laths have different orientations and
different thicknesses in different grains, indicating that different types of martensite may
coexist in the Ni2Mn1.5In0.5 alloy at room temperature. The XRD curve of the Ni2Mn1.5In0.5
alloy shows the 6M modulated martensitic structure at room temperature, which is consis-
tent with the calculated results. Combining the results of the first-principles calculations
and experiments, it can be seen that the 6M and 5M modulated martensitic structures
are metastable; the NM martensite is the most stable structure of the Ni2Mn1.5In0.5 al-
loy. As confirmed by Dutta et al., the lowest energy structure of martensite is the NM
martensite [47].
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3.3. Total/Atomic Magnetic Moment

The total and atomic magnetic moments of the possible phases in the Ni2Mn1.5In0.5 al-
loy are shown in Figure 4a,b, respectively. The total magnetic moments of the A, 7M− (52)2,
and 7M–IC phases in the FM state have little difference. The total magnetic moment of the
A phase is about 6.51 µB/f.u., which agrees well with the literature values (6.4 µB/f.u. [38]
and 6.5 µB/f.u. [39]). The total magnetic moment decreases abruptly as A transforms to the
6M martensite, indicating that a magnetostructural coupling transformation occurs. The
magnetostructural coupling can increase not only the MFIS [48], but also the magnetization
difference ∆M [49], thus making such material appealing as a magnetomechanical actuator.
The total magnetic moments of the 6M, 5M, and NM are almost the same. The trend in
the Ni atomic moment is consistent with the trend in the total magnetic moment, and the
magnetic moments of the excess MnIn atoms in the 6M, 5M, and NM phases are all negative,
indicating the spin direction of MnMn and MnIn present an antiparallel alignment.
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To investigate the underlying reason for the change in the magnetic ground state of
each phase, we calculated the nearest-neighbor atomic distances in the A and NM phases,
as shown in Figure 4d. It can be seen that the atomic distances of Ni-MnMn, Ni-MnIn, and
Ni-Ni remain almost constant during the A→NM transformation (2.51, 2.51, 2.75 Å for the
A phase and 2.52, 2.52, 2.73 Å for the NM phase, respectively); whereas the MnMn-MnIn
atomic distance (d (MnMn-MnIn)) decreases from 2.97 Å to 2.73 Å. The d (MnMn-MnIn) for
the possible phases are summarized in Figure 4c. This indicates that the shortening of
d (MnMn-MnIn) leads to enhanced interaction between the MnMn and MnIn atoms, resulting
in a magnetostructural coupling transformation.
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3.4. Electronic Structure

To understand the physical nature of the relative stability of each martensite, the total
densities of states (DOS) and the differential charge densities of the possible phases are
shown in Figure 5. The relative stability of the different structures can be understood not
only by the features near the Fermi level (EF) [50–52], but can also be influenced by the
bonding ability between Ni and Mn [27,53].
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alloy, (b) enlarged spin-down density of states near the EF, and (c) differential charge densities of
different martensitic structures in plane with excess MnIn atoms.

It can be seen from Figure 5a that the main change in the density of states is concen-
trated near the EF. The total DOS near the EF is enlarged, as shown in Figure 5b. The
peak of the A phase is located exactly at the EF, and the spin-down density of states at the
EF is the largest. This indicates that the A phase is extremely unstable. As the symmetry
decreases, the states at the EF are redistributed due to martensitic transformation. The
7M− (52)2 and 7M–IC martensites also have peaks near the EF, but their numbers of states
are lower than that of the A phase. However, for the 6M, 5M, and NM martensites, the
pseudopotential valleys appear at the EF. This suggests that a Jahn–Teller effect [54–56]
occurs in the alloy as the martensitic transformation takes place, which stabilizes the 6M,
5M, and NM martensites.

As can be seen in Figure 5c, the bonding behavior not only exists between
Ni-MnMn, but also for Ni-MnIn for all the martensitic structures. The bonding ability
of Ni-MnMn(MnIn) in the modulated martensite is not significantly different. However, the
bonding ability between Ni-MnMn(MnIn) in the NM martensite is stronger than that in the
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modulated martensite. Therefore, the bonding ability between Ni and Mn also plays an
important role in phase stability.

4. Conclusions

Based on first-principles calculations, a comprehensive study of the structural and
electronic properties of the Ni2Mn1.5In0.5 alloy was carried out. The phase stability and
magnetic properties of the experimentally observed 5M, 6M, 7M–IC, 7M− (52)2, and NM
martensitic structures were investigated. The calculated equilibrium lattice constants are
in good agreement with those determined by experiments and theoretical calculations.
For the 7M martensite, the formation energies of the two models are very close. The A
and 7M− (52)2 phases possess FM states; the FM and FIM states co-exist in the 7M–IC
martensite; and the 5M, 6M, and NM martensites prefer to exhibit the FIM states. The
alloy undergoes a magnetostructural coupling transformation, which is attributed to the
shortening of the MnMn-MnIn atomic distance. The phase stability is dependent on the
Jahn–Teller effect and the bonding behavior between Ni and Mn.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15114032/s1, see Supplementary Materials for the schematic
diagrams and detailed atomic Wyckoff positions of the modulated structures and the setting of
magnetic configurations. References [20,23,33,57] is cited in the supplementary materials.
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