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1. Introduction

The German metallurgist Heusler, in his search for improving 
the conducting properties of steel, discovered in the early 20th 
century a new compound, Cu2MnAl [1, 2]. During the 20th 
century it was found, due to the development of instruments, 
that Cu2MnAl crystallizes in a cubic f.c.c. lattice, similar to 
the well-known semiconductors like Si and GaAs, which is 
also adopted by a large number of intermetallic compounds 
with a diversity of properties [3, 4]. These intermetallic 
compounds were named ‘Heusler compounds’ or ‘Heusler 
alloys’ and several of them are ferromagnetic with high Curie 

temperatures [3, 4]. They can be categorized into four distinct 
families depending on the number and valence of the atoms: 
(i) the semi-Heusler compounds like NiMnSb having the XYZ 
chemical formula where X and Y are transition metal atoms or 
lanthanides and Z is a metalloid and their lattice structure is 
known as C1b, (ii) the full-Heusler compounds like Co2MnSi 
having the chemical formula X2YZ (X, Y and Z atoms are 
similar to the semi-Heuslers) crystallizing in the L21 lattice, 
(iii) the inverse Heuslers which are similar to the full-Heu-
slers but the valence of X is smaller than the valence of Y and 
their lattice structure is known as XA or Xα, and finally (iv) 
the ordered quaternary Heusler compounds, like (CoFe)TiSi 

Journal of Physics D: Applied Physics

High spin polarization in all-3d-metallic 
Heusler compounds: the case of Fe2CrZ  
and Co2CrZ (Z  =  Sc,Ti,V)

Kemal Özdoğan1, Igor V Maznichenko2, Sergey Ostanin2, Ersoy Şaşıoğlu2, 
Arthur Ernst3,4 , Ingrid Mertig2 and Iosif Galanakis5

1 Department of Physics, Yildiz Technical University, 34210 İstanbul, Turkey
2 Institute of Physics, Martin Luther University Halle-Wittenberg, 06099 Halle (Saale), Germany
3 Institute of Theoretical Physics, Johannes Kepler University, 4040 Linz, Austria
4 Max Planck Institute of Microstructure Physics, Weinberg 2, 06120 Halle (Saale), Germany
5 Department of Materials Science, School of Natural Sciences, University of Patras, Patras 26504, 
Greece

E-mail: kozdogan@yildiz.edu.tr, igor.maznichenko@physik.uni-halle.de,  
sergey.ostanin@physik.uni-halle.de, ersoy.sasioglu@physik.uni-halle.de and galanakis@upatras.gr

Received 2 December 2018, revised 5 February 2019
Accepted for publication 18 February 2019
Published 11 March 2019

Abstract
Employing ab initio electronic structure calculations, we study a new class of magnetic 
Heusler compounds, which consist only of 3d transition metal atoms, namely, Fe2CrZ and 
Co2CrZ, where Z is an early 3d-metal, such as Sc, Ti or V. Although these compounds show 
a pseudogap and high spin polarization at the Fermi level, the so-called Slater–Pauling rule is 
not applicable to them. Co2CrTi and Co2CrV compounds present robust magnetic properties 
due to the short range magnetic exchange interactions and, thus, relatively high values of 
Curie temperature far above the room temperature. Moreover, these two compounds keep their 
magnetic properties upon B2 disorder that makes them very promising materials for spintronic 
and magnetoelectronic applications.

Keywords: Heusler compounds, magnetic materials, first-principles calculations, 
intermetallic compounds

S  Supplementary material for this article is available online

(Some figures may appear in colour only in the online journal)

K Özdoğan et al

High spin polarization in all-3d-metallic Heusler compounds: the case of Fe2CrZ and Co2CrZ (Z  =  Sc,Ti,V)

Printed in the UK

205003

JPAPBE

© 2019 IOP Publishing Ltd

52

J. Phys. D: Appl. Phys.

JPD

10.1088/1361-6463/ab0802

Paper

20

Journal of Physics D: Applied Physics

IOP

2019

1361-6463

1361-6463/19/205003+9$33.00

https://doi.org/10.1088/1361-6463/ab0802J. Phys. D: Appl. Phys. 52 (2019) 205003 (9pp)

https://orcid.org/0000-0003-4005-6781
https://orcid.org/0000-0002-5845-4318
mailto:kozdogan@yildiz.edu.tr
mailto:igor.maznichenko@physik.uni-halle.de
mailto:sergey.ostanin@physik.uni-halle.de
mailto:ersoy.sasioglu@physik.uni-halle.de
mailto:galanakis@upatras.gr
https://doi.org/10.1088/1361-6463/ab0802
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/ab0802&domain=pdf&date_stamp=2019-03-11
publisher-id
doi
https://doi.org/10.1088/1361-6463/ab0802
offtheo
Schreibmaschinentext
TH-2019-06



K Özdoğan et al

2

which have the chemical formula (XX’)YZ and crystallize in 
the so-called LiMgPdSn structure [4, 5]. In all families, Z is a 
metalloid atom.

The interest in Heusler compounds has been revived in 
the dawn of the 21st century due to the discovery of half-
metallicity which is a common property among several fer-
romagnetic and ferrimagnetic Heusler compounds [6–9]. 
Half-metallic compounds present a usual metallic behavior 
for the majority spin electrons and a semiconducting behavior 
for the minority spin electrons and thus exhibit high spin 
polarization at the Fermi level [10]. This property makes them 
attractive for application in spintronics and magnetoelec-
tronics since they offer new functionalities to devices [11, 12]. 
Although, also other materials have been explored for their 
half-metallic properties, Heusler compounds are attractive 
due to their high Curie temperatures and several studies cov-
ering their fundamental properties and their applications have 
been carried out [13–16]. Recently, some of these magnetic 
Heusler compounds have been proposed to present even more 
peculiar behaviors than half-metallicity, such as spin-gapless 
semiconducting or spin-filtering behaviors, which lead to new 
functionalities [17].

The simulation of materials using first-principles (also 
known as ab initio) calculations is a powerful tool in order 
both to understand the properties of the studied compounds 
as well as to predict new compounds with ‘à la carte’ proper-
ties. Extensive databases based on first-principles calculations 
of hundreds of magnetic Heusler compounds with poten-
tial application in spintronics and magnetoelectronics have 
recently appeared in literature [18–25]. Such databases come 
to complete the studies focusing mainly on the understanding 
of the origin of the properties of these compounds, and which 
thus focus in a small number of Heusler compounds [6–9].

Current growth techniques make possible the growth in 
the form of films compounds which have been first predicted 
theoretically. E.g. (CrV)TiAl a quaternary Heusler compound 
was predicted in [26] to be a fully-compensated ferrimagn-
etic semiconductor. Then, it was grown successfully and its 
unique magnetic properties have been confirmed [27]. In this 
respect, there is merit in studying new possible Heusler com-
pounds with novel properties. As mentioned previously, in the 
case of magnetic Heusler compounds, Z is a metalloid, but, 
already, in the case of Heusler compounds presenting marten-
sitic transformation it has been shown that Z can be fully sub-
stituted by a transition metal atom, like Mn2Ni1.25Co0.25Ti0.5, 
and these compounds are called all-3d-metal Heusler alloys 
or compounds [28–31]. We expand this idea to the case of the 
magnetic Heusler compounds for spintronics applications, and 
using first-principles electronic band structure calculations we 
investigate the properties of all-3d-metal Heusler compounds 
having the chemical formula X2YZ where the valence of 
the transition metal atoms follows the order X  >  Y  >  Z. All 
studied compounds were found to be usual magnetic metals. 
In the present study we focus in the case of X2YZ compounds 
where X is Fe or Co and Z is also an early 3d transition metal 
element (Sc, Ti or V), since they present a high spin polariza-
tion at the Fermi level making them suitable for applications in 

spintronics and magnetoelectronics. Our study covers a wide 
range of properties of these compounds (structural, electronic, 
magnetic, temperature dependent properties and disorder).

2. Computational details

The first part of this study focuses on the zero-temperature 
ground state properties of the all-3d-metal Heusler com-
pounds. We employed the full-potential nonorthogonal local-
orbital minimum-basis band structure scheme (FPLO) to carry 
out the first-principles electronic band structure calculations 
[32, 33]. As exchange-correlation potential, we have used 
the generalized gradient approximation (GGA) [34] which 
is known to produce accurate results for the half-metallic 
Heusler compounds with respect to experiment [6, 7]. For all 
calculations the total energy (in Hartree) has been converged 
to the 10th decimal point and a dense 20 × 20 × 20 k-points 
grid obeying the Monkhorst–Pack scheme has been used for 
the integrals in reciprocal space [35].

In order to treat B2-type disorder and doping as well as 
to calculate the Heisenberg exchange parameters we employ 
the first-principles Green’s-function method which is based 
on the multiple-scattering theory [41, 42]. The GGA approx-
imation to the exchange-correlation potential was also used 
for these calculations [34], as well as a full charge-density 
treatment to take into account the possible nonsphericity of 
the crystal potential and the charge density. The maximal 
angular momentum used was lmax  =  3 and the integrals over 
the Brillouin zone were performed using the 16 × 16 × 16 
k-point mesh. The effect of disorder between the com-
pound sublattices was simulated using the coherent-potential 
approximation (CPA) [36–38]. The calculation of Heisenberg 
exchange parameters and magnon dispersion spectra were 
performed using a denser 32 × 32 × 32 k-point grid.

The preferable magnetic ordering in the materials was eval-
uated using the effective parameters of the magnetic exchange 
interactions, which may quantify the magnetic ground state. 
These parameters were obtained using the magnetic force 
theorem [39] and the total energy is mapped onto the effective 
Heisenberg Hamiltonian:

H = −
∑

i,j

Jij ei · ej (1)

where i and j  number the magnetic species, and ei is a unit 
vector in the direction of the magnetic moment of the ith atom. 
The critical temperature estimations were obtained using the 
multi-sublattice mean field (MF) approximation. The tech-
nique used here was already successfully applied to some 
Heusler compounds [40, 49].

3. Results and discussion

3.1. Structural and electronic properties

As mentioned previously, we have studied the Fe2CrZ and 
Co2CrZ compounds where Z is one of the early 3d transition 
metals Sc, Ti or V. The first step in our study is to determine 
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their equilibrium lattice constant since these compounds 
have not yet been grown experimentally. Assuming the L21 
cubic lattice structure we have performed total energy calcul-
ations and we have fitted with a third order polynomial curve 
our results. The minimum of the curve is the calculated (or 
theoretical as often named) equilibrium lattice constant. The 
obtained results are presented in the first column of table 1. 
The calculated values vary between 5.7 and 6 Å  close to 
the values for other magnetic Heusler compounds [7]. As 
expected, the Co-based compounds present slightly larger 
lattice constants than the corresponding Fe ones. Also, in 
the case of early trans ition metals -Sc, Ti and V- their atomic 
radius decreases with the increase of their valence since the 
less-than-half-filled 3d-states become more localized. This is 
reflected also in the calculated lattice constants and the com-
pounds with Sc have the largest values and the ones with V the 
smallest with a difference of about 0.2 Å .

At the equilibrium lattice constants, we have performed 
electronic band structure calculations for all six compounds 
under study and have extracted the density of states (DOS) per 
f.u. (formula unit), which is presented in figure 1. The DOS 
for all six compounds are similar. There is a small DOS inten-
sity low in energy which stems from the s-states which we 
do not present in the figures. The obtained DOS is dominated 
by the 3 d-states of the transition metal atoms, which will be 
discussed shortly. Due to the large number of 3 d-electrons 
in the f.u. the presented bands are broad. The majority-spin 
DOS shows for all six compounds a large intensity around the 
Fermi level. To elucidate the origin of this peak, we present in 
figure 2 the atom-resolved DOS for the Co2CrTi compound 
(the situation is similar for all six compounds). The peak at the 
Fermi level is due to the Cr atom as expected and this has been 
already observed in other similar compounds like Co2CrAl 
[43]. The Fe and Co atoms have a large number of valence 
d-electrons and thus their majority-spin d-states are almost 
completely occupied. On the other hand the early transition 
metal atoms -Sc, Ti and V- have a small number of valence 
d-electrons and most of the weight of the corresponding bands 
is above the Fermi level.

In figure  1 we have also plotted the total DOS per f.u. 
for the minority-spin electrons. All six compounds pre-
sent a region of very low DOS around the Fermi level, also 
known as a pseudogap in the literature. This region is more 
pronounced in the case of Co-based compounds which make 
them more attractive for applications with respect to the Fe 

based ones. Defects induce states at the borders of the gap and 
thus wide gaps persist more upon doping. The occurrence of a 
pseudo gap leads to very large values of the spin-polarization, 
P, at the Fermi level (defined as the difference between the 
majority- and minority-spin DOS at the Fermi level divided 
by their sum). In table  1 we present the values of P at the 
Fermi level which is more than 60% in all cases meaning 
that the majority-spin DOS at the Fermi level is at least four 
times the minority -spin DOS at the Fermi level. As shown 
in figure 2, most of the weight of the occupied minority-spin 
states resides at the Co(Fe) atoms with smaller contributions 
both from the Cr and the early transition-metal atoms. Both 
the occupied and unoccupied bands have the same width for 
all the transition-metal atoms in the unit cell suggesting strong 
hybridization between the 3d valence orbitals. We will discuss 
the origin of the pseudogap later.

3.2. Magnetic properties

In table 1 we have presented the calculated atomic and total 
spin magnetic moments for all six compounds under study 
at their equilibrium lattice constants. In the case of Fe com-
pounds, the Fe atoms present the largest magnitude of the 
atomic spin magnetic moments. In the case of the Co-based 
compounds the magnetic behavior differs significantly. The 
two extra d-valence electrons offered by the Co atoms to the 
unit cell now occupy mainly Cr majority-spin states and thus 
the Cr spin magnetic moments for these compounds are very 
large approaching the 2.5 µB. With the exception of Fe2CrSc 
compound, which is the compound with the smallest number 
of valence electrons, in the other cases the Fe(Co) atoms are 
ferromagnetically coupled to the Cr ones. With the exception 
of Co2CrV, which is the compound with the largest number 
of valence electrons in the unit cell, the early transition metal 
atoms -Sc, Ti, V- have spin magnetic moments antiparallel 
to the Fe(Co) atoms. Each Cr or Z(=Sc,Ti,V) atom is at the 
center of a cube with Fe(Co) atoms at the corners. Depending 
on the distance and overlap of the 3 d-wave-functions the cou-
pling between atomic spin magnetic moments can be either 
ferromagnetic or antiferromagnetic as manifested by the 
semi-empirical Bethe–Slater rule [44].

The total spin magnetic moment, with the exception of 
Co2CrSc, is close to an integer value being for example almost 
4 µB for Co2CrTi. This behavior is similar to the behavior of 
usual half-metallic Heusler compounds crystallizing in the 

Table 1. Calculated equilibrium lattice constants a0 (in Å), atomic and total (per f.u.) spin magnetic moments (in µB), spin-polarization at 
the Fermi level P, and Curie temperature TC (in Kelvin) for the studied compounds. Note that the two Fe(Co) atoms are equivalent in the 
L21 lattice structure.

Compound a0 mFe,Co mCr mSc,Ti,V mf.u. P TC

Fe2CrSc 5.92 1.057 −0.752 −0.284 1.079 83% 113
Fe2CrTi 5.79 1.056 0.486 −0.532 2.074 88% 176
Fe2CrV 5.71 1.263 0.787 −0.488 2.824 61% 316
Co2CrSc 5.98 0.701 2.252 −0.342 3.312 82% 329
Co2CrTi 5.85 1.003 2.435 −0.374 4.067 65% 602
Co2CrV 5.76 1.151 2.316 0.222 4.838 71% 679
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L21 lattice structure [7]. In the next section we will discuss in 
detail this behavior investigating its origin.

3.3. Origin of the pseudogaps

To elucidate the origin of the pseudogap we should perform 
an analysis similar to the one for other half-metallic Heusler 
compounds [7]. We will use the Co2CrTi compounds as the 
prototype for our discussion. Each Co atom contributes eight 
valence electrons to the unit cell, Cr 5 and Ti 3, and thus, in 
total there are 24 valence electrons in the unit cell. Since its 
total spin magnetic moment is 4 µB, 14 of the 24 electrons 
are of majority-spin and 10 are of minority-spin character. 
Therefore, if Co2CrTi is similar to the usual half-metallic 
Heusler compounds presenting the Slater–Pauling behavior, 
there should be exactly ten fully-occupied minority-spin 
electronic bands. In figure 3 we have plotted Co2CrTi band 
structure along several high-symmetry axis and with the red 
color are the minority-spin bands. The bands exactly at the Γ 
point are particularly important since their character reveals 
the character of the corresponding orbitals at the real space 
from which the bands stem; away from the Γ point the char-
acter of the bands changes. First, prior to our discussion, it 
should be noted that just above the Fermi level there is a band 
crossing, denoted with a blue circle in figure 3, between two 
minority-spin bands along the Γ →X direction. Calculations 
using fully-relativistic formalism, similar to the ones in [45], 
showed that the crossing is invariant under the rotation of 
magnetization axis and therefore it is a real Weyl node. An 
extensive discussion of this topological property is beyond the 
scope of the present article.

In the minority-spin band structure presented in figure 3 at 
the Γ point there is a single wide band low in energy which 
is of s character and stems from the 4 s valence states of all 
transition metal atoms. This low-energy lying s-minority-spin 
band is followed by a large number of 3 d-bands concentrated 
in a very small energy region between  −4 and  −1 eV below 
the Fermi level. In order to characterize these minority-spin 

Figure 1. Total density of states (DOS) per formula unit for the 
six studied compounds. The zero in the energy axis is set to be the 
Fermi level. Positive DOS corresponds to the majority-spin (spin-
up) electrons and negative DOS to the minority-spin (spin-down) 
electrons.

Figure 2. Total and atom-resolved DOS for the Co2CrTi compound. 
Details as in figure 1.

Figure 3. Band structure along high-symmetry lines for the 
Co2CrTi compound. Note that the band crossing, denoted with a 
blue circle in the figure, along the Γ →X direction between the two 
minority-spin bands located just above the Fermi level is a Weyl 
node.

J. Phys. D: Appl. Phys. 52 (2019) 205003
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bands we have performed a fat-band analysis similar to the 
one in [46]. In figure 4 we present schematically the results of 
our analysis. We denote the degeneracy of the band at the Γ 
point, the character of the band and the atoms whose orbitals 
contribute to the band. It should be noted that there are two dif-
ferent types of 3 d-orbitals depending on symmetry similar to 
the usual full Heusler compounds [7]. The overall symmetry 
is the tetrahedral one, Th. The Co atoms alone form a cubic 
lattice and thus ‘ungerade’ states obeying only the octahedral 
symmetry, Oh, are allowed, which in real space are exclu-
sively localized at the Co atom. The same is true for the cubic 
lattice formed by the Cr and Ti atoms. First, in energy we meet 
the lowest lying double degenerate eg states which are spread 
across all atoms. They are followed by the triple-degenerate 
t1u states which are localized only at the Co atoms and the 
triple-degenerate t1u states which are localized only at the Cr 
and Ti atoms. Finally, just below the Fermi level there are the 
triple degenerate at the Γ-point t2g states which obey the tet-
rahedral symmetry and to which the 3 d-states of all trans-
ition atoms contribute. Thus, in total below the Fermi level 
there are 12 and not 10 bands as expected if a Slater–Pauling 
behavior was present in the six compounds under study. These 
12 minority-spin bands accommodate in total about ten elec-
trons since away from the Γ point they cross the Fermi level 
and a substantial part of their weight is above the Fermi level 
being unoccupied.

To complete our study on the electronic properties of the 
compounds under consideration we have plotted in figure 5 
the distribution of the total charge and total spin densities on 
the (1  1 0) plane. The spin density is defined as the difference 

between the majority-spin and the minority-spin densities. A 
similar analysis has been made in [46] for the Cr3Se com-
pounds. The plot of the charge density reveals the fact that Cr 
and Ti atoms form a cubic lattice on their own. They present 
similar charge plots which are different from those for the Co 
atoms. In the case of the spin densities which represent the dis-
tribution of the magnetic moment in the space, we can remark 

Figure 4. Schematic representation of the character of the bands at 
the Γ point in the minority-spin band structure of Co2CrTi (see text 
for details). Note that below the Fermi level there are 12 orbitals 
which accommodate 10 electrons since the bands away from the 
Γ point cross the Fermi level and part of their weight is above the 
Fermi level.

Figure 5. Upper panel: schematic representation of the (1  1 0) 
plane of the Co2CrTi compound. Middle panel: distribution of the 
total charge density for the plane shown in the upper panel; brighter 
colors correspond to large intensity and deep blue to the almost 
constant charge density in the interstitial region. Lower panel: 
distribution of the spin density defined as the charge density for 
the spin-up electrons minus the charge density for the spin-down 
electrons; red corresponds to the maximum positive spin density 
followed by yellow, and dark blue corresponds to the maximum 
negative spin density.

J. Phys. D: Appl. Phys. 52 (2019) 205003
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that in the case of Co atoms the spin-density is more localized 
with a peak (red color) exactly at the center of the atom. On 
the other hand, in the case of Cr and Ti atoms the spin-density 
is more delocalized and there is a spherical region around each 
atom with almost constant spin density. The different color of 
the Cr (yellow-green) and Ti (blue) spin densities is due to the 
different sign of their spin magnetic moments.

3.4. Exchange constants and Curie temperature

Until now we have discussed the zero-temperature ground-
state properties of the considered materials. In the following 
we focus on the exchange interactions, magnon spectra, Curie 
temperature, and disorder effects using the KKR code. The 
calculated Heisenberg exchange parameters as a function of 
distance for the Co2CrTi compound are presented in figure 6. 
Each line with its symbols corresponds to one atom. If two 
symbols are at the same place this is an intersublattice interac-
tion, while if there is one symbol alone this corresponds to an 
intrasublattice interaction. We can see that the exchange inter-
actions are dominated by the nearest-neighbor interactions; 
each Cr or Ti atom has eight Co atoms as nearest neighbors 

and each Co atom has four Cr and four Ti atoms as nearest 
neighbors. First there is a very strong direct ferromagnetic 
interaction between the Co and the Cr atoms, followed by a 
weaker Co–Ti direct antiferromagnetic interaction which fur-
ther stabilizes the magnetic order since Co and Ti atoms have 
antiparallel atomic spin magnetic moments. The closest Co 
atoms are next-nearest neighbors and thus, their interaction is 
weak although ferromagnetic. The nearest Cr–Ti interaction is 
also indirect since they are next-nearest neighbors and there is 
a weak antiferromagnetic interaction stabilizing the magnetic 
order. The only interaction which opposes the magnetic order 
is the Cr–Cr indirect interaction mediated by the conduction 
electrons, similar to other Heusler compounds [47], which 
favors the antiferromagnetic coupling of the Cr spin magnetic 
moments.

The picture of the exchange constants of Co2CrTi pre-
sented in figure 5 is similar also for Co2CrV. But the other four 
compounds show a strongly oscillatory picture. As a result, 
the magnetic order is not so robust in their case. This behavior 
is reflected on the calculated Curie temperatures presented 
in table  1. Co2CrTi and Co2CrV present quite high values 
of the Curie temperature which is 602 K and 679 K, respec-
tively. Fe2CrV and Co2CrSc, which have the same number 
of valence electrons, present Curie temperatures close to the 
room temper ature. The last two compounds Fe2CrSc and 
Fe2CrTi present very low Curie temperatures. Thus, among 
the six studied compounds Co2CrTi and Co2CrV have a merit 
for applications and in the rest we will concentrate on Co2CrTi 
since Co2CrV present similar behavior.

We have also calculated the magnon (spin-wave) dispersion 
which is presented in the lower part of figure 5 for Co2CrTi. 
There are four branches because there are four magnetic atoms 
per unit cell. The energy dispersion curve is typical for mag-
nets with short-range interactions, where nearest-neighbor 
and next-nearest-neighbor interactions dominate. Such inter-
actions do not yield any instabilities; instabilities occur if the 
acoustic magnon mode (the lowest lying branch) has very low 
energies (close to zero) in some parts of the Brillouin zone 
which is not the case here. The acoustic branch of the mag-
nons is well separated in energy from the other three branches 
and around the Γ point its energy dispersion curve presents a 
quadratic behavior characteristic of the ferromagnetic and fer-
rimagnetic materials. This behavior of the magnon dispersion 
spectrum is similar to other studied ferrromagnetic Heusler 
compounds [48].

3.5. Effect of disorder

In the last part of the work we will dwell on the two cases of 
possible disorder and their effect on the magnetic properties 
of Co2CrTi and Co2CrV. Since both compounds show similar 
behavior we present the results only for Co2CrTi. Although 
the other compounds studied are not promising for applica-
tions, we present in the supplementary material, figures S1–S3 
(stacks.iop.org/JPhysD/52/205003/mmedia) where we have 
compiled for reasons of completeness our results on all 
studied compounds.

Figure 6. Upper panel: exchange constants as a function of the 
distance in the case of Co2CrTi compound. See discussion in the 
text for an extended explanation of the figure. Lower panel: spin-
waves dispersion spectrum for the Co2CrTi compound.

J. Phys. D: Appl. Phys. 52 (2019) 205003
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We consider two cases of disorder. First, we start from 
Co2CrTi and we mix Cr and Ti at the two sites keeping the 1:1 
stoichiometry of the Cr and Ti atoms in the compounds con-
stant. This models the transition from the fully ordered L21 
structure to the B2 disordered cases where the Cr and Ti atoms 
are randomly distributed between the two sites. In figure 7 we 
present the obtained results as a function of the concentration 
of Cr atoms at the Ti site. Thus, when the value reaches 50% 
the two sites are occupied 50% by Cr and 50% by Ti atoms. 
In the upper panel of the figure  we present the behavior of 
the Curie temperature and of the total spin magnetic moment 
per unit cell. As we move from the L21 lattice to the B2 one, 
the total spin magnetic moment decreases by only 0.08 µB, 
and thus, we can safely assume that it remains constant to 4 
µB throughout the whole transition. Contrary to the total spin 
magnetic moment, the Curie temperature shows a more 
noticeable change, decreasing by about 70 K between the 
two extremes, although it remains well above room temper-
ature. In the lower panel of figure 7 we present the behavior of 
the local spin magnetic moments (they have not been scaled 
to one atom). Interestingly the Co spin magnetic moments 
remain almost constant throughout the whole transition. This 
is because they have, for both extremes, the same number of 
nearest neighbors of each chemical type. In the case of Cr 

atoms, the local spin magnetic moments vary linearly with 
the concentration. If we scale the local spin moment to one 
atom, then the linear behavior of the former means that the 
atomic Cr spin magnetic moment remains constant through 
the L21 − B2 transition. This is also true for the Ti atoms. 
We can conclude that the Curie temperature is more delicate 
than the total spin magnetic moment since the disorder may 
not affect the atomic spin magnetic moments but it affects the 
exchange constants which determine the Curie temperature. 
We should finally note that, in experiments, the A2 phase can 
occur where atoms are randomly distributed to all sites, but 
such a phase is not interesting for applications in spintronics.

Finally, starting with Co2CrTi we have investigated the 
effect of Fe substitution for Co and we present the obtained 
results in figure 8. The total spin magnetic moment shows a 
linear decrease between perfect Co2CrTi and Fe2CrTi com-
pounds following the behavior of the Co local spin magnetic 
moment (note that the linear behavior of the Co local spin 
magnetic moment means that the Co atomic spin magnetic 
moment is constant throughout the whole transition). The 
Curie temperature decreases slower than the total spin magn-
etic moment up to the compound where Fe and Co have equal 
concentration and it has a value of about 500 K. After that it 

Figure 7. Upper panel: variation of the total spin magnetic moment 
and Curie temperature in the Co2(Cr1−xTix)(Ti1−xCrx) compounds as 
a function of the concentration x of the Cr atoms at the Ti sites. The 
two extremes correspond to the L21 and B2 lattice structures. Lower 
panel: local atomic spin magnetic moments for all atoms in these 
compounds. Note that the presented values are not scaled to one 
atom and that lines are just a guide for the eyes.

Figure 8. Upper panel: variation of the total spin magnetic moment 
and Curie temperature in the (Co1−xFex)2CrTi compounds as a 
function of the concentration x of the Fe atoms. The two extremes 
correspond to the Co2CrTi and Fe2CrTi compounds. Lower 
panel: local atomic spin magnetic moments for all atoms in these 
compounds. Note that the presented values are not scaled to one 
atom and that lines are just a guide for the eyes.
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decreases very fast reaching the 176 K for Fe2CrTi. The local 
spin magnetic moments follow the behavior of the total spin 
magnetic moment and of the Curie temperature. The Fe and 
Cr magnetic moments vary in a non-linear way, contrary to the 
Co local spin magnetic moment, showing a slow variation at 
the beginning and then changing quickly.

4. Summary and conclusions

By employing ab initio electronic structure calculations we 
have proposed an alternative class of magnetic Heusler com-
pounds, which consist only of 3d transition metal atoms, with 
high spin-polarization at the Fermi level. Both families under 
study Fe2CrZ and Co2CrZ -where Z is an early transition 
metal atom Sc, Ti or V- present a region of very low minority 
spin density of states at the Fermi level while the presence of 
Cr atom leads to a large majority spin density of states at the 
Fermi level. Although the total spin magnetic moments per 
formula unit are close to integer values, a detailed analysis of 
the minority spin band structure reveals that a Slater–Pauling 
rule cannot be formulated and there is not an integer number 
of bands fully-occupied in the minority-spin band structure.

The magnetic state is very stable in the case of the Co2CrZ 
compounds due to the strong short-range interactions and the 
compounds where Z is Ti or V present high Curie temper-
atures exceeding 600 K making them candidates for applica-
tions. Disorder calculations taking into account the mutual 
migration of the Cr and Ti(V) atoms show that the resulting 
B2 structure keeps the characteristics of the fully-ordered L21 
structure. The substitution of Fe for Co atoms, on the other 
hand, leads to deteriorated magnetic properties.

Co2CrTi and Co2CrV compounds exhibit properties which 
make them ideal potential candidates for spintronic and mag-
netoelectronic devices. Thus, future experiments are antici-
pated to grow successfully the proposed compounds.
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