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Abstract Density functional theory calculations are per-

formed to investigate the electronic and magnetic proper-

ties of Fe3-xCrxSi alloys with Cr concentration in the range

of 0.25 B x B 2.75. The L21 phase is found to be a more

stable one in comparison with the A15 phase for x B 1.50

beyond which the A15 phase becomes more stable. Alloys

with the stable L21 phase are found to be metallic for

x B 0.75, however, a half metallic behavior is found at

x = 1.00, 1.25, and 1.50 with band gaps of 0.60, 0.24, and

0.21 eV, respectively. In contrast, all A15 structures are

found to be metallic. The total magnetic moments are

found to decrease for L21 phase from 14.4 lB/cell at

x = 0.25 to zero at x = 2.00 with non-integer values for

the metallic structures and integer values for the half-

metallic. However, a monotonic decrease is found for the

case of A15 phase with values larger than those of L21

phase.

Introduction

Transition-metal silicides such as Cr3Si and Fe3Si binary

alloys have stimulated intensive studies over the last few

decades due to their significance in integrated circuits

technology. The interest in these alloys is related to their

metallic behavior and oxidation resistance. Neutron pow-

der diffraction measurements have shown that Cr3Si alloy

crystallizes in A15 structure of the space group Pm�3n (223)

with a lattice constant 4.60 Å [1]. This alloy structure was

confirmed to be stable in a temperature range down to 6 K

[2, 3] with a Pauli paramagnetic behavior in the tempera-

ture range between 4.2 and 300 K [4]. The cubic unit cell

of Cr3Si alloy contains two Si atoms at (0,0,0) and (1/2,

1/2,1/2), and six Cr atoms at (1/4,0,1/2), (1/2,1/4,0), (0,1/2,

1/4), (0,1/2,3/4), (1/2,3/4,0), and (3/4,0,1/2), see Fig. 1.

In contrast, Fe3Si binary alloy crystallizes in the DO3

structure of the space group Fm�3m (225). This structure is a

cubic superstructure, which is composed of four interpen-

etrating FCC sublattices, A, B, C, and D, centered at (0, 0,

0), (1/4, 1/4, 1/4), (1/2 , 1/2 , 1/2), and (3/4 , 3/4 , 3/4),

Fig. 1. Each A atom is at the center of a cube of four B

and four D atoms. In this alloy, Fe atoms occupy two

inequivalent sites [A, C] and [B] sites, and Si atoms occupy

[D] sites. It has a lattice constant of 5.65 Å [5] and a

ferromagnetic behavior with a total magnetic moment of

4.80 lB/f.u. [6], which is well compared to our recent

predicted value of 4.96 lB/f.u. [7]. The Curie temperature

(Tc) of this alloy is about 840 K [8].

As these two alloys exhibit completely different geo-

metrical structures and magnetic states, one may expect

different electronic, magnetic and geometrical structures

upon alloying a parent binary alloy by the transition metal

of the other, i.e., doping Fe3Si binary alloy with Cr atoms

or vice versa. Zaleski et al. [9] have measured the mag-

netization of doped Cr3Si by Fe. They found that the

Cr3-xFexSi alloys change from the nonmagnetic state for

x B 0.2 to the ferromagnetic state at x = 0.3. The observed
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67000 Strasbourg, France

123

J Mater Sci (2012) 47:797–803

DOI 10.1007/s10853-011-5857-1



magnetic moments, however, are weak, while the Curie

temperatures are relatively high. The Curie temperature of

the sample with x = 0.2 was found to be about 320K [9]. A

recent experimental study by Goripati et al. [10] has shown

an enhancement in the spin polarization of Co2FeSi by

substituting Fe by Cr, which leads to a higher magnetore-

sistance (MR) value.

As Fe3Si (DO3 structure) is alloyed with Cr, the B sites

are progressively filled until reaching the stoichiometric

Fe2CrSi structure, where all B sites are occupied by Cr

atoms. This structure is referred to as a full Heusler alloy

(L21 structure). This alloy has a Curie temperature above

room temperature (520 K) [11]. The predicted spin polar-

ization has been found to be very high, 100% [11] (98%

[12]) and the total magnetic moment is close to that derived

using the Slater-Pauling formula [13] of 2.00 lB/f.u. [11]

(1.98 lB/f.u. [12]) . The saturation magnetic moment at 5

K has been reported as 2.05 lB/f.u. [11], which is consis-

tent with the predicted values and those derived from

Slater-Pauling formula. In addition, Fe2CrSi films on MgO

substrates have also shown high Curie temperatures, which

makes them promising for high-performance magnetic

random access memory devices [12]. Recently, Ko et al.

[14] have performed a combined theoretical and experi-

mental study to investigate the electronic and magnetic

structures of Fe2CrSi and Cu2CrSi bulk alloys as well as

Fe2CrSi/Cu2CrSi interfaces. They found that Fe2CrSi is

ferromagnetic, whereas Cu2CrSi is nonmagnetic. However,

both systems have high density of states at the Fermi level

in the majority spin band. Their majority spin bands match

very good at the Fermi level leading to a high spin polar-

ization of 80%, which is promising for Heusler alloys-

based giant magneto resistance (GMR).

In this context, we present a theoretical study to

invstigate the electronic and magnetic properties of

Fe3-xCrxSi alloys for a wide range of Cr concentration

(0.25 B x B 2.75). The rest of the paper is organized as

follows: Sect. 2 includes the method of calculation, Sect. 3

is devoted to the results and discussions, and Sect. 4 con-

tains the conclusions.

Method of calculation

The calculations are performed using density functional

theory (DFT) [15] based on full-potential linearized-

augmented plane-wave (FP-LAPW) [16] method (WIEN2K

package). The electronic exchange-correlation potential is

described within the generalized-gradient approximation

(GGA) parameterized by Perdew et al. [17]. The calcula-

tions are performed using a supercell of 16 atoms for the

L21 and A15 structures. In these calculations the core states

are treated fully relativistically, while the semi-core and

valence states are treated by the scalar relativistic

approximation. The basis set parameters are: a 16 Ry cutoff

energy for the plane waves in the interstitial region

between the muffin tins and 169 Ry for the potential. The

wavefunction expansion inside the muffin tins are taken up

to lmax = 10 and the potential expansion up to lmax = 4. The

core energy cutoff is taken as -6.0 Ry. The k-point sam-

pling in the irreducible part of the Brillouin zone is per-

formed using (12 9 12 9 12) Monkhorst Pack grid. The

structures are fully relaxed until the forces on the atoms

reach values less than 2 mRy/a.u. The convergence of the

total energy in the self-consistent calculations is taken with

respect to the total charge of the system with a tolerance

0.0001 electron charges. The electronic structure calcula-

tions to obtain the partial densities of states (DOS) for all

structures are performed using the tetrahedron method with

Blöchl corrections [18].

Results and discussion

The structural, electronic, and magnetic properties are

investigated for Fe3-xCrxSi ternary alloys with Cr con-

centration x ranging from 0.25 to 2.75 in steps of 0.25. The

Fe3Si and Cr3Si parent binary alloys with DO3 closed

packed and A15 open structures, respectively, are pre-

sented in Fig. 1. Both alloys exhibit metallic behaviors,

however, Fe3Si is known to be ferromagnetic [7], whereas

Cr3Si is a typical Pauli paramagnet [4, 19]. This difference

in their geometrical and magnetic structures suggest a

diversity in the geometrical and magnetic structures of

Fe3-xCrxSi ternary alloys.

Structural properties and energetics

Table 1 presents the structural parameters (lattice constant

a; bulk modulus B), the formation energies, Ef, and the

Fig. 1 Left The A15 structure of Cr3Si: Si atoms occupy (0,0,0) and

(1/2,1/2,1/2) sites, and Cr atoms occupy (1/4,0,1/2), (1/2,1/4,0), (0,1/

2,1/4), (0,1/2,3/4), (1/2,3/4,0), and (3/4,0,1/2) sites. Right The DO3

structure of Fe3Si, where Fe atoms occupy A(0,0,0), B(1/4,1/4,1/4),

and C(1/2,1/2,1/2) sites; Si atoms are at D(3/4,3/4,3/4) sites
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total energy difference between L21 and A15 structures for

Fe3-xCrxSi alloys. From this table one can notice that the

lattice constant is slightly increasing as a function of x in

the case of L21 structure. This can be related to the larger

atomic radius of Cr as compared to Fe, which causes an

increase in the lattice constant by increasing Cr concen-

tration due to the closed packed structure of L21 phase.

However, the lattice constant is found to be independent of

the Cr concentration in the case of A15 phase due to its

open structure that permits Cr to substitute Fe without an

expansion in the lattice constant. The bulk modulii of

Fe3-xCrxSi alloys in their L21 phase are found to be larger

than those with A15 phase for x B 2 and the opposite holds

for larger concentrations.

By comparing the total energies of L21 and A15 struc-

tures, we found that the L21 structure is stable up to

x = 1.50, beyond which A15 structure becomes more

stable, see Table 1. In addition, we found that the forma-

tion energy decreases as a function of concentration for the

alloys with the stable L21 phase . However, the alloys at

higher concentrations (x [ 1.50) with the A15 stable

structure exhibit an increase in the formation energy. This

indicates that the stability of L21 phase, in the range of

0.25 B x B 1.50, increases for rich Fe alloys. However, in

the range of 1.75 B x B 2.75 (A15 phase), the stability

increases for rich Cr alloys. It should be mentioned here

that the total energy calculations gives an indication of a

possible phase transformation between L21 and A15 geo-

metrical structures upon alloying one parent binary alloy

by the transition metal of the other. However, one should

keep in mind that this result is inconclusive for the phase

stability. To reach a closure, one has to test all possible

geometrical structure and finalize by performing phonon

calculations, which will be the subject of a future work.

Total and local magnetic moments

In this subsection we present the total and local magnetic

moments of the two phases, L21 and A15, of Fe3-xCrxSi

alloys, see Table 2. The total magnetic moment is found to

decrease in the case of L21 phase until it reaches zero at

x = 2.00, exhibiting a nonmagnetic state. Higher concen-

trations, however, exhibit negative total magnetic

moments, see Fig. 2. To understand this behavior, one has

to recall the Slater-Pauling rule for total magnetic moments

that obeys the following equation [13, 20]:

Mtot ¼ ðNt � 24nSiÞ lB ð1Þ

where Nm is the number of valence electrons and nSi is the

number of Si atoms in each cell. We found that structures

with Cr concentrations in the range 1.00 B x B 1.5 exhibit

Table 1 The lattice constants a, bulk modulus B and formation

energies Ef of Fe3-xCrxSi alloys in their L21 and A15 structures and

the energy difference DE ¼ EL21
� EA15

x a (Å) B (GPa) Ef (eV/f.u.) DE ðmeV/f.u.Þ

L21 A15 L21 A15 L21 A15

0.25 5.60 4.50 193 185 -1.228 -0.944 -227

0.50 5.58 4.46 244 223 -1.215 -0.785 -428

0.75 5.58 4.50 243 196 -1.056 -0.958 -100

1.00 5.59 4.50 239 205 -1.010 -0.997 -12

1.25 5.60 4.50 237 212 -1.006 -0.955 -52

1.50 5.61 4.50 227 223 -0.978 -0.842 -136

1.75 5.61 4.50 256 224 -0.943 -0.952 ?8

2.00 5.62 4.50 256 237 -0.848 -0.952 ?752

2.25 5.65 4.50 219 231 -0.810 -1.070 ?264

2.50 5.67 4.50 247 249 -0.912 -1.985 ?572

2.75 5.68 4.50 248 249 -0.794 -1.24 ?552

Table 2 The total magnetic moment Mtot, and local magnetic

moments for Fe3-xCrxSi structures with L21 phase for 0.25 B

x B 2.75

x Mtot

(lB)

lFe

[A, C]

(lB)

lFe

[B]

(lB)

lCr

[A, C]

(lB)

lCr

[B]

(lB)

lSi

[D]

(lB)

0.25 14.6 0.85 2.57 – 0.44 -0.03

0.50 11.93 0.61 2.72 – 0.98 -0.03

0.75 9.98 0.44 2.74 – 1.23 -0.03

1.00 8.00 0.260 – – 1.42 -0.03

1.25 6.00 0.23 – -0.64 1.34 -0.01

1.50 4.00 0.15 – -0.94 1.23 -0.01

1.75 1.41 0.07 – -0.25 0.50 -0.01

2.00 0.00 0.00 – 0.00 0.00 0.00

2.25 -1.99 0.01 – -0.95 0.73 0.00

2.50 -3.74 0.06 – -1.02 0.78 0.00

2.75 -5.14 0.34 – -1.20 0.78 0.00
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Fig. 2 The total magnetic moment as a function of Cr concentration

for the L21 and A15 phases in comparison with Slater-Pauling curve
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integer total magnetic moments obeying the Slater-Pauling

rule. At x = 2.00 we obtained a nonmagnetic state, which

lies on the border of Slater-Pauling rule. The number of

valence electrons in the cell of this alloy is 24/f.u., which

leads to a zero total magnetic moment according to Eq. 1.

In contrast, the remaining Cr concentrations exhibit non-

integer total magnetic moments that are found to be

slightly off the Slater-Pauling curve, Fig. 2. For the A15

phase, however, one can see a monotonic decrease of the

total magnetic moment until it reaches zero at x = 2.50. In

this phase all structures exhibit non-integer total magnetic

moments, with values higher than the case of the L21

phase, see Fig. 2. The ferromagnetic to nonmagnetic

transition in our calculations occurs at x = 2.50, whereas,

it takes place experimentally at x = 2.70 [9].

In Tables 2 and 3, we present the total as well as the

local magnetic moments of the alloys in their L21 and A15

phases, respectively. These tables show complex magnetic

structures of the alloys in both phases. In Table 2 one can

see that Fe atoms at [A, C] sites are lower than the cor-

responding values obtained in a previous study for Fe3Si

binary alloy (1.29lB) [7]. This can be related to the sub-

stitution of some Fe atoms by Cr at [B] sites. However, the

magnetic moments of the rest of Fe atoms at [B] sites

remain almost the same as those in Fe3Si parent alloy. The

local magnetic moments of Fe atoms at [A, C] sites con-

tinue to decrease as Cr concentration increases, whereas

those of Cr at [B] sites increase. The larger magnetic

moments of Fe atoms at [B] sites is related to the proximity

of Fe nearest neighboring atoms at [A, C] sites. In contrast

the first neighbors of Fe atoms at [A, C] sites are Cr and Si

atoms, which causes a reduction in their moments due to

the hybridization with Si p and Cr d bands. Beyond x = 1,

Cr atoms start to occupy [A, C] sites with local magnetic

moments coupled antiferromagnetically with those of Cr

atoms at [B] sites. The overall effect of these changes

causes a decrease in the total magnetic moment until it

reaches zero at x = 2, then continues to increase with

negative total magnetic moment as Fe atoms at [A, C] sites

starts to couple antiferromagnetically with those of Cr at

[B] sites. In Table 3 we find that the local magnetic

moments of Fe atoms close to Cr atoms have smaller

values than those on their original sites. This reduction is

related to the hybridization between Cr and Fe d bands. For

Cr atoms, the local magnetic moment is found to decrease

as a function of Cr concentration. The Si atoms, however,

exhibit negligibly small induced magnetic moments.

Density of states

It has been found earlier that there is an intimate relation

between the integer total magnetic moments and the half

metallicity behavior, which is also the case of this study.

To reveal this fact we present the DOS for six systems of

Cr concentration x = 0.25 up to x = 1.50 in their L21

phase, see Fig. 3. In this figure one can notice the metallic

behavior of the structures with Cr concentrations of

x = 0.25, 0.50, and 0.75, with spin polarisations P of 42,

96, and 98%, respectively, calculated at the Fermi level

using the following equation:

P ¼ ðN" � N#Þ=ðN" þ N#Þ ð2Þ

where N: and N; represent the density of states at the Fermi

level for the majority and minority spin channels, respec-

tively. One can also see that the Fe3-xCrxSi structure with

x = 1.00, 1.25 and 1.50 exhibit spin polarizations of 100%

due to the absence of the electronic states in their minority

spin channels. The Fe2CrSi Heusler alloy, which has a

perfect stoichiometric composition exhibits an indirect

band gap of 0.60 eV along the C–X symmetry line. This

value is higher than that obtained by Hongzhi et al.

(0.42 eV) [11], which may be related to using the local spin

density approximation rather than the GGA used in the

present study to describe the exchange-correlation poten-

tial. Our calculated total magnetic moment of 8.00 lB/

cell (2.00 lB/f.u.) agrees with the theoretical and experi-

mental values obtained by Hongzhi et al. [11] of 2.00 and

2.05 lB/f.u., respectively, whereas it is slightly higher than

the value obtained by Yoshimura et al. [12] of 1.98 lB/f.u.

This full Heusler alloy is believed to be promising for

potential applications in spintronics due to several reasons.

Firstly, it has a high Curie temperature of 520 K [11].

Second, it is robust against defects [21]. Third, it exhibits a

van-Hove singularity of the density of states at the Fermi

level in the majority spin channel and an appreciable band

gap in the minority spin channel with the Fermi level in the

middle of the energy gap. These properties suggest this

Table 3 The total magnetic moment Mtot, and local magnetic

moments for Fe3-xCrxSi structures with A15 phase for 0.25 B

x B 2.75

x Mtot (lB) lFe (lB) lCr (lB) lSi (lB)

0.25 20.57 1.64, 2.14, 2.57 -0.74 -0.07

0.50 17.26 1.09, 1.99 -0.19 -0.06

0.75 17.00 1.56, 2.02 -0.03, 0.09 -0.05

1.00 15.64 1.96 0.08 -0.046

1.25 12.48 1.23, 1.83, 1.96 0.0, 0.05 -0.04

1.50 9.83 1.05, 1.81 0.11, 0.16 -0.03

1.75 8.25 1.13, 1.57, 1.85 -0.02, 0.05, 0.30 -0.02

2.00 5.10 1.14 0.06, 0.08 -0.01

2.25 4.43 1.24, 1.86 0.09, -0.48 -0.01

2.50 0.00 0.00 0.00 0.00

2.75 0.00 0.00 0.00 0.00
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alloy as a very good candidate for tunneling magnetore-

sistance (TMR) devices [22].

For the higher concentrations at x = 1.25 and 1.50, the

band gaps are found to be lower than the ideal Fe2CrSi

Heusler alloy, namely 0.24 and 0.21 eV, respectively. This

reduction in the values of the band gaps can be interpreted

using Fig. 4, which presents the local density of states

(LDOS) for x = 1.00, 1.25, and 1.50 concentrations. From

this figure one can notice the energy shift of the Fe bonding

and Cr antibonding states toward higher and lower

energies, respectively, which causes a decrease in the band

gaps of the alloys with x = 1.25 and 1.50.

For a better understanding of the covalent bonding in

L21 and A15 phases, we plot the LDOS of two selected

systems at x = 1.00, and 2.00 for both phases. In Fig. 5, we

present the LDOS for the doped alloy in its L21 phase with

Cr concentration x = 1.00 from which one can see a wide

band gap in the minority channel of the LDOS, indicating a

strong covalent bond between Fe and Cr d states. However,

for the A15 phase, the wide band gap is absent, which
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means that the covalent bond becomes weaker. For FeCr2Si

alloy, however, there are no band gaps in the DOS neither

for L21 nor for A15 phases, which means weak covalent

bonds in both phases (see Fig. 6). The minority and

majority DOSs of the L21 phase are found to be equal in

Fig. 6, which leads to the nonmagnetic state. The A15

phase, however, is found to be magnetic as can be seen

from its DOS. The magnetic interaction in the case of A15

phase may be the reason for the stabilization of this phase

as compared to L21 phase.

Conclusions

We performed DFT calculations using FP-LAPW method

and GGA to investigate the structural, electronic and

magnetic properties of Fe3-xCrxSi alloys with 0.25 B

x B 2.75 and steps of 0.25. We found that the L21 phase is

more stable than A15 phase for Cr concentration x B 1.50,

whereas, the opposite holds for higher concentrations. The

structures with the stable L21 phase are found to exhibit a

metallic behavior for x = 0.25, 0.50, and 0.75 with spin
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polarizations of 42, 96, and 98%, respectively. However,

they exhibit a half metallic behavior at x = 1.00, 1.25, and

1.50 with band gaps of 0.60, 0.24, and 0.21 eV, respec-

tively. In contrast, all A15 structures are found to exhibit

metallic behaviors. The total magnetic moments are found

to decrease in the case of L21 phase from 14.4 lB/cell at

x = 0.25 to zero at x = 2.00, beyond which they become

negative with non-integer values for the metallic structures

and integer values for the half-metallic. However, a

monotonic decrease is found for the case of A15 phase with

values larger than those of L21 phase until they reach zero at

x = 2.50.
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