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Electronic structure and stability of the ferrimagnetic ordering in double perovskites
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Using results of first-principles band structure calculations and a model tight-binding approach, we investi-
gate the local stability of the half-metallic ferrimagnetic~FiM! states in double perovskites Sr2FeMO6 (M
5Mo, Re, and W!. In ordered compounds, a generalized double-exchange~DE! mechanism operating in the
metallic minority-spin channel, in a hybrid Fe-M -derivedt2g band, always competes with the strong antifer-
romagnetic superexchange~SE! interactions in the Fe sublattice mediated by virtual electron hoppings into the
unoccupiedM (d) states. In the local-spin-density approximation~LSDA!, the SE mechanism largely prevails
and the FiM phase is unstable with respect to a noncollinear spin-spiral alignment. The situation appears to be
more generic. So, the onsite Coulomb repulsion between the Fe(3d) electrons (DU) on the top of the LSDA
picture suppresses the SE interactions but may also modify some of the DE interactions through the change of
the Fe-M hybridization. The total change of the electronic structure, caused byDU alone, does not explain the
local stability of the FiM state. Therefore, we conclude that the FiM phase cannot be stabilized by purely
electronic mechanisms. According to our scenario, that is exactly the situation realized in Sr2FeWO6. An
interpretation of the experimental FiM ordering observed in Sr2FeMoO6 and Sr2FeReO6 should require an
additional mechanism, which destroys the half-metallic character of the electronic structure and suppresses the
saturation moment. We consider two possibilities: the alternating breathing distortions of the FeO6 andMO6

octahedra, and the antisite (Fe-M interchange! disorder. In the former case, the oxygen displacement towards
the Fe-sites leads to the partial depopulation of the majority-spin Fe(eg) band and thereby activates an effective
channel for the ferromagnetic DE interactions, similar to colossal-magnetoresistive manganites. In the latter
case, the FiM ordering can be stabilized by SE interactions of a small~less than 10%! amount of Fe impurities
with the host atoms. We discuss possible implications of these scenarios to different compounds with emphasis
on their magnetic and optical properties.

DOI: 10.1103/PhysRevB.65.144446 PACS number~s!: 75.30.Et, 75.50.Gg, 72.25.Ba, 71.20.Be
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I. INTRODUCTION

Recently, ordered double perovskites~DP! Sr2FeMO6,
and especially Sr2FeMoO6 and Sr2FeReO6, have received a
lot of attention. Although the materials themselves we
known for several decades,1 the renewed interest in thes
systems was spurred by two important observations.~i! They
exhibit fairly large intergrain-tunneling magnetoresistan
effect.2,3 Therefore, from the practical point of view the ma
focus of the research activity was shifted towards polycr
talline specimens, while the behavior of Sr2FeMO6 single
crystals presents mainly an academic interest and is im
tant to clarify basic properties of these compounds.4 ~ii ! Both
Sr2FeMoO6 and Sr2FeReO6 have fairly high Curie tempera
ture (TC5415 K and 401 K, respectively!. This is a great
advantage over the colossal-magnetoresistive mangan
which makes the DP suitable candidates for technolog
applications in magnetoresistive devices operating at ro
temperature.

From the theoretical point of view, it is frequently be
lieved that the behavior of DP presents an example
‘‘simple physics,’’ and that the unique properties
Sr2FeMoO6 and Sr2FeReO6 are related to the fully spin
polarized half-metallic~HM! electronic structure obtained i
band calculations for the ferromagnetic~FM! state.2,3 Per-
haps, it is more correct to call this state ferrimagnetic~FiM!,
because the hybridization betweend orbitals of the Fe andM
atoms induces nonvanishing spin magnetic moments als
0163-1829/2002/65~14!/144446~17!/$20.00 65 1444
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theM sites, which are aligned antiferromagnetically with r
spect to the spin moments of Fe.5–7

There are several experimental facts that do not quite
into this picture.

~i! Even in Sr2FeMoO6 and Sr2FeReO6, the saturation
magnetization is always lower than the ideal value expec
for the 100% polarized HM electronic state. The reco
~ideal! values of the spin magnetic moments obtained
Sr2FeMoO6 and Sr2FeReO6 are 3.7(4.0)mB and 2.7(3.0)mB ,
respectively.3,8,9 It is believed, however, that the saturatio
moments can be further increased by a routine improvem
of the quality of samples.

~ii ! There is another material, Sr2FeWO6, which is ex-
pected to be very similar to Sr2FeMoO6 ~also from the view-
point of band calculations,6 which predict the HM behavior
in the FiM state also for Sr2FeWO6). However, according to
the experimental data, Sr2FeWO6 is an antiferromagnetic
~AFM! insulator with very low Ne´el temperature (TN
;16–37 K).10,11

~iii ! There is also an opposite example, Ca2FeReO6,
which is a ferrimagnet with an extremely high transition te
perature~538 K! and at the same time—an insulator.12

Surprisingly that despite such an enormous interest in
HM behavior associated with the FiM phase and numer
implications of this picture, there was no detailed theoreti
analysis of the problem. To begin with, how do we know th
the FiM state is the magnetic ground state of Sr2FeMO6?
According to recent total energy calculations,6 the FiM state
©2002 The American Physical Society46-1
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I. V. SOLOVYEV PHYSICAL REVIEW B 65 144446
has lower energy than an AFM state forall threecompounds
Sr2FeMoO6, Sr2FeReO6, and Sr2FeWO6, both in the local-
spin-density approximation~LSDA! and in its extension—
the generalized gradient approximation~GGA!. In order to
explain an exceptional place of Sr2FeWO6 in this row, the
authors of Ref. 6 had to rely on a delicate balance of on
Coulomb correlations~which should turn into the AFM re-
gime only Sr2FeWO6, but not Sr2FeMoO6 or Sr2FeReO6).
Suppose that this is the case, and the FiM state may ind
have lower energy under some circumstances. Then, how
we know that it is aminimumof the total energy~rather than
a maximum! and that the system is stable with respect to
more complicated noncollinear spin-spiral alignment t
may be the true magnetic ground state?

The present work is aimed at dealing with these kinds
questions for the double perovskites. In Sec. II, we will d
scribe a concept of the magnetic phase stability and exp
its main advantage with respect to the conventional total
ergy calculations~that is basically the analysis of secon
derivatives of the total energy versus the total energies th
selves!. In Secs. III and IV, we will present results of th
analysis for the ordered DP and argue that the HM electro
structure isincompatiblewith the magnetic ground state o
these systems and that the FiM phase isunstable. In Sec. V
we will discuss several scenarios, which can stabilize
FiM ordering~but only at the cost of demolishing of the HM
character of the electronic structure—that is an irony of
situation!. In Sec. VI we will show how these changes of t
electronic structure are~or should be! reflected in the change
of spectroscopic~optical and magneto-optical! data. Finally,
in Sec. VII we will give a conclusion and try to present
new classification for the Sr2FeMO6 compounds by putting
everything ‘‘upside-down’’: we will argue that nearly antife
romagnetic Sr2FeWO6 reflects a normal behavior for the o
dered DP, while describing the properties of Sr2FeMoO6 or
Sr2FeReO6 should require an additional physics.

II. TOTAL ENERGIES VERSUS PARAMETERS
OF MAGNETIC INTERACTIONS

Let us start with an equilibrium spin configurationM 0

5$ei
0% that is characterized by the directionsei

0

5(sinui
0cosfi

0 ,sinui
0sinfi

0 ,cosui
0) of the spin magnetic mo

ments at each site (i ) of the lattice. For example, in the FiM
state of Sr2FeMO6 we haveeFe5(0,0,1) for all Fe sites and
eM5(0,0,21) for all M sites. The total energy of the syste
corresponding toM 0 is denoted asE0. Then, let us conside
the spin rotations$dwi% to the new~nonequilibrium! configu-
ration M5$ei% with the directions ei5ei

01@dwi3ei
0#

2 1
2 (dwi)

2ei
0 . The new total energy is given by

E~M!5E01DE,

and in the second order of$dwi% the changeDE can be
mapped onto the Heisenberg model13

DE52
1

2 (
im

Jm@ei•ei 1m2ei
0
•ei 1m

0 #. ~1!
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All previous studies of the ordered DP focused mainly
the comparison ofE0 for a limited number of collinear
~typically, ferrimagnetic and antiferromagnetic! spin
configurations.6,14,15 In this work we will primarily concen-
trate on the behavior of$Jm%, which are nothing but the
second derivatives of the total energy with respect to$dwi%.
Being complementary toE0, these parameters give us ve
important information about the local stability~and also the
instability! of the FiM phase, which will significantly alte
our view of the origin of ferrimagnetism in Sr2FeMO6.

In the density-functional theory bothE0 and$Jm% are the
ground-state properties,16 and in principle must be related t
each other. However, the exact relation, though can be es
lished for a number of model examples,17,18 is not generally
known.

From the computational point of view the calculations
E0 and $Jm% for the DP pose several problems. On the o
hand, the distribution of the spin-magnetization density
rather complex and can significantly deviate from the sph
cal one, especially around theM and O sites. All details of
this distribution cannot be properly described at the leve
the atomic spheres approximation~ASA! underlying the lin-
ear muffin-tin orbital method~LMTO!,19 which we intend to
use in the present work. These details are very important
the total energy calculations and the values ofE0 obtained in
the ASA-LMTO approach may not be very reliable in com
parison with results of more rigorous full-potential calcul
tions. Therefore, we do not discuss them here.

There are also several questions related to the choic
the exchange-correlation functional, to whichE0 appears to
be extremely sensitive. For example, in GGA the FiM st
acquires an additional energy gain coming from the magn
polarization of theM sites, in comparison with results o
more traditional LSDA. Although GGA yields somewha
better values for the total energies in the DP,6 it is not easy to
find a good physical explanation to this fact because from
viewpoint of the single-particle electronic structure, the GG
and LSDA results look almost identical.

On the other hand, the straightforward calculations
$Jm% on the basis of full-potential techniques are not feasi
at the present stage, at least for such large systems as th
For these purposes the ASA-LMTO method still remains
only possibility. Fortunately, for the practical calculations
$Jm% one can use the local-force theorem,13,16 which means
that instead of laborious total energy calculations, requir
very high accuracy,DE can be found from the change of th
single-particle energies with a frozen Kohn-Sham potent
Therefore, if the main details of the single-particle electro
structure of the DP can be captured by the ASA-LMT
method, it is reasonable to expect that results of the AS
LMTO calculations for$Jm% may be also reliable.

The practical calculations of$Jm% can be performed along
two lines, each of which has its own merits and demerits
this work we will employ both of them. The first one is t
use the perturbation theory based on the Green-func
technique, which allows us to obtain the analytical expr
sion for Jm ,13
6-2
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Jm5
1

2p
ImE

2`

«F
d« TrL$Dex

0 Ĝ0m
↑ ~«!Dex

mĜm0
↓ ~«!%, ~2!

whereĜ0m
↑,↓ are the elements of one-electron Green funct

between sites 0 andm for the majority (↑) and minority (↓)
spin states;Dex

m is the magnetic part of the Kohn-Sham p
tential at the sitem @evaluated in terms of the LMTO band
center ~C! parameters asDex

m5 1
2 (Cm

↑ 2Cm
↓ )#;19 TrL denotes

the trace over the orbital indices, and«F is the Fermi energy.
This method allows us to calculate magnetic interactions
tween all possible pairs of atoms~for example, the ones lo
cated in Fe andM sublattices!, but somewhat sensitive t
details of calculations, such as division of the unit cell in
atomic spheres and the choice of the LMTO basis.

In the present work, the atomic spheres radii were cho
from the charge neutrality condition inside the spheres
that the total unit-cell volumes were close to the experim
tal ones~Table I!. All calculations have been performed a
suming the cubic (Fm3̄m) crystal symmetry. The oxygen
atoms were placed in the middle between Fe andM unless it
is specified otherwise~Sec. V B!. The LMTO Hamiltonian
was constructed for two separate energy panels. The first
was aimed at describing the low-energy Sr(4p) and O(2s)
bands; and the second one included the Sr(5sp,4d),
Fe(4sp,3d), Mo(5sp,4d), and O(3s,2p) states in the case
of Sr2FeMoO6 ~and similar set of basis orbitals for othe
compounds!.

The main idea of the second approach is to calculate
the Fourier image of magnetic interactionsJq
5(mJmexp(iqRm) (Rm being the position of the sitem)
using the spin-spiral LMTO method.20 For example, for the
simple ferromagnetJq can be found as

Jq2J05
]2E~q,q!

]q2 U
q50

, ~3!

whereJ0[Jq50 andE(q,q) is the total energy~in the prac-
tical calculations—the one-electron energy, thanks to
local-force theorem13,16! corresponding to the spin-spira
configuration with the cone-angleq and the spiral vectorq.
Jq can be further Fourier transformed to the real-space
rameters$Jm%. This method is less sensitive to details
calculations. However, it is also less flexible. For example
is rather difficult to extract the interactions between the
and M sublattices by using this approach,21 and if it is not
specified otherwise, we will map all the interactions on on
one~Fe! sublattice by using the sameq for all atoms and by
modulating the phases of the spin rotations according to

TABLE I. Size of atomic radii used in calculations~in atomic
units!.

Compound Sr/Ba Fe M O

Sr2FeMoO6 3.733 2.743 3.011 1.968
Ba2FeMoO6 3.888 2.778 3.041 1.951
Sr2FeReO6 3.728 2.744 3.022 1.968
Sr2FeWO6 3.724 2.738 3.059 1.960
14444
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formulaqRm with Rm running over all the sites, irrespectiv
of the type of sublattices. In this scheme, Fe-M , M -M , etc.,
interactions are effectively included as the renormalization
~principal! Fe-Fe interactions.

III. MAIN DETAILS OF ELECTRONIC STRUCTURE
AND CHARACTER OF INTERATOMIC

MAGNETIC INTERACTIONS

As it was already pointed out before,2,3,6 the FiM state of
Sr2FeMO6 (M5Mo, Re, and W! is half metallic ~Fig. 1!.
The Fermi level falls in the gap between the Fe(eg) and
M (t2g) bands in the↑-spin channel, and crosses at2g band
in the↓-spin channel. The composition of this band depen
on the material. So, for the Mo and Re compounds,
Fe(t2g) andM (t2g) states strongly overlap and equally co
tribute to the occupied part of thet2g band. In Sr2FeWO6,
the antibonding W(t2g) states are pushed to the highe
energy region because of stronger hybridization with
O(2p) states,6 and only the Fe(t2g) states have significan
weight near«F . Due to the HM character of the FiM phas
the total spin magnetic moment is integer and is equa
4mB in the case of Sr2FeMoO6 and Sr2FeWO6, and 3mB in
the case of Sr2FeReO6. The composition and the filling o
the t2g band control the magnitude of the spin magnetic m
ment induced at theM site, which takes the following value
~inside atomic spheres!: 0.17mB (Sr2FeMoO6), 0.74mB
(Sr2FeReO6), and 0.06mB (Sr2FeWO6). Since these mo-
ments originate from the filling of the↓-spin band, they are
antiparallel to the Fe moments, that actually explains

FIG. 1. LSDA density of states for the ferrimagnetic~left! and
antiferromagnetic~right! phases of Sr2FeMO6 (M5Mo, Re, and
W!. The Fermi level is at zero.
6-3
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I. V. SOLOVYEV PHYSICAL REVIEW B 65 144446
ferrimagnetic character of this phase.
The main details of the obtained electronic structure ar

a good agreement with results of full-potential augmen
plane waves2,3,22 and pseudopotential6 calculations.

Undoubtedly, the partly occupiedt2g band in the HM re-
gime should be the source of ferromagnetism, which h
the same origin as the famous double exchange in colos
magnetoresistive manganites,23 and may be modified by the
fact that a similar mechanism operates also between ch
cally different Fe andM sites in the case of DP.7

However, is this the only one interaction, which dete
mines the magnetic behavior of the DP? Unfortunately,
situation is more complicated. As we shall see in the n
section, the partly occupiedt2g band gives rise not only to
the FM double exchange, but also to a nonvanishing A
superexchange~SE! interaction, the existence of which i
related to the fact that the exchange splittingDex

Fe is finite.23

Less attention in the literature is paid to another fact:
the DP the fully polarized Fe(eg) states arehalf filled, that
gives rise to theantiferromagnetic superexchangemecha-
nism associated with theeg electrons. The SE interactions
are mediated by quite long Fe-O-M -O-Fe paths and therefor
expected to be not particularly strong. However, such an
tuitive picture can be rather misleading. A rough idea ab
the strength of theeg superexchange can be obtained fro
the analysis of the density of states~Fig. 1!: by going from
the FM to the type-II AFM phase, the Fe(eg) band shrinks
very significantly, from 2.0 to 0.5 eV, similar to the canonic
rock-salt transition-metal monoxides.24 Therefore, the inter-
action betweeneg orbitals of neighboring Fe atoms remain
strong even in the double perovskite structure.

One can also exploit some analogy with manganites
the latter, the FM ordering is stabilized by the double e
change~DE! mechanism associated with theeg electrons,
which is much stronger than the AFM SE interactions b
tween thet2g electrons.25 Then, at least very naively in th
DP, one could expect the opposite trend: a relatively w
FM t2g double exchange competing with a strong AFMeg
superexchange.

Thus, from this very simplified analysis of the electron
structure one may expect that the stability of the FiM ph
in the DP is by no means a trivial problem: there are sev
different mechanisms favoring both FM and AFM spin alig
ments, and it is nota priori clear that the FM interaction
will prevail.

IV. MAGNETIC INTERACTIONS
IN THE FERRIMAGNETIC STATE:

LSDA FOR IDEAL DOUBLE PEROVSKITES

Qualitative discussions in the preceding section are s
ported by direct calculations of magnetic interactions~3! in
the FiM state~Fig. 2!. SinceJ02Jq is nothing but the second
derivative of the total energy, the negative value of the
rameterJ02Jq indicates that the FiM state is unstable wi
respect to a noncollinear spin-spiral ordering with the vec
q. q5(p/a0)@0,1,0# and q5(p/2a0)@1,1,1# (a0 being the
cubic perovskite lattice parameter equal to the nearest FM
distance in the double perovskite structure! corresponds to
14444
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the type-I and type-II AFM ordering, respectively. Thus, f
all considered compounds the FiM state appears to be
stable.

A more clear picture can be obtained by transformingJq
into the real space. For these purposes we adopt the fol
ing notations in the Fe sublattice:J1

Fe-Fe will stand for the
nearest-neighbor~nn! interactions between sites separated
the vector@a0 ,a0,0#, and J2

Fe-Fe is the next-nn interactions
between sites separated by the vector@0,0,2a0#. These pa-
rameters are listed in Table II. Although the nn coupli
J1

Fe-Fe is ferromagnetic, it is considerably weaker than t
next-nn AFM interactionJ2

Fe-Fe, which makes the whole FiM
structure unstable. Note that in terms of these two inter
tions, the FiM ordering will be stable ifJ1

Fe-Fe.uJ2
Fe-Feu.

The double exchange (JD) and superexchange (JS) con-
tributions toJ1

Fe-Fecan be estimated very roughly by assum
ing that both mechanisms can be described in terms o
universal effective nn transfer integral~t! in the Fe sublattice,
and employing the fact thatJD andJS should be proportiona
to t and t2, respectively. Then, by varying the lattice param
eters in the interval 0.99<a/a0<1.01, adopting the
formula:17,18

J1
Fe-Fe~a!5JD

t~a!

t~a0!
1JS

t2~a!

t2~a0!
,

and assuming the canonical scaling for the transfer integ
t(a)}a2a, one can obtain the following parameters, in t
case of Sr2FeMoO6: JD518.3 meV,JS529.0 meV, and

FIG. 2. Behavior of magnetic interactions in the reciproc
space ~spin-spiral calculations near the ferrimagnetic state!. L
5(p/2a0)@1,1,1#, G5@0,0,0#, andX5(p/a0)@0,1,0# are the high-
symmetry points of the face-centered-cubic Brillouin zone;a0 is the
nearest Fe-M distance~the lattice parameter of the cubic perovski
structure!.

TABLE II. Magnetic interactions in the ferrimagnetic state o
tained in the spin-spiral calculations.

Compound J1
Fe-Fe ~meV! J2

Fe-Fe ~meV!

Sr2FeMoO6 9.3 226.9
Ba2FeMoO6 9.1 225.9
Sr2FeReO6 10.4 229.6
Sr2FeWO6 11.0 217.8
6-4
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ELECTRONIC STRUCTURE AND STABILITY OF THE . . . PHYSICAL REVIEW B 65 144446
a528.16. It is interesting to note that evenJD alone ap-
pears to be too small to overcomeJ2

Fe-Fe and stabilize the
FiM phase. The AFM counterpartJS makes the situation
even worse.

In order to check consistency of our analysis, we cal
lated the same parameters by using the Green function t
nique ~2!. They are listed in Table III for Sr2FeMoO6 and
Sr2FeReO6. For J1

Fe-FeandJ2
Fe-Fethere is a reasonable agre

ment with results of the spin-spiral calculations~Table II!,
especially by taking into account very different treatment
the intersublattice magnetic interactions in these two
proaches. The nn interactionJ1

Fe-M between Fe andM sites
separated by the vector@a0,0,0# is also shown in Table III.
This interaction is antiferromagnetic, that additionally sta
lizes the FiM ordering,4,5,7 and readily explains the fact tha
J1

Fe-Fe is typically larger in the spin-spiral approach, whe
the contributions associated withJ1

Fe-M are effectively in-
cluded in the renormalization of magnetic interactions in
Fe sublattice.

J1
Fe-M appears to be small in Sr2FeMoO6. The additional

magnetic polarization of theM (t2g) states in the case o
Sr2FeReO6 enhancesJ1

Fe-M . However, this enhancement
not particularly strong and cannot explain the local stabi
of the FiM phase. For example, by taking into account
three interactionsJ1

Fe-M , J1
Fe-Fe, andJ2

Fe-Fe, it is easy to show
that the FiM phase will beunstablewith respect to a spin-
spiral ordering withqi@1,1,1# if

2~J1
Fe-Fe1J2

Fe-Fe!2J1
Fe-M,0. ~4!

This inequality is satisfied for the parameters listed in Ta
III. As we will see in Sec. V A,J1

Fe-M can be further en-
hanced by the Coulomb repulsionDU at the Fe sites, which
is presumably missing in the LSDA approach. Howev
even for relatively largeDU the inequality~4! will be largely
intact, and the FiM ordering will be unstable. Thus, contra
to recent suggestions,4,5,7 we found that the interaction
J1

Fe-M , though can play some role in the problem, fails
explain not only highTC but also the local stability of the
FiM ordering in the DP if it is considered in combinatio
with other magnetic interactions in the Fe sublattice. N
also thatJ1

Fe-M depends on the magnitude of spin magneti
tion at theM sites. However, this magnetization is onlyin-
duced by the hybridizationwith the Fe states and the situ
tion is cardinally different from the behavior of localize
magnetic moments~at least at the level of LSDA!. In such a
caseJ1

Fe-M depends on the magnetic state in which it is c
culated. In the Fe-spin-disordered paramagnetic phase
well as in the AFM phase, theM moment is zero. Hence
J1

Fe-M should be also zero. Therefore, the behavior of m

TABLE III. Magnetic interactions in the ferrimagnetic state o
tained in the Green function calculations.

Compound J1
Fe-Fe ~meV! J2

Fe-Fe ~meV! J1
Fe-Mo ~meV!

Sr2FeMoO6 6.2 221.5 21.21
Sr2FeReO6 4.5 227.9 211.6
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netic interaction nearTC should be very different, and th
parameterJ1

Fe-M evaluated in the fully spin-polarized FiM
state cannot be applied to the analysis of the magnetic t
sition temperature.

Finally, parametersJ1
Fe-Fe and J2

Fe-Fe can be extracted~at
least formally! by mapping the total energies of the FiM
type-I and type-II AFM states onto the Heisenberg mod
Using results of GGA calculations for Sr2FeWO6 reported in
Ref. 6 we findJ1

Fe-Fe518.1 meV andJ2
Fe-Fe527.5 meV.

Similar to the analysis of the local stability of the FiM phas
the nn coupling appears to be ferromagnetic, while
next-nn coupling antiferromagnetic. However, according
the total energy calculations,J1

Fe-Fe is stronger thanJ2
Fe-Fe.

This apparent disagreement with the conclusion based on
local stability arguments should not be taken as a surpr
because formally these two techniques bring the informa
about very different quantities~see also discussions in Se
II !. In the total energy calculations, the inequalityJ1

Fe-Fe

.uJ2
Fe-Feu simply means that the FiM state has lower ener

and this statement is simply paraphrased onto the langu
of Heisenberg model. Formally, these parameters have
other physical meaning and cannot be applied to the ana
of the local stability of neither the FiM nor the AFM state
On the other hand, the local stability implies the knowled
of second derivative of the total energy, which cannot
directly converted to the total energy itself. Thus, these
simply two complementarypieces of information.

By combining results of total energy calculations6 with
the local stability arguments, one may conclude that altho
the FiM state has the lowest energy amongst the collin
magnetic configurations, it is not a local minimum of th
total energy. Probably, the true magnetic ground state of
ordered DP in LSDA and GGA, will be a noncollinear spi
spiral state withqi@1,1,1#. This is qualitatively supported
also by calculations of the inter-atomic magnetic interactio
in the type-II AFM state~Table IV!. We note the following:
in the FiM state we had the inequalityJ1

Fe-Fe,uJ2
Fe-Feu, mean-

ing that this state was unstable~with respect to the type-II
AFM ordering!. However, in the type-II AFM state we obtai
the opposite inequalityJ1

Fe-Fe.uJ2
Fe-Feu,26 meaning that this

state is also unstable~but already with respect to the FiM
ordering!. Therefore, the real magnetic ground state of
DP should be in between the FiM and type-II AFM state
Presumably, that is the situation realized in Sr2FeWO6 ~we
will return to this problem again in Sec. VII!.

TABLE IV. Magnetic interactions in the type-II antiferromag
netic state obtained in the spin-spiral calculations. Two values of
parameter J1

Fe-Fe correspond to interactions between neare
neighbor Fe sites with the same~the first number! and opposite~the
second number! spins in the type-II antiferromagnetic structure.

Compound J1
Fe-Fe ~meV! J2

Fe-Fe ~meV!

Sr2FeMoO6 16.4, 18.6 215.2
Sr2FeWO6 17.4, 21.3 213.5
6-5
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V. WHAT MAKES
THE FERRIMAGNETIC PHASE STABLE?

A. Choice of exchange-correlation potential
and Coulomb interactions beyond LSDA

As we have seen in the previous section, the FiM stat
the ordered DP is unstable in the LSDA. The first serio
question we have to address is how reliable is this pictu
because the LSDA description is not perfect, especially
the strongly correlated systems.27 At the present state we d
not really know how serious is this problem for the DP a
whether one should concentrate on the improvement of
LSDA description~that is still an unresolved problem, de
spite numerous efforts in this direction—see, e.g., Ref. 27! or
try to find a new physical mechanism~apart from the corre-
lations! that would explain appearance of the ferromagnet
in these compounds. In this section, we try to estimate p
sible roles played by Coulomb correlations in stability of t
FiM ordering, using Sr2FeMoO6 as an example.

First, there are some possibilities to shift the balance
tween the FM and AFM interactions in Sr2FeMoO6 by sim-
ply choosing different exchange-correlation potentials in~or
around! the LSDA.28 The general strategy should be to i
creaseDex

Fe. Then, according to the model tight-bindin
analysis,23 one could expect that largerDex

Fe will suppress the
AFM SE interactions~which are proportional to 1/Dex),
while the FM double exchange should not be affected
Dex

Fe, unless it changes the Fe-M hybridization in the metallic
↓-spin channel. Along this line, the GGA approach29 does
not give any improvement, at least if it is implemented in t
atomic spheres approximation: for example, spin-spiral c
culations yield the following values of the paramete
J1

Fe-Fe59.1 meV andJ2
Fe-Fe5230.9 meV~i.e., the situation

appears to be even worse rather than in LSDA—
Table II!.

Another approach along this line is somewhat hypoth
cal. It is well known that correlations in LSDA suppre
Dex.30 Therefore, by taking into account only the exchan
part of the LSDA potential we can get an upper estimate
Dex

Fe on the level of LSDA. The corresponding density
states is shown in Fig. 3. One can clearly see that the s
ting between the↑- and↓-spin Fe(3d) states is significantly
increased. This causes some redistribution in the occu
part of the spectrum, whereas the states located near«F , and
especially the position of the↓-spin Fe(t2g) and Mo(t2g)
bands, are practically unchanged. These changes of the
tronic structure will tend to stabilize of the FiM ordering
However, the effect is not sufficiently strong andJ02Jq re-
mains negative along theG-L direction in the reciproca
space~Fig. 4!. Corresponding parameters of the magne
interactions, after transformation to the real space,
J1

Fe-Fe510.7 meV andJ2
Fe-Fe5212.7 meV.

Another possible correction of the electronic structu
which we want to investigate is in the spirit of the LD
1U approach.31 At the first sight the idea appears to b
simple and what one has to do is to correct the form and
magnitude of the on-site Coulomb interactions for the ‘‘l
calized’’ states. The first candidates for this correction are
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Fe(3d) states. However, the progress along this line is ha
pered by the fact that already for the transition-metal m
oxides all important parameters controlling the electro
properties, such as the magnitude of the on-site Coulo
repulsionU and the charge-transfer energy,32 are not well
defined in the framework of LDA1U.16 The problem is even
more serious for the DP where there is the additional gro
of M (t2g) states, which may have strong influence on t
physical properties, but the position of which with respect
the Fe(3d) and O(2p) states is absolutely uncontrollable
the level of LDA1U. Therefore, we take an empirical ap
proach that is based on our previous analysis of spec
scopic and magnetic properties of MnO~Ref. 16! and
LaFeO3 ~Ref. 33!. We have found that for compounds th
have common 3d↑

53d↓
0 configuration of the transition-meta

FIG. 3. LSDA density of states for the ferrimagnetic phase
Sr2FeMoO6 calculated using both exchange and correlation part
the potential~x1c!, and the exchange part only~x!. The Fermi level
is at zero.

FIG. 4. Behavior of magnetic interactions in the reciproc
space for two types of exchange-correlation potential in LSD
which include both exchange and correlation parts~x1c!, and the
exchange part only~x!.
6-6
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sites, a good improvement of the LSDA description could
obtained by increasing the intra-atomic exchange splitt
and shifting the unoccupied↓-spin 3d states up byDU. The
adjustable parameterDU could be fixed by fitting the optica
or photoemission spectra. For example, in LaFeO3 the shift
of unoccupied states byDU;2 eV gave a good descriptio
for the local magnetic moments, optical and photoemiss
data.33,34

The same strategy seems to be reasonable for the Fed)
states in Sr2FeMoO6, which are also close to the half filling
The low-energy optical absorption observed around 0.5 e
typically ascribed to the ‘‘charge transfer’’ excitations fro
Fe(eg) to Mo(t2g) band in the↑-spin channel,4,35 and im-
pose a strong constraint on the position of occupied Fe(eg)
states. Therefore, the relative position of the Fe(eg) to
Mo(t2g) bands is rigidly fixed and the only possible degr
of freedom for theDU operator is the shift of unoccupie
↓-spin states~see also the discussions of optical conductiv
in Sec. VI!.

A typical example of the density of states after such s
is shown in Fig. 5. It strongly resembles the picture d
cussed recently by Kanamori and Terakura.7 As the ↓-spin
Fe(3d) states are moved to the higher-energy region,
population of Mo(t2g) states increases. Therefore, the lo
magnetic moment at Mo sites will also increase. It additio
ally stabilizes the nn AFM interactionJ1

Fe-Mo between Fe and
Mo ~Fig. 6!, in agreement with arguments presented in R
7. Note also that the electronic structure shown in Fig. 5
~nearly! half-metallic, and the main contribution near«F
comes from the Mo(t2g) states. Hence, the Mo moment
already close to the saturated value of 1mB . In such a situ-
ation, an additional Coulomb interactionUM on the Mo sites
can increase the splitting between the↑- and↓-spin Mo(t2g)
states, but without changing the Mo moment andJ1

Fe-Mo.
Therefore, we do not expect that a smallUM parameter may
alter our conclusions.36 This is qualitatively supported by
results of LDA1U calculations including the CoulombU
both on the Fe and Mo sites.22

How will the change ofJ1
Fe-Mo affect the local stability

problem of the FiM state, if considered in combination w

FIG. 5. Density of states obtained after shifting the minori
spin Fe(3d) states up by 3.4 eV. The Fermi level is at zero.
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other magnetic interactions in the Fe sublattice? First,DU
suppresses the AFM SE interactions in the system
thereby substantially reducesJ2

Fe-Fe. This favors the FiM
alignment. The behavior ofJ1

Fe-Fe is more complicated. On
the one hand,DU suppresses the AFM SE contributions al
to J1

Fe-Fe, which explains the increase ofJ1
Fe-Fefor smallDU.

On the other hand,DU increases the energy splitting be
tween the Fe(t2g) and Mo(t2g) states, and suppresses a
kinetic hoppings between Fe(t2g) orbitals operating via the
Mo(t2g) states in the↓-spin channel. In addition,DU de-
populates the Fe(t2g) states. These two mechanisms w
gradually destroy the FM DE interaction operating betwe
the Fe(t2g) orbitals. They dominate in the region of large
DU, whereJ1

Fe-Fedecreases.
Taking into account three interactionsJ1

Fe-Mo, J1
Fe-Fe, and

J2
Fe-Fe, we evaluated the stability condition of the FiM pha

with respect to the spin-spiral ordering given by Eq.~4!, the
left-hand side of which is also shown in Fig. 6. For all valu
of DU we have considered, the inequality~4! is satisfied,
meaning that the FiM ordering remainsunstable. Moreover,
the left-hand side of this inequality becomes saturated
largeDU, and an additional increase of the on-site Coulom
repulsion will hardly change our conclusion.

FIG. 6. Magnetic interactions in Sr2FeMoO6 after additional
shift of the minority-spin Fe(3d) states byDU ~from the Green
function calculations!.
6-7
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Thus, the Coulomb correlations beyond LSDA, thou
may play some role in the problem, will hardly explain alo
the local stability of the FiM phase in DP. Therefore, in t
next few sections we consider several other scenarios, w
are not directly related to Coulomb correlations.

B. Breathing distortion

Due to the size and chemical differences between the
andM atoms, the double perovskite structure is subjecte
the breathing distortions of alternating FeO6 andMO6 octa-
hedra. The experimental situation about the direction and
magnitude of this distortion in Sr2FeMoO6 is rather contro-
versial. The first x-ray diffraction measurements perform
on a single crystal of Sr2FeMoO6 indicated some contractio
of the MoO6 octahedra, but the effect was found to be sm
in terms of the Fe-O and Mo-O bond lengths, the experim
tal distortion was characterized by the ratiosdFe-O/dFe-Mo

50.499 and 0.509, correspondingly in thex-y plane and
along thez direction of the tetragonalI4/mmmphase.4 Very
similar distortion,dFe-O/dFe-Mo50.507 was reported for the

cubic Fm3̄m phase of Sr2FeMoO6.35 This trend was, how-
ever, disputed in the subsequent publication,22 where the op-
posite direction and much larger magnitude of the oxyg
displacement have been suggested:dFe-O/dFe-Mo50.488 and
0.477, correspondingly in thex-y plane and along thez di-
rection of the tetragonalI4/mmmsample. However, the nex
report suggested the lower (I4/m) symmetry of Sr2FeMoO6
with dFe-O/dFe-Mo50.506 ~the x-y plane! and 0.503~the z
direction!.37

The situation seems to be clearer in Sr2FeReO6 and
Sr2FeWO6. Due to the large size of Re and W atoms, t
oxygen moves in the direction of Fe. The magnitude of
oxygen displacement in Sr2FeReO6 can be estimated a
dFe-O/dFe-Re.0.49.12

In this section we discuss the effects of breathing dis
tion on the magnetic interactions in the cubicFm3̄m struc-
ture. As in the previous section we take Sr2FeMoO6 as an
example.

Results of calculations are summarized in Fig. 7. The s
ation is very intriguing, because the oxygen displacem
from the midpoint position inboth directionstends to stabi-
lize the FiM ordering. Although the microscopic mechanis
of this behavior is very different for two different direction
in both cases it is related to the fact that the Fe(3d) and
Mo(4d) states formantibondingbands after the hybridiza
tion with the O(2p) states. Therefore, the oxygen displac
ment towards Fe will result in an upward shift of the Fe(3d)
bands and a downward shift of the Mo(4d) bands, and vice
versa for the opposite direction of the lattice distortion.

The upward shift of the Mo(4d) band in the regime
dFe-O/dFe-Mo.0.5 will affect the SE interactions operatin
via the Mo(4d) states. In this case the energy gap betwe
the Fe(3d) and Mo(4d) states will play the same role as th
charge-transfer energy in the conventional transition-m
monoxides. The increase of the gap will suppress the
interactions.38 However, in the LSDA this change is not su
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ficient to alter the inequalityJ02Jq,0 and stabilize the FiM
ordering, even for relatively large distortiondFe-O/dFe-Mo
50.525~see Fig. 7!.

Another direction of the breathing distortio
dFe-O/dFe-Mo,0.5 seems to be more promising. However, t
stabilization of the FiM ordering in this regime is direct
related to demolishing of the HM character of electron
structure of Sr2FeMoO6. Particularly, for dFe-O/dFe-Mo
<0.49 the Fermi level crosses the↑-spin Fe(eg) band and
the distortion activates an additional double exchan
mechanism associated with theeg electrons, like in the per-
ovskite manganese oxides.18 This DE interaction is very
strong so that the couplingJ2

Fe-Fecan even become ferromag
netic. Of course, in such a situation the FiM ordering can
easily stabilized. This scenario is accompanied by a sh
decrease in the saturation moment, up to 2.8mB per formula
unit for dFe-O/dFe-Mo50.475.

At the present stage, it is not clear up to which extent t
mechanism can operate in realistic compounds. Accordin
the experimental data,4,12,35,37the large oxygen displacemen
towards the Fe atoms seems to be unlikely in Sr2FeMoO6,
but may take place in Sr2FeReO6. Since the weight of the
W(5d) states near«F is small in Sr2FeWO6, the breathing
distortion~of a reasonable magnitude! will cause only a rigid
shift of the Fe(t2g) and Fe(eg) bands, without changing thei
population. Therefore, it should not affect the magne
ground state of Sr2FeWO6.

C. Antisite defects: Supercell calculations

One of the very important factors that affect the magne
behavior of DP is the presence of antisite defects. Typica

FIG. 7. Breathing distortion in Sr2FeMoO6. Left panel: mag-
netic interactions in the reciprocal space as a function of breath
distortiondFe-O/dFe-Mo ~the ratio of Fe-O and Fe-Mo bond lengths!,
and results of their Fourier transformation to the real-space par
etersJ1

Fe-FeandJ2
Fe-Fe. Right panel: examples of density of states f

severaldFe-O/dFe-Mo ratios. The Fermi level is at zero.
6-8
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ELECTRONIC STRUCTURE AND STABILITY OF THE . . . PHYSICAL REVIEW B 65 144446
the total concentration of the Fe andM atoms in Sr2FeMO6

is well controlled and is close to 100%. However, it is mu
more difficult to control the distribution of the Fe andM
atoms between two different sublattices. In realistic co
pounds there is always a certain number of antisite defe
when some of the atoms from the Fe sublattice are in
changed with the same number of atoms from theM sublat-
tice. Typically, the antisite defects are randomly distribu
and their number is characterized by the degree of FeM
ordering of the sample, which can be probed by an x-
diffraction. This characteristic strongly depends on the co
pound, and is typically higher for polycrystalline sampl
where the ordering needs to be established coherently
within smaller-sized grains~in comparison with the whole
volume of a single crystal!. The worst situation was reporte
for Sr2FeMoO6 single crystal, where due to the proximity o
atomic sizes of Fe and Mo, the degree of Fe/Mo orderin
rather low and typically varies from 80% to 92%~at the
best!.4,39 In polycrystalline Sr2FeMoO6 this characteristic
can be improved up to 97%,8 which is accompanied by a
growth of saturation magnetization up to the record 3.7mb
value ~in comparison with 3.2mb reported for the single
crystal—Ref. 4!. In Sr2FeReO6, the degree of Fe/Re orderin
is about~or may be even higher than! 95%.12 Sr2FeWO6 is
believed to be the most ordered compound~almost 100% of
the Fe/W ordering, presumably due to the large difference
atomic sizes of Fe and W!.11

The implication of antisite defects to the magnetic beh
ior of DP was already discussed in the literature. Particula
the relatively low saturation moment in Sr2FeMoO6 can be
easily accounted for in terms of the antisite defects, us
both the ionic picture for localized magnetic moments at
Fe and Mo sites,4 and the itinerant one based on the Fried
arguments.40

In this section we will argue that the antisite defects c
also be one of important physical ingredients that can lea
stability of the FiM ordering in DP. We begin with the anal
sis of a hypothetical picture, in which the antisite defects
ordered and can be simulated by means of ordinary supe
calculations. We consider the supercell containing four f
mula units of Sr2FeMoO6 ~Fig. 8!. The antisite defect was
simulated by interchanging one pair of Fe and Mo ato
~denoted as Fe5 and Mo2) so to preserve the cubic symmet
of the system. This configuration corresponds to only 75%
the Fe/Mo ordering, which is lower than in the experimen4

Nevertheless, such calculations can provide useful infor
tion about thelocal redistribution of magnetic interaction
around the defect.

Parameters of magnetic interactions, calculated using
Green function technique, are summarized in Table V.
considered two situations: when the spin magnetic mom
at the impurity Fe atom (Fe5 in Fig. 8! is aligned ferromag-
netically and antiferromagnetically with respect to the s
magnetization of the host~denoted as ‘‘F state’’ and
‘‘A state,’’ respectively!. Contrary to the previous reports,41

we found thatbothself-consistent solutions exist, though th
calculations were conjugated with some techni
difficulties.42 Irrespective of the type of the magnetic co
pling, the antisite defect destroys the HM electronic struct
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~Fig. 9!. The spin moment~recalculated per one formul
unit! is reduced from 4mB in the ordered FiM compound to
3.8mB in the F state and 2.4mB in the A state. We also note
strong bonding-antibonding splitting of the Mo(t2g) states
caused by the hybridization between the impurity and
host. As a result, the↑-spin Mo(t2g) states become partially
occupied, and the induced Mo moment is polarizedparallel
to the host. Therefore, the theories relying on the stro
AFM coupling between the Fe and Mo sites5,7 become irrel-
evant near the antisite defects.

According to the nn interactions of the impurity ato
with the host~the pair Fe1-Fe5), both configurations can be
locally stable. In the case of FM alignment~F state!, the
↓-spin Fe(t2g) states of the host and impurity atoms form
broad band, which is partly occupied~Fig. 9!. It gives rise to
the DE interaction, which explains the FM character of t
couplingJFe1-Fe5. The AFM interactionJFe1-Fe3 via the impu-
rity Fe5 site can be easily understood in terms of the 1/Dex

Fe

expansion in Eq.~2! for the less than half-filled↓-spin
Fe(t2g) band.23 However, this behavior may also be an ar
fact of our model because for the particular supercell geo
etry shown in Fig. 8, the FM alignment of the Fe5 spins will
automatically lead to the formation of infinite FM chain

FIG. 8. Positions of the Fe~white symbols! and Mo~black sym-
bols! atoms in the supercell Sr8Fe4Mo4O24 used in the calculations
of antisite defects. Circles show the atoms that have the same
sitions as in the ideal double perovskite structure. Squares show
positions of antisite defects obtained after interchanging a sin
Fe-Mo pair of atoms. Note also the notations of atoms used in
analysis of magnetic interactions in Table V.

TABLE V. Magnetic interactions around antisite defects
Sr2FeMoO6 ~in meV, see Fig. 8 for notations!. The spin magnetic
moment at the impurity site Fe5 can be either parallel~F states! or
antiparallel~A states! to the spin magnetization of the host.

Pair F state A state

Fe1-Fe5 50.6 240.2
Fe1-Fe3 220.7 1.2
Fe1-Fe2 0.6 20.3
Fe2-Fe4 212.2 213.4
Fe1-Mo1 0 0
Fe1-Mo2 21.1 21.1
6-9



-
th
n
e-
i

ta
re
e

ts
ity

a

lo
ite
ith
g
b
ta

w

this
ged
ag-

hbor

gs
r

of
the
the

-
se
ns,
e

-

rba-

he

.
s.

s,

-
-

h’’
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. . . -Fe1-Fe5-Fe3- . . . , which do not exist in realistic disor
dered samples. Therefore, the itinerant character of
Fe(t2g) states, and the large magnitude of interactio
JFe1-Fe5 andJFe1-Fe3 can be exaggerated in our model. Mor
over, the Coulomb correlations may also play some role
the problem as it can change the character of occupied s
near«F . For example, according to the scenario conside
in Sec. V A, the on-site Coulomb repulsion will move th
↓-spin Fe(t2g) states away from«F and eventually destroy
the FM DE coupling. Taking into account these argumen
the formation of the FM spin structure around the impur
Fe sites seems to be rather unlikely.

In the case of AFM alignment~A states!, the 3d states of
the impurity Fe are strongly localized so that their form
electron configuration becomes close to 3d↑

53d↓
0 ~Fig. 9!.

This fact readily explains the AFM~superexchange! charac-
ter of the coupling in the pair Fe1-Fe5 ~Table V! and the local
stability of the state A. Other interactionsJFe1-Mo1, JFe1-Fe2,
and JFe2-Fe4 involving the host atoms~and corresponding to
J1

Fe-Mo, J1
Fe-Fe, and J2

Fe-Fe in the notations of Sec. IV! are
significantly reduced.

Thus, the spin magnetic moments in the Fe sublattice
cated in the nearest neighborhood to the impurity Fe s
become strongly polarized by the AFM SE interaction w
the impurity states. This leads to the formation of ferrima
netically coupled Fe clusters. Depending on the coupling
tween the clusters, the FiM spin ordering in DP can be s
bilized by the partial antisite disorder. In the next section
will elaborate one such possibility by considering the SEeg

FIG. 9. LSDA density of states for the Sr8Fe4Mo4O24 supercell
including the antisite defect~shown in Fig. 8!. Atoms at the ideal
~host! and impurity positions are denoted correspondingly by ‘‘
and ‘‘i.’’
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interactions in the disordered sample and argue that
mechanism alone may stabilize the FiM phase in an avera
sense, which is based on the behavior of interatomic m
netic interactions averaged over all possible nearest-neig
configurations of Fe and Mo atoms.

D. Tight-binding model for the eg-superexchange interactions
modified by the antisite disorder

In the cubic perovskite lattice there is no nn hoppin
between theeg andt2g orbitals.43 Therefore, we can conside
separately the change of the kinetic energy in the system
eg electrons depending on the magnetic configuration of
Fe and Mo atoms, and their distribution over the sites of
cubic perovskite lattice. Since the Fe(eg) states in
Sr2FeMoO6 are simultaneously half filled and fully spin po
larized, while the Moeg states are unoccupied we may u
the standard procedure for calculating the SE interactio
which is to start with the localized atomic limit and includ
virtual electron hoppings as a perturbation.44 Namely, by de-
scribing the atomic levels ass states~no orbital degeneracy!,
the zeroth-order Hamiltonian at the sitei is given by

Ĥ i5D0
i 1̂1

Dex
i

2
ŝ•ei , ~5!

whereD0
i is a nonmagnetic ‘‘center of gravity,’’Dex

i is the

intra-atomic exchange splitting,ŝ is the vector of 232 Pauli
matrices, and 1ˆ is the 232 unity matrix. The directions of
the spin magnetic moments$ei% will be specified below.

Then, the energy change at the sitei caused by the elec
tron hoppings can be written as

DEi5(
j

DEi j
(2)1(

jkl
DEi jkl

(4) ,

where

DEi j
(2)52

1

p
ImE

2`

«F
d« TrS$«Ĝi~«! t̂ i j Ĝ j~«! t̂ j i Ĝi~«!%

~6!

and

DEi jkl
(4) 52

1

p
ImE

2`

«F
d« TrS$«Ĝi~«! t̂ i j Ĝ j~«! t̂ jkĜk~«!

3 t̂ klĜl~«! t̂ l i Ĝi~«!% ~7!

correspond to the second and fourth orders of the pertu
tion theory expansion;Ĝi is the Green function for the
Hamiltonian~5!; the electron hoppings are restricted by t
nearest neighbors and do not depend on spin indices~i.e.,
t̂ i j [t i j 1̂); and TrS denotes the trace over the spin indices

At this stage we introduce the antisite disorder as follow
We assume that there are two nonequivalent sublatticeA
andB ~centered at@0,0,0# and@a0 ,a0 ,a0#, respectively!. Let
pA

Fe[p stand for the probability that certain site of theA
sublattice is occupied by Fe (p51 correspond to the per
fectly ordered sample!. Assuming that the distribution of an
6-10
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tisite defects is totally random, the remaining probabilit
pA

Mo , pB
Fe, andpB

Mo for the stoichiometric Sr2FeMoO6 can be
obtained from the conditions

pA
Fe1pA

Mo51,

pB
Fe1pB

Mo51,

and

pA
Fe1pB

Fe51.

Then, we take a configurational average of each ofDEi j
(2)

andDEi jkl
(4) . The procedure can be easily understood by c

sidering the case ofDEi j
(2) in detail. Since the hoppings ar

restricted only by the nearest neighbors, it holdsj PB if i
PA, and vice versa. Then, one should consider four differ
combinations depending on whether the sitesi and j are oc-
cupied by the atoms Fe or Mo. If the distribution of defects
totally random and the individual occupation probabilities
the lattice sites do not correlate with each other, the aver
of energy changeDEi j

(2) will be given by

DEi j
(2)5pA

FepB
FeDEi j

(2)~ i 5Fe;j 5Fe!

1pA
FepB

MoDEi j
(2)~ i 5Fe;j 5Mo!

1pA
MopB

FeDEi j
(2)~ i 5Mo; j 5Fe!

1pA
MopB

MoDEi j
(2)~ i 5Mo; j 5Mo!,

where DEi j
(2)( i 5Fe;j 5Fe) means that Eq.~6! should be

evaluated by using parameters of electronic structure o
both for the i and j sites, etc. The procedure of configur
tional averaging ofDEi jkl

(4) is a little bit tedious and depend
on how many different sites are involved in the pa
i - j -k- l - i . The prefactor for each contributionDEi jkl

(4) is given
by the multiplication of the individual probabilities for a
nonequivalentsites in the pathi -j -k-l -i . For example, if all
sites are different the prefactor will have the for
pApBpApB ; if i 5k, j Þ i , andi PA we will obtain the com-
binationpApBpB ; if i 5k and j 5 i this combination will be
reduced topApB , etc.

The parameters of the tight-binding model can be cho
as follows. D0

Fe and «F are taken as the reference poi
(D0

Fe5«F50). Then, using the density of states in Fig.
D0

Mo for the unoccupiedeg states can be estimated as 5.0 e
The hopping integraltFe-Mo can be extracted from the Fe(eg)
bandwidth (;1.6 eV), assuming that the latter is derive
exclusively from the hybridization between the Fe and M
eg states separated byD0

Mo . Then, in the single-orbital cas
~i.e., by substituting degenerateeg levels by a singles state!
we obtaintFe-Mo.0.3 eV. The remaining nn hoppingstFe-Fe
andtMo-Mo can be estimated by employing the LMTO theo
according to which a hoppingtT-T8 is proportional to the
square-root of the canonical bandwidths of the statesT and
T8: tT-T8}(WTWT8)

1/2.19 Therefore,tFe-Feand tMo-Mo can be
found by rescalingtFe-Mo. Using the valuesWFe.4.1 eV
and WMo.7.7 eV obtained in the LMTO calculations, w
find tFe-Fe.0.2 eV and tMo-Mo.0.4 eV. Finally, the ex-
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change splittings can be estimated from the densities
states~Fig. 1! asDex

Fe52.6 eV andDex
Mo50.

A good aspect of the configurational averaging employ
in this section is that we can treat not only the diago
disorder caused by the differences of the on-site parame
(D0

Fe,Dex
Fe) and (D0

Mo ,Dex
Mo), but also the off-diagonal disor

der caused by difference of the interatomic hopping integ
tFe-Mo, tFe-Fe, and tMo-Mo . The off-diagonal disorder typi-
cally presents a more challenging problem for theoreti
calculations.45 In this respect, our approach may be ev
more advanced than the local coherent-potential approxi
tion ~CPA!.46–48 Note also, that by the definitions given b
Eqs.~6!,~7!, the SE interactions are short ranged. Therefo
we do not encounter any problems with the self-averagi
known for Ruderman-Kittel-Kasuya-Yosida interactions.49

Let us now specify the directions$ei% of magnetic mo-
ments in Eqs.~6! and ~7!. We closely follow the spin-spira
description employed in Sec. IV and defineei as

ei5~cosqRisinu i ,sinqRisinu i ,cosu i !,

with Ri running over bothA and B sublattices, andu i de-
pending only on the type of sublattice. We consider the c
of the AFM alignment of the impurity Fe atoms with respe
to the host and invert the direction of exchange field (Dex

Fe

→2Dex
Fe) for every Fe occupying theB sublattice. Then,

uA5uB50 will correspond to a collinear FiM state of th
disordered alloy. For smalluA anduB the total energy change
DE5DEA1DEB can be written as

DE~q,uA ,uB!5DE~q,0,0!1DAA~q!uA
212DAB~q!uAuB

1DBB~q!uB
2 ,

and the stability of the FiM state will be determined by t
matrix

D̂~q!5S DAA~q! DAB~q!

DAB~q! DBB~q!
D . ~8!

The FiM state will be stable if both the trace~Tr! and the
determinant~Det! of D̂(q) are positive.D̂(q) can be also
Fourier transformed to the effective parameters of magn
interactions in the real space.

Results of these calculations are shown in Fig. 10 a
function of the antisite disorderp. For p>0.95, the AFM SE
interactionsJ1

Fe-Fe and J2
Fe-Fe operating via the Mo state

dominate,50 and the FiM ordering is unstable~either Tr@D̂#

,0 or Det@D̂#,0 in Fig. 10!. Further increase of the antisit
disorder~smaller-p regime! destroys the AFM character o
interactions in theA sublattice~and eventually makes th
averaged parametersJ1

A-A and J2
A-A even slightly ferromag-

netic!. One of the reasons for such behavior is the decre
of the number of Fe-Mo-Fe-Mo-Fe and Mo-Fe-Mo-Fe-M
paths in the configurational average ofDEi jkl

(4) , which are
responsible for the antiferromagnetism. More importan
the antisite disorder gives rise to the strong AFM SE co
pling J1

A-B between nn sites located in theA and B sublat-
6-11



-

n
ity
M

io

es

c

t o
a

M
M

o
s

e
ha

er

us
d

use
se

cal
ver,
tic
eful
red

y

ntal
10

e
e,
of

bu-
ed
r-

-
ata,

and
cal

nd
y
nd

arge

,

ng
-
he
rd

ob

M

tic
ns

in

I. V. SOLOVYEV PHYSICAL REVIEW B 65 144446
tices. The main contribution toJ1
A-B comes from nn interac

tions in the pairs Fe~host!-Fe~impurity!, the number of which
increases whenp decreases.

Obviously that in the ordered compound (p51) every Fe
atom is surrounded only by nonmagnetic Mo atoms a
J1

A-B50. This is actually the main reason why the impur
Fe atoms can stabilize the FiM phase, while the host
atoms cannot. Our main point is that theeg interactions in
the cubic perovskite lattice are much stronger than thet2g

ones and in the ordered compounds the AFM SE interact
associated with theeg states easily overcome the~general-
ized! DE interactions operating in thet2g band, that makes
the FiM phase unstable. What we want to do is to force th
strong AFM SE interactions between theeg orbitals to work
for the stability of the FiM phase. This can be done by pla
ing an Fe atom on the antisite position. Since the Mo(eg)
states are unoccupied, a similar SE mechanism does no
erate between nn Fe and Mo sites. This explains the m
difference between the Fe impurities and Mo atoms.

Thus, according to the model analysis, the strong AF
coupling J1

A-B appears to be sufficient to stabilize the Fi
phase if the degree of the antisite disorder in Sr2FeMoO6 is
p<0.9. One should take into account that this estimate
based on the analysis of only the SE interactions for theeg

electrons. Presumably, the realistic concentrationsp stabiliz-
ing the FiM ordering will be even higher because of tw
reasons.~i! There will be additional AFM SE interaction
with the impurity Fe atoms coming from thet2g electrons.
~ii ! There will be some DE interactions coming from th
metallic t2g bands. Note, however, that the second mec
nism strongly depends on the mobility oft2g electrons,
which will be gradually deteriorated by the antisite disord

FIG. 10. Effect of the antisite disorder on the superexcha
interactions in Sr2FeMoO6: results of model tight-binding calcula
tions. Right panel: stability of the ferrimagnetic ordering in t
reciprocal space as a function of parameter of the antisite diso

p: the trace and the determinant of theD̂ matrix @Eq. ~8!#. Note that

the ferrimagnetic ordering is stable if Tr@D̂#.0 and Det@D̂#.0.
Left panel: parameters of interatomic magnetic interactions

tained after the Fourier transformation of theD̂ matrix to the real
space.p51 corresponds to fully ordered sample, where Fe and
atoms occupyA andB sublattices, respectively.
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VI. OPTICAL PROPERTIES

In this section we discuss possible implications of vario
scenarios of the FiM ordering to the form of optical an
magneto-optical spectra. As the reference point, we will
results of band-structure calculations for the HM FiM pha
of ordered Sr2FeMoO6. We would like to emphasize from
the very beginning that we treat it as a purely hypotheti
example, because in reality this phase is unstable. Howe
taking into account an enormous popularity of this idealis
picture, we believe that such an analysis can be very us
because it reveals a lot of unresolved problems if compa
with the experimental optical data.

For Sr2FeMoO6, the experimental optical conductivit
spectra were reported in Refs. 4 and 35~shown in Fig. 11!.
The optical conductivity is sensitive to the temperature~that
presumably explains the difference between the experime
spectra reported in Refs. 4 and 35, and corresponding to
K and 300 K, respectively!, details of preparation and th
quality of sample.51 Apart from a sharp Drude-like respons
both spectra clearly show two structures in the region
interband transitions around 0.5 and 4.0 eV. Using distri
tions of the LSDA densities of states for the order
Sr2FeMoO6 in the FiM state, they are typically ascribed co
respondingly to the Fe(eg)→Mo(t2g) excitations in the
↑-spin channel and to the O(2p)→Fe(t2g) charge transfer
excitations in the↓-spin channel.

Although there is a goodqualitative correspondence be
tween the theoretical calculations and the experimental d
the situation is rather far from thequantitativeagreement if
one takes into account the exact position of the bands
probabilities of the optical transitions. The calculated opti
conductivity is shown in Fig. 11.52 The low-energy part of
the spectrum is indeed dominated by the Fe(eg)→Mo(t2g)
excitations in the↑-spin channel, which are centered arou
1.2 eV. The contribution of↓-spin states to this region is ver
weak, because of very small probabilities of the interba
t2g→t2g transitions in the perovskite structure.53 Another
large peak is located around 4.8 eV and caused by the ch
transfer excitations from O(2p) to Mo(t2g) and Fe(t2g)
bands simultaneously in the↑- and ↓-spin channels. Thus

e

er

-

o

FIG. 11. Optical conductivity for Sr2FeMoO6. Left panel: re-
sults of LSDA calculations for the hypothetical ferrimagne
phase—total interband conductivity as well as partial contributio
of the ↑- and↓-spin states. Right panel: the LSDA conductivity
comparison with the experimental data by Y. Moritomoet al.
~‘‘expt1,’’ measured atT5300 K) taken form Ref. 35 and Tomioka
et al. ~‘‘expt2,’’ at T510 K) taken from Ref. 4.
6-12
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ELECTRONIC STRUCTURE AND STABILITY OF THE . . . PHYSICAL REVIEW B 65 144446
the theoretical spectrum appears to be shifted with respe
the experimental one by 0.7–0.8 eV towardshigher absorp-
tion energies.

Then, if the Coulomb correlations beyond LSDA inde
play some role in the problem, they should have a rat
nontrivial form. For example, the straightforward applic
tions of the Hubbard-U correction on the top of the LSDA
picture will tend to increase the splitting between the oc
pied and unoccupied states,31 and the optical absorption en
ergies~i.e., just the opposite to the experimental trend!. Cer-
tainly, the situation is not so strict in Sr2FeMoO6, where the
spectral properties depend not only onU but also on the
relative position of the Fe(3d) and Mo(4d) states. Neverthe
less, the experimental optical conductivity imposes sev
constraint on the form of this correction. Namely, the d
tance between the↑-spin Fe(eg) and Mo(t2g) bands is rig-
idly fixed by the position of the first peak of the optic
conductivity ~being even slightly smaller than that in
LSDA!. Then, it seems that the only possibility is to sh
unoccupied Fe(3d) states, similar to the scenario consider
in Sec. V A. However, as we have argued, the total chang
the electronic structure in this regime does not explain
local stability of the FiM phase. Another direction, asso
ated with the downward shift of the↑-spin Fe(eg) band, like
in the LSDA~x! approach in Fig. 3, contradicts with the e
perimental optical data.

Positions of the experimental peaks of the optical cond
tivity can be adjusted to some extent by considering
breathing distortionin the direction of Fe atoms~Fig. 12!.
However, this scenario would imply a very large distorti
dFe-O/dFe-Mo,0.475. As it was already discussed in Se
V B, there is some controversy about the direction and
magnitude of the breathing distortion in Sr2FeMoO6. The
optical data depicted in Fig. 12, and also the fact that
distortion dFe-O/dFe-Mo,0.475 easily stabilizes the FiM or
dering, might support the conclusion of Ref. 22, but w
contradict many others.4,35,37Presumably, even if such a dis
tortion does take place in some compounds, it does not
erate alone and should be considered in combination w
other factors, such as the antisite disorder.

FIG. 12. Effects of breathing distortion on the optical condu
tivity of Sr2FeMoO6: results of LSDA calculations for
dFe-O/dFe-Mo50.475, 0.500, and 0.525 in comparison with the e
perimental data by Tomiokaet al. ~at T510 K) taken from Ref. 4.
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The antisite defects can cause some redistribution of
optical spectra in the direction compatible with the expe
mental data. At the present stage we cannot calculate
conductivity for disordered alloys. Instead, we discuss
difference ofs(v) obtained in the supercell calculations fo
the state A~see Sec. V C! and for the ordered Sr2FeMoO6 in
the FiM state~Fig. 13!. The antisite defects shift the spectr
weight from the region of charge transfer excitations arou
4.7 eV and from two additional spectral structures around
and 2.5 eV. The first one is in a good agreement with
experimental data reported in Refs. 4 and 35, and the sec
one may be related to an additional 2-eV structure obser
by Moritomo et al. ~Ref. 35, see Fig. 11!.

The behavior of the optical conductivity in the small-v
region strongly depends on the sample purity. Below we
gue that the behavior expected of the perfectly ordered F
phase is drastically different from the experimental on
First, the theoretical plasma frequency (vp) is related to the
Drude weight.54 The latter is typically small if the Ferm
surface is composed only of thet2g bands.55 Therefore,vp
should be also small and can be estimated for the hypoth
cal FiM phase of Sr2FeMoO6 as vp.0.2 eV. It is signifi-
cantly smaller than the experimental valuevp'1 eV,4

which is also implied in the analysis of magneto-optic
spectra.56,57 Second, according to the experimental dat4

Sr2FeMoO6 exhibits the anomalous Hall effect. The corr
sponding conductivity can be estimated as Re@sxy(0)#.
25 V21cm21,58 which is weaker than the theoretical co
ductivity (Re@sxy(0)#.219 and 210 V21 cm21 corre-
spondingly for the@0,0,1# and @1,1,1# direction of the spin
magnetization! by at least factor 2. Therefore, the behavi
of the experimental optical conductivity in the small-v re-
gion is largely modified, presumably due to the antisite d
order persisting in the sample.

Finally, we would like to comment on the magnet
optical properties of DP. Generally, the HM ferromagne
systems are good candidates for magneto-opt
applications.59 This would be true for Sr2FeMoO6 and
Sr2FeReO6, if they were indeed the HM ferrimagnets. On th
one hand, these compounds contain heavy elements Mo
Re, which are characterized by large spin-orbit coupling.

-

-

FIG. 13. Contribution of the ‘‘impurity states’’ to the optica
conductivity of Sr2FeMoO6 ~the difference between supercell ca
culations for the stateA and the ones for the ordered FiM phase!.
6-13
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I. V. SOLOVYEV PHYSICAL REVIEW B 65 144446
the other hand, the↓-spin t2g states located near«F may be
the source of large unquenched orbital moment, which
related to the magneto-optical response. The effect can
easily evaluated by including the spin-orbit interaction a
pseudoperturbation in the LMTO method,19 and calculating
the complex polar Kerr effect as

QK1 i eK5
2sxy~v!

sxx~v!A114p isxx~v!/v
,

with QK and eK being the Kerr rotation and the Kerr ellip
ticity, respectively. Results of these calculations
Sr2FeMoO6 are shown in Fig. 14. Indeed, one could expe
the large Kerr rotation by22° around 1.8 eV, if the sample
were ordered and ferrimagnetic. The experimental situat
however, is not so exciting, and all attempts to measure
polar Kerr rotation in Sr2FeMoO6 so far yielded much
smaller values ofQK : 20.07° at 1.6 eV~Ref. 56! and
20.45° at 1.4 eV~Ref. 57!. Therefore, in realistic material
there are some mechanisms that suppress the Kerr effec
presumably destroy the HM character of the electronic str
ture. Again, from our point of view these mechanisms
most likely to be the antisite disorder and the breath
distortion.

VII. SUMMARY AND DISCUSSIONS

Strong interest to the double perovskite oxides, spurred
potential technological applications of the gigantic mag
toresistance phenomenon subsisting up to the room temp
ture, is typically linked to their half-metallic electronic stru
ture realized in the ferrimagnetic phase of some orde
compounds, such as Sr2FeMoO6 and Sr2FeReO6. The analy-
sis of interatomic magnetic interactions presented in
work suggests that this point of view must be largely revis
because the FiM phase appears to beunstableandcannot be
the magnetic ground state of these systems. Ironically,
HM electronic structure itself is the source of this instabil
as it gives rise to the strong and largely uncompensated A
superexchange interactions in the system ofeg electrons.

Then, which magnetic ground state is realized in
double perovskites and how one can understand the mag

FIG. 14. LSDA calculations of the polar Kerr rotation and Ke
ellipticity spectra for the hypothetical FiM state of Sr2FeMoO6.
14444
is
be
a

r
t

n,
e

nd
c-
e
g

y
-
ra-

d

r
,

e

M

e
tic

behavior of these materials? Below we present our poin
view on this problem, which is quite different from
others.2,5–7

~1! Let us start with Sr2FeWO6 that, from our point of
view, is a more canonical example of the DP because i
characterized by almost perfect ordering of Fe and W,11 and
its magnetic behavior is less affected by the crystal distort
due to the exceptionally high position of the W(t2g) states
relative to«F ~Sec. V B!. Then, according to the analysis o
magnetic interactions in Sec. IV, Sr2FeWO6 should have a
noncollinear spin-spiral ground state. Experimenta
Sr2FeWO6 is typically classified as an antiferromagnet wi
very low Néel temperature.11,10 However, this assignment i
based on the analysis of magnetization data, which can
exclude the spin-spiral ordering. It would be very interesti
to verify our suggestion by using the neutron diffraction.

Another possible candidate for the magnetic ground s
of Sr2FeWO6 is an inhomogeneous phase separation. A
cording to the electronic structure shown in Fig. 1, t
Fe(3d) states of Sr2FeWO6 can be regarded as nearly ha
filled with a small number of carriers~1/3 electrons per one
t2g orbital! doped into the Fe(t2g) band. A very similar pic-
ture has been intensively investigated in the context
colossal-magnetoresistive manganites, using a nondegen
single-band approach.60,61Although the single-band descrip
tion is rather naive for the manganites themselves~for ex-
ample, the orbital degeneracy in the combination with
double exchange physics presents a crucial factor behind
rich magnetic phase diagram of perovskite manganites—
e.g., Ref. 18!, such an analysis did reveal several fundam
tal properties of a more general character. Particularly, i
know that the competition between the FM double excha
and the AFM superexchange interaction in fully spi
polarized systems near the half filling often leads to the
homogeneous phase separation into the ferromagnetic
and antiferromagnetically ordered regions. The topologi
aspect of the phase separation are barely understood
strongly depend on the form of approximation employed
the analysis of the problem. For example, in the local C
approach for diluted magnetic semiconductors, the tende
towards the phase separation is realized as a spin-glass
local-moment disordered phase, without a long-range m
netic order.47,48 Starting with a jellium model, the phas
separation would typically result in the formation of FM
droplets in an AFM background.60

In Sr2FeWO6, the ballance towards the phase separat
can be easily shifted by introducing additional defects a
thereby artificially increasing the inhomogeneity of th
sample. For example, the behavior of magnetization in
alloy Sr2Fe(W12xMox)O6 in the range of 0<x<0.4 as a
function of temperature and external magnetic field clea
shows some features of ‘‘spin canting’’ associated with
large coercive field.11 Taking into account the particular elec
tronic structure of the ordered DP, it is more reasonable
assume that these magnetization data indicate at a p
separation, which is difficult to distinguish experimenta
from the spin canting.

There are also some indications at the effects of dyna
phase separation at elevated temperatures. First, it seem
6-14
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ELECTRONIC STRUCTURE AND STABILITY OF THE . . . PHYSICAL REVIEW B 65 144446
it is very difficult to establish the long-range magnetic ord
which may take place only at very low temperatures~below
37 K!. Second, the value of effective magnetizationmeff
56.58mB derived from the behavior of magnetic susceptib
ity above the transition temperature is very large and can
be reconciled with any of the local ionic pictures.10 This
might indicate the formation of some sort of stable FM dro
lets aboveTN .

Finally, the AFM ground state in Sr2FeWO6 can be attrib-
uted to the Coulomb correlations, in an analogy with Fe6

From our point of view this scenario is rather unlikely. Firs
it relies on fine tuning of the Coulomb repulsion parameter
a great extent, which opens the gap in Sr2FeWO6, but not in
Sr2FeMoO6 or Sr2FeReO6. Second, it does not explain th
exceptionally lowTN in Sr2FeWO6.

~2! The stabilization of the FiM ordering in Sr2FeMoO6
or Sr2FeReO6 should invoke to an additional mechanism
and most probably be accompanied by demolishing of
HM electronic structure, and a decrease of the satura
magnetization. We have considered two scenarios.

In some cases the FiM ordering can be stabilized by
breathing distortion. This mechanism is especially efficien
oxygens move in the direction of Fe atoms, leading to
partial depopulation of the majority-spin Fe(eg) band and
activating the new channel for the strong FM double e
change interactions associated with theeg electrons, similar
to the colossal-magnetoresistive manganites. Taking into
count the experimental directions of the breathing distort
in the DP,4,12,35,37one may expect this mechanism to pla
some role in Sr2FeReO6.

In partially disordered compounds, the FiM ordering c
be stabilized by AFM SE interactions between Fe atoms
cated at the ideal and antisite positions. This mechanism
extremely efficient. For example, by taking into account on
the SE interactions in the system ofeg electrons, the FiM
ordering can be stabilized by less than 10% of antisite
fects. Note also that the antisite defects will deteriorate m
bility of the minority-spin t2g electrons, in some analog
with the effect of disorder on the properties of ferromagne
manganites.62 This might explain the fact that some of th
ferrimagnetically ordered DP, like Ca2FeReO6, are
insulators,12 though the details of this phenomenon are p
sumably rather complicated and may involve not only t
antisite disorder but also the disorder of local lattice dist
Y.

a,

i,

d
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tions induced by a smaller size of Ca21 ions. We would like
to emphasize also that the difference between Sr2FeReO6
and Ca2FeReO6 cannot be attributed to the chemical diffe
ence between Sr21 and Ca21 ions. For example, similar cal-
culations for the doped manganites show that once the c
tal structure is fixed, the exact type of the dopant~Ca, Sr, or
Ba! has only a little effect on the electronic structure a
electronic properties. This is also supported by calculatio
of magnetic interactions in Sr2FeMoO6 and Ba2FeMoO6
~Table II!, which are practically identical if one considers th
same~cubic! crystal structure.

When the number of antisite defects increases, the m
mechanism responsible for the stability of the FiM orderi
switches from the generalized double exchange, operatin
the conductiont2g band, to the AFM superexchange wit
impurity Fe sites. The latter is more robust and may expl
stability of the FiM phase in the wide range of defect co
centrations varying from only few percents, when thet2g
states remain metallic, and until high concentrations, wh
may destroy the metallic behavior. If this scenario is corre
there should be some optimal concentration of the anti
defect, which~on the one hand! is sufficiently large to stabi-
lize the FiM phase, and~on the other hand! is sufficiently
low to preserve mobility of thet2g electrons and rather high
saturation magnetization, which are required for the mag
toresistive behavior.

Our analysis of the antisite disorder is based on a sim
model description, which illustrates only the main idea.
the next step it would be very important to gain a quanti
tive description of effects of the antisite disorder on the el
tronic and magnetic properties of DP by using the fir
principles CPA method.46–48
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