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Abstract. Ferromagnetic Heusler alloys like Ni-Mn-Z (Z = Al, Ga, In, Sn, Sb), which undergo a 
martensitic phase transformation, are on the edge of being used in technological applications 
involving actuator and magnetocaloric devices. The other class of ferromagnetic full Heusler alloys 
like Co-Mn-Z (Z = Al, Si, Ga, Ge, Sn) not undergoing a structural phase transition, are half-metals 
(in contrast to the Ni-based systems) with high spin polarization at the Fermi level and are of 
potential importance for future spintronics devices. On the basis of recent ab initio calculations, we 
highlight the main differences between the two classes of Heusler based materials. 

Introduction 
Since the pioneering work of Webster et al. [1, 2], there has been new interest in a particular class 
of ferromagnetic (FM) shape memory alloys (MSMA), which undergo a structural transformation 
from the FM high-temperature cubic L21 phase to the tetragonally distorted 5M or 7M phase, which 
shows an extremely large strain of up to 10% in an external field of less than 1 Tesla [3-6]. This is 
the basis of the one- and two-way shape memory effect (SME) due to magnetically controlled 
martensitic transformation as experimentally observed [7]. By now, these magneto-induced shape 
memory mechanisms have in detail been investigated for mono- and polycrystalline Ni-Mn-Fe-Ga 
samples [7-9] including twin boundary motion in the modulated phases under the impact of the 
external magnetic field [10]. 

Nevertheless, fundamental questions regarding the energetics of twin boundary motion in 
relation to the local atomic structure, chemical composition, magnetic state and magnetic anisotropy 
as well as the electronic structure (see Ref. [11] for an overview) have still to be worked out. What 
remains to be done from a practical point of view regarding the use of MSMA and magneto-caloric 
(MCE) devices is to find new FM Heusler alloys which allow higher working temperatures. 

Regarding Heusler-based spintronics materials like Co-Mn-Fe-Si, the practical point of view in 
relation to application purposes is to maintain half-metallicity in the samples to achieve high 
magnetoresistance values at room temperatures. From a theoretical point of view the realization of 
half-metallic Heusler alloys, with a 100% spin polarization at the Fermi level depends on details of 
the electronic structure and the valence electron number per atom, e/a, limiting the possible 
candidates, for instance, see Galanakis et al. [12, 13]. Information on the properties of spintronics 
materials may be taken from Refs. [14, 15]. 

In this paper, we present a few new basic results of both types of Heusler alloys, based on ab 
initio calculations and finite temperature simulations using statistical models like the Heisenberg 
and q-state Potts model [16]. Although the emphasis in this paper mainly concerns MSMA, a 
simultaneous discussion of electronic and magnetic features of spintronics materials gives a deeper 
understanding of basic features determining the behavior of both types of Heusler systems, i.e., 
martensitically unstable (MSMA) and stable FM Heusler alloys (suited for spintronics 
applications). We will show that the number of valence electrons per atom, e/a, in conjunction with 
the variation of the spin magnetic moments with change in temperature are decisive parameters 
when considering the martensitic instability in MSMA.    
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First-Principles Calculations of the Electronic and Magnetic Properties of Heusler Alloys  
There is a series of electronic structure calculations of MSMA and spintronics materials available 
from the literature, for example, see Refs. [11, 12, 17-25], emphasizing the importance of a band 
Jahn-Teller effect for the structural instability (martensitic transformation) in MSMA and the 
existence of a band gap around the Fermi energy, EF, in the minority-spin channel of materials of 
interest for spintronics.  

We have repeated some of the electronic structure calculations using VASP [26, 27] and show in 
Fig. 1 and 2 the resulting spin-down band structures of the spintronics material Co2MnGe and the 
MSMA Ni2MnGa with element-specific projections (left) and symmetry assigned bands (right).  

 
Fig. 1: Minority-spin band structure of Co2MnGe projected onto the element-specific contribu-tions 
(left) and symmetry-assigned contributions (right), showing the formation of the half-metallic gap 
around the Fermi energy. 

 
 

Fig. 2: Minority-spin band structure of Ni2MnGa projected onto the element-specific contributions 
(left) and symmetry-assigned contributions (right), showing difference that arises compared to the 
case of  Co2MnGe like the closing of the energy gap at EF. 

 
We find in the majority-spin bands either Co or Ni and Mn near the Fermi energy EF, while in 

the minority-spin bands, the states in the vicinity of EF are – apart from the Γ point - nearly entirely 
Co- or Ni-d states of eg symmetry. This scenario leads in case of Ni2MnGa to the martensitic 
instability. 

In Fig. 3, the electronic density of states (DOS) curves are depicted showing the formation of a 
gap in the minority-spin channel of Co2MnGe of the order of 0.4 eV yielding a half-metal at zero 
temperature, while for Ni2MnGa, this gap is partially filled with Mn- and Ni-eg and t2g states and  is 
pushed below EF by 0.75 eV, because of the filling of the band structure by one additional valence 
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electron per formula unit as compared to Co2MnGe.  
Note that in Ni2MnGa, we find a pronounced peak of Ni-eg states in the minority-spin DOS right 

below EF, see Fig. 3. This is a highly unstable situation and the system can lower its energy by a 
slight tetragonal distortion which pushes this Ni-eg peak by approximately 1 eV above EF and 
redistributes the electrons in lower energy states. This effectively pushes the gap-like structure 
towards  EF (but does not yield a half-metallic state because there are states in the gap filled by 
mainly Ni-d electrons). This Jahn Teller like effect (which is first discussed by Ayuela et al. by 
means of first-principles DOS calculations [19]) is in the present case associated with eg states and 
not with the t2g states. In other systems this often leads to a triplet ground state of 3t1u configuration 
which is known to be unstable against a Jahn-Teller distortion [28, 29] (note also that the actual 
symmetry assignment of the lower and upper gap states in Co2MnGe is t1u (occupied)  and eu 
(unoccupied) [13].) This electronic scenario is the origin of the martensitic instability in Ni2MnGa 
occurring at 220 K in the FM state below the Curie temperature at 376 K. 

Fig. 3: Total and element-projected electronic density of states curves of Co2MnGe (left) and 
Ni2MnGa (right) showing the formation of the energy gap at EF  for the Co-based Heusler 
compound. For the Ni-based system a peak at EF appears which mainly consists of Ni-eg states 
responsible for the Jahn-Teller like distortion. 

 

Now, the gap of the full-Heusler alloys is still a rather subtle point [19]. When considering 
Ni2MnGa in distinction to Co2MnGe, a close look at the behavior of the minority-spin band 
structure reveals that it is not a mere band filling effect but also shows that hybridization of states 
near EF is significantly different. In both compounds, the Co(Ni) atoms occupy sites of octahedral 
symmetry which splits the d-states into eg, eu, t2g and t1u, which are doubly and triply degenerated. 
In the Co-based Heusler alloy, the fact that the eu and  t1u states arising from octahedral symmetry 
cannot hybridize with the Mn-d or Ge-p states (with Mn and Ge sitting at the tetrahedral sites of the 
L21 crystal structure) together with the right valence electron number of e/a = 7.25 (in contrast to 
7.5 in case of Ni2MnGa) causes the formation of an energy gap, whereby EF comes to lie between 
the eu and  t1u levels [19]. Due to this half-metallicity, the spin polarization P at EF arises solely 
from the majority-spin states, i.e., P = 100%, while P = -25.6% in case of  Ni2MnGa. It would be 
interesting to know whether FM Heusler alloys were possible, which exhibit the MSME as well as a 
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large P value (although in general, large P may mean low Fermi surface nesting inhibiting 
modulated phases). If we consider the critical values e/a = 7.25 (Co2MnGe) and e/a = 7.5 
(Ni2MnGa) one may conceive an alloy of composition CoNiMnGe0.5Ga0.5 with e/a = 7.375 in 
between a half-metallic and metallic system. Recent ab initio calculations of a similar system, 
CoNiMnGa with L21-like structure and e/a = 7.25, shows the existence of a gap right below EF 
(and a larger spin polarization than Ni2MnGa) and no tendency for a  martensitic instability. The 
corresponding DOS is shown in Fig. 4. In a very similar way, one may systematically try to obtain 
new Heusler alloys of interest for spintronics as well as MSM devices by combining systems from 
the series  Co-Mn-Z (Z = Al, Si, Ga, Ge, Sn) with those from Ni-Mn-Z (Z = Al, Ga, In, Sn, Sb). 

Fig. 4: Density of states of cubic NiCoMnGe (e/a = 7.5) and NiCoMnGa (e/a = 7.25) – close to 
half-metallic behavior; the latter system does not show tendency for a martensitic instability.  

Origin of Martensitic Transformation in Ni-Mn-Z (Z = Al, Ga, In, Sn, Sb) Heusler Alloys  
The ferromagnetic Heusler systems Ni-Mn-Z (Z = Al, Ga, In, Sn, Sb) all exhibit a martensitic 
instability of which Ni-Mn-Ga is the only one showing the instability at the stoichiometric 
composition Ni2MnGa. In fact, near-stoichiometric compounds of Ni2MnGa show a series of 
reversible phase transformations with decreasing temperature from the high-temperature cubic L21 
structure to premartensitic modulated 3M and then to the modulated martensitic phases 5M and 7M 
(with a tetragonal distortion c/a = 0.94) and finally to the non-modulated tetragonal L10 structure 
with c/a = 1.26 at very low temperatures. Such sequence of transitions was reported by Chernenko 
et al. for three alloys with slightly different off-stoichiometric compositions; for these 
compositions, the modulated premartensitic phase was not observed. Figure 5 shows the phase 
diagram of Ni-Mn-Ga for Ni-excess concentration [11] and the schematic phase diagram of Ni-Mn-
Z (Z = Ga, In, Sn, Sb) of the martensitic transformation temperatures as a function of e/a [31].    

In case of stoichiometric composition, we find e/a = 7.5 (Ni2MnGa and Ni2MnIn), e/a = 7.75 
(Ni2MnSn) and e/a = 8 (Ni2MnSb), showing that, apart from Ni2MnGa, the other MSMA only 
undergo a structural transformation for off-stoichiometric compositions.  

With respect to the origin of the structural instability in the MSMA, attention has to be paid to 
the possible electronic and phononic driving forces. For simplicity, limiting the discussion to 
prototype Ni2MnGa, we observe electrons with eg (eu) symmetry contributing to the instability by 
Fermi surface nesting associated with the corresponding peak in the minority DOS, see Fig. 3 and 
the discussion in Ref. [11]. The system can lower its energy by a redistribution of electrons and 
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simultaneous shift of this peak to a higher region above EF. The resulting DOS for the stable 
martensitic 5M (c/a = 0.94) and non-modulated L10 (c/a = 1.25) structures are shown in Fig. 6.  

 

Fig. 5: Phase diagram of Ni-Mn-Ga as a function of Ni-excess concentration (left) showing the 
Curie temperature (TC), the premartensitic (TP) and the martensitic transformation temperature 
(TM), respectively [11]. Alloys near stoichiometry show the MSME, whereas alloys with merging 
TC and TM  exhibit the magnetocaloric effect. The schematic behavior of TM as a function of e/a for 
the Ni-Mn-Z (Z = Ga, In, Sn, Sb) alloys is shown in the right panel [31]. The linear behavior of TM 
with e/a may partially be explained using a rigid band picture (filling in electrons) in conjunction 
with fixed spin moment calculations, which allow to model the decrease of magnetization with 
increasing temperature.   

  
The absence of martensitic instabilities in the other alloys of type Ni-Mn-Z (In, Sn, Sb) at 

stoichiometric composition may tentatively be related to the fact that in this case, we do not find 
any trace for Fermi surface nesting. Weak nesting behavior appears, for example in case of Ni-Mn-
Sb, at larger values of e/a (> 8) in agreement with the experimental change of  TM with e/a in Fig. 5. 
However, note that the situation is more complex for the off-stoichiometric alloys, since the shift of 
TM away from the stoichiometric composition to larger values of e/a is not a mere band-filling 
effect since hybridization changes in a subtle way around the Fermi level. Also, the influence of 
phonons on the martensitic transformation may be more important than in case of stoichiometric 
samples since the lattice becomes elastically softer for the disordered alloys. This is obvious from 
the behavior of the total energy as a function of tetragonal distortion, c/a, showing a change of the 
energies of cubic and martensitic phases relatively to each other.  

However, the situation is more complex, since at TM = 220 K (Ni2MnGa) the magnetization has 
decreased and is different from its ground-state value. This pushes the eg-peak in the spin-down 
DOS further away from the Fermi level to lower energies. Since the nesting vectors vary 
continuously with the magnetization, this means that part of the nesting behavior of the spin-down 
electrons at EF is lost. However, for this reduced magnetization at finite temperatures we find 
simultaneously the appearance of a weaker Fermi surface nesting of the majority-spin electrons, 
which was already discussed in Ref. [32]. So, it seems that Fermi surface nesting in both spin 
channels is required to provoke the structural transformation from the FM cubic L21 phase to the 
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modulated premartensitic phase. Since different nesting vectors come from the different spin 
channels, the premartensitic phase of Ni2MnGa has no well defined modulated structure and a 
reshuffling of the atoms lowers the energy further driving the martensitic transformation to the 5M 
structure.     

   

Fig. 6: Total and element-projected electronic density of states curves of 5M modulated tetragonal 
(c/a = 0.94) Ni2MnGa (left) and nonmodulated tetragonal (c/a = 1.25) Ni2MnGa (right) showing 
that in both cases the Fermi energy comes to lie at a relatively favorable position. 

 
With respect to the contributions of lattice vibrations to the premartensitic and martensitic 

transformation in Ni2MnGa, the situation is even less clear. Phonons start to soften already in the 
paramagnetic phase and then harden a bit when approaching the premartensitic phase [33-35] and 
show very unusual behavior below the martensitic phase transition in the 5M phase [36]. The 
softening was well reproduced in ab initio phonon calculations [37-39]; in particular the first- 
principles calculations of the different contributions to the free energy of Ni2MnGa showed that 
without the magnetic contributions, one fails to get the right sequence of phases at elevated 
temperatures [40]. Although the displacement fields of the [110] phonons in the cubic L21 structure 
will finally be needed to achieve the transformation to the martensitic phase (with a critical wave 
vector of q = 0.43 in [110] direction in case of Ni2MnGa), we believe that the intrinsic instability is 
related to the simultaneous appearance of nesting behavior in both spin channels in a narrow  
temperature range fixed by the magnetization of the sysem.      

Competing Magnetic Ordering in Ni-Mn-Z (Z = Al, Ga, In, Sn, Sb) Heusler Alloys  
Evaluation of magnetic exchange coupling constants of the ferromagnetic Heusler alloys  Ni-Mn-Z 
(Z = Al, Ga, In, Sn, Sb) hints towards a rather complex scenario of competing antiferromagnetic 
(AF) and FM interactions in the alloys in contrast to half-metals as Co2MnGe for which the 
interactions are dominantly ferromagnetic. Intriguingly, this competition of different magnetic 
ordering tendencies leads to the appearance of multiple magnetic phases as is the case for Ni-Mn-Sb 
[16, 41]. Typically, the magnetization as a function of temperature, M(T), for the off-stoichiometric 
alloys Ni-Mn-Z (Z = In, Sn, Sb) shows with decreasing temperature a sudden increase (as in a first-
order like transition) from paramagnetic (PM) austenite to FM austenite and a sudden decrease 
accompanying the martensitic transformation at still lower T. First-principles calculations of the 
exchange constants, Jij, as a function of the distance between the atoms show that the interaction 
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between nearest neighbors Co-Mn or Ni-Mn is strongest in all compounds and alloys and plays a 
decisive role for the value of TC.  

However, the situation is more subtle, since any degree of disorder and tetragonal distortion 
leads to oscillating behavior of Jij with AF and FM interaction, which mainly is responsible for the 
rather unusual magnetization curves of the MSMA. There is a series of publications dealing with 
the ab initio evaluation of the Jij using direct and frozen magnon methods, all confirming the 
oscillating Jij [16, 42-44]. The general trend of how tetragonal distortions or disorder influence the 
Jij in contrast to the strictly FM interactions in the stoichiometric Co2MnGe and Ni2MnGa in the 
L21 structure, is shown in Fig. 7. Now, the unusual trends in M(T) (steep increase and subsequent 
steep decrease gives rise to the usual and inverse magnetocaloric effect (MCE) [45], which is of 
technological importance.  

         

          

Fig. 7: Magnetic exchange interaction coupling constants Jij as a function of the distance between 
the atoms in units of the lattice constant for Co2MnGe (top left), Ni2MnGa (top right), and 
tetragonally distorted (c/a = 0.95 and c/a = 1.25) Ni2MnGa (lower two figures).  

 
With respect to finite temperature behavior of spintronics materials, the very high Curie 

temperatures of Co2MnGe (TC = 900 K), Co2MnSi (TC = 985 K) and Co2FeSi (TC = 1100 K) are 
rather promising [44]. However, it seems difficult to keep the high magnetoresistance in tunneling 
devices up to room temperature because of the instability of the compounds or alloys towards 
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atomic diffusion and anti-site disorder at surfaces or tunnel junctions. This reduces the high spin 
polarization due to filling of the energy gap with states arising from the disorder. Regarding the 
MSMA, the difficulty is here that Curie temperatures and martensitic transformation temperatures 
are too low, preventing, for instance actuators to work at ambient temperatures.  

Nevertheless, it may be interesting to evaluate M(T) by using the calculated Jij in Monte Carlo 
simulations, which is shown in Fig. 8 for the case of Ni2MnGa (with the Jij taken for the L21 
structure). Although, as discussed in Ref. [44], the calculated Curie temperatures of MSMA using 
mean-field theory agree to some extent with the experimental values. However, this is probably not 
a reliable procedure in case of MSMA with competing magnetic ordering tendencies. In this case, 
Monte Carlo simulations using the Jij obtained form zero-temperature ab initio calculations will 
certainly yield better results, for details, see the discussion in Ref. [16]. Especially for the off-
stoichiometric systems like Ni-Mn-In, Ni-Mn-Sn and Ni-Mn-Sb, the AF interactions between the 
spin moments of Mn atoms on the Mn- and X-sublattice below TM not only compete with the FM 
ones but also change in a subtle way with temperature due to the temperature variation of the lattice 
constants. This, finally, is responsible for the complex magnetic phase diagram of  In, Sn and Sb 
based off-stoichiometric Heusler systems, of which the Sb-system has been discussed in Ref. [41]. 
(note that a different picture of AF order in stoichiometric Ni2MnGa and Ni2MnAl was discussed 
by Enkovaara et al., where the AF order of the Mn spin moments leads to vanishing magnetization 
at the Ni sites [45]) Recent measurements of the q-dependence of the neutron scattering cross 
sections in the austenite (500 K) and martensite (320 K) states of Ni50Mn40Sb10 confirm this 
scenario and show that the FM reflections start to decrease in the martensitic phase and AF 
reflections start to increase [46].    

 

 
Fig. 8: Results of Monte Carlo simulations of the magnetization (normalized to M/f.u.) using the 
zero-temperature ab initio values of exchange coupling constants of cubic L21 Ni2MnGa shown in 
Fig. 7. From the extrapolation of M3(T) to M = 0, a Curie temperature of  375 K is estimated, which 
is in perfect agreement with the experimental value.  

Future of Spintronics, Magnetic Shape Memory and Magnetocaloric Systems  
As already suggested in this paper, combination of well-established spintronics materials with high 
Curie temperatures like Co2MnGe with MSMA and MCE materials like Ni-Mn-Z (Z = Al, Ga, In, 
Sn, Sb) may yield new and interesting phenomena like a near half-metal system undergoing a 
martensitic transformation, although we find the trend that half-metallicity and structural instability 
seem to exclude each other.  Preliminary results for the DOS of NiCoMn(Ga, Ge) are shown in Fig. 
4. The DOS in Fig. 4 seems to indicate that one would need a compound with 7.25 < e/a < 7.5 in 
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order to observe a trend for both kinds of phenomena in one and the same system. Other details 
become important for the search of new materials like the influence of lattice vibrations, magnetic 
excitations, twin boundary motion under the impact of an external magnetic field etc. A few more 
details may be found in a recent review article where the influence of reduced magnetization at 
finite temperatures and the change of phonon spectra with external magnetic field is discussed on 
the basis of fixed spin moment calculations [47]. 
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