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Abstract

We have investigated the electronic and magnetic properties of

SroFe, \Mo;_,Og(—1 < x < 0.25), the composition x = 0 corresponding to the well-known
double perovskite system Sr,FeMoOg, using first-principles density functional theory within
the generalized gradient approximation (GGA) + U schemes. The crystal structure of the
compounds has a cubic lattice for x = —1 and 0.25 while the structure of the compounds has a
tetragonal lattice from x = —0.75 to 0.0. The lattice parameters decrease slightly as the Fe
content increases and the variation of unit cell volume is linear with the composition x. Our
spin-polarized calculations give a metallic ground state for the x < 0 regime and a half-metallic
ground state for the x > 0 regime. The magnetic structures for x < 0 are found to be the
ferromagnetic state while the magnetic structure for x = 0.25 is the ferrimagnetic state where
any Fe at the Mo crystallographic site is coupled antiparallel to the Fe moments at the correct

site.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Half-metallic ferromagnetic oxides [1] have attracted extensive
attention not only as a source of fully polarized charge carriers
for spintronics applications but also as potential candidates for
memory devices by the virtue of their large magnetoresistance
(MR). Recently, a double perovskite Sr, FeMoOg, belonging to
this general family of half-metallic ferromagnetic oxides, has
shown spectacularly large MR even at room temperature and
at relatively small applied magnetic fields [2] compared to the
extensively investigated class of magnetoresistive manganites,
due to its substantially enhanced Curie temperature (7). The
enhanced 7, and the origin of ferromagnetism in Sr,FeMoOg
and related compounds have been explained [3] in terms of a
kinetically driven mechanism.

A perfectly ordered lattice of Sr,FeMoOg consists of
alternating FeOg and MoOg octahedra along all the three cubic
axes of the perovskite structure (see figure 1). The structural
and electronic properties of Sr,FeMoQOg have been extensively
investigated by a number of research groups [2-4]. It is
believed that the fully ordered compound is a half-metallic
ferromagnet with nominal ionic configurations of Fe*" and

0953-8984/08/075218+06$30.00

Mo’*. The measured value of the saturation magnetization
M in normally prepared samples is invariably found [2, 5, 6]
to be lower than the expected value of 4 up per formula
unit (f.u.) from the half-metallic state. This is due to the
inevitable presence of mis-site disorders, where some Fe and
Mo interchange their crystallographic positions. However,
the microscopic origin of the reduction in M is still not
entirely clear. Both classical Monte Carlo simulations [7] and
quantum-mechanical band-structure calculations [8] indeed
predicted a reduction of M as a function of mis-site disorder,
but the underlying reasons for this reduction are very different
in these two proposals. In one case [7] it is assumed that the
moment reduction is only due to antiferromagnetically coupled
Fe pairs whenever Fe—O—Fe bonds are generated by such mis-
site disorders. In this view, the conduction band presumably
retains its polarization to a large extent. In contrast, the band-
structure approach [8] attributed the reduction of the moment
to strong depolarization effects at each site, though all Fe
sites were found to be ferromagnetically coupled. The mis-
site disorder and its effect on the conduction band are not
only important in the context of spin-injection devices; the
magnetoresistive properties of these samples also appear to

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. The ideal crystal structure of double perovskite
Sr,FeMoOg; Fe (black), Mo (dark gray), Sr (light gray), and O
(octahedra); the cubic lattice is drawn in thin black lines, the
tetragonal lattice in thick black lines. This cubic structure can be well
described within the Fm3m space group. Note also the notions of
atoms used in the analysis of electronic and magnetic structures in
figure 4 and table 2.

be strongly influenced by these factors [9]. Therefore, it is
important to investigate theoretically the underlying details of
the magnetic structure and the effect of mis-site disorder to
obtain a definitive understanding of magnetism in this class of
compounds.

In this paper we study the electronic and magnetic
structure of SrFe;, Mo;_O¢(—1 < x < 0.25) by
generalized gradient approximation (GGA)+ U band-structure
calculations. The on-site Coulomb energy U has been taken
into account to unravel the correlation effects of the localized
d orbital on magnetic moments as well as on the electronic
structures. The remainder of the paper is organized as follows.
Section 2 describes our computational details. The results and
discussions are presented in section 3. Section 4 gives a brief
summary of this work.

2. Computational details

First-principles calculations of SrFe;, Mo;_,O¢ are per-
formed in a plane-wave basis set using the projector augmented
wave (PAW) [10, 11] method in the generalized gradient ap-
proximation (GGA) as it is implemented in the Vienna ab ini-
tio simulation program (VASP) [12, 13]. The local spin density
approximation (LSDA) and GGA are known to fail in the de-
scription of the electronic properties of early transition metal
(TM) compounds, as the electron self-interaction error, always
present in these formulations, becomes significant for electrons
in the well-localized TM d levels. Thus we have employed
the DFT 4 U [14-17] methodology which is able to signif-
icantly improve predictions of phase stability and thermody-
namic properties as well as magnetic and electronic structure
in oxides. We use here the simple formulation by Liechtenstein
et al [16] and Dudarev et al [17], where a single parameter
U, determines an orbital-dependent correction to the density

functional theory (DFT) energy. U, is generally expressed as
the difference between two parameters, the Hubbard U, which
is the Coulomb-energetic cost of placing two electrons at the
same site, and an approximation of the Stoner exchange pa-
rameter J, which is almost constant at 1 eV.

To study the electronic and magnetic properties of
SroFe Mo, _,Og(—1 < x < 0.25), we have constructed a
supercell consisting of 40 atoms. Calculations are performed
by constructing supercells of four formula units with four
inequivalent Fe sites at (0, 0, 0), (0, 0.5, 0.5), (0.5, 0.5, 0),
and (0.5, 0, 0.5) positions and four inequivalent Mo sites at (0,
0.5, 0), (0, 0, 0.5), (0.5, 0.5, 0.5), and (0.5, 0, 0) positions for
the ordered sample as shown in figure 1. These inequivalent
Fe and Mo sites are designated as Fel, Fe2, Fe3, and Fe4 and
Mol, Mo2, Mo3, and Mo4, respectively. The ideal x = 0
composition corresponds to the maximal Fe content possible in
this crystal structure, while avoiding a nearest-neighbor Fe—O—
Fe arrangement. Therefore, in the Fe-deficient regime (x < 0)
we control the average separation between the magnetic ions
by changing x. In the Fe-rich composition (x > 0), we
replace some of the Mo with Fe in the ordered structure,
thereby forcing the additional Fe ions necessarily to form Fe—
O-Fe 180° bonds. Thus, we obtain a control on number of
such bonds introduced in the system by controlling x. The
internal coordinates and cell parameters are fully relaxed. The
Brillouin zone integration is performed using Monkhorst—Pack
grids [18] and the tetrahedron method with Blochl corrections
is used for calculation of the total energy. The number of plane
waves in VASP is controlled by the cut-off energy, which in
all our static calculations was 400 eV, while all the geometry
relaxations were performed with an increased cut-off of 520 eV
to ensure proper convergence of the stress tensor. Forces on
atoms were calculated, and atoms were allowed to relax using
a conjugate gradient technique until their residual forces had
converged to less than 0.01 eV A" To explore the effects of
the on-site Coulomb energy U on the electronic structures and
the magnetic moments, specific values for Fe (U = 3.0 eV and
J = 0.9 eV) are used and taken as an averaged effective U
value of Uy (Fe) = 2.10 eV.

3. Results and discussion

3.1. Structure relaxation

We show our calculated relaxed structural parameters for
different compositions by using the GGA + U method in
table 1. The unit cell shape, lattice vectors, and atomic
coordinates were optimized simultaneously. The crystal
structure of the compounds for x = —1 and 0.25 has a cubic
lattice while the crystal structure of the compounds from x =
—0.75 to 0.0 has a tetragonal lattice. Recent group theoretical
analysis shows that /4/m is the most probable space group
for x = 0 materials [19]. The cell volume decreases over a
wide range of compositions (—1 < x < 0.25). The mean
bond distance dr.—o) increases in the Fe-deficient composition
(x < 0) while it decreases in the Fe-rich composition (x > 0).
The mean bond distance dno-0y decreases from 2.008 A for
x = —1to 1.950 A for x = 0.25. The relaxed bond angles
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Table 1. Calculated structural parameters and total magnetic moments for Sr,Fe;, Mo;_,Og (—1 < x < 0.25).

Composition, x  —1.0 —0.75

—0.5 —-0.25 0.0 0.25

a (A)
b (A)
c(A) 8.031
vV (A% 517.92
d(Fe—O) (A) -
dpo—oy (A) 2.008
wr (up/fu.) 0.00

8.031
8.031

8.016
8.016
8.013
514.86
2.018
2.002
1.29

7.984
7.984
8.037
512.32
2.024
1.991
2.40

7.989
7.989
7.990
510.00
2.027
1.981
3.25

7.974
7974
7.978
507.31
2.028
1.960
4.00

7.958
7.958
7.958
504.04
2.013
1.950
3.50

520
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Figure 2. Calculated unit cell volume V (solid square) as a function
of the composition x compared with the experimental ones (solid
triangle). The experimental data are taken from [21].

of Mo—O-Mo, Fe—O-Fe, and Fe—O—Mo are all 180° from x =
—1 to 0.25. We also plot the variation of the unit cell volume
V as a function of composition x in figure 2 (remembering that
GGA [20] is likely to overestimate the volume by 2-3%). It
is interesting to note that the variation of V over the range of
compositions (—1 < x < 0.25) studied here is linear with
the composition x. However, the extrapolation of this linear
trend to the x = 1 end point is in complete disagreement with
the observed result for SrFeOs, suggesting a drastic or sudden
change of valency between x = 0.25 and 1 consistent with the
fact that Fe is in the Fe ** state in SrFeO;z (i.e. x = 1) and
in the Fe’* state in Sr,FeMoOg (i.e. x = 0). A substitution
of Mo+t by Fe?t or vice versa, as in SroFe, . Mo;_,Og with
x # 0, cannot satisfy the charge neutrality without changing
the valency of Mo, provided Fe remains in the trivalent state.
Mo is known to readily adopt a valence state between 4+ and
6-+. Simple considerations then show that Fe can remain in
the trivalent state for —1 < x < % with Mo continuously
changing its valency from Mo®" for x = 1/3 to Mo** for
x = —1. This suggests that Fe cannot retain its trivalent state
for x > 1/3, as Mo cannot take up a valency larger than 6+.
Thus, it appears that a systematic and continuous change in the
lattice parameters for —1 < x < 0.25 is due to the progressive
replacement of Fe by Mo, retaining Fe in the trivalent state,
while the discontinuous change in the lattice parameter for
SrFeQs is due to the change of Fe valency [21].

-10

-10

DOS (states per eV per spin per formula unit)
S

-10

Energy (eV)

Figure 3. Total (solid line) densities of states and partial densities of
states of Mo4 d (dashed line) and Fe3 d (dotted line) in

SryFe;, . Mo,_,Og using GGA + U method. The energy zero is taken
at the Fermi level. The upper halves of each panel display the spin-up
states and the lower halves the spin-down states.

3.2. Electronic structure

The spin-polarized GGA + U calculations give a metallic
ground state from x = —1.0 to —0.25 and a half-metallic
ground state from x = 0.0 to 0.25 in SrpFe; ; ,Mo;_,Og, which
are in agreement with experiments [21]. In figure 3, we show
the calculated total density of states (DOS) and partial Fe 3d



J. Phys.: Condens. Matter 20 (2008) 075218

X FZhu et al

and Mo 4d DOS for different compositions. For our discussion
of the DOS, which is limited to an energy window of —8 eV to
about 2 eV, we shall be primarily concerned with the Fe d, Mo
d, and O p states, since the Sr-derived states appear higher in
energy. StMoOs, i.e. the composition x = —1 (see figure 3(a)),
is known to be a Pauli paramagnetic band metal [22], which
is consistent with our DOS calculation. For the composition
x = 0 (see figure 3(e)), the down-spin conduction band
crossing the Fermi level (Ef) is dominated by the admixture
of Fe tye, Mo t,, and oxygen p states; the up-spin band below
Er is mostly due to the Fe 3d and the O 2p states and the
up-spin band just above the Fermi level is mostly of Mo ta,
state origin. The generic features of the DOS for x = 0 are
consistent with previous results [2, 23, 24]. In the Fe-deficient
regime (x < 0) (see figures 3(b)—(d)) where Mo replace some
Fe sites, some Mo 4d states fill up the gap present between the
Fe e; and Mo t,, spin-up states in the ordered sample which
destroy the half-metallic ground state; with the Fe ion being
in the high-spin d> state, the spin-up Fe states are completely
filled, lying below the Fermi energy. In the Fe-rich regime
(x > 0) where Fe replace some Mo sites (see figure 3(f)), the
Fe d states appear in the spin-down channel below the Fermi
energy and a weakening of the hybridization of Fe tyg, Mo ty,,
and oxygen p states crossing the Fermi level; moreover, two
peaks of Fe d states appear in the spin-up channel above the
Fermi level. Obviously, a very sharp peak appears in the spin-
down channel below Ef (about —6.4 eV) from x = —0.25 to
0.25, which is associated with the enhanced coupling of the O
2p and the transition-metal 3d state. We can note that there
is no polarization of the states at and near Ep for x = —1
(StMo0Os3) and partial polarization for x = —0.75, —0.5, and
x = —0.25, in contrast to the 100% polarization in the ordered
(x = 0) sample. Furthermore, for x = 0.25 the DOS is
very low, crossing the Fermi level, and the resistivity in some
experiments [25] shows semiconducting behavior for x > 0.2.

In order to understand the effects of the surrounding atoms
(see table 2), we also plot the site-projected DOS of Mo3’ d and
Mo2 d for x = —0.25 and Fe4 d and Fel’ d for x = 0.25 in
figure 4. For the Mo3' atom, the chemical environments are
completely different from Mo2, we note a strong splitting of
the ty, states caused by the hybridization and the up-spin Mo tp,
states become partially occupied. For Mo2 atom, the chemical
environments are the same as the Mo in the fully ordered
compound, a sharp narrow band having contributions from Mo
e, states (at about —6.5 eV) appears in the spin-down channel
far below the Fermi level and the down-spin ts, due to the
hybridization with oxygen p and Fe ty, in particular, acquires a
large bandwidth (from about —7 to 1 eV). For Fel’ atoms, the
spin-down states (from —6.2 to —5.2 eV) are situated below
the Fermi level, while the spin-up bands show a maximum
above the Fermi level. It is also clear that the exchange splitting
of Fe4 d states is weaker than that of Fel’ atom because of
different surroundings.

3.3. Magnetic properties

The calculated total magnetic moments (ur) for SrpFe .,
Mo;_,Og are listed in table 1. The magnetic structures for

Table 2. The atoms in parenthesis show the atoms which were
replaced, and the atoms with " mean that they are not in the correct
sites. The third and fourth columns give the nearest and the
next-nearest number of Fe and/or Mo neighbors. The last column
gives the magnetic moment at various inequivalent sites.

Magnetic
moment
X Sites nn nnn ()
—-1.0  Mo/Mo’ 6Mo 6Mo’ 0.00
—0.75 Fel(Mol) 6Mo 6Mo’ 3.914
Mo?2' 6Mo 4Fe + 8Mo’ 0.286
Mo3' 6Mo 4Fe + 8Mo’ 0.289
Mo4 6Mo 4Fe + 8Mo’ 0.289
Mol 2Fe +4Mo’  12Mo —0.064
Mo2 2Fe +4Mo’  12Mo —0.066
Mo3 6Mo’ 12Mo —0.026
Mo4 2Fe +4Mo’  12Mo —0.067
—0.5 Fel(Mol’) 6Mo 4Fe + 8Mo’ 3.917
Mo2' 6Mo 8Fe 4+ 4Mo 0.498
Mo3’ 6Mo 8Fe + 4Mo 0.498
Fed(Mo4') 6Mo 4Fe + 8Mo’ 3.918
Mol 2Fe +4Mo’'  12Mo 0.059
Mo2 4Fe +2Mo’  12Mo —0.326
Mo3 2Fe +4Mo’  12Mo 0.059
Mo4 4Fe +2Mo’  12Mo —0.326
—0.25 Fel(Mol’) 6Mo 8Fe + 4Mo’ 3.926
Fe2(Mo2')  6Mo 8Fe + 4Mo’ 3.925
Mo3' 6Mo 12Fe 0.583
Fe4(Mo4') 6Mo 8Fe + 4Mo’ 3.924
Mol 4Fe +2Mo’  12Mo —0.129
Mo2 6Fe 12Mo —0.573
Mo3 4Fe +2Mo’  12Mo —0.130
Mo4 4Fe +2Mo’  12Mo —0.129
0 Fel(Mol") 6Mo 12Fe 3.934
Fe2(Mo2')  6Mo 12Fe 3.934
Fe3(Mo3) 6Mo 12Fe 3.932
Fe4(Mo4’)  6Mo 12Fe 3.935
Mol 6Fe 12Mo —0.398
Mo2 6Fe 12Mo —0.396
Mo3 6Fe 12Mo —0.397
Mo4 6Fe 12Mo —0.398
0.25 Fel(Mol’) 2Fe’+4Mo  12Fe 4.006
Fe2(Mo2') 2Fe’ +4Mo  12Fe 4.006
Fe3(Mo3')  2Fe’ +4Mo  12Fe 4.006
Fed(Mo4') 6Mo 12Fe 4.023
Fel’ (Mol) 6Fe 12Mo —3.931
Mo2 6Fe 4Fe’ +8Mo  —0.068
Mo3 6Fe 4Fe’ 4+ 8Mo  —0.068
Mo4 6Fe 4Fe’ +8Mo  —0.068

x < 0 are found to be the ferromagnetic (FM) state while the
magnetic structure for x = 0.25 is the ferrimagnetic (FIM)
state (which is 0.68 eV lower in energy than the FM state)
where the Fe spins are aligned ferromagnetically if the Fe are
in the correct positions, and antiferromagnetically if the Fe
ions occupy Mo sites. The pt shows the remarkable behavior
of first increasing nearly linearly with x up to x = 0 and
then decreasing once again with x, which is consistent with
experiment [21]. However, the magnitude of the wr is different
from the experimental value [21], which may be due to the
antisite disorder in the real system [26]. For the x < 0 regime,
ur increases with x primarily because the number of local
moments increases and all Fe moments are ferromagnetically
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Figure 4. Site-projected density of states of the d component of
Mo3’ and Mo2 for x = —0.25 and Fe4 and Fel’ for x = 0.25 in
SryFe;, Mo, _,Og. The energy zero is taken at the Fermi level. The
upper halves of each panel display the spin-up states and the lower
halves the spin-down states.

coupled. In the regime x > 0, as the Fe content increases,
we find a rapid decrease of pp. This is readily understood
in terms of the additional Fe being necessarily connected to
the next Fe by 180° Fe—~O-Fe bonds and, consequently, being
antiferromagnetically coupled.

Table 2 shows the magnetic moments of inequivalent Fe
and Mo (labeled in figure 1), and the number of Fe and Mo
atoms in various neighbor shells differ from that of the ordered
arrangement. We notice that the magnetic moments of Fe
increase from 3.914 up to 3.934 up in the Fe-deficient regime
(x < 0) and increase from 3.934 up at x = 0 to 4.006 up
at x = 0.25. The increase of the magnetic moment of Fe
in the Fe-deficient regime can be explained by the decreasing
of the Fe—-O—Mo bond length (see table 1). The increase
of the magnetic moment of Fe from x = 0.0 to 0.25 may
be explained by the strong antiferromagnetic (AFM) super-

exchange interaction between the Fe at the correct sites and
the Fe at the Mo sites, which enhances the ferromagnetism in
the original Fe sublattice. The magnetic moments of Mo at the
Fe sites, for the x < 0 regime, increase from about 0.289 ug
to 0.583 up, which is strongly influenced by the number of
the Fe atoms in the next nearest-neighbor shell. The absolute
magnetic moments of Mo at the correct sites, for the x < 0
regime, are strongly influenced by the number of Fe atoms in
the nearest-neighbor shell; the higher the number of Fe atoms
in the nearest-neighbor shell surrounding each Mo atom, the
larger the absolute magnetic moment. The absolute magnetic
moments of Mo at the correct sites, for the x > 0 regime,
are influenced by the number of Mo/Fe atoms in the next
nearest-neighbor shell. Additionally, the magnetic moments
of Mo and Fe are also influenced by the Fe content, which can
also see in the spin density maps (figures 5(a) and (b)). To
understand the local magnetic moment of Mo, we note that
the local magnetic moment of an element is determined by
two factors: the occupation of the corresponding spin-up and
spin-down bands and the hybridization of the states with other
occupied and unoccupied states. The magnetic moment at the
Mo site is merely induced by the Fe magnetic moment through
the hybridization between the Fe 3d, Mo 4d and O 2p states.
For example, for the local magnetic moment of Mo3’ and Mo2
at x = —0.25, the majority- and minority-spin channels of
Mo3'" and Mo2 are not equally filled (see figure 4), resulting
in positive and negative magnetic moments, respectively. A
general feature for the entire SrpFe|, ,Mo;_,O¢ family is that
the oxygen atoms also possess small magnetic moments which
originate from Fe d, Mo d and O p hybridization. The magnetic
moments at O atoms range from 0 to 0.12 up and the moments
at O are directed parallel to the majority-spin channel of Fe
atoms. These can also be observed in figure 5. In figures 5(a)
and (b), the Fe atoms are ferromagnetically coupled, inducing
the spin polarization of Mo and oxygen sites significantly.
The spin density distribution also demonstrates that the spin
moments of Fe and Mo are mainly localized at nuclear sites
and are coupled antiferromagnetically. The roughly spherical
distributed positive spin densities at Fe sites indicate the nearly
half-filled 3d orbitals, while the occupied Mo 4d orbital is
mainly composed of down-spin ty, electrons. Figure 5(c)

shows the AFM interaction between Fel and Fel’ and the
negligibly small spin polarization of Mo and oxygen atoms.
The spin density distribution at x = 0 is in agreement with
published works [27].

Figure 5. Contour plot of the spin density in the [100] plane for Sr,Fe,, Mo;_,Og at (a) x = —0.25, (b) x = 0, and (c) x = 0.25. Solid black
lines represent positive charge densities and dashed red lines indicate negative charge density.
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4. Conclusions

In conclusion, we have performed a study of the structural,
electronic, and magnetic properties of SrpFe,, ,Mo;_,O¢ (—1
< x < 0.25) using first-principles density functional theory
within the generalized gradient approximation (GGA) 4+ U
schemes. The crystal structure of the compounds has a cubic
lattice for x = —1 and 0.25 while the structure of the
compounds has a tetragonal lattice from x = —0.75 to 0.0.
It is interesting to note that the variation of V' over the range
of compositions (—1 < x < 0.25) studied here is linear
with the composition x. Our spin-polarized calculations give
a metallic ground state for x < 0 regime and a half-metallic
ground state for x > 0 regime. The magnetic structures for
x < 0 are found to be the ferromagnetic state. The magnetic
structure for x = 0.25 is the ferrimagnetic state where any
Fe at the Mo crystallographic site is coupled antiparallel to
the Fe moments at the correct site. The magnetic moment
direction and magnitude of Mo are found to be related to the
number of Fe and Mo sites in the nearest- and next-nearest
neighbor shell. Additionally, the magnetic moments of Fe
and Mo are also influenced by the Fe content. Contrary
to the result of a recent quantum-mechanical band-structure
study [8], the reduction in the total magnetic moment is mainly
caused by antiferromagnetically coupled Fe pairs whenever
Fe—O-Fe bonds are generated, which is in agreement with
classical Monte Carlo simulations [7]. Our results resolve
the conflicting views proposed earlier concerning the magnetic
structure of such double perovskite oxides.
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