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The structural, electronic, and magnetic properties of ferromagnetic
Heusler alloys Co,XY (X =Cr, Mn, Fe; Y = Al, Ga) have been investigated
by means of the all-electron full-potential linearized augmented plane wave
method within the generalized gradient approximation for the exchange
and correlation potential. The main focus of this study is to elaborate the
changes brought about in the electronic and the magnetic properties by
applied pressure. The calculated total spin magnetic moments of all the
compounds are found to be in good agreement with experiments. Out of
these compounds, Co,CrAl is found to be perfectly half-metallic (HM) and
the other compounds are found to be nearly HM. Thus the HM to metal
transition was observed at 75 GPa pressure for Co,CrAl and the nearly
half-metal to half-metal transition was observed at 40 GPa and 18 GPa for
Co,CrGa and Co,MnAl, respectively, while no transition is observed in
other compounds under investigation. It can be clearly seen that pressure
affects the minority spin states rather than the majority states, leading to a
slight reconstruction of the minority spin states with a shift in the Fermi
level driving the above-mentioned transition.

Keywords: alloys; ab initio calculations; high pressure; electronic structure;
magnetic properties

1. Introduction

In the last decade, structural, electronic, and magnetic properties of Heusler alloys
served as a prime focus for many experimental and theoretical studies [1-6].
Half-metallic ferromagnetism in this family of compounds was first introduced by
de Groot et al. [7] and is characterized by the metallic electronic band structure for
majority spins while the band structure for minority spins is semiconducting,
indicating a high-spin polarization at Fermi level (Ef). These materials play an
important role in various spin-dependent electronic applications such as
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spintronics [8,9], giant magneto resistance [10], and spin injection to semiconductor
[11-13]. The electronic and magnetic properties of these half and full Heusler alloys
were studied extensively both experimentally and by ab initio techniques [14-16]. The
electronic structure plays an important role in determining the magnetic properties
of Heusler compounds and in particular for predicting the half-metallic ferromag-
netism. Among the Heusler compounds, Co,XY are promising materials for
spintronics applications due to their wide band gap in the minority spins and are easy
to be synthesized experimentally [17,18]. Co-based Heusler alloys were investigated
theoretically using ab initio calculations and most of them are predicted to be half-
metallic (HM) [14,17,19,20]. Magnetic and HM properties of the full Heusler alloys
Co,TiX (X =Al, Ga, Si, Ge, Sn, Sb) were carried out by Lee et al. [21], where in
Co,TiX (X =Al, Si, Ge, Sn) are shown to be half-metallic and ferromagnetic. Fermi
surface and electronic structure of the Heusler alloy Co,TiSn has been studied by
Hickey et al. [22], where they claim this alloy not to be a half metal, which is quite
different from the observations of Picozzi et al. [23]. Galanakis et al. also found the
alloys Co,TiSn and Co,TiAl not to be HM. With the desire of finding new promising
half metals, Co,YSi series was also explored by many theoreticians [24,25]. Despite
many investigation on Heusler alloys, looking at it from different perspectives, there
are still many compounds which are yet to be explored with a deep insight, and forms
the main part of this work. We present the electronic and magnetic properties of
C0,XY (X=Cr, Mn, Fe; Y=AI, Ga) and also study the pressure effect on the
magnetic properties of these alloys. Until now, we are quite familiar and have
observed the pressure-induced metallization in the non-magnetic insulator and
semiconductor compounds rather than in HM ferromagnets. The same has been
observed in Ba chalcogenides, Strontium halides [26,27], etc. However, there are no
theoretical or experimental literature available explaining the stability of the HM
behavior under pressure for these alloys. Quite recently, electronic structure of HM
Co,MnSi has been studied under pressure, which indicated a half-metal to metal
transition occurring around 70 GPa [28]. In this work, we have also carried out the
pressure effect on the magnetic properties of Co,XY (X =Cr, Mn, Fe; Y =Al, Ga).
The rest of this article is organized in the following way. Section 2 deals with
computational method. Results and discussion are presented in Section 3. Finally,
Section 4 concludes this article.

2. Crystal structure and computational details

Half-metallic ferromagnetic (HMF) Heusler compounds are ternary inter metallics
with general formula X,YZ, where X and Y are transition metals and Z is a main
group element. These materials crystallize in L2 crystal structure (space group: 225
Fm-3m), which can be thought as a simple cubic lattice for Co atoms with X and Y
atoms arranged at alternate body-centered positions. The X atoms are placed at (1/4,
1/4, 1/4) and (3/4, 3/4, 3/4) positions. The Y and Z atoms are located on (0, 0, 0) and
(1/2, 1/2, 1/2) positions, respectively. In this work the electronic structure and the
basic ground state properties of the Heusler alloys are calculated using the full-
potential linearized augmented plane-wave (FLAPW) method as implemented in
WIEN2K [29,30] within the generalized gradient approximation (GGA) to the
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Table 1. Calculated and experimental lattice parameter « (A) and bulk modulus B (GPa) of
Co,XY compounds.

Lattice parameter

Compounds Aexpt Aealc. Bcalc.
Co,CrAl 5.73% 5.70 207.23
Co,CrGa 5.812 5.72 208.81
Co,MnAl 5.75% 5.69 196.37
Co,MnGa 5.77° 5.70 200.61
5.73° 196°
Co,FeAl 5.73% 5.69 215.87
5.720
Co,FeGa 5.74 5.71 198.85

Notes: “Ref [19], *Experimental values for lattice parameter are taken from [19] and the
additional references reported therein.
PRef [38].

exchange-correlation potential according to the Perdew—Burke—Ernzerhof parame-
terization [31]. The muffin tin spheres were chosen as R{2 =R{/ =RMi =
REE. =2.05 a.u., and R{; = R$3 = 1.93 a.u. The maximum / value in the expansion
of the crystal potential and electron density within muffin-tin spheres is /=10. The
cut-off parameter is RKyax =7 for the plane waves in a Fourier expansion of
potential in the interstitial region. The Brillouin zone sampling was performed
according to the Monkhorst—Pack scheme [32] and for k-space integration, a
(24 x 24 x 24) mesh was used resulting in 413 k£ points of the irreducible part in the
Brillouin zone.

3. Results and discussion

Spin-polarized total energies were calculated as a function of lattice constant for all
the six bulk compounds Co,XY (X =Cr, Mn, Fe; Y = Al, Ga) and were fitted to the
Birch equation of state [33] to obtain the basic ground state properties. The
calculated lattice constants, bulk modulus of all the six compounds are tabulated in
Table 1. Comparing with the experiments, the minimum error in the lattice constant
is 0.43% found for Co,CrAl and the maximum is around 1.5% for Co,CrGa.

3.1. Electronic properties (band structure and density of states)

Spin-polarized band structure within the GGA scheme for all the six Co,XY
(X=Cr, Mn, Fe; Y = Al, Ga) compounds were analyzed. The minority and majority
spin-band structure of representative compounds Co,CrAl, Co,CrGa, and Co,MnAl
are shown in Figure 1. The lowest valence bands in both the majority and minority
spin states are mainly due to the “‘s” electrons of Y(Al, Ga) atom that are well
separated from the other states and remains unaffected by the exchange interaction
between the two transition metals Co and X (Cr, Mn, Fe). The bands lying close to
the Fermi level are the ones arising from the hybridization of Co ““d” states and X
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Figure 1. (a), (¢), (¢) minority spin-band structure for Co,CrAl, Co,CrGa, Co,MnAl (b), (d),
(f) majority spin-band structure for Co,CrAl, Co,CrGa, Co,MnAl, (g) minority spin-band
structure of Co,CrAl at half-metal to metal transition, (h) minority spin-band structure of
Co,CrGa at nearly half-metal to half-metal transition and (i) minority spin-band structure
of Co,MnAl at nearly half-metal to half-metal transition.
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Figure 2. Conduction band minimum (CB,;,) and valence band maximum (VB of
minority spin for Co,XY ( X=Cr, Mn, Fe; Y =Al, Ga) as a function of pressure.

“d” states, including a small contribution from the “p” states of X atom. The
majority spin-band structure is strongly metallic. In Co,CrAl, the minority spin-
band structure is such that, there is a gap at the Ef, leading to a HM behavior as
shown in Figure la, and compares with the band structure calculation of Ming
Zhang et al., who claim Co,CrAl to be HM [34]. The rest of the compounds are
found to be nearly half-metallic (NHM). It is interesting to note that under pressure
there is a downward shift of conduction bands at “X-point™ close to the Fermi
level for minority spin, which leads to the metallic nature in Co,CrAl as shown in
Figure 1g. The pressure required to achieve this metallicity is predicted to be around
75 GPa for Co,CrAl. A different transition from NHM to HM state is also visualized
in Co,CrGa and Co,MnAl, around 40 GPa and 18 GPa, respectively, and this is
mainly due to the downward shift of the VB, at I'-point under pressure, which is
evident from Figures lh and 1i. The rest of the compounds remain metallic at
ambient and even at high pressure. The variation of VB,,,x and CB,,;, clearly shows
the metallic nature of these compounds, as shown in Figure 2. Recently, a similar
transition (from HM to Metal (M)) has been observed in Co,MnSi at 70 GPa [28].
The important point is that overall shape of the band structure for both the majority
and minority spin states do not change much with increasing pressure. The effect of
pressure can be better understood with the electronic density of states. The total and
the spin-resolved partial density of states of Co,CrAl, Co,CrGa, and Co,MnAl at
the transition (HM to metal in Co,CrAl and NHM to HM in Co,CrGa, and
Co,MnAl) is shown in Figure 3. The main contribution to the DOS comes from the
3d states of Co and X atoms. The HM nature in these compounds mainly results
from the minority spin gap induced by the Co ““d” states due to crystal field
splitting. The calculated minority spin gap is found to be 0.17eV in Co,CrAl, in
comparison with the 0.18eV observed by Block et al. [35] and for Co,CrGa and
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Figure 3. Density of states (DOS) of Co,CrAl (a), Co,CrGa (b), and Co,MnAl (c) at
equilibrium lattice constant.

Co,MnAl it is 0.42eV and 1.9eV, respectively. Under pressure there is a slight
reconstruction of the minority spin states leading to the shift in the Fermi level,
resulting in the above-mentioned transition. In Co,FeAl the conduction band
minimum is well below the Fermi level at ambient and upon compression, it still
shifts downwards and no question of half-metallicity arises, as evident from Figure 2.
Apart from analyzing the changes brought about by varying X (X =Cr, Mn, Fe), we
also tried to change the main group element Al to Ga and we find HM nature in
Co,CrGa under pressure as mentioned above. But for Co,MnGa, it is metallic till
87 GPa and is again evident from Figure 2. In Co,FeGa, though the conduction
band minimum is above Ef, the valence band maximum has crossed the Er and is
positioned above the conduction minimum. So there is a simultaneous downward
shift of valence band maximum and conduction band minimum upon compression
and the conduction band minimum crosses the E and realizing half-metallicity in
this compound is thus ruled out, which can be again seen in Figure 2.

3.2. Pressure effect on the magnetic properties

The calculated total magnetic moments of all the six compounds and the atom-
specific magnetic moments are tabulated in Table 2, along with the experimental
comparisons for the total magnetic moments. Our calculations show that Co,CrAl
has local magnetic moment of 0.82 ug on Co and 1.44 ug on Cr. The exchange
interaction between the Co and Cr atoms are found to be ferromagnetic leading to a
total magnetic moment of 3.0 up, at the experimental lattice constant (¢ =5.73 A).
The calculated moments of all the other compounds are also in good agreement with
the experimental values and obey the Slater—Pauling rule [36,37], which scales with
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Table 2. Calculated and experimental values of total and partial magnetic moments (in u g) of
Co,XY compounds.

Total magnetic moment Partial magnetic moment
Compounds Experiment Calculated Co X) (YY)
Co,CrAl 1.55% 3.00 0.82 1.44 —0.038
3.00°
Co,CrGa 3.01% 3.028 0.78 1.50 —0.029
3.05°
Co,MnAl 4.04% 4.03 0.80 2.57 —0.045
4.04° 0.85
Co,MnGa 4.05% 4.11 0.79 2.60 —0.034
4.12°
4.09¢ 0.76° 2.75¢ —0.08°
Co,FeAl 4.96* 4.99 1.23 2.74 —0.038
4.98°
5.00¢ 1.24¢ 2.78¢ —0.08°
Co,FeGa 5.08% 5.02 1.22 2.76 —0.028
5.02°

Notes: “Experimental values for magnetic-moment are taken from [19] and the additional
references reported therein.

PRef [19].
“Ref [38]
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Figure 4. (a) Variation of magnetic moment under pressure for Co,X (Cr, Mn, Fe) Al and (b)
for Co,X(Cr, Mn, Fe) Ga.

the number of valence electrons. According to this rule M,=7Z,— 24, where M, is
total magnetic moment in up per unit cell and Z, is total number of valence electrons
per unit cell. As shown in Table 2, the non-integer magnetic moments observed in all
these compounds leads to low-spin polarization at the Fermi level. The variation of
total magnetic moment with pressure is plotted in Figure 4, along with the local
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moments at Co and X site. It can be clearly seen that total magnetic moment
decreases with pressure. It is also evident that the major contribution to the magnetic
moment comes from the transition metal other than Co in all the six compounds.
The magnetic moment of Y in all the compounds is found to increase under pressure.
But the magnetic moment of Co increases for Co,MnGa and it decreases for rest of
the compounds under pressure. It can be seen that Co,CrAl has an integer magnetic
moment at ambient and both Co,CrGa and Co,MnAl has an integer magnetic
moment after undergoing a transition from NHM state to HM state at around 40
and 18 GPa. Though the pressure required for the above-mentioned transition is in
the range of 50-60 GPa or higher, not much changes occur in the band structure,
which accounts for the structural stability of these L2; compounds.

4. Conclusions

The structural, electronic, and magnetic properties of Co,XY (X=Cr, Mn, Fe;
Y = Al, Ga) were studied by density functional calculations at ambient as well as at
elevated pressures. The GGA calculated structural parameters are in good agreement
with the experimental values. The half-metallicity is achieved for Co,CrAl at ambient
pressure, while for Co,CrGa and Co,MnAl the same is achieved at 40 GPa and
18 GPa, respectively. In the case of Co,MnGa, it is metallic till 87 GPa (V/V,=0.76).
But for Co,FeAl and Co,FeGa the half-metallicity is not observed even at high
pressures. The electronic structure of these system are largely determined by the
hybridization of d-electronic states of Co and X (Cr, Mn, Fe). The general
characteristics of energy band structure are maintained with increase in pressure, and
there is a slight reconstruction of the minority spin states with a shift in the Fermi
level driving the above-mentioned transition.
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