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Abstract

New half-metallic ferromagnets Cap.7s TMo2s0 (TM=V, Cr and Mn) are predicted, and then
their structural, electric and magnetic properties are investigated by performing
first-principles calculations within the generalized gradient approximation for the
exchange-correlation function based on density functional theory. The total energy calculation
shows that TM-doping can induce the stable ferromagnetic state and the stable half-metallicity
in CaO with NaCl structures. Their spin-polarization at the Fermi level is all absolutely +100%.
Supercell magnetic moments of Cag75V0250, Cap75Crp2s0 and Cap7sMng2s0O are 3.00, 4.00
and 5.00 u g, respectively. Their magnetism, conductance and half-metallicity come mainly
from the spin-polarization of TM 3d-orbitals caused by strong octahedral crystal field in the
ligand compound ML consisting of the TM ion and O ligands around it. The electronic
structures of TM-ions are V to5*1, Cr tog*teg!t and Mn tog>teq?1, respectively.
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1. Introduction

Spintronics, the potential second-generation electronics, focuses on the transmission of both charges
and spins of electrons. Spintronic devices have many advantages such as nonvolatility, increased data
processing speed, decreased electric power consumption, and increased integration densities
compared with conventional semiconductor devices only considering the transmission of charges -3,
Therefore, there is increasing interest on the spintronic materials, especially the half metallic
ferromagnets (HMFs) whose spin-polarization at the Fermi level (Ey) is theoretically £100% [-3],
Compared with ordinary magnetic materials, HMFs have higher spin-polarization at Es, and then
possibly higher magnetoresistance effect, which is very important in designing spintronic devices.
Furthermore, realization of spintronic semiconductor devices requires highly spin-polarized current
injected from magnetic electrodes. HMFs have complete spin-polarization, and their resistivity
matches well with semiconductors, so they are considered as best magnetic electrode materials.

Many HMFs had been predicted theoretically or prepared experimentally [4-11]. Recently, more and
more interesting have been caused on alkaline-earth Oxides or sulfides with NaCl structures. The
main reason is that these HMFs possibly have high Curie temperatures and stable physical properties
including the half-metallicity, and then wide important application in spintronic devices. EIfimov et
al reported that Ca vacancies in CaO lead to half-metallic ferromagnetic ground state [12]. We had
predicted X4CY3 compounds (X = Mg, Ca, and Sr and Y = O and S) with NaCl structure as
half-metallic ferromagnets using pseudo-potential method [7]. C- or N-doped CaO, SrO, MgO, BaO
and alkaline-earth sulfides were also found as HMFs [13-17]. Yogeswari et al found that (N, P, As
and Sb) doped alkaline-earth sulfides are also HMFs [18]. Some HMFs had been confirmed by
experimental observation, for an example as the N-doped MgO [19]. These outstanding achievements
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are very important to the development of theoretic and experimental studies of spintronics. However,
there are a few problems for this class of HMFs, namely, their Curie temperatures are not high enough
and their half-metallicity are not stable enough. Therefore their application is restricted in spintronics.
In this paper, some new HMFs with high Curie temperatures and stable half-metallicity, namely (V,
Cr and Mn)-doped CaO, are predicted and their structural, electric and magnetic properties are
investigated in detail based on density functional theory.

2. Model and calculation method

In order to achieve the realistic experimental dopant concentration (5-30%), a periodic 4>4 supercell
consisting of four Ca-ions and four O-ions is selected as the substrate. Then the Ca-ion on the center
of the supercell is replaced by one X-ion (X=V, Cr and Mn), so the dopant concentration is 25.0 %.
The doped supercell Ca0.75X0.250 is shown in Fig. 1, where blue, green and red spheres represent
the X, Ca and O-ions, respectively. The space group is Fm-3m. The optimization of geometrical
structures and the calculation of magnetic and electric properties are performed using the calculation
module 'castep’ based on the density functional theory. The wave functions are expanded with the
plane-wave  pseudopotentials, and the exchange correlation functions are the
Perdew—Burke—Ernzerhof functional of three nonlocal gradient corrected exchange-correlation
functionals (GGA), which have been widely used for the optimization of structures and the
calculation of magnetic and electric properties of new materials recently [20-23]. The calculation
quality is elected as 'fine’, corresponding to the cutoff energy 430 eV and the k-point set 5>6>5. The
calculated electronic structures of corresponding isolated atoms are 3s23p63d34s2, 3s23p63d54s1,
3s23p63d54s2, 3s23p64s2 and 2s22p4 for V, Cr, Mn, Ca and O-atom, respectively.

Fig.1 The Ca3X04 supercell (X=V, Cr and Mn)

3. Results and discussions

3.1 Total state densities of Cag 75TMy 250

Total spin-polarized densities of states (TDOS) of Cag.75TMo.2s0 (TM=Ti, V, Cr and Mn) are shown
in Fig.2, where the solid and dashed lines show the TDOS of up-spin and down-spin sub-bands,
respectively. From Fig.2, the spin polarization of Cag.75V0.250, Cag.75Cro.250 and Cag75Mng 250 at the
Fermi energy (Es) is absolutely +100% so that they are really HMFs. However, for Cag 75Tio.250, the
up-spin and down-spin TDOS at Er are equal to each other, so Cao 75Tio.250 is not a HMF. Especially,
there is no magnetism induced by Ti-doping in CaO. Cag75TMo 250 (TM=Ti, V, Cr and Mn) have
similar up-spin and down-spin TDOS below -8 eV, which are axisymmetric about the energy-axis.
They cause no influence on electronic and magnetic properties of Cao75TMg2s50, so they are not
plotted here due to limited space. The main reason is perhaps that Ti, V, Cr and Mn have similar
atomic orbit structures. If their energy is far lower than the Fermi level, their orbits will be not
influenced by the crystal field. In fact, the central TM-ion and its six ligands O-ions form the ligand
compound MLs, and then the strong Coulomb interaction, namely the octahedral crystal field, is
caused in the MLs. However, TDOS of Cap75TMo250 near the Fermi level are evidently different
with each other. This shows that the octahedral crystal field is very strong and is relative to the
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number of electrons in the MLs. Their Fermi levels relatively move toward lower energy when the
dopants vary from Ti to Mn. The main reason is perhaps that intra-ionic interactions including
Coulomb repulsion and exchange interaction are stronger if these supercells have more electrons.
Cap.75V0.250, Cap75Cro2s0 and Cap7sMno2s0 have more electrons than Cag7sTio2s0 evidently.
Stronger intra-atomic interaction results in larger separation of their down-spin sub-bands and pushes
the Fermi levels toward the lower energy.

From Fig.2, the spin gap 2.96 eV of Cao.75V0.250, defined as the energy distance from the maximum
energy of down-spin valence sub-bands to the minimum energy of the down-spin conduction
sub-bands, is a little lower than 3.10 eV of Cap 75Cro.250. However it is evidently higher than 2.43 eV
of Cao.7sMno250. The spin-flip gaps or half-metallic gaps, defined as the smaller energy distance
from the Fermi level of the metallic sub-bands to the top of semiconductor valence sub-bands and the
bottom of semiconductor conduction sub-bands, are 1.04 eV,1.31 eV, 1.14 eV for Cag.75V0.250,
Cag.75Cro2s0 and Cag.7sMno 250, respectively. The spin-flip gaps are often used to indicate the
half-metallic stability of HMFs. This shows that the half-metallicity of Cag75Cro250 is evidently
more stable than Cap75V0250 and Cag7sMno250. On the other hand, the up-spin TDOS (2.75
electrons/eV) of Cao .75V0.250 is much larger than Cag 75Cro.250 (1.26 electrons/eV) and Cag 75sMng 250
(1.19 electrons/eV) at the Fermi level. This shows that the conductivity of Cag75V0.250 is much
higher than that of Cag 75Cro.250 and Cag.7sMng 250.
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Fig.2 Spin-polarized total state densities of Cag.75T Mo 2s0(TM=Ti, V, Cr and Mn)
3.2 Partial and local state densities of Ca,.75V0.250, Ca0.75Cro.250 and Cag.7sMng.25s0

The partial densities of states (PDOS) and local densities of states (LDOS) of Cap75Vo.250,
Cap.75Cro250 and Cag7sMng 250 are shown in Figs. 3(a) to (f), respectively. Here curves above and
below the axial DOS=0 show the DOS of up-spin and down-spin sub-bands, respectively. The PDOS
include the DOS of s, p and d-orbits and the LDOS include the DOS of one Ca-ion, one V-ion (Cr or
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Mn) and one O-ion, respectively. In Figs. 3(a), 3(c) and 3(e), the solid lines, the dots and the dashed
lines show the PDOS of s, p and d-orbits, respectively. In Figs. 3(b), 3(d) and 3(f), the solid lines, the
dots and the dashed lines show the LDOS of the V- (Cr or Mn), Ca- and O-ion, respectively. Only the
DOS near the Fermi level are plotted in Fig.2 and 3 because the magnetic and electric properties of
HMFs are mainly influenced by the DOS near the Fermi level.

From Figs. 2 and Fig. 3 (a), the TDOS of down-spin valence bands of Cag.75V0.250 come mainly from
p-orbits, and partially from s- and d-orbits. The PDOS of down-spin s-, p- and d-orbits are almost
axially symmetrical with those of up-spin s-, p- and d-orbits when their energy is less than -1.92 eV.
Therefore, they cause no influence on the magnetic and electric properties of Cag.75Vo.250. There are
only up-spin orbits through the Fermi level so that they cause the main contribution on the supercell
magnetic moments and the conductivity of Cao.75V0250. From Figs.2 and 3(c), there are similar
TDOS and PDOS distributions for Cag 75Cro 250 when the energy is less than -1.79 and through the
Fermi level. However, it is evident that the energy gaps of Cao75Cro2s0 are much wider than
Cao.75V0.250. From Figs.2 and 3(e), the TDOS of down-spin valence sub-bands of Cag75Mng 250
come mainly from p- and d-orbits, and partially from s-orbits. All s-, p- and d-orbits whose energy is
from -5.7 eV to -1.29 eV cause important contribution on the supercell magnetic moments. However,
the contribution of s-orbits is much less than that of p- and d-orbits evidently. There are only up-spin
d-orbits through the Fermi level so that they cause the main contribution on the conductivity of
Cap.7sMno 250, but their contribution on the supercell magnetic moments is less than orbits whose
energy is from -5.6 eV to -1.29 eV.

Some ionic parameters including the number of electrons on s-, p- and d-orbits, charges and ionic
magnetic moments are calculated and shown in Table 1, where ions that have same ionic parameters
are put into the same line. For an example, O3, 34 and Cay, 2, 3 are given for these three HMFs. From
Table 1, the supercell magnetic moments of Cag.7sTMo.2s0 (TM=V, Cr and Mn) are 3.00, 4.00 and
5.00 ug after all ionic magnetic moments are added up, respectively, which arise from V- Cr- and
Mn-ions.

6 8
; s-orbits
4 —— Ca-ions 6 i : — — - p-orbits|
7 - - -V-ions —~ | ‘\ § - - - - d-orbits

-ﬁ 1 / -~ -+ O-ions > 4 N |
- \ 5} 1y
(5 2 4 . ! \ . 4 ] \ B
. | . . Jf 5 2 / \ L R
e 7 . 5 . / \ . S0 B
£ et s 3 P \ L .
2 0 == 5 0 e - P Ny
) N . e N ; ——
w ; L 1 \ ! - . .
g S 24 \ ! . - :
g 24 B
7 954 ] \ ]
= (I = \ '
= V7 L 44 V
z 7 IR
7 44 5
5] ()
A SR Vi

6 T T T T T T T 8 T T T T T T T T T T

8 6 4 2 0 2 4 6 8 -8 -6 -4 2 0 2 4 6 8
Enengy/eV Enengy/eV
(a) (b)

127



International Journal of Science Vol.3 No.1 2016

ISSN: 1813-4890

6
Ca-ions
4 - — -Cr-ions
-- - - O-ions

Density of states (electron - eV ‘1)

8 -6 4 -2 0 2 6
Enengy/eV
(c)
6 -

Ca-ions
~ 4 § - — -Mn-ions
s : - - - - O-ions
o ’\

. \ ;
o 24 1 :
2 v
L ~ N
n O - =
: e
» \
'*6 24 \ /
z '
a -4 \
6 T T T T T T T T
8 6 2 0 2 4 6
Enengy/eV
(€)

Density of states (electron - eV '1)

Density of states (electron - eV )

(d)

0 2
Enengy/eV

(f)

Fig. 3 Spin-polarized partial and local state densities of Cag.7sTMo.2s0(TM=V, Cr and Mn)

Table 1 Some calculated parameters of Ca0.75TM0.250 (TM=V, Crand Mn

Materials lons Ns Np Nd Nt Charge(e) M(ug)
0 188 | 515 | 0.00 | 7.03 -1.03 0.00
CaoeVon Ozse | 1.88 | 504 | 0.00 | 6.92 -0.92 -0.02
7oV0. Cazs | 222 | 600 | 070 | 891 1.09 0.00
Vi 233 | 660 | 355 | 1248 0.52 3.06
0 188 | 515 | 0.00 | 7.03 -1.03 0.00
0 188 | 502 | 000 | 6.90 20.90 -0.06
Ca075CT0250 Car 220 | 600 | 0.68 | 888 1.12 -0.02
cry 238 | 664 | 459 | 13.62 0.38 4.24
0 188 | 515 | 0.00 | 7.04 -1.04 0.00
oMo 0 189 | 506 | 0.00 | 695 -0.95 0.08
Cas 222 | 600 | 069 | 891 1.09 -0.02
Mn. | 041 | 066 | 532 | 6.39 0.61 4.82
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4, Conclusion

In summary, we have explored the structural, electronic and magnetic properties of Cag.75TMg.250
(TM=V, Cr and Mn) by performing first-principles calculations within the GGA-PBE for the
exchange-correlations functional. Cag75TMo 250 (TM=V, Cr and Mn) are found to be half-metallic
ferromagnets. The superell magnetic moments of Cao 75T Mo 250 (TM=V, Cr and Mn) are 3.00, 4.00
and 5.00 ug, respectively, which arise from V-ions, Cr-ions and Mn-ions.
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