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The electronic structure and magnetism of MnyRhZ (Z = Al, Ga, In, Si, Ge, Sn, Sb) Heusler alloys have been studied by
using first-principles calculations. Three half-metallic ferromagnets, namely, Mn;RhAl, MnyRhGe and Mn,RhSb have been
considered. The calculated equilibrium lattice constant increases with increasing atomic number of Z atoms lying in same
column of periodic table. The calculated total magnetic moments Mo are 2 pg/f.u. for MnpRhAl and MnyRhGa, 3 pg/f.u. for
Mn;RhSi, Mn,RhGe and Mn;RhSn, and 4 pg/f.u. for Mn; RhSb, which agrees with the Slater-Pauling curve quite well. In all
these compounds, except for MnyRhSb, the moments of Mn (A) and Mn (B) are antiparallel to each other. The total magnetic
moments of the three considered half-metals assume integral values in a wide range of equilibrium lattice parameters.
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1. Introduction

In recent years, Mn-based Heusler alloys have
attracted much attention due to their physical prop-
erties as half-metallic materials and potential ap-
plications [1-3] in the fields of magnetic actuators
and spintronics devices. The so-called half-metallic
materials have an energy gap in one spin direc-
tion at the Fermi level Er whereas the other spin
band is strongly metallic. As a result, a 100 % spin
polarization can be obtained [4] and half-metals
can be used as spin injectors for magnetic ran-
dom access memories and other spin-dependent
devices [5]. Many Mn-based Heusler alloys have
been studied experimentally for their half-metallic
band structure and high Curie temperatures. At the
same time, many Mn-based Heusler alloys have
been theoretically predicted to be half-metals, and
experiments have been carried out to establish their
half-metallic band structure and magnetic proper-
ties, which make them suitable for technical appli-
cations [6—12].

Since the time when de Groot et al. predicted
NiMnSb to be a half-metal as well as half-Heusler
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alloy, much attention has been paid to the Heusler
alloy family for their unique character [4]. Among
these materials, Mny-based Heusler alloy with
half-metallicity attracted much attention. Among
Mn,YZ alloys, Mn; VAl was the first half-metal
predicted by the band theory calculation in Mn-
based Heusler alloys [13]. Later Mn,CoZ (Z =
Al, Si, Ge, Sn, Sb) [14-16], MnyFeZ (Z = Al,
Sb) [17] and Mn,CrZ (Z = Al, Sb) [18] also at-
tracted much attention due to their half-metallicity.
Recently, Mn,CuZ (Z = Si, Sb, Ge) [19-21] alloys
have been reported to exhibit half-metallic charac-
ter in their electronic structures. These Mn, YZ al-
loys (where Y denotes 3d elements) have been thor-
oughly investigated. However, the electronic struc-
ture as well as half-metallicity of Heusler alloys
containing 4d or 5d elements is not very clear.
Recently, Abada et al. [22] have found Mn,ZrZ
(Z = Si, Ge) alloy exhibiting half-metallicity in
theory, and Endo et al. [23] have synthesized a new
Heusler alloy Mn;RuSn, which besides Mn con-
tained a 4d-element Ru, indicating the possibility
to find new functional materials in Heusler alloys
consisting of 4d elements in theory and experiment.

In this paper, we studied the site preference
in Mnp,RhZ (Z = Al, Ga, In, Si, Ge, Sn, Sb)
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by first-principles calculations. The electronic
structure and the magnetic properties of the
compounds were investigated in details. Three
half-metals, namely, MnyRhAl, Mn,RhGe and
Mn,RhSb, were predicted. For all these alloys, ex-
cept MnyRhSb, the antiparallel alignment between
the large local moments of the Mn atoms is ob-
served. The total magnetic moments of the three
half-metals with Z atoms lying in the same columns
assume integral values for a wide range of equilib-
rium lattice parameters. Furthermore, we also ex-
plored the influence of tetragonal distortion on the
half-metallicity property of Mn;RhAl as an exam-
ple for the subsequent research.

2. Computational methods

The electronic structure calculations were car-
ried out by using the CASTEP code based on
pseudopotential method with a plane-wave basis
set [24, 25]. The electronic exchange-correlation
energy was treated under the local-density approx-
imation (LDA) [26, 27]. The interactions between
the atomic core and the valence electrons were de-
scribed by the ultrasoft pseudopotential [28]. We
considered two cases of initial spin moments of Mn
(A) and Mn (B) atoms: antiparallel and parallel,
and set the spins as —1, +2 and +2, +2, respec-
tively. The plane wave basis set cut-off was used as
500 eV for all the cases. A mesh of 15 x 15 x 15
k-points was employed for Brillouin zone integra-
tions for all the cases. The convergence tolerance
for the calculations was selected as a difference of
total energy within 1 x 107® eV/atom. These pa-
rameters ensured good convergence for total energy
and the calculations were based on the theoretical
equilibrium lattice parameters.

3. Results and discussion

3.1. Lattice parameter

Heusler alloy has a structure of four inter-
penetrating face-center-cubic (fcc) lattices and
a stoichiometric composition of X;YZ, where
X and Y atoms are transition metal elements,
and Z atom is an element of group III, IV or V.

Generally, Heusler alloy has two possible struc-
tures: HgoCuTi-type and Cu;MnAl-type. In
Hg,CuTi-type structure, the X atoms occupy the
A (0, 0, 0) and B (1/4, 1/4, 1/4) sites, and the Y
atom enters the C (1/2, 1/2, 1/2) site, with Z atom
located at the D (3/4, 3/4, 3/4) site in the Wyckoff
coordinates. While in CupMnAl-type structure, the
X atoms occupy the A and C sites, Y atom enters
the B site, leaving the D site to Z atom.

For 3d transition metal elements, the prefe-
rence of transition metal elements is determined
by the number of their valence electrons. And the
elements with less electrons prefer to occupy the
B sites, while others prefer to enter the (A, C)
sites [29]. According to the previous studies on
Mn,RhZ (Z = Al, Ga, Sn), Felser et al. studied the
tetragonal distortion based on the cubic Heusler al-
loys in Hg, CuTi-type structure [30]. Thus, we con-
sidered Mny,RhZ (Z = Al, Ga, In, Si, Ge, Sn and
Sb) with Hg,CuTi-type structure in this paper, and
performed calculations for two cases of different
initial spin moments for Mn atoms: antiparallel and
parallel.

All these calculations concerning total energy
as a function of lattice parameters, except for
Mn,RhIn alloy, are completely identical in both
cases, and the calculated equilibrium lattice con-
stants are listed in Table 1. In Table 1, the equi-
librium lattice constants increase with increasing
atomic number of Z atoms from the same column
of the periodic table. The theoretical lattice con-
stant of Mn,RhAl is smaller than that of Mn,RhGa
because the Al atoms have a smaller atomic ra-
dius than Ga atoms. The radius of In atom is much
larger than those of Al and Ga atoms. Thus, the lat-
tice constant of MnyRhlIn is the largest in the se-
ries of Mn;RhZ (Z = Al, Ga and In). Similarly,
Mn,RhSn has the largest lattice constant among
Mn,RhZ (Z = Si, Ge and Sn) compounds and
the lattice constants increase with the rising of the
atomic number of Si — Ge — Sn.

3.2. Electronic structure and magnetic
properties

The electronic structure of the MnyRhZ
(Z = Al Ga, In, Si, Ge, Sn, Sb) alloys has been
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studied by first-principles calculations. The calcu-
lated total and partial densities of states (DOSs) of
Mn;yRhZ are shown in Fig. 1. In Fig. 1, we chose
the majority-spin states as positive values and the
minority-spin states as negative values. The states
between —5 eV and —6 eV are mainly from the p
electrons of Z atoms in the occupied valence states,
which hybridize with the d electrons of Mn and
Rh atoms and determine the degree of occupation
of the p-d orbitals. The total DOSs of —4 eV to
+2 eV arise from d states of transition metal atoms.
The widely spread d states are mainly from cova-
lent hybridization between Mn and Rh atoms. The
covalent hybridization between the lower-energy d
states of the higher-valence transition metal atom,
like Rh, and the higher-energy d states of the lower-
valence transition metal atom, like Mn, can be
strong and lead to the formation of bonding and an-
tibonding bands [31].

The total DOSs of Mny;RhZ (Z = Al, Ga, In,
Si, Ge, Sn, Sb) shown in Fig. 2 can be divided into
three groups according to valence electrons of Z
atoms: Al, Ga and In alloys belonging to the first
group, Si, Ge and Sn alloys attributed to the sec-
ond group, and Mn,RhSb as the third group. All
total DOSs of the three-group compounds are simi-
lar in shape. The low energy states are mainly con-
tributed by s electrons of Z atoms, and the s states
are separated from the d states by a gap in the DOSs
in both spin directions. Thus, we have ignored the
effect of s electrons on the d-d interaction and have
not presented s states in Fig. 1. Similar behavior
has also been observed in Mn,FeZ (Z = Al, Ga, Si,
Ge, Sb) [32] alloys.

In order to clarify the variation trend of the
DOSs of the three groups, we analyzed the DOSs of
Mn;RhIn, Mny;RhSn and Mn,RhSb alloys, which
are shown in the Fig. 2 (the 3", 6™ and 7" panel).
The DOSs obviously move to the lower energy as
the number of valence electrons increases. Sn atom
has one more p state valence electron in compa-
rison to In atom, and Mn,RhSb also has an extra
valence electron compared with Mn;RhSn. The p
electrons of the main group element hybridize with
the d states of Mn and Rh, determining the degree
of occupation of p-d orbitals and influencing the

position of the majority spin states relative to the
Fermi level due to the extra electrons from Z atoms
filling in only majority spin states [33]. The ma-
jority states move to a lower energy as Z element
is varying from In to Sn. The Fermi level locates
at a deep DOS valley in the Mn;RhSi, and moves
to a large DOS peak in Mn,RhSn. However, the
change in minority states is not so obvious. The
minority states are slightly shifted to a lower en-
ergy with respect to the Fermi level. Similar results
have also been found in Mn,FeAl and Mn,FeSi al-
loys [32]. In the same way, the majority states of
Mn,RhSb shift to a lower energy with respect to
the Fermi level. Meanwhile, the extra charge leads
to a change in their spin moments. Mn (A) has four
Z atoms as nearest neighbors, so the hybridization
between Mn (A) and Z is strong. Thus, Mn (A) spin
moment increases intensely.

It is worth noting that Sb atom has the largest
number of valence electrons among the main group
atoms Z (Z = Al, Ga, In, Si, Ge, Sn, Sb), and the
majority DOS of Mn,RhSb moves to a lower en-
ergy relative to the other MnyRhZ (Z = Al, Ga, In,
Si, Ge, Sn) due to the extra electrons filling in only
majority spin states. Mn (A) is the nearest neigh-
bor atom of Sb atom, and the magnetic moment of
Mn (A) reveals the most obvious change in Table 1.
The moments of Mn (A) and Mn (B) for Mn,RhSb
are parallel instead of antiparallel ones for the other
MnyRhZ (Z = Al, Ga, In, Si, Ge, Sn). Thus, the
magnetic structure of Mn,RhSb is ferromagnetic.

The total DOS of Mn;RhAI compound is shown
in Fig. la. A three-peak structure is in the major-
ity spin states. The peak above Er is mainly com-
posed of the antibonding peak of Mn (A) and the
occupied bonding peak results from the d states
of Rh atom. It was reported that the bonding hy-
brids are localized mainly at the higher-valence
transition metal atom site, such as Rh, and the un-
occupied antibonding states are mainly from the
lower-valence transition metal atom site, such as
Mn [31]. A two-peak structure (bonding and an-
tibonding peak), which is separated by an energy
gap at the EF, can be observed in the minority spin
states. The PDOS shapes of Mn (A) and Mn (B)
are opposite to each other. In the majority states of
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Fig. 1. The calculated spin-projected total and partial DOS plots for (a) Mn,RhAl, (b) Mn,RhGa, (c) MnyRhln,
(d) Mn,RhSi, (e) MnRhGe, (f) Mn,RhSn, and (g) MnyRhSb.
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Fig. 2. The calculated total DOS of Mn;RhZ (Z = Al,
Ga, In, Si, Ge, Sn, Sb).

Mn (B), the two peaks are occupied and lie below
the Fermi level. In the minority of PDOS, the ex-
change splitting moves the antibonding peak high
above Ep, resulting in a large local moment of Mn
(B). Large Mn moment has also been observed in
other Heusler alloys, such as MnyFeZ (Z = Al Ga,
Si, Ge, Sb) [32]. In contrast, the partial DOS of Mn
(A) lies below Eg in the minority spin states, and
above Er in the majority spin states. Therefore, the
contributions to the total DOS from Mn (A) and
Mn (B) are opposite to each other, indicating an an-
tiparallel configuration of their spin moments [34].
With the help of the calculated total and partial
magnetic moments in Table 1, it can be inferred
that the spin splitting of Mn (B) is large, result-
ing in a large local moment of Mn (B). The atomic
energy level E, c) < E(g) has been reported by
Bansil et al. [34]. They stated that the spin down
bonding states preferentially reside at Rh (C) site
and produce a negative spin density in the occu-
pied states, resulting in strong bonding states in the
minority spin states of Rh and causing a small ex-
change splitting. As a result, Rh shows only a small
magnetic moment. The total moment of Mn;RhAI
is 2.00 pp, which is mainly determined by the an-
tiparallel aligned Mn (A) and Mn (B) spin mo-
ments.

The DOSs of MnyRhGa and Mn,;Rhln are
shown in Fig. 1b and Fig. lc, and are similar

in shape to the one of Mn,RhAIl. The two-peak
structures are in the minority spin states and are
separated by the energy gaps around Eg. In the ma-
jority spin states, the Fermi level falls in a pseudo-
gap, dividing the majority states into bonding and
antibonding parts. The PDOSs of Mn (A) and Mn
(B) contribute to both the bonding and antibond-
ing parts in the total DOS. Mn atoms show spin
splitting in both sites, and a different trend in their
PDOS is observed. In Fig. 2, we gathered the cal-
culated total DOS of Mn,RhZ (Z = Al, Ga, In, Si,
Ge, Sn, Sb). Mn(A) is the nearest neighbor atom of
the main group atoms (Al, Ga, In), thus, the influ-
ence of Al — In on the Mn(A) atom is the largest.
The DOSs of Mn,RhZ (Z = Al, Ga, In) move to
a lower energy as Z is varying from Al to In be-
cause of the p-d hybridization between Z and Mn
(A) atoms. From the total DOSs of Mn;RhZ (Z =
Si, Ge, Sn) in Fig. 1d, Fig. 1e and Fig. 1f, an energy
gap is in the minority states at the Er. And in the
majority spin states, the antibonding peak mainly
from Mn (A), is just located at the Fermi level.
The energy gap variation trend, which is shown in
Fig. 2 (the 4" to 6™ panel), is similar to the trend
in Mnp,RhAI, Mn;RhGa and Mn;RhIn. The DOS
moves to a lower energy as Z varies from Si to Sn,
and the Er falls throughout the energy gap. In con-
trast, the bonding peak in the majority states moves
to a higher energy with the increase in atomic num-
ber of Si — Ge — Sn. The Z atom plays an impor-
tant role in Heusler alloys, which causes s-p states
to hybridize with d electrons and determines the de-
gree of the p-d orbital occupation [31]. The split-
ting of Z atom p states electrons occurs at higher
energy when Z varies from Si to Sn (—2.9 eV for
Si, —2.8 eV for Ge and —2.5 eV for Sn). Thus,
the bonding hybridization between p and d elec-
trons can be observed at the higher energy. The to-
tal magnetic moment of the Mn,RhZ (Z = Si, Ge,
Sn) alloys is 3.00 ug, which is in line with the s-p
rule of M = Z; — 24. Mn (B) spin moment is large
and increases with increasing atomic number of Z
atoms. Mn (A) and Rh atom moments are small and
contribute little to the total moment.

The calculated total and partial DOS for
Mn,RhSb is shown in Fig. 1g. There are
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Table 1. The calculated equilibrium lattice constants, gap width, the calculated total and partial magnetic moments
for the Mn,CrZ (Z = Al, Ga, In, Si, Ge, Sn and Sb) alloys.

Compound  a[A]  Gap width [eV]  myoua [4B]  myiaea) [1B] M) 8] mgp ] myz [ps]
Mn;RhAI 5.80 0.20 2.00 -1.56 3.18 0.38 0.00
Mn;RhGa 5.82 - 2.02 -1.64 3.30 0.36 0.00
Mn;,RhiIn 6.10 - 1.61 -2.62 3.84 0.38 0.04
Mn;RhSi 5.73 0.17 3.00 -0.50 3.16 0.32 0.02
Mn,RhGe 5.79 0.16 3.00 —0.58 3.24 0.34 0.00
Mn,;RhSn 6.01 0.11 3.00 -0.80 3.46 0.32 0.00
Mn,RhSb 6.02 0.41 4.00 0.14 3.52 0.36 0.00

three-peak structures in both spin directions. The
bonding peak around —3.2 eV in the minority spin
states is mainly determined by the Rh atom. And in
the majority spin states, the bonding peak around
—3 eV mainly arises from the hybridization of Mn
and Rh atoms. The majority states are similar to
the one of Mn,RhSi, the Fermi level is also located
on the antibonding part. In this paper, Mn;RhSb is
a ferromagnet with a small positive magnetic mo-
ment at the Mn (A) site, different from the ferri-
magnet of the others. The magnet moment strongly
depends on the atomic order of the nearest neigh-
bor shell. The moment of Mn (B) is nearly constant
because the Mn (A) and Rh atoms are the nearest
atoms to Mn (B). In contrast, the moment of Mn
(A) atom changes considerably as the nearest atom
of Sb provides p electrons to hybridize with d states
and determines the degree of p-d orbital occupa-
tion [30]. The PDOS of Mn (A) moves to a lower
energy, resulting in the spin moment parallel to that
of Mn (B).

3.3. Half-metallicity

In the total DOSs of MnyRhZ, the energy gap
can be obtained in the minority spin around the
Fermi level. However, in the majority states, the
DOSs are quite large, indicating a high spin po-
larization at the Eg. The spin polarization ratios of
MnyRhZ (Z = Al, Ge, Sb) are 100 % due to the fact
that the alloys do not have DOSs at Ef in the mi-
nority gap. Here, the spin polarization ratio is cal-
culated as the value of (N4 — N )/(N++ N| ), where
N; and N are the majority-spin and minority-
spin DOSs at the Ep, respectively. So, Mn,RhAI,
Mn,;RhGe and Mn,RhSb are “true” half-metals.

With the help of the band structure, the
majority-spin and minority-spin band structures
under the theoretical equilibrium lattice parame-
ters, 5.80 A for Mn,RhAl, 5.79 A for Mn,RhGe
and 6.02 A for Mn,RhSb, are shown in Fig. 3. In
the majority-spin states, the top of valence band
overlaps with the Eg, exhibiting metallic character
at the Eg. However, the minority-spin states exhibit
an indirect G-X gap, and the Ef is exactly located
in the band gap, indicating semiconducting nature.
The values of the band gap are shown in Table 1.
In summary, MnyRhAl, MnyRhGe and Mn,;RhSb
alloys have an ideal half-metallic band structure.

In the half-metallic Heusler alloys, the total mo-
ments M are integral values and follow the Slater-
Pauling rule of M = Z— 24, where Z, is the number
of valence electrons [33]. Mn,RhAI, Mn,RhGe and
Mn,;RhSb have 26, 27 and 28 valence electrons, re-
spectively. The total magnetic moment should be
2.00 ug, 3.00 up and 4.00 ug, respectively, which
agrees with our results in Table 1 quite well.

The calculations for all the cases have been
performed under their theoretical equilibrium lat-
tice constants and Mn,RhZ (Z = Al, Ge, Sb) al-
loys exhibit half-metallic characters. However, a
small change in the lattice parameter may shift the
Er with respect to the minority gap, which obvi-
ously affects the half-metallic character [35]. In ex-
perimental studies, such as melt spinning or ball
milling, the strain may be quite large and will make
the lattice constant deviate from the ideal one. Fur-
thermore, the growth of thin film materials be-
comes possible by modern techniques. The lattice
constant of the thin films is strongly influenced by
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Fig. 3. The calculated band structure plots for (a)
Mn;yRhAl (b) Mn,RhSi, and (c) Mn,RhSb.

the relationship between the half-metallic character
and the lattice constant for a given material from
both theoretical and technical point of view. There-
fore, it is meaningful to study the dependence of
the magnetic properties and spin polarization on
the lattice parameters for Mn,RhAl, Mn,RhGe and
Mn;RhSb.

Here, we have investigated the relationship be-
tween the dependence of the magnetic moments
and lattice parameters for the three half-metals. The
total magnetic moments as functions of the lattice
parameter for Mny,RhZ (Z = Al, Ge, Sb) are shown
in Fig. 4. A moderate variation in the lattice param-
eter does not significantly change the total mag-
netic moments in these compounds as the move-
ment of the Fermi level usually takes place within
the minority gap. The half-metallic properties of
Mn,RhZ (Z = Al, Ge, Sb) can be obtained within
the range of 5.56 A t05.96 A, 5.69 A to 6.06 A,
5.81 A to 6.49 A, respectively. Thus, Mn,RhALI,
Mn,RhGe and Mn,RhSb can be considered as new
candidates for spintronics applications.

Furthermore, we have shown the influence
of tetragonal distortion on the half-metallicity of
Mn,RhAI as an example of the later research of
tetragonal distortion in the Mn,RhZ. We have in-
vestigated the relative stability of the unit cell ge-
ometry by calculating the total energy as a func-
tion of the c/a ratio at a constant volume and
the respective graph is shown in Fig. 5. The low-
est total energy can be observed at the point of
c/a =1, indicating the stability of cubic phase in the
structure.

4. Conclusions

First-principles calculations were performed for
the Mnp,RhZ (Z = Al, Ga, In, Si, Ge, Sn, Sb)
Heusler alloys. We predicted three half-metallic
ferromagnets, namely: Mn,RhAl, Mn,RhGe and
Mn,RhSb. The calculated equilibrium lattice con-
stant increases with increasing atomic number of
Z atoms lying in the same column of the peri-
odic table. The calculated total magnetic moments
Mot are 2 ug/f.u. for MnyRhAl and Mn;RhGa,
3 ug/f.u. for Mn,RhSi, Mny;RhGe and Mn;RhSn,
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function of c/a ratio along the constant volume

for MnyRhAl Heusler alloy.

and 4 ppg/f.u. for Mn,RhSb, which agrees with
the Slater-Pauling curve quite well. In all these
compounds, except for Mn,RhSb, the moments of
Mn (A) and Mn (B) are antiparallel to each other.
Mn,RhSb is a ferrimagnet due to the influence of
the extra valence electron filling in the majority
spin states. It has been found that the total magnetic
moments of Mn,RhAl, Mn,RhGe and Mn;RhSb
can assume an integral value within the range of
5.56 A 10 5.96 A, 5.69 A to 6.06 A, 581 A to
6.49 A, respectively. As an example, we also in-
vestigated the effect of tetragonal distortion on the
half-metallicity of MnyRhAI and found that the
structure of cubic phase is stable.

Acknowledgements

This work has been supported by the National Science
Foundation of China (11004055, 50901028), the Project of
the Hebei Provincial Education Department (bj2014012), the
Fundamental Research Funds for the Central Universities
(11ML63, 12MS142, 13ZD23), the Beijing-funded Joint De-
velopment Program of the Central Universities in Beijing and
the Program for New Century Excellent Talents in University
(NCET-12-0844).

References

[1] OzDoGAN K., GALANAKIS I., SASIOGLU E., AK-
TAS B., J. Phys.-Condens. Mat., 18 (2006), 2905.

[2] WURMEHL S., KANDPAL H., FECHER G., FELSER C.,
J. Phys.-Condens. Mat., 18 (2006), 6171.



Site preference and electronic structure of MnyRhZ (Z = Al, Ga, In, Si, Ge, Sn, Sb)

259

(3]
(4]

[5]
[6]
(7]

[8]
(9]

[10]

(11]

[12]

[13]
[14]

[15]

[16]

[17]

(18]

[19]

OHNO H., Science, 281 (1998), 951.

DE GROOT R., MUELLER F., VANENGEN P.,
BUSCHOW K., Phys. Rev. Lett., 50 (1983), 2024.
ZUTIC 1., FABIAN J., DASSARMA S., Rev. Mod. Phys.,
76 (2004), 323.

ISHIDA S., SUGIMURA S., Fuiir S., ASANO S., J.
Phys.-Condens. Mat., 3 (1991), 5793.

MIURA Y., NAGANO K., SHIRAI M., Phys. Rev. B, 69
(2004), 144413.

PRINZ G., Science, 282 (1998), 1660.

Picozzi S., CONTINENZA A., FREEMAN A., Phys.
Rev. B, 66 (2002), 094421.

KELLOU A., FENINECHE N., GROSDIDIER T.,
AOURAG H., CODDET C., J. Appl. Phys., 94 (2003),
3292.

UMETSU R., KoBAYASHI K., KAINUMA R., FU-
JITA A., FUKAMICHI K., Appl. Phys. Lett., 85 (2004),
2011.

WURMEHL S., FECHER G., KANDPAL H., LIN H.,
Appl. Phys. Lett., 88 (2006), 032503.

WEHT R., PICKETT W., Phys. Rev. B, 60 (1999), 13006.
Da1 X., Liu G., CHEN L., CHEN J., WU G., Solid
State Commun., 140 (2006), 533.

Luo H., ZHU Z., MA L., XU S., ZHU X., JIANG C.,
Xu H., Wu G., J. Phys. D Appl. Phys., 41 (2008),
055010.

Liu G., Da1 X., Liu H., CHEN L., L1 Y., X1a0 G.,
WU G., Phys. Rev. B, 77 (2008), 014424.

Luo H., ZHANG H., ZHU Z., MA L., XU S., WU G.,
ZHU X., JIANG C., XU H., J. Appl. Phys., 103 (2008),
083908.

Luo H., ZHU Z., Liu G., XU S., WU G., Liu H.,
QulJ., L1Y.,J. Magn. Magn. Mater., 320 (2008), 421.
WEI X.,DENGJ., CHU S., MAO G.,HUL., YANG M.,
Hu X., Comp. Mater. Sci., 50 (2011), 1175.

(20]
(21]
(22]
(23]
(24]

[25]

[26]
(27]
(28]
(29]
(30]
(31]
(32]
(33]

(34]

(35]

WEI X., HU X., CHU S., MAO G., HU L., DENG J.,
Physica B, 406 (2011), 1139.

WEI X., HU X., Mao G., CHU S., LEI T., HU L.,
DENG J., J. Magn. Magn. Mater., 322 (2010), 3204.
ABADA A., AMARA K., HIADSI S., AMRANI B., J.
Magn. Magn. Mater., 388 (2015), 59.

ENDO K., KANOMATA T., NISHIHARA H.,
ZIEBECK K., J. Alloy. Compd., 510 (2012), 1.

PAYNE M., TETER M., ALLAN D., ARIAS T.,
JOANNOPOULOS J., Rev. Mod. Phys., 64 (1992), 1045.
SEGALL M., LINDAN P., PROBERT M., PICKARD C.,
HASNIP P., CLARK S., PAYNE M., J. Phys.-Condens.
Mat., 14 (2002), 2717.

VoskKO S., WILK L., NUSAIR M., Can. J. Phys., 58
(1980), 1200.

PERDEW J., ZUNGER A., Phys. Rev. B, 23 (1981), 5048.
VANDERBILT D., Phys. Rev. B, 41 (1990), 7892.
KANDPAL H., FECHER G., FELSER C., J. Phys. D
Appl. Phys., 40 (2007), 1507.

FELSER C., ALIJANI V., WINTERLIK J., CHADOV S.,
NAYAK A., IEEE T. Magn., 49 (2013), 682.
GALANAKIS 1., DEDERICHS P., PAPANIKOLAOU N.,
Phys. Rev. B, 66 (2002), 134428.

GALANAKIS 1., DEDERICHS P., PAPANIKOLAOU N.,
Phys. Rev. B, 66 (2002), 174429.

WURMEHL S., KANDPAL H., FECHER G., FELSER C.,
J. Phys.-Condens. Mat., 18 (2006), 6171.

BANSIL A., KAPRZYK S., MIJNARENDS E., To-
BOLA J., Phys. Rev. B, 60 (1999), 13396.

BLOCK T., CAREY M., GURNEY B., JEPSEN O., Phys.
Rev. B, 70 (2004), 205114.

Received 2015-04-08
Accepted 2016-02-05



	Introduction
	Computational methods
	Results and discussion
	Conclusions

