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ABSTRACT 

The Ni-Mn-Ga ferromagnetic shape memory alloys (FSMAs) are a group of active materials 

that undergo martensitic transformations (MTs) induced by temperature, stress and/or 

magnetic fields, resulting in large recoverable mechanical deformations. Their fast response 

and high energy density make them ideal candidates for implementation in sensors and 

actuators. Recently, the development of high-temperature FSMAs (HTFSMAs), working at 

temperatures over 373 K, has become an important task to meet the current requirements of 

modern technologies. The magnetic and magnetoelastic properties of FSMAs are very 

sensitive to the interactions between the magnetic moments of atoms that, in turn, depend on 

the atomic positions within the lattice. Here we investigate a series of the polycrystalline 

Ni45Mn25-xGa20Co5Cu5Fex (x=0, 1, 2 and 5 at.%) HTFSMAs. Their MT and Curie 

temperatures, the crystal structures of the martensitic and austenitic phases, the temperature 

evolutions of the lattice parameters of both phases and the atomic site occupancies have been 

studied by means of powder neutron diffraction measurements, complemented by standard 

characterization techniques. Based on the atomic site occupancies and additional 

measurements of the saturation magnetization, the influence of the structure and atomic 

ordering on the magnetism in these materials is analysed. The most promising candidate for 

high temperature magnetic actuation is the alloy with Fe 5 at.%, following a combination of 

the high MT and Curie temperatures, around 370 K and 440 K, respectively, with a low 

tetragonality ratio,  c/a≈1.16, in the proximity of MT. 
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I. INTRODUCTION 

The Heusler type Ni–Mn–Ga compounds have been extensively studied as the prototypes 

of ferromagnetic shape memory alloys (FSMAs), due to their potential application for novel 

actuators, sensors, energy harvesters and magnetic refrigeration systems [1–6]. A strong 

coupling between the magnetic and elastic degrees of freedom [7] is at the origin of the 

ability of FSMAs to exhibit a magnetic field induced reorientation of the twin boundaries in 

the martensitic phase. This mechanism, which also assumes a low twinning stress, leads to 

the recoverable deformation called magnetic field induced strain (MFIS), reaching up to 

about 10% for modulated martensites, and 12% for the non-modulated ones [4,8,9]. 

The development of high-temperature FSMAs (HTFSMAs), capable of working at 

temperatures over 373 K, has recently become a challenging task to meet the current 

requirements of modern technologies, especially those used in the automotive 

industry [10,11]. One of the challenges is related to the fact that the ternary Ni-Mn-Ga alloys 

are not suitable as HTFSMAs since the highest Curie temperature (TC) achievable in them is 

about 373 K [12]. The other important bottleneck of the ternary Ni-Mn-Ga alloys, exhibiting 

a high temperature martensitic transformation (MT) from the cubic austenite into the 

tetragonally distorted non-modulated martensite with the lattice tetragonality ratio c/a ≈ 1.20 

[13,14], consists in the immense difficulty to get a low twinning stress in these alloys [8] (an 

observation of large MFIS is possible when the twinning stress is smaller than the 

magnetostress [15,16]).  

A doping of Ni-Mn-Ga FSMAs by other chemical elements, such as, Fe, Co or Cu, 

appeared to be a very efficient method to tune the martensitic and/or magnetic transition 

temperatures, alongside with structural and magnetic properties. Even though, a 

simultaneous doping by two of the aforementioned elements was not enough in order to 

obtain HTFSMA [8,17–21]. On the other hand, this binary doping enabled a reduction of c/a 

value down to 1.15 and attaining 12 % of MFIS at room temperature in the five-component 

Ni-Mn-Ga-Cu-Co [8].  A strong decrease of the twinning stress (down to ~1 MPa), 

facilitating such a huge MFIS, was attributed to the indicated reduced c/a [8]. Thus, the value 

c/a ≈1.15 can be considered as an empirical criterion for getting small values of the twinning 

stress. 

A remarkable progress in obtaining HTFSMAs was made very recently by the design 

and characterization of a six-component Ni-Mn-Ga-Co-Cu-Fe alloys series [22,23]. In 

particular, a study of a series of HTFSMAs with different content of Cu substituting Mn in 

Ni43Co7Mn20-xFe2Ga21Cu7+x (at.%) showed a sharp non-monotonous behavior of the 

martensite transformation (MT) temperature (TM), whereas TC slightly decreased with 

increasing Cu concentration [22]. The substitution of Ga by Cu in the same base alloy, 

Ni43Co7Mn20Fe2Ga21-xCu7+x, caused a strong monotonous increase of TM and slight decrease 

of TC. In both cases, TM ranged from 333 K to 513 K, while TC varied from 450 K to 430 K 

[22]. In addition to this, the substitution of Mn by Fe in a Ni45Co5Mn25−𝑥Fe𝑥Ga20Cu5 series 

led to a dramatic increase of TC and to a moderate decrease of TM. A combination of TC, TM 

and c/a values suitable to obtain a high temperature MFIS were reached in the alloys with 

Fe 4 and 5 at.% [23]. 
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A high sensitivity of the functional properties of the ternary and doped Ni-Mn-Ga alloys 

on the composition makes it crucial to carry out a deep study of the relationship between 

structure and magnetic interactions in these alloys, leading to the generation of an important 

knowledge that guides the development of advanced HTFSMAs exhibiting high MFIS.  

Neutron diffraction is a particularly relevant method to elucidate the nature of 

magnetism and its interplay with the crystal structure in FSMAs. Indeed, neutron diffraction 

demonstrated to be a fruitful method to probe the influence of the atomic site occupancies 

and/or structural changes during MTs on the magnetic properties of Ni-Mn-Ga-based 

FSMAs [24–30]. The problem of determining the magnetic moments and exchange 

coupling, as well as their relationship with the atomic positions and interatomic distances in 

these materials, has been tackled both theoretically [31,32] and experimentally by neutron 

diffraction experiments [33–36]. However, this challenge remains unexplored for the 

aforementioned much more complex multicomponent HTFSMAs. 

Within this context, here we report on the influence of the structure and atomic site 

occupancies on the magnetic properties of the Ni45Mn25-xGa20Co5Cu5Fex (x=0, 1, 2 and 5  

at.%) alloys series studied by powder neutron diffraction. This alloy system was selected as 

a good candidate to present a high temperature magnetic actuation since, e.g., the bulk 

polycrystalline alloy Fe5 from this series demonstrated the promising characteristics, such 

as TM = 370 K, TC = 440 K and c/a ≈1.16 in the vicinity of MT [23]. 

II. EXPERIMENTAL  

The alloys were prepared from high purity elements (Ga 99.999%, Ni 99.95%, Mn 

99.95%, Co 99.95%, Cu 99.95% and Fe 99.99%) by melting in an Induret Compact Reitel 

induction furnace under Ar atmosphere. The ingots were homogenized at 1223K during 24h 

followed by a slow cooling to 723 K and held there for 4h to promote a L21-ordered structure.  

The powder samples were prepared by a hand-milling process. They were wrapped in a 

tungsten foil, placed into alumina crucible inside an in-house made controlled-atmosphere-

furnace, and heat treated at 923 K for 2h to achieve a proper sharpness of the diffraction 

peaks. The actual compositions of alloys, measured by energy dispersive X-ray spectroscopy 

(EDX) with uncertainties below 0.5 at.%, are summarized in Table 1. 

Calorimetric peaks, recorded by a differential scanning calorimeter (DSC), were used 

to extract the characteristic MT temperatures of the alloys, such as the martensite start (Tms) 

and austenite finish (Taf) temperatures. TM was defined as (Tms + Taf )/2. The Curie 

temperatures of the austenite (TC
A) or martensite (TC

M) were determined by measuring the 

low-field magnetization as a function of the temperature in a vibrating sample magnetometer 

(VSM). The values of all transition temperatures are listed in Table 1. The determination of 

the structural and magnetic transition temperatures was needed in order to identify the 

optimal temperatures at which the powder neutron diffraction measurements should be 

performed. 
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Alloy  Nominal composition  

(at. %) 

Measured composition  

(at. %) 

TM 

(K) 

TC
M  

(K) 

TC
A  

(K) 

Fe0 Ni45Mn25Ga20Co5Cu5 Ni45.1Mn25.3Ga19.6Co4.8 Cu5.2 476 313 - 

Fe1 Ni45Mn24Ga20Co5Cu5Fe1 Ni44.7Mn24.2Ga19.5Co4.8Cu5.4Fe1.4 454 350 - 

Fe2 Ni45Mn23Ga20Co5Cu5Fe2 Ni44.8Mn22.7Ga19.7Co4.8Cu5.5Fe2.5 426 397 - 

Fe5 Ni45Mn20Ga20Co5Cu5Fe5 Ni45.0Mn20.0Ga19.2Co4.7Cu5.5Fe5.6 370 - 440 

 

Table 1. Nominal and measured composition, the martensite transformation temperature (TM) 

and the Curie temperature of the martensite (TC
M) and austenite (TC

A) of the powder alloys. 

A preliminary structural analysis of the alloys was conducted by X-ray powder 

diffraction (XRPD) in order to obtain the basic information about the crystal structure of 

phases in each alloy. The measurements were carried out in a Philips X’Pert, MPD 

diffractometer using Cu Kα radiation. The XRPD data revealed the L21-ordered (Fm-3m) 

cubic phase for austenite and the tetragonal structure (space group I4/mmm) for the 

martensitic phase with the lattice parameters cT and aT. Note that the c/a ratio, presented in 

the Introduction, is always calculated using the lattice parameters of the martensitic unit cell 

determined in cubic coordinates, as usually implemented in literature to characterize a lattice 

distortion during MT. In this approach c = cT and a = aT√ 2.  

Powder neutron diffraction measurements have been carried out at the D1B 

diffractometer of the Institute Laue-Langevin, ILL, in Grenoble, France, using a wavelength 

of λ = 1.28 Å. Diffraction patterns were acquired continuously while the temperature was 

ramped from 250 K to 540 K. The data were analyzed using the FullProf software suite [37]. 

From sequential Le Bail fittings for each diffraction pattern, the temperature dependences of 

the lattice parameters of the austenitic and martensitic phases have been obtained in all 

alloys. Constant temperature neutron diffraction measurements were performed at certain 

selected temperatures for each alloy, corresponding to the martensitic or austenitic phases in 

a ferromagnetic or paramagnetic state. From these measurements, the atomic site 

occupancies were determined in each alloy, by modifying models which did not consider 

doping elements [26,35], and using them to perform Rietveld fittings of the datasets acquired 

for each temperature.  

High-field VSM measurements of the magnetization curves at 10 K were used to 

evaluate the saturation magnetization of alloys, which is the essential parameter for any 

ferromagnet and is known as the spontaneous magnetization. 

 

III. RESULTS AND DISCUSSIONS 

The measured temperature dependences of the lattice parameters of cubic austenite and 

tetragonal I4/mmm martensite, alongside with the calculated temperature dependences of 

the tetragonality ratio, are shown in Fig. 1 for all the alloys. The values of the lattice constants 
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measured at 250 K, in the ferromagnetic martensite, and at 540 K, in the paramagnetic 

austenite are compiled in Table 2 together with the calculated values of c/a ratio. 

 

FIG. 1. (a) Temperature dependences of the lattice parameters (cT and aT for martensite, aA for 

austenite) for the studied alloys listed in Table 1; (b) temperature dependences of the tetragonality 

ratio c/a, calculated using cT  = c and a = aT√ 2 (see text for details). 

 

Alloy aT cT c/a aA 

Fe0 3.847 6.531 1.200 5.809 

Fe1 3.852 6.506 1.194 5.807 

Fe2 3.854 6.486 1.190 5.802 

Fe5 3.857 6.455 1.183 5.796 

 

Table 2. Lattice parameters, aT and cT, (in Å) and c/a ratio of the tetragonal ferromagnetic martensite, 

at 250 K, and paramagnetic austenite, aA, at 540 K, for the studied alloys. The common Le Bail fitting 

error for the lattice parameters is 0.001 Å, giving rise to an uncertainty of the calculated values of 

c/a equal to 0.002. Note, that cT = c and a = aT√ 2. 

The results shown in Fig. 1 and Table 2 reveal a clear trend of decreasing the c/a ratios with 

increasing Fe content and temperature. In Fig. 1, the minimum c/a value, equal to about 1.16 

at a temperature close to TM =370 K, belongs to the curve for the Fe5 alloy, which, together 

with the value TC
A = 440 K (see Table 1), confirms that this alloy composition is a promising 

candidate to exhibit high temperature magnetic actuation. Nonetheless, this assumption 



 6 

remains unexplored within the present work as it can only be tested in a single crystal or 

oligocrysalline FSMA.  

With the objective of revealing the role of the Fe addition in the magnetic coupling 

between the atoms in the alloy series, an analysis of their atomic site occupancies was carried 

out. Rietveld refinements of the constant temperature diffraction patterns obtained at 540 K, 

corresponding to the paramagnetic austenite phase in the four alloys, were performed to 

obtain a pure nuclear contribution to the neutron scattering cross-sections, avoiding in this 

way any magnetic contributions to them. Similarly, Rietveld refinements were also 

performed in the paramagnetic martensitic phases of the alloys, where these phases were 

available. Due to the presence of twinning in the martensite phases, these refinements were 

essentially less accurate for this phase and, therefore, yielded bigger errors than the errors 

obtained for the austenite phases. This can appreciated by comparing the Rietveld 

refinements depicted in panels (a) and (b) of Fig. 2 for Fe1 alloy, as a representative example 

for all the alloys studied. 

 

FIG. 2. Neutron diffraction patterns and Rietveld refinements for the cubic austenite (a) and 

tetragonal martensite (b) in the Fe1 alloy. Red dots are experimental points, blue lines are the Rietveld 

fittings in terms of the I4/mmm structure, and green lines are the difference between experimental 

data and fittings. The Miller indices corresponding to each reflection are also shown. 

As a consequence of the aforementioned reduced refinement accuracy, combined with the 

impossibility of comparing all the paramagnetic martensite phases (the Fe5 alloy lacks this 

phase), the identification of the atomic site occupancies in the studied alloys was performed 

for the paramagnetic austenite phases using the diffraction data measured at 540 K. 
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Nonetheless, due to the diffusionless character of MT, it is assumed that the atomic site 

occupancies in the martensitic phase are equivalent to those present in the austenite phase. 

The modelling employed to perform successful Rietveld refinements in the six-element alloy 

series was based on the approaches available in literature for the undoped Ni-Mn-Ga alloys 

[26,35].   

The results of fittings, disclosing the atomic site occupancies evolutions as a function 

of the Fe content, are presented in Table 3 and, for a visual inspection, in Fig. 3. 

 

Alloy Site (Wyckoff) Ni Mn Ga Co Cu Fe Total 

 

Fe0 

Ni (8c) 

Mn (4a) 

Ga (4b) 

1.80(4) 

0 

0 

0.10(6) 

0.79(2) 

0.11(4) 

0 

0 

0.78(4) 

0.09(0) 

0 

0.10(2) 

0 

0.20(8) 

0 

0 

0 

0 

2 

1 

1 

 

Fe1 

Ni (8c) 

Mn (4a) 

Ga (4b) 

1.78(8) 

0 

0 

0.11(4) 

0.78(4) 

0.07(0) 

0 

0 

0.78(0) 

0.04(2) 

0 

0.15(0) 

0 

0.21(6) 

0 

0.05(6) 

0 

0 

2 

1 

1 

 

Fe2 

Ni (8c) 

Mn (4a)  

Ga (4b) 

1.79(2) 

0 

0 

0.08(6) 

0.78(0) 

0.04(2) 

0 

0 

0.78(8) 

0.02(2) 

0 

0.17(0) 

0 

0.22(0) 

0 

0.1(0) 

0 

0 

2 

1 

1 

 

Fe5 

Ni (8c) 

Mn (4a)  

Ga (4b) 

1.80(0) 

0 

0 

0.02(4) 

0.73(2) 

0.04(4) 

0 

0 

0.76(8) 

0 

0 

0.18(8) 

0 

0.22(0) 

0 

0.17(6) 

0.04(8) 

0 

2 

1 

1 

 

Table 3. Atomic site occupancies obtained from the Rietveld refinements of the powder neutron 

diffraction in the austenitic phase of all the alloys studied. 

 
FIG. 3. Evolution of the atomic site occupancies as a function of the Fe content. Labels correspond 

to the elements occupying the positions of the subscripted atom sites in the off-stoichiometric Ni-

Mn-Ga L21 structure. Lines are guides to the eye. 
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The data in Table 3 and in Fig. 3 demonstrate a clear tendency for Cu to occupy the Mn 

positions, but not the Ga and Ni sublattices in deficiency as was predicted by ab initio 

computations for the four-component Ni2Mn-Ga-X (X=Cu,Fe,Co) alloys [18]. This result 

implies a much more complicated energy landscape in the case of the simultaneous doping 

by the mentioned elements, which should be issue of theoretical studies for future advances 

in the field. Furthermore, the data in Table 3 and in Fig. 3 reveal that the preferences for Co 

and Fe depend on the Fe content. When no Fe is added, Co and Mn are distributed between 

the Ni and Ga sites.  When added, Fe atoms tend to occupy Ni sites, displacing Co to the Ga 

sites, but after reaching 5 at.%, Fe starts to occupy also the Mn sites, pushing Co out from 

the Ni sites to the Ga positions exclusively. The most remarkable result of the influence of 

Fe on the studied alloy system, clearly visible in Fig. 3, consists in the two-times-decreasing 

of the Mn atoms occupying wrong positions when Fe content increases from 0 to 5 at.%. 

This finding is particularly important for the enhancement of ferromagnetism, since Mn 

atoms on their proper sites exhibit a ferromagnetic exchange interaction in these alloys. 

 

FIG. 4. (a)  The austenitic L21 cubic structure for off-stoichiometric ternary Ni-Mn-Ga. Red, gray 

and blue positions correspond to 8c, 4a and 4b atomic sites, respectively, following the Wyckoff 

nomenclature. Insets represent (001) and (1-10) planes, shaded by yellow in the 3D unit cell, showing 

the interatomic distances between the different atomic positions occupied by the Mn atoms. (b) The 
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martensitic tetragonal structure for off-stoichiometric ternary Ni-Mn-Ga. Red, gray and blue 

positions correspond to 4d, 2a and 2b atomic sites, respectively. Insets represent (010) and (001) 

planes, shaded by yellow in the 3D unit cell, showing the interatomic distances between the different 

atomic positions occupied by Mn atoms.  

 

It was shown before that the main contribution to the magnetism of the Heusler-type Ni-

Mn-based FSMAs comes from the Mn moment and Mn-Mn exchange interactions [24–

26,34–36]. The type of exchange coupling between Mn atoms depends on the distance 

between them. The Mn-Mn interactions suffer from a crossover from ferromagnetic to 

antiferromagnetic behavior at interatomic distances between 3.32 to 2.92 Å: above 3.32 Å 

Mn-Mn interactions are ferromagnetic, whereas below 2.92 Å they are antiferromagnetic 

[35,36]. The distances between neighboring Mn atoms situated at different sites in the 

crystallographic unit cell of the ternary Ni-Mn-Ga can be calculated using the lattice 

parameter for cubic austenite, as shown in Fig. 4(a), and the lattice parameters of tetragonal 

martensite, as shown in Fig. 4(b). 

The values of the lattice constants from Table 2 have been used to calculate the Mn-Mn 

distances, depicted in Fig.4, in the cubic austenite and in the tetragonal martensite. As a 

result, in austenite (Fig. 4(a)), the distances for the nearest neighbour MnMn-MnMn pairs 

range from 4.11 to 4.10 Å, when Fe content varies from 0 to 5 at.%; for MnMn-MnGa pairs 

(Mn atoms on their own sites and Mn atoms occupying Ga sites) range from 2.91 to 2.90 Å; 

and for MnMn - MnNi pairs they range from 2.52 to 2.51 Å.  

 Taking into account the aforementioned dependence of the nature of the Mn-Mn 

magnetic exchange interactions on the interatomic distances in such pairs, the Mn atoms 

occupying their proper sites are coupled ferromagnetically, whereas Mn atoms in their 

proper sites coupled with other Mn atoms in Ni or Ga positions exhibit antiferromagnetic 

exchange coupling.  

As already mentioned before, the data from Table 3 and Fig. 3 reveal that the 

occupation preferences of the dopant elements strongly affect the site distribution of the Mn 

atoms. Considering again the nature of the magnetic interactions controlled by the Mn-Mn 

distances described before, the addition of Fe tends to retain Mn onto its proper site, reducing 

the amount of antiferromagnetic contributions within the crystal lattice, thus giving rise to 

an increase of the total magnetic moment of the austenite in the alloys. 

A similar analysis, using the data from Table 2 and formulas for the interatomic 

distances in Fig. 4(b), can be performed for the martensitic tetragonal phase. In this case, the 

distances between Mn atoms in their proper sites range from 3.86 to 3.85 Å, when Fe content 

varies from 0 to 5 at.%, resulting in an unchanged ferromagnetic interaction between Mn. 

The distance between Mn atoms in the Mn sites and those in the Ni sites ranges from 2.52 

to 2.51 Å, corresponding to an antiferromagnetic coupling. In the case of Mn atoms in the 

Mn sites and those in the Ga sites, there are two different Mn pairs, shown in Fig. 4(b) as 

(MnMn-MnGa)1 and (MnMn-MnGa)2. In the former pair, the distance between atoms varies 

between 3.27 and 3.23 Å with the increasing Fe doping up to 5 at.%, resulting in a 

ferromagnetic coupling,  whereas for the second pair Mn sites are located at distances 

between 2.73 to 2.72 Å, resulting in an antiferromagnetic coupling. Similarly to what was 

discussed for the austenite phase, the ferromagnetic contributions from Mn-Mn interactions 
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are favored with increasing Fe content, thus leading to an increase of the spontaneous 

magnetization of martensite for the alloys with higher Fe content. Note that the uncertainties 

in the calculation of the aforementioned distances lies in the third decimal place, while the 

discussion is limited to the second decimal place to match the precision of the results 

mentioned in literature [35,36].  

The measurements of the saturation magnetization, Ms, for three alloys at 10 K (in the 

martensitic state) were performed in order to provide further evidence for the results deduced 

from the neutrons data. The measured values of Ms are plotted in Fig. 5 as a function of the 

Fe content, demonstrating a 10% increase in Ms within the alloy series. This is a remarkable 

result in terms of gaining a large MFIS bearing in mind that the magnetostress, which can 

be generated by FSMA under an applied magnetic field, is proportional to the square of 

magnetization and magnetoelastic constant. [7] Thus, two aspects of the influence of Fe 

doping on the magnetoelastic properties of Ni-Mn-Ga-Co-Cu-Fe HTFMSAs, such as 

increase of Ms and decrease of c/a ratio, are found to be auspicious for the observation of 

large MFIS at high temperature. The present investigation uncovers the novel mechanism of 

the increase of Ms through the Fe doping, which consists in the Fe-doping-induced 

repopulation of the Mn atoms within a unit cell resulting in the enhancement of 

ferromagnetic order.  

  

FIG. 5. Evolution of the saturation magnetization, Ms, as a function of the Fe content, measured for 

three studied alloys at 10 K. Line is a guide to the eye.  

 

IV. CONCLUSIONS 

In summary, in the present work we have studied the effect of Fe doping in a six-element 

Ni45Mn25-xGa20Co5Cu5Fex HTFSMA series on the characteristic MT temperatures, lattice 

parameters and magnetism by means of standard lab-based techniques and powder neutron 

diffraction measurements. We found that all the alloys in powder form exhibit the Fm-3m 

cubic structure in austenitic phase and the non-modulated I4/mmm tetragonal structure in 

the martensitic state. The obtained temperature dependences of the lattice parameters reveal 

a reduction of the tetragonality ratio, c/a, as a function of both the temperature and Fe doping, 
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showing a minimum value of 1.16 for the Fe5 alloy near the MT temperature, and hence 

being this alloy a promising candidate to show high temperature magnetic actuation when 

grown as a single crystal. The atomic site occupancies in the crystallographic unit cells of 

the six-element FSMAs have been successfully determined, showing a complicate influence 

of the Fe addition on the preferential site occupations of the other dopants present in the 

alloys. Finally, we were able to disclose a mechanism of the Fe influence on the spontaneous 

magnetization in the alloys, being related to the fact that the ferromagnetically coupled Mn-

Mn pairs are favoured for increasing Fe content at the expense of a reduction of the 

antiferromagnetically coupled ones. The results of this work are important inputs not only 

for advancing the theoretical models dealing with the transformation behaviour of the 

atomically disordered magnetic materials, but also for a design of the new multicomponent 

Ni-Mn-Ga-based HTSMAs. 
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