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The influence of magnetic ordering on the stability of Ni-Mn-Ga(-Co-Cu) Heusler alloys is investigated using the first-principles 

exact muffin-tin orbital method in combination with the coherent-potential approximation. The paramagnetic state is described by 
disordered local moment approach.  In stoichiometric Ni2MnGa alloy, the total energy profile along the tetragonal deformation path 
differs between ferromagnetic ground state and paramagnetic state with high energy, where cubic structure of austenite exhibits lower 
total energy than tetragonally distorted structure of martensite. Martensitic structure is stabilized in ground state by ferromagnetic 
interaction. In paramagnetic state it can be stabilized by partial substitution of Ni by Co or by partial substitution of Mn/Ga by Cu. 
Energy difference between paramagnetic and ferromagnetic state ∆EPM-FM  can be used for qualitative estimation of Curie temperature 
TC. Since Co doping to Ni sublattice slightly increases ∆EPM-FM , the TC should also increase, which corresponds to experimental 
findings. Analogically, Cu doping to Mn sublattice strongly decrease ∆EPM-FM , which corresponds to strong decreasing of TC also 
confirmed experimentally. For Cu doping in Ga sublattice the decrease in TC is weaker.       
 

Index Terms— Ab initio calculation, Curie temperature, Ni-Mn-Ga, magnetic shape memory alloys.  
 

I. INTRODUCTION 

HE functional properties of magnetic shape memory 
Heusler alloys originate from the coupling between the 

ferromagnetic microstructure and ferroelastic martensitic 
microstructure. The Ni-Mn-Ga system is unique in that it 
additionally exhibits extraordinarily high mobility of 
martensitic twin boundaries. That results in interesting 
magnetomechanical effects such as a giant magnetic-field-
induced strain (MFIS), known also as the magnetic shape 
memory (MSM) effect or magnetically induced reorientation 
(MIR) [1], [2]. The control of material properties related to 
structural and magnetic phase transitions, especially 
martensitic transformation temperature TM and Curie 
temperature TC, is important for potential engineering 
applications in actuators, sensors, vibrational energy 
harvesters [3], or magnetic refrigeration systems [4].  

For stoichiometric Ni2MnGa, the transformation from 
austenite with cubic L21 structure to tetragonal martensite with 
five-layered modulation (10M) occurs at TM = 202 K, whereas 
TC is about 376 K [5]. The 10M martensite exhibits up to 6% 

MFIS [6], [7]. Recent electronic structure calculations predict 
orthorhombic structure with four-layered modulation (4O) as a 
ground state at 0 K [8] for Ni2MnGa alloy but so far there is 
no experimental report. 

The exact composition of alloy has a strong influence on the 
structure of martensitic phase and transformation temperature 
TM. For example alloys with excess concentration of Mn on 
the account of Ga exhibit increased TM and orthorhombic 
lattice with seven-layered modulation (14M martensite) and 
nearly 10% MFIS [9]. Both 10M and 14M martensite exhibit 
c/a < 1. The third martensitic phase exhibits nonmodulated 
(NM) tetragonally distorted L21 structure with (c/a)NM ≈ 1.17–
1.23 and is typical for larger deviation from stoichiometry 
where TM reaches to 400 K [10]. 

The effect of chemical composition on TC is much weaker 
than on TM. The Curie temperature decreases only slightly 
with increasing concentration of Ni instead of Mn until it 
decreases below TM at certain composition [11], [12]. Similar 
behavior of TC has also been observed in the alloys with the 
substitution of Mn for Ga [10], [13]. The Curie temperatures 
may differ for austenite and martensite phase, i.e. TC

A ≠ TC
M. 

The effect of composition on each phase is different, because 
TC

M decreases much faster than TC
A with increasing 

concentration of Mn [10].  The influence of the tetragonality 
of martensite on the exchange interactions in Ni2MnGa alloy 
and subsequently on TC have been discussed by Galanakis and 
Şaşıoğlu [14].   

The alternative way to manipulate the transformation 
temperatures is by adding new elements into the alloy. 
Replacing a small fraction of Ni by Co will increase TC

A but 
will decrease TM [15]. Recent classical Monte Carlo 

T 
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simulations in combination with first-principle approach 
reveal that TC

M will also decrease with increasing Co 
concentration [16]. Replacing part of Mn/Ga by Cu increases 
TM and decreases TC [17], [18]. Such changes in 
transformation temperatures results from the competition 
between the covalent-like hybridization of Ga-Ni and Ga-Mn 
interactions and the magnetic interaction of Mn atoms which 
is influenced by the presence of dopants [16], [19]-[21]. The 
simultaneous Co- and Cu-doping has been successfully used 
for tuning of transformation temperatures: The alloy with 
composition Ni46Co4Mn24Ga22Cu4 exhibits transformation 
temperatures TM = 330 K and TC

A = 393 K. Moreover, due to 
the dopants, this alloy exhibits reduced lattice tetragonality 
and 12% MFIS in NM phase, which is the largest MFIS 
reported so far [22], [23]. 

Ab initio (or first-principles) calculations of electronic 
structure based on density functional theory [24], [25] have 
been employed to explain doping effects in Ni-Mn-Ga system. 
Li et al. used exact muffin-tin-orbital (EMTO) method in 
combination with coherent potential approximation (CPA) for 
investigation of site preference and elastic constants. [26]. Co 
exhibits a strong tendency to occupy the Ni sublattice in all 
types of composition and Cu atoms always occupy the 
sublattice of the host elements in deficiency. 

The energy difference between the austenite and the 
nonmodulated martensite phase ∆EA-NM obtained from ab 
initio calculations corresponds to experimentally determined 
TM; larger difference in total energies indicates a higher TM 
[27]. Our previous works [28], [29] analyzed the development 
of calculated total energies along the tetragonal deformation 
path for Co- and Cu-doped alloys to find ∆EA-NM and explain 
changes in TM. The analysis shows that doping effects can be 
well estimated using a linear superposition of the effects of 
individual dopants for alloys doped simultaneously by Co in 
Ni site and Cu in Ga or Mn site (general formula 
Ni50−xCoxMn25−yGa25−zCuy+z). 

Estimating TC from ab initio calculations [16], [30]-[32] is a 
demanding task involving knowledge of pair exchange 
interaction parameters [33]. A qualitative prediction of 
changes in TC can be done by calculation of energy difference 
between energies of ferromagnetic (FM) and paramagnetic 
(PM) state [34], [35]. The PM state can be well approximated 
by the disorder local moment (DLM) formalism within the 
CPA description. In this model the random orientation of local 
magnetic moments is described by random distribution of 
oppositely oriented local magnetic moments with equal 
concentrations [36]. 

The purpose of this paper is to reveal how the Co and Cu 
doping and magnetic interaction influences on the phase 
stability in austenite as well as in martensite with the NM 
structure. We present a detailed and comprehensive first-
principles investigation of total-energy behavior along the 
tetragonal deformation path for different magnetic states to 
find equilibrium NM structure and estimate the energy 
differences ∆EPM-FM between PM and FM states for different 
alloy compositions. This parameter is important for 
understanding of doping influence on TC. 

II. COMPUTATIONAL METHODS 

The first principle calculations were carried out using exact 
muffin-tin-orbital (EMTO) method [37]-[39]. In combination 
with the full charge density (FCD) technique for total energy 
calculations [40], the EMTO method can accurately describe 
the total energy with respect to anisotropic lattice distortions 
such as tetragonal deformation. The chemical disorder caused 
by doping as well as magnetic disorder were included by using 
of the coherent-potential approximation (CPA) [41], [42]. This 
approximation does not take into account short-range 
interactions and atomic relaxations around the doping atoms, 
however, in full Heusler alloys, such short-range effects only 
have a negligible influence on the total energy landscape [43]. 
Contribution of these effects to the total energy is not bigger 
than 0.05 mRy/atom in case of Ni2MnGa as was shown in our 
previous study [44]. The exchange correlation was described 
using the Perdew-Burke-Ernzerhof (PBE) generalized gradient 
approximation [45], employing the scalar-relativistic and soft-
core approximations. The s, p, d, and f orbitals were included 
in the EMTO basis sets. The Ni 3d84s2, Mn 3d54s2, Ga 
3d104s24p1, Co 3d74s2, and Cu 3d104s1 were treated as valence 
states. The Green’s function was calculated for 32 complex 
energy points distributed exponentially on a semicircular 
contour. In order to obtain the best agreement with 
experiments for a (c/a)NM, we introduced an additional 
optimization of the muffin-tin potential on the Ni sublattice as 
in [46] and [47] by choosing the atomic radius Rws

Ni = 1.10Rws 
and overlapping potential spheres Rmt

Ni = 0.95Rws, where Rws is 
the average Wigner-Seitz radius. For the other sublattices, the 
usual setup Rmt = Rws was used. The effect of the charge misfit 
on the spherical potential is taken into account using the 
screened impurity model (SIM) by Korzhavyi et al. [48], [49]. 
In the one-center expansion of the full charge density, the 
number of components was truncated at 8. The Brillouin zone 
was sampled by a 13 × 13 × 13 uniform k-point mesh without 
any smearing technique. 

The spin polarized version of the density functional theory 
[24], [25] was employed to treat the FM state. The spin 
disordered magnetic structure of PM state was simulated using 
the disordered local moment (DLM) formalism within the 
CPA, where the magnetic disorder was represented by  
randomly distributed Mn, and Ni(Co) atoms with up spin or 
down spin [36]. Beside the magnetic states this study includes 
also nonmagnetic (NonM) state of stoichiometric Ni2MnGa 
calculated without spin polarization. 

Four types of doping were considered based on previous 
theoretical studies and experiments: 2.5 % and 5% of Co in Ni 
sublattice and 5% of Cu in Mn or Ga sublattice. For each 
composition we calculated at a corresponding constant volume 
a series of total energies as a function of c/a in the range 
between c/a = 0.9 and 1.4, which describes the tetragonal 
deformation of austenite phase with L21 structure (c/a = 1). 
Differences between equilibrium volumes of austenite and 
NM martensite were neglected, because they have just a small 
effect on calculated total energies. Their average was used 
instead [28]. All calculated total energies along the 
deformation path were related to the energy of cubic structure 
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for alloy with given composition. 

III.  RESULTS 

At first we compared the behavior of stoichiometric 
Ni2MnGa in ferromagnetic (FM), paramagnetic (PM) and non-
magnetic (NonM) state in order to reveal the effect of 
magnetic ordering on the stability of the phases. 

 
 

FIG. 1 HERE  
 

 
The total energy along the tetragonal deformation path in 

FM state is displayed in Fig. 1. It exhibits a local minimum at 
c/a = 1 which corresponds to austenite, whereas the global 
minimum at (c/a)NM = 1.256 corresponds to NM marteniste. 
Energy difference between the two phases, ∆EA-NM, is 0.379 
mRy/atom. Both minima are separated by a local maximum at 
c/a ≈ 1.08 [28]. The occurrence of the minimum with 
tetragonal distortion is usual result obtained previously [50]. 

However, in PM state described by DLM the global 
minimum in total energy is in cubic austenite and lies 1.756 
mRy above the energy of FM austenite. With increasing 
tetragonal deformation, the total energy increases to 0.070 
mRy at c/a ≈ 1.1 and then it remains almost constant up to c/a 
≈ 1.2. Above that it grows continuously again. There is a 
shallow local minimum at (c/a)NM ≈ 1.14, which corresponds 
to NM phase. Thus, in PM state the NM martensite is 
destabilized with respect to austenite.  

In nonmagnetic (NonM) state, the spin polarization is 
completely neglected. The energies along the tetragonal 
deformation path are approximately 20 mRy/atom higher than 
energies of FM and PM states. A local maximum at c/a = 1, 
indicates that austenite will be unstable with respect to any 
tetragonal distortion. A global minimum is located at (c/a)NM 
= 1.390, which is significantly higher value than for FM state. 
In addition there is also a local minimum at c/a = 0.875. The 
absolute value of ∆EA-NM = –4.155 mRy/atom is significantly 
larger compared to other states. This completely different 
behavior of total energy points out that PM state cannot be 
approximated by simple neglecting of polarization, but, 
instead, some description including random orientation of 
magnetic moments has to be employed. We additionally stress 
here that total energies along the path for PM state and FM 
state have been calculated at the same equilibrium volume, 
which is, however, not the case of NonM state which exhibits 
about 5% smaller equilibrium volume. 

 
 

FIG. 2 HERE 
 
 

Different behavior of total energies in different magnetic 
states can be understood by analysis of density of states (DOS) 
displayed in Fig. 2. In NonM state, the austenite exhibits a 
very high peak at the Fermi level, Ef, which arises from the 
occupation of Mn-eg bands with contribution of Ni-eg 

antibonding bands. Such high occupation at the Ef explains the 
high energy of NonM state and its instability. In FM state the 
occupation at the Ef decreases due to band splitting between 
majority and minority spin channels, which significantly 
reduces the total energy. In majority spin channel both eg 
bands are pushed to lower energies whereas in minority spin 
channel the Mn-eg is unoccupied far above the Ef. However, 
Ni-eg band still remains occupied near the Ef, which results in 
low-temperature instability of FM austenite [51]-[53]. The 
pseudo gap arising from Ni-Ga covalent interaction [54] can 
be clearly recognized in FM minority spin channel or in 
NonM state approximately 0.08 Ry below the Ef. Similar 
splitting of eg band as in FM state can be recognized also in 
PM state. Because Ni atoms carry zero magnetic moments in 
PM state, which is usual for DLM approach [33], the splitting 
of eg band is related only to Mn atoms. The PM state exhibits 
the same DOS in both spin channels due to overall magnetic 
moment equal to zero, thus the total occupation near the Ef is 
slightly higher than in FM state. The pseudo gap is missing in 
PM state, due to contribution of electrons from both spin 
channels to DOS. Both described effects result in higher 
stability of FM state in comparison with PM state. 

The NM martensite in FM state is stabilized by Jahn-Teller 
band effect [51]-[53]. Lowering of symmetry pushes the Ni-eg 
antibonding peak above the Ef which decreases the total 
energy. Similar mechanism can be seen also in NonM state, 
but here only the Ni-eg peak is affected by tetragonal 
distortion whereas the Mn-eg remains unchanged. The 
occupation near the Ef is partially lowered which stabilizes the 
martensitic structure, but the total energy remains still high 
compare to both magnetic states. The shift of Ni-eg 
antibonding peak in PM state due to tetragonal distortion is 
not so pronounced as in FM and NonM states. The peak is 
located exactly at the Ef, and consequently the PM state 
exhibits slightly higher energy in NM martensite than in 
austenite. However, very small differences between DOS of 
austenite and NM martensite explain a very flat total energy 
profile along tetragonal deformation path in PM state.  

 Further we will discuss the effect of doping on the stability. 
The effect of Co doping in FM state has been described in our 
previous work [28] and main results are summarized here in 
order to compare with new results. Increasing Co 
concentration with Co replacing Ni (Ni50-xCoxMn25Ga25) 
destabilizes the NM martensite and decreases the energy 
barrier between austenite and martensite. In PM state the 
effect is opposite. Without Co the austenite is stable phase and 
NM martensite metastable at 0 K (see Fig. 3(a)). Increasing 
Co concentration stabilizes the NM martensite and slightly 
increases the barrier between the phases. For 2.5% Co 
concentration (Ni47.5Co2.5Mn25Ga25), the total energy 
landscape is very flat and varies less than 0.05 mRy/atom in 
interval 0.975 < c/a < 1.250, i.e both phases have very similar 
energies. For 5% Co concentration (Ni45Co5Mn25Ga25) the 
energy of NM martensite with (c/a)NM ≈ 1.215 is lower than 
austenite by about 0.195 mRy/atom. In any case the PM state 
exhibits energies approximately 2 mRy/atom higher than FM 
states. Increasing Co concentration in FM state also decreases 
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the equilibrium (c/a)NM [28]. In contrast, in PM state, the 
equilibrium (c/a)NM slightly increases with increasing 
concentration of Co.  

 
 

FIG. 3 HERE 
 

 
Stabilization of NM martensite in PM states is even more 

pronounced for Cu doping (see Fig. 3(b)). The effect is strong 
for Cu replacing Ga (Ni50Mn25Ga25-zCuz) and moderate for Cu 
replacing Mn (Ni50Mn25-yGa25Cuy). In both cases there is a 
distinct global minimum on energy profile along tetragonal 
deformation path at (c/a)NM = 1.265 for Cu replacing Ga and 
at (c/a)NM = 1.235 for Cu replacing Mn. Contrary to Co doping 
both PM and FM states  exhibit the same qualitative behavior 
with NM phase stabilized by increasing Cu concentration. As 
the NM structure has higher energy than austenite in PM state, 
decreasing of its energy is larger. However, the energy 
differences ∆EA-NM are still smaller than for FM states and 
thus the martensitic transformation temperature, TM, could be 
theoretically lower in PM state.  

Related to FM austenite the energies of NM structures are 
close to each other for both types of doping due to stronger 
stabilization effect of Cu in Ga sublattice. The main difference 
between introducing Cu in Ga sites and Cu in Mn sites is in 
energy difference ∆EPM-FM, between PM and FM states of 
austenite (c/a = 1). The doping by 5% Cu instead of Ga 
(Ni50Mn25Ga20Cu5) exhibits ∆EPM-FM = 1.761 mRy/atom, 
which is almost the same as without doping. In contrast, the 
same amount of Cu in Mn sites (Ni50Mn20Ga25Cu5) results in 
smaller ∆EPM-FM = 1.097 mRy/atom.  

 
 

FIG. 4 HERE 
 
 

The stabilization of NM structure in PM state by doping can 
also be explained from DOS. The mechanism is roughly the 
same for all kinds of doping studied in this work, thus only the 
effect of Co in Ni sites will be explained in detail. The NM 
structure in PM state exhibits the Ni-eg antibonding peak 
exactly at the Ef for stoichiometric composition Ni50Mn25Ga25, 
which destabilizes this structure. Replacing some part of Ni by 
Co decreases the concentration of valence electrons and 
changes the position of the Ef with respect to DOS (see Fig. 4). 
The Ni-eg peak lies now above the Ef which stabilizes the NM 
martensite in PM state. Similar shift of Ni-eg peak above the Ef 
can found also for Cu doping to  Mn or Ga sublattices. 

The effects of doping on the energy difference between PM 
state and FM state, ∆EPM-FM, are summarized in Fig. 5. From 
this energy difference we can estimate qualitatively the 
changes in TC caused by doping. In austenite, addition of Co 
destabilizes the PM state and ∆EPM-FM increases, which 
corresponds to experimental finding that TC

A increases [15]. 
Effect of Co on TC

M is not expected to be significant resulting 
in small decrease in NM martensite, because ∆EPM-FM 

decreases slightly from 2.203 mRy/atom to 2.190 mRy/atom 
after adding of 5% Co (Ni45Co5Mn25Ga25). 

When Cu is added instead of Ga, ∆EPM-FM of austenite 
remains almost constant and thus Curie temperature can be 
expected to be constant. On the other hand, Cu in Mn 
sublattice results in steep decrease of ∆EPM-FM, which can be 
interpreted as sharp decrease of TC

A. Both types of Cu doping 
decrease ∆EPM-FM in NM structure, while the effect is much 
stronger for doping in Mn sublattice than for doping in Ga 
sublattice. Our prediction agrees with experimental 
observation, because decreased TC was observed in alloys 
which contain Cu [17], [18]. 

Because simultaneous doping by Co and Cu shows rather 
independent effects on ∆EA-NM and subsequently on TM [28] or 
equilibrium lattice parameters, desired properties can be 
obtained by proper linear combination of dopants.  Similar 
effects can be expected also for ∆EPM-FM and subsequently for 
TC. Thus the combination Co replacing Ni and Cu replacing 
Ga should result in increased TC

A due to major contribution 
from Co. In addition the same combination should result also 
in increased TM and reduced (c/a)NM [29], which was 
confirmed in experiments on Ni46Co4Mn24Ga22Cu4 alloy [22], 
[23].    

 
 

FIG. 5 HERE 
 
 

IV.  CONCLUSION 

The Ni2MnGa and Co- and Cu- doped Ni2MnGa alloys have 
been studied using the EMTO-CPA ab initio technique. The 
ferromagnetic state has been confirmed as a ground state along 
whole tetragonal deformation path for all studied 
compositions. Moreover we show that ferromagnetic order is 
critical for stabilization of NM martensite both stoichiometric 
Ni2MnGa as well as in Co and Cu doped material. Although 
Co doping can increase the TC of austenite, there is clearly no 
way to increase the TC of NM martensite by neither Co nor Cu 
doping.  
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Fig. 1. Total energy as a function of tetragonal ratio c/a for alloys with 

stoichiometric composition Ni2MnGa in ferromagnetic (FM – black solid 
line), paramagnetic (PM – red solid line) and nonmagnetic (NonM – blue 
solid line) states. All energies are related to the energy of the cubic structure 
in FM state. 

 
Fig. 2. The density of state (DOS) of alloys with stoichiometric composition 
Ni2MnGa in austenite (a) and NM martensite (b). For ferromagnetic (FM) 
state the DOS are shown separately for minority spin channel (black solid 
line) and majority spin channel (black dashed line) whereas for paramagnetic 
(PM – red solid line) and nonmagnetic (NonM – blue solid line) states are 
DOS the same in both spin channel. The zero energy corresponds to the 
Fermi level, Ef. 

 
Fig. 3. Total energy as a function of tetragonal ratio c/a for Co-doped 

alloys with composition Ni50-xCoxMn25Ga25 (a) and Cu-doped alloys (b) with 
compositions Ni50Mn25Ga20Cu5 and Ni50Mn20Ga25Cu5 in ferromagnetic (FM –
full symbols) and paramagnetic (PM – open symbols) states. All energies are 
related to the energy of the cubic structure in FM state of alloy with given 
composition. 
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Fig. 4. The density of state (DOS) of alloys with composition 
Ni45Co5Mn25Ga25 in austenite (a) and NM martensite (a). For ferromagnetic
(FM) state the DOS are shown separately for minority spin channel (black 
solid line) and majority spin channel (black dashed line) whereas for 
paramagnetic (PM – red solid line) state is DOS the same in both spin 
channel. The zero energy corresponds to the Fermi level, Ef. 
 

 
Fig. 5. Total energy differences between the paramagnetic (PM) and 

ferromagnetic (FM) states, ∆EPM-FM, in austenite and NM martensite as a 
function of dopant concentration x, y or z for different alloys with general 
compositions Ni50-xCoxMn25-yGa25-zCuy+z.  


