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We investigated the possible candidates of half-metal (HM) material in double perovskites structure
Sr,BB'Og (B, B'=3d transition metal). The electronic structure calculations were based on density
functional theory (DFT) with both generalized gradient approximation (GGA) and GGA+U approaches,
where +U is on-site Coulomb interaction correction. With the consideration of 4 types of magnetic
states, i.e. ferromagnetic (FM), ferromagnetic (FiM), antimagnetic (AF) and nonmagnetic (NM), we
found 5 promising candidates for half-metallic (HM) materials: SrScCrOg, SrTiCrOg, SroMnCrOg,
Sr,ZnMnOg and Sr,ZnFeOg.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The interest in double perovskites started with the discovery
of the room-temperature colossal magnetoresistance (CMR) in
Sr,FeMoOg [1], which is a half-metallic (HM) material. In HM,
materials are characterized by the coexistence of metallic beha-
vior from one spin and insulating behavior from the other.
Therefore, the HM materials have three characteristic properties:
(1) quantization of the magnetic moment, (2) 100% spin polariza-
tion at the Fermi level, and (3) spin susceptibility of zero. Thus,
the HM materials offer potential technological applications such
as computer memory, magnetic recording, single-spin electron
source, and high-efficiency magnetic sensors [2-4]. Therefore, the
searching for half-metallic compounds is a very hot topic. HM
materials include spinel Fe;04 [5], rutile CrO, [6], double
perovskites Sr,FeMoOg [1], LayVTcOg, LaVCuOg [7], spinel
FeCr,S4 [8], and Mn-doping GaAs [9,10].

In ordered double perovskites noted as A,BB'Og (A=alkaline-
earth or rare-earth element, B and B =transition metals), the
differences of size and the valance between the B and B’ ions are
crucial for controlling the physical properties [11,12]. There are
some possible HM material candidates in Sr,BB'Og double per-
ovskites structure from the previous study: Sr,MnMoOg [13],
Sr,Cu0s0g [14], SrpV0sOg [15], SroNiRuOg [16], SrpFeTiOg [17],
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Sr,CrMoOg [18,19], Sr;CoMo0g [19], Sr>CrReOg [20,21], SryFeReOg
[21,22], and Sr,CrWOg [22,23]. In this work, we performed the
calculation of Sr,BB'Og (B, B'=3d transition metals) for 45 combi-
national possibilities based on the first-principle calculation with
full-structure optimization by generalized gradient approxima-
tion (GGA) and consideration of strong correlation effect
(GGA+U). It was found that Sr,ScCrOg and Sr,TiCrOg are half-
metallic ferromagnets (HM-FM) and Sr,CrMnOg, Sr,ZnMnOg and
Sr,ZnFeOg are half-metallic ferrimagnets (HM-FiM). The double
exchange interaction is the main cause of the HM properties.

2. Computational method

The theoretical calculations were based on the first-principle
density functional theory (DFT) [24]. In the structural optimiza-
tion calculation (i.e., relaxation for both lattice constants and
atomic positions), the full-potential projector augmented wave
(PAW) [25] method was used and the generalized gradient
approximation (GGA) [26], which is implemented in the VASP
code [27,28] to calculate the electronic structures. The cutoff
energy of the plane wave basis was set to be 450 eV, and 8 x 8 x 6
k-points grids were set in the Brillouin zone. For finding the stable
ionic positions, the conjugate-gradient method was used, and the
energy convergence criteria for electronic self-consistent calcula-
tions were all set to 10~ eV. The theoretical equilibrium struc-
tures were obtained when forces and stress acting on all the
atoms were less than 0.03 eV/A and 0.9 kbar, respectively. The
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Calculated physical properties of the possible FM/FiM-HM materials in double perovskite (Sr,BB'Og) structure in the full structural optimization calculation of GGA(+U).

Materials, U(B,B") Spin magnetic moment (up/f.u.) d Orbital electronst/| N (EF) Band AE=FM — AF (meV)
Sr,[BB']0¢ states (eV/f.u.) gap (eV)
mg m'g Myor B B
ScCr (0,0) 0.026 1.039 1.000 0.930/0.898 2.641/1.620 14.720 11.075 —180.9
(2,3) 0.030 1.333 1.000 0.989/0.865 2.771/1.464 14.384 11.800 —-83
TiCr (0,0) 0.084 1.858 2.000 1.383/1.287 3.049/1.219 14.162 11.475 -99.0
(2,3) 0.069 2.105 2.000 1.334/1.268 3.157/1.087 13.931 12.050 —26.6
ZnNi (0,0) 0.014 0.224 2.000 4.951/4.920 4.188/3.691 113.348 10.350 —248.8
(7,6) 0.000 0.000 0.000 5.020/5.020 4.148/4.148 18.711/18.711 ~6.6
ZnFe (0,0) -0.016 2.309 4.000 4.947/4.946 4.172/1.876 15.938 10.800 —65.6
(7,5) —0.034 2.745 4.000 5.007/5.029 4.367/1.639 13.340 10.200 -23.1
ZnMn (0,0) —-0.035 1.628 1.000 4.932/4.970 3.232/1.621 15.161 10.900 -171.2
(7,5) -0.037 2.925 1.000 5.000/5.042 3.892/1.002 17.881 13.600 —85.6
MnCr (0,0) —-2410 1.739 —1.000 1.260/3.637 2.997/1.305 13.631 10.675 —669.4
(5,3) —-2.796 2.146 —1.000 1.017/3.777 3.183/1.094 13.920 10.975 —-231.20
ScCo (0,0) ~0.063 1.157 2.000 0.913/0.953  4.114/2.960 15.799 11.100 -177.7
(2,6) 0.130 3.141 4.617 0.954/0.874 5.036/1.904 12.463/|2.408 20.2
TiCo (0,0) —-0.059 0.707 1.000 1.332/1.375 3.923/3.218 15.187 10.700 —-125.2
(2,6) 0.177 3.389 5.000 1.358/1.282 5.153/1.777 110.000 112.975/0.075 48

Wigner-Seitz radius of the atom was set to 2.5 a.u. for Sr, to
2.1 a.u. for 3d materials, and to 1.4 a.u. for O.

GGA calculations were not good enough to describe strong
electron correlation systems such as transition metal oxides. The
deficiency in first-principle calculation was corrected by using a
strong-correlation correction to the LDA of GGA, which is called
the LDA(GGA)+U method [29,30]. This LDA(GGA)+U scheme,
yielding quite satisfying results for many strongly correlated
systems, is considered to be a useful approach [31-33]. Therefore,
to see the effect of the on-site electron correlations on the half-
metallic of the materials, the GGA+U calculations were per-
formed in this work. The effective parameter Us=U-—] was
adopted, where U and J stand for Coulumb and exchange para-
meters, respectively. (We will use U instead of U,y for simplicity
in this paper.) In 3d transition metals, we selected the near-
maximum values from the reasonable range of U [34]. For
example, the range U for Fe is 3.0-6.0 eV and 5.0 is used in the
calculation. The detail U values are listed in Table 1. In ordered
double perovskite structure Sr,BB'Og (Fig. 1), four magnetic
phases—ferromagnetic (FM), ferromagnetic (FiM), antimagnetic
(AF) and nonmagnetic (NM)—exist and are controlled by the spin
state of the two B and B’ ions.

3. Results and discussions
3.1. Crystal structures and magnetic stable phase

During full structural optimization, the ideal cubic perovskite
structure (Fm3m, no. 225) will reduce to tetragonal structure
(I4/mmm, no. 139) in the FM or FiM state. In the AF state, the
tetragonal structure (P4/mmm, no. 123) remains the same. In the
ideal cubic double perovskite structure (Fm3m), the B and B’ ions are
in the order of NaCl configuration; it can be described by a face-
centered cubic (fcc) lattice with lattice constant 2a. Each B(B') is
coordinated by B'(B), and each has an O ion between, so there are 6 B-
0-B' bonds per unit cell with the length of B-O and B'-O being equal.
After the full structural optimization, the structure will reduce from
cubic (space group Fm3m) to tetragonal (space group I4/mmm) with
two nonequivalent types of O atoms shown in Table 2. There are two
0, atoms located on the z-axis with B and B’ atoms sitting between,
and the four O, atoms being located on the same plane as the Band B’

Fig. 1. (Colour online) An ideal ordered double perovskite structure Sr,BB'Og. For
FiM state, the spin state of (B, B, B/, B') is (+, +, —, —). For AF state, the spin state
of (B,B,B, B)is (+, —, +, —).

atoms (see Fig. 1 and Table 2). Although the lattice constant and bond
length had changed after the full structural optimization, the angle of
the B-O-B remained 180°. It is shown that the symmetry reduction is
rather minor, i.e., the c/a ratio being very close to the ideal value v/2.

Most important, the same B and B’ ions have the same spin
state; that is, (B, B, B, B') =(m, m, m’, m')=FM or (m, m, —m/,
—m’)=FiM, which can lead us to the assumption of HM state. In
the AF state, the spin state is (B, B, B, B') is (m, —m, m’, —m’). In
this state, there will be no half-metallic state because the total
DOS of spin-up and spin-down is symmetrical, which results from
the induced equivalence in the charges: Q1[B(B')]=Q/[B(B')]. For
the NM state, there is no spin-polarized calculation, resulting in no
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magnet properties. In order to know which magnetic phase is
most stable, we perform the calculation for all four magnetic
phases. The FM and FiM initial state always converges to only one
of the state during the self-consistent process, except Sr,MnCrOg.
The calculated results show that the total energies with spin
polarization are always lower than that without spin polarization.
To guarantee the accuracy of the calculation results, full structural
optimization with higher convergence criteria was also performed.

In the calculation of Sr,3d3d Og series (45 compounds), there
are still 14 possible HM materials during the self-consistent
process in the ideal cubic double perovskite structure (Fm3m,
no. 225, lattice constant a=7.8 A). After the full structural
optimization calculation, the favored crystal structure of the
FM/FiM state is tetragonal structure (I14/mmm, no. 139), and there
are 9 possible HM materials left. Later, we compared the total
energies among the four magnetic states; there are 8 possible FM/
FiM-HM surviving stable materials, with three containing 3
FM-HM materials—Sr,ScCrOg, Sr,TiCrOg, and Sr,ZnNiOg—and
5 containing FiM-HM materials—Sr;ScCoOg,  Sr,TiCoOg,
SroMnCrOg, Sr,ZnMnOg and Sr,ZnFeOg. For transition metals,
the strong-correlation correction (GGA+U) scheme must be
considered for the d orbitals with the U values noted as (Ug,
Ug'). While the strong-correlation correction (GGA+U) is

Table 2
Structural parameters of the possible FM/FiM-HM materials in the fully optimized
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considered, Sr,ZnNiOg falls in the NM state; Sr,ScCoOg becomes
metal; and Sr,TiCoOg becomes insulator. Thus, this paper will
focus on the 5 possible candidates of FM/FiM-HM materials.

During the self-consistent process and structural optimization,
the FM and FiM of Sr,MnCrOg do not converge to each other; that
is, there are three magnetic states (FM, FiM and AF) existing with
only one stable ground state. The FiM state is more stable than
the FM state by 824.2 meV while it is also lower than the AF state
by 669.4 meV; that is, the FiM state is the ground state for
SroMnCrOg. Even having the consideration of strong-correlation
correction, the FiM state is still the ground state by 422.9 meV for
the energy difference of FM state and by 231.2 meV for the energy
difference of AF state.

4. FM-HM compounds: Sr,ScCrOg and Sr,TiCrOg

In our study, both Sr,ScCrOg and Sr,TiCrOg show that the FiM
state converges to the FM state after structural optimization.
Therefore, the density of states (DOS) are presented in FM sate
(Fig. 2). In GGA(+U) calculation, Sr,ScCrOg is half-metallic with
total magnetic moment 1.0u and energy gap 1.08 eV at the spin-
down channel. The hybridization between the Cr 3d and O 2p
orbital occurs mainly in the energy region —5.5eV to —3.5eV
and —3 eV to 1.5 eV, especially near the Fermi level (Er) with a
spin-splitting causing the HM property. And with the double
exchange interaction, the O 2p and Sc 3d orbital hybrid interacts
at the same energy region, which gives Sc a weak magnetic
moment 0.026yup caused by the asymmetric of the Cr e, at the
Fermi level. The total electron numbers of d orbital for Sc and Cr
are 1.83 and 4.26, respectively. This gives the valence states of
Sc*117(3d"®3) and Cr*'74(3d*?%). The election configuration is

c*(3d?), S=0; Cr*(3d>), S=1/2 for Sr»ScCrOg according to the
calculated electron numbers.

For Sr,TiCrOg, this compound is very similar to SrScCrOg in
many ways. It appears half-metallic with total magnetic moment
2.0up and energy gap 1.45(2.1) eV in GGA(+ U) process. The double
exchange interaction of Cr3q—0,,-Tisq orbitals causes the hybridiza-
tion in the energy of —6.0eV to —1.5eV and —09eV to 2.0eV

structure (I4/mmm, no. 139) where Sr(x,y,z)=(0,0.5,0.75), B(x,y,z)=(0,0,0) and
B'(x,y,z)=(0,0,0.5).
Sr,[BB']0¢ ScCr TiCr ZnFe ZnMn MnCr
a 5.5735 5.4990 5.5192 5.5131 5.4105
c/a 1.4142 1.4141 1.4156 1.4145 1.4126
Vo (A3/fu.) 122.42 117.57 118.99 118.51 111.86
01x 0 0 0 0 0
0.y 0 0 0 0 0
0,z 0.2621 0.2537 0.2617 0.2620 0.2500
Oxx 0.2376 0.2470 0.2385 0.2382 0.2501
Oy 0.2376 0.2470 0.2385 0.2382 0.2501
0,z 0.5 0.5 0.5 0.5 0.5
F a'GGA ]
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Fig. 2. (Colour online) Calculated total, spin and site decomposed density of states of Sr,ScCrOg: (a) GGA and (b) GGA+U(2,3).
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(Fig. 3) giving Ti a small magnetic moment 0.08 5. The total electron
numbers of d orbital for Ti and Cr are 2.67 and 4.62, respectively.
This gives the valence states of Ti*!23(3d%®7) and Cr+138(3d*52),
The election configuration is Ti2*(3d?), S=0; Cr*%(3d?*), S=1 for
Sr,TiCrOg according to the calculated electron numbers.

From the GGA+U calculation, it can be observed that both
Sr,ScCrOg and Sr,TiCrOg near the Fermi level, due to the electron
correlation effect, moving the Sc(Ti) 3d orbital to a lower energy
region. Yet it still crosses the Fermi energy level at the spin-up
channel; for the spin-down channel, it only gives a wider energy
gap. Thus, the strong-correlation correction changes no features
of the magnetic phases, magnetic moment, and spin-conductivity.

971

5. FiM-HM compounds: Sr,ZnFeQg, Sr,ZnMnOg and
Sl‘le‘lCl'OG

In the research, FM and FiM state all converge to FiM state in
structural optimization for Sr,ZnFeOg, Sr,ZnMnOg and
Sro,MnCrOg. Therefore, the density of states (DOS) is presented
in FiM sate (Figs. 4-6). For SroZnFeOg, half-metallic properties are
obtained with total magnetic moment 4.0uz and energy gap
0.80 eV during the GGA calculations. While considering the
electron correlation effect, the Fe t,; orbital at spin-down channel
lifts and e, at spin-up channel becomes closer to Er causing the
energy gap to narrow from 0.80 eV to 0.20 eV. The energy split of

o B oAl =1 GgGa+b| ' i
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G o F | 1A
:! ; I :I ‘ \l\: =
- b - &=
S 5 B
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6 4 0 6 2
Energy (eV) Energy (eV)

Fig. 3. (Colour online) Calculated total, spin and site decomposed density of states of Sr,TiCrOg: (a) GGA and (b) GGA+U(2,3).
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Fig. 4. (Colour online) Calculated total, spin and site decomposed density of states of Sr,ZnFeOg: (a) GGA and (b) GGA+U(7,5).
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Fig. 5. (Colour online) Calculated total, spin and site decomposed density of states of Sr,ZnMnOg: (a) GGA and (b) GGA+U(7,5).
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the t,; and e, orbital indicates that the structure distortion is
strong. The spin-splitting of Zn and the Zn 3d and O 2p orbital
hybrid in the energy region of —6.2 eV to —0.2 eV for spin-up
channel and —6.0 eV to 0.1 eV for spin-down channel causes the
main HM feature. With the hybridization of the Fe t,; and O 2p
orbital at the conduction band, the double exchange interaction of
Fer,, —0yp—Zny,, | is regarded as the main reason for the resulting
FiM state. The total electron numbers of d orbital for Zn and Fe are
9.89 and 6.02, respectively. This gives the valence states of
Zn*011(3¢%89) and Fe+198(3d%%2). The election configuration is
Zn?*(3d'%), S=0; Fe?*(3d®), S=2 for Sr,ZnFeOg according to the
calculated electron numbers.

For Sr,ZnMnOg, half-metallic properties are obtained with total
magnetic moment of 1.0y and energy gap of 0.90(3.60) eV in the

Energy (eV)

density of states of Sr,MnCrOg: (a) GGA and (b) GGA+U(5,3).

GGA(+U) calculations. The energy split of the t,; and e, orbital
indicates that the structure distortion is strong. Double exchange
interaction of Mne,—0;,—Zn;, 1 caused by the hybridization
between the Zn 3d and O 2p orbital in the energy region of
—6.1eV to 0.3(—0.1) eV for spin up(down) channel and between
the Mn 3d and O 2p orbital —6.0 eV to 0.3(0.0) eV and 1.5(0.9) eV
to 2.5(1.5) eV for spin up(down) channel is regarded as the main
reason for the resulting FiM state (Fig. 5). The total electron
numbers of d orbital for Zn and Mn are 9.90 and 4.85, respectively.
This gives the valence states of Zn*%19(3d%%°) and Mn*%13(3d*8%).
The election configuration is Zn?*(3d'®), S=0; Mn*?(3d°), S=1/2
for Sr,MnFeOg according to the calculated electron numbers.

For Sr,MnCrOg, half-metallic properties are obtained with total
magnetic moment —2.00u; and energy gap 0.68(0.98) eV during
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the GGA(+U) calculations. Double exchange interaction of
Mn,, —02,—Cre, T can result in the peaks of e; at the Fermi level
with the hybridization of Op, which is the main cause of the FiM
state (Fig. 6). The total electron numbers of d orbital for Mn and Cr
are 4.90 and 4.30, respectively. This gives the valence states of
Mn*219(3¢4%%) and Cr+17°(3d*3°). The election configuration is
Mn*2(3d>), S= —3/2; Cr*t2(3d*), S=1 for Sr.CrMnOg according to
the calculated electron numbers.

6. Conclusions

In this paper, we present the calculated result of the Sr,BB'Og
(B,B'=3d transition metal) series out of 45 combinations. The
calculations are based on density functional theory (DFT) with
GGA approaches. After full structural optimization and comparing
the energy differences between each of 4 types of magnetic states
(FM, FiM, AF and NM), there are 8 possible FM/FiIM-HM stable
surviving materials containing 3 FM-HM materials—Sr,ScCrOg,
Sr,TiCrOg, and Sr,ZnNiOg—and 5 FiIM-HM materials—Sr;ScCoOg,
Sr,TiCoOg, Sro,MnCrOg, Sr,ZnMnOg and Sr,ZnFeOg. While the on-site
Coulomb interaction correction (GGA+U) is considered, there are
5 promising candidates for half-metallic (HM) materials: Sr,ScCrOg,
Sr,TiCrOg, Sr,MnCrOg, SrZnMnOg and Sr,ZnFeOg. Double exchange
interaction dominates the half-metallic characteristics of each
material. We hope these results can provide more candidates and
can encourage further experimental research for HM materials.
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