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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 ferrimagne(f€iM) states in double perovskites,5eM Og (M
=Mo, Re, and W. In ordered compounds, a generalized double-exch@dfg& mechanism operating in the
metallic minority-spin channel, in a hybrid Ré-derivedt,y band, always competes with the strong antifer-
romagnetic superexchan¢®E) interactions in the Fe sublattice mediated by virtual electron hoppings into the
unoccupiedM (d) states. In the local-spin-density approximati@$DA), the SE mechanism largely prevails
and the FiM phase is unstable with respect to a noncollinear spin-spiral alignment. The situation appears to be
more generic. So, the onsite Coulomb repulsion between thediFeldctrons AU) on the top of the LSDA
picture suppresses the SE interactions but may also modify some of the DE interactions through the change of
the FeM hybridization. The total change of the electronic structure, causedbylone, does not explain the
local stability of the FiM state. Therefore, we conclude that the FiM phase cannot be stabilized by purely
electronic mechanisms. According to our scenario, that is exactly the situation realizegFa\\&). An
interpretation of the experimental FiM ordering observed isF8MoQ; and SgFeReQ should require an
additional mechanism, which destroys the half-metallic character of the electronic structure and suppresses the
saturation moment. We consider two possibilities: the alternating breathing distortions of thefai Og
octahedra, and the antisite (Fe-interchanggdisorder. In the former case, the oxygen displacement towards
the Fe-sites leads to the partial depopulation of the majority-spiggréand and thereby activates an effective
channel for the ferromagnetic DE interactions, similar to colossal-magnetoresistive manganites. In the latter
case, the FiM ordering can be stabilized by SE interactions of a g$lesdl 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.
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[. INTRODUCTION the M sites, which are aligned antiferromagnetically with re-
spect to the spin moments of Fe.
Recently, ordered double perovskit€BP) Sr,FeM Og, There are several experimental facts that do not quite fit

and especially SFeMoQ; and SgFeReQ, have received a into this picture.
lot of attention. Although the materials themselves were (i) Even in SgFeMoQ; and SgFeReQ, the saturation
known for several decadésthe renewed interest in these magnetization is always lower than the ideal value expected
systems was spurred by two important observatiGndhey  for the 100% polarized HM electronic state. The record
exhibit fairly large intergrain-tunneling magnetoresistance(idea) values of the spin magnetic moments obtained in
effect?® Therefore, from the practical point of view the main Sr,FeMoQ; and SgFeReQ are 3.7(4.0kg and 2.7(3.0kg,
focus of the research activity was shifted towards polycrysrespectively?®® It is believed, however, that the saturation
talline specimens, while the behavior of,BeM Qg single  moments can be further increased by a routine improvement
crystals presents mainly an academic interest and is impogf the quality of samples.
tant to clarify basic properties of these compoufds). Both (i) There is another material, $1eWQ;, which is ex-
Sr,FeMoQ; and SgFeReQ have fairly high Curie tempera- pected to be very similar to §feMoQ; (also from the view-
ture (Tc=415 K and 401 K, respectively This is a great point of band calculation$which predict the HM behavior
advantage over the colossal-magnetoresistive manganites, the FiM state also for SFeWQ;). However, according to
which makes the DP suitable candidates for technologicaihe experimental data, $teWQ; is an antiferromagnetic
applications in magnetoresistive devices operating at roorAFM) insulator with very low Nel temperature Ty
temperature. ~16-37 K)o

From the theoretical point of view, it is frequently be-  (iii) There is also an opposite example, ,EaReQ,
lieved that the behavior of DP presents an example ofvhich is a ferrimagnet with an extremely high transition tem-
“simple physics,” and that the unique properties of perature(538 K) and at the same time—an insulatbr.
SrFeMoQ; and SgFeReQ are related to the fully spin- Surprisingly that despite such an enormous interest in the
polarized half-metallidHM) electronic structure obtained in HM behavior associated with the FiM phase and numerous
band calculations for the ferromagnetieM) state>® Per-  implications of this picture, there was no detailed theoretical
haps, it is more correct to call this state ferrimagnéfiiv), analysis of the problem. To begin with, how do we know that
because the hybridization betweaorbitals of the Fe an the FiM state is the magnetic ground state ofFeM Og?
atoms induces nonvanishing spin magnetic moments also #ccording to recent total energy calculatidhthe FiM state
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has lower energy than an AFM state fdf three compounds
SnFeMoQ;, SrpFeReQ, and SgFeWQ;, both in the local-
spin-density approximatiofLSDA) and in its extension—
the generalized gradient approximatiG@GA). In order to
explain an exceptional place of $eWQ; in this row, the
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All previous studies of the ordered DP focused mainly on
the comparison ofg, for a limited number of collinear
(typically, ferrimagnetic and antiferromagnetic spin
configuration$:**%In this work we will primarily concen-
trate on the behavior ofJ,,}, which are nothing but the

authors of Ref. 6 had to rely on a delicate balance of onsitgecond derivatives of the total energy with respedtde;}.

Coulomb correlationgwhich should turn into the AFM re-
gime only SgFeWQ;, but not SgFeMoQ; or SpLFeReQ).

Being complementary t&,, these parameters give us very
important information about the local stabilitgnd also the

ﬁ:gg?jvfletrzwsyii;zzrcssri’eagf'cL*;ﬁsgwcztsafhrggygg\‘j‘veﬁstabi|ity) of the FiM phase, which will significantly alter
L L ) ’ i f the origin of ferri ism i .
we know that it is aninimumof the total energyrather than rview of the origin of ferrimagnetism in SfeM O

a maximum and that the system is stable with respect to a In the density-functional theory boff, and{Jy,} are the

more complicated noncollinear spin-spiral alignment thalgrm;]ndt-statel_'propertleti,and |ntpr|r|1ct|_ple T;]USt t;]e relaéed tot b
may be the true magnetic ground state? each other. However, the exact relation, though can be estab-

The present work is aimed at dealing with these kinds ofiShed for a number of model examples®is not generally
questions for the double perovskites. In Sec. II, we will de-<MOWN. _ , , _
scribe a concept of the magnetic phase stability and explain From the computational point of view the calculations of
its main advantage with respect to the conventional total enFo and{Jy} for the DP pose several problems. On the one
ergy calculations(that is basically the analysis of second hand, the distribution of the spin-magnetization density is
derivatives of the total energy versus the total energies thenfather complex and can significantly deviate from the spheri-
selves. In Secs. Ill and 1V, we will present results of this cal one, especially around tié and O sites. All details of
analysis for the ordered DP and argue that the HM electronithis distribution cannot be properly described at the level of
structure isincompatiblewith the magnetic ground state of the atomic spheres approximatiGhSA) underlying the lin-
these systems and that the FiM phaseristable In Sec. V' ear muffin-tin orbital methodLMTO),® which we intend to
we will discuss several scenarios, which can stabilize thaise in the present work. These details are very important for
FiM ordering(but only at the cost of demolishing of the HM the total energy calculations and the value€gfbtained in
character of the electronic structure—that is an irony of thehe ASA-LMTO approach may not be very reliable in com-
situation). In Sec. VI we will show how these changes of the parison with results of more rigorous full-potential calcula-
electronic structure ar@r should bgreflected in the change tions. Therefore, we do not discuss them here.
of spectroscopicoptical and magneto-optidatiata. Finally, There are also several questions related to the choice of
in Sec. VIl we will give a conclusion and try to present a e exchange-correlation functional, to whigh appears to
new classification for the SiFeMOg compounds by putting o oyremely sensitive. For example, in GGA the FiM state

everythlng “upside-down”: we will argue that r_1ear|y antifer- acquires an additional energy gain coming from the magnetic
L%Te%gge;'cwsgﬁg\évgcrr?g:ﬁgsthae r;)?ggg:t%eshgg,\;%rcihgror' polarization of theM sites, in comparison with results of
P FeRe(é should require an additional bhvsics more traditional LSDA. AIthough .GGA ylglds somewhat

2 q pRysICS. better values for the total energies in the Ofis not easy to
find a good physical explanation to this fact because from the
viewpoint of the single-particle electronic structure, the GGA
and LSDA results look almost identical.

On the other hand, the straightforward calculations of
{Jm} on the basis of full-potential techniques are not feasible
at the present stage, at least for such large systems as the DP.
For these purposes the ASA-LMTO method still remains the
only possibility. Fortunately, for the practical calculations of
{J} one can use the local-force theoréi® which means
that instead of laborious total energy calculations, requiring
very high accuracyA E can be found from the change of the
single-particle energies with a frozen Kohn-Sham potential.
Therefore, if the main details of the single-particle electronic
structure of the DP can be captured by the ASA-LMTO
method, it is reasonable to expect that results of the ASA-
LMTO calculations for{J,,} may be also reliable.

The practical calculations ¢fl,,} can be performed along
two lines, each of which has its own merits and demerits. In
this work we will employ both of them. The first one is to
use the perturbation theory based on the Green-function
technique, which allows us to obtain the analytical expres-
sion forJ,,, 3

Il. TOTAL ENERGIES VERSUS PARAMETERS
OF MAGNETIC INTERACTIONS

Let us start with an equilibrium spin configuratiownt ©
={e"} that is characterized by the directiong’
= (sinPcos¢’ sinPsin ¢ ,coséP) of the spin magnetic mo-
ments at each sitaé) of the lattice. For example, in the FiM
state of SsFeM Oz we haveer.=(0,0,1) for all Fe sites and
ey=(0,0,—1) for all M sites. The total energy of the system
corresponding toV ° is denoted a&,. Then, let us consider
the spin rotation§de;} to the new(nonequilibriunm configu-
ration M={g!} with the directions g=e’+[d¢ X €]
- %(&oi)zeqo. The new total energy is given by

and in the second order dfég;} the changeAE can be
mapped onto the Heisenberg mddel

1
AE==5 2 Inl& 6 im=q &l @
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TABLE |. Size of atomic radii used in calculationfi;n atomic

units).

Compound

Sr/Ba

Fe

M

(0]

Sr,FeMoQy
Ba,FeMoQy
Sr,FeReQ
Sr,FeWGQy

3.733
3.888
3.728
3.724

2.743
2.778
2.744
2.738

3.011
3.041
3.022
3.059

1.968
1.951
1.968
1.960
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whereG): are the elements of one-electron Green function
between sites 0 anah for the majority () and minority ()
spin statesAg, is the magnetic part of the Kohn-Sham po-
tential at the sitam [evaluated in terms of the LMTO band-
center(C) parameters aal=3(Cl —C.)1;*° Tr_ denotes
the trace over the orbital indices, anad is the Fermi energy.
This method allows us to calculate magnetic interactions be- «
tween all possible pairs of atontfor example, the ones lo- <L

Local Density of States (states/eV formula unit)

|
|
|
|
|
|
|
|
|
|
|
|
|
N\
cated in Fe andV sublatticey but somewhat sensitive to PR W
details of calculations, such as division of the unit cell into 8 6 4 2 0 2 4 8 -6 4 2 0 2 4
atomic spheres and the choice of the LMTO basis. Energy (eV) Energy (eV)

In the present work, the atomic spheres radii were chosen FIG. 1. LSDA density of states for the ferrimagnetieft) and

from the chargg neutrality condition inside the sphergs S%ntiferromagnetidright) phases of SFeMOg (M=Mo, Re, and
that the total unit-cell volumes were close to the experimenyy, The Fermi level is at zero.

tal ones(Table |). All calculations have been performed as-

suming the cubic km3m) crystal symmetry. The oxygen formulaqRr,, with R, running over all the sites, irrespective
atoms were placed in the middle between Fe Bhdnless it o the type of sublattices. In this scheme, Fe-M-M, etc.,

is specified otherwis¢Sec. V B. The LMTO Hamiltonian  jnteractions are effectively included as the renormalization of
was constructed for two separate energy panels. The first ongrincipa) Fe-Fe interactions.
was aimed at describing the low-energy Srj4and O(%)
bands; and the second one included the Sp(&d),
Fe(4sp,3d), Mo(5sp,4d), and O(3,2p) states in the case
of S,FeMoQ; (and similar set of basis orbitals for other
compounds

The main idea of the second approach is to calculate first As it was already pointed out befofé;® the FiM state of
the Fourier image of magnetic interactionsl, SnLFeMOg (M=Mo, Re, and W is half metallic (Fig. 1).
=3 .JmexpigR,) (R, being the position of the siten) The Fermi level falls in the gap between the &g(and
using the spin-spiral LMTO methad.For example, for the M(t,g) bands in thef-spin channel, and crossed g band
simple ferromagned, can be found as in the | -spin channel. The composition of this band depends
on the material. So, for the Mo and Re compounds, the
Fe(t,y) andM(t,,) states strongly overlap and equally con-

' 3 tribute to the occupied part of thgy band. In SyFeWG;,
9=0 the antibonding W(,) states are pushed to the higher-
whereJy=J,_, andE(q, ) is the total energyin the prac- ~ energy region because of stronger hybridization with the
tical calculations—the one-electron energy, thanks to thé(2p) state€, and only the Fetby) states have significant
local-force theore#'9 corresponding to the spin-spiral weight nears . Due to the HM character of the FiM phase,
configuration with the cone-angl® and the spiral vector.  the total spin magnetic moment is integer and is equal to
Jq can be further Fourier transformed to the real-space padug in the case of SFeMoQ; and SgFeWQ;, and 3ug in
rameters{J.,}. This method is less sensitive to details of the case of SFeReQ. The composition and the filling of
calculations. However, it is also less flexible. For example, ithet,y band control the magnitude of the spin magnetic mo-
is rather difficult to extract the interactions between the Fement induced at th# site, which takes the following values
and M sublattices by using this approathand if it is not  (inside atomic sphergs 0.17ug (SnLFeMoQ;), 0.74ug
specified otherwise, we will map all the interactions on only(Sr,FeReQ), and 0.0z (SnLFeWQ;). Since these mo-
one(Fe) sublattice by using the sam#for all atoms and by ments originate from the filling of th¢-spin band, they are
modulating the phases of the spin rotations according to thantiparallel to the Fe moments, that actually explains the

Ill. MAIN DETAILS OF ELECTRONIC STRUCTURE
AND CHARACTER OF INTERATOMIC
MAGNETIC INTERACTIONS

:(72E(q,13)
992

q 0
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ferrimagnetic character of this phase.
The main details of the obtained electronic structure are in § - DOSpFeMoO; é
a good agreement with results of full-potential augmented *Ba,FeMoO; x
3,22 : o @ Sr,FeReO,
plane waves®?2and pseudopotentfatalculations. SP X SLFeWO, L
Undoubtedly, the partly occupigdy band in the HM re- . ) x
gime should be the source of ferromagnetism, which have g ol — - ¥ v B S —
the same origin as the famous double exchange in colossal- ~~ X ; . T 4
magnetoresistive manganit®sand may be modified by the ~ § £ X . . i
fact that a similar mechanism operates also between chemi- ' ]
cally different Fe andM sites in the case of DP. 2 K e i
However, is this the only one interaction, which deter- ‘\"? .

mines the magnetic behavior of the DP? Unfortunately, the L T X
situation is more complicated. As we shall see in the next . o S .
section, the partly occupieth, band gives rise not only to FIG. 2. Behavior of magnetic interactions in the reciprocal
the FM double exchange, but also to a nonvanishing AFMSPace (spin-spiral calculations near the ferrimagnetic s)tgle
superexchangéSE) interaction, the existence of which is =(7/230)[1,1,1], I'=[0,0,0], andX=(/ao)[0,1,0] are the high-

. e fimita 23 symmetry points of the face-centered-cubic Brillouin zamgis the
relitéasd stgtzgr?tifgrf ti:]hz;[ et hli?e?;fuhrznigsepz?(ljlt?c?%rf)tfr;rgﬁéct' innearest FeM distance(the lattice parameter of the cubic perovskite

the DP the fully polarized Fe{) states aréhalf filled, that structurg.
gives rise to theantiferromagnetic superexchangeecha- o type-I and type-Il AFM ordering, respectively. Thus, for

nism associated with they electrons The SE interactions 4| considered compounds the FiM state appears to be un-
are mediated by quite long FeKd-O-Fe paths and therefore gigp)e.
expected to be not particularly strong. However, such an in- A more clear picture can be obtained by transformigg
tuitive picture can be rather misleading. A rough idea abouf,ig the real space. For these purposes we adopt the follow-
me strelngm O]f :E@% supfreﬁchtar:gg Ci;‘ Ee ob.tain;ad froming notations in the Fe sublattica®™ will stand for the

e analysis of the density of statésig. 1): by going from o ; X :
the FM 10 the type-Il AFM phase, the Ref) band shrinks nearest-neighbdnn) mteracl::téf)FQs between sites separated by

very significantly, from 2.0 to 0.5 eV, similar to the canonical the vectorl a,,30,0], andJ,™" 'is the next-nn interactions
rock-salt transition-metal monoxidé$Therefore, the inter- between sites separated by the veqin0,2a,). These pa-

action betweere, orbitals of neighboring Fe atoms remains rameters are listed in Table II. Although the nn coupling
9 g g JieFeis ferromagnetic, it is considerably weaker than the

strong even in the double perovskite structure. . - Fe-F . .
One can also exploit some analogy with manganites. I1€Xt-nn AFM interactiord,®™, which makes the whole FiM

::r;]z rI1atter, the FM ordering is stabilized by the double ex—zglr:g,“f[[]z l::?sﬂtez)?fér:\rl]gtsvitlrzteIgt;%rlzenisl FETFQT‘?FGE_IF‘%’IO interac

ge(DE) mechanism associated with tieg electrons, 1 2

which is much stronger than the AFM SE interactions be- The doublge_eéchangel?) and superexchangd) con-

tween thet,, electrons?® Then, at least very naively in the tributions toJ;™""can be estimated very roughly by assum-

DP, one could expect the opposite trend: a relatively weel'd that both mechanisms can be described in terms of a

FM t,, double exchange competing with a strong A\l universal effective nn transfer integi@l in the Fe sublattice,

superexchange. and employing the fact thaP andJ® should be proportional
Thus, from this very simplified analysis of the electronic to t andt?, respectively. Then, by varying the lattice param-

structure one may expect that the stability of the FiM phaséters in the interval 0.99a/a,<1.01, adopting the

in the DP is by no means a trivial problem: there are severdormula:’*®

different mechanisms favoring both FM and AFM spin align- 5

ments, and it is no& priori clear that the FM interactions er'Fe(a):JDt(_a)+JSt (a)

will prevail. t(ap) t%(ag)
and assuming the canonical scaling for the transfer integral:
IV. MAGNETIC INTERACTIONS . t(a)eca™ ¢, one can obtain the following parameters, in the
IN THE FERRIMAGNETIC STATE: case of SfFeMoQ;: J°=18.3 meV,JS=—9.0 meV, and

LSDA FOR IDEAL DOUBLE PEROVSKITES

_ TABLE IIl. Magnetic interactions in the ferrimagnetic state ob-

ualitative discussions in the preceding section are sup- . ; ) ; -
Q P g tained in the spin-spiral calculations.

ported by direct calculations of magnetic interacti¢8sin
the FiM state(Fig. 2). SinceJ,— J, is nothing but the second Fe-Fe Fe-Fe

S . C d
derivative of the total energy, the negative value of the pa- ompoun i (mev) Yo (mev)

rameterJ,—J, indicates that the FiM state is unstable with Sr,FeMoQ; 9.3 -26.9
respect to a noncollinear spin-spiral ordering with the vectoBa,FeMoQ; 9.1 —25.9
0. q=(m/a0)[0,1,0] and q=(m/2a0)[1,1,1] (ao being the  sy,FeReq 10.4 -29.6
cubic perovskite lattice parameter equal to the nearedtl Fe- sr,Fewq; 11.0 -17.8

distance in the double perovskite strucjucerresponds to
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TABLE lIl. Magnetic interactions in the ferrimagnetic state ob-  TABLE IV. Magnetic interactions in the type-ll antiferromag-

tained in the Green function calculations. netic state obtained in the spin-spiral calculations. Two values of the
parameter er'Fe correspond to interactions between nearest-
Compound JeFemev)  I5FF(mev)  JT*MO(mev) neighbor Fe sites with the sarftie first numberand oppositéthe
second numberspins in the type-Il antiferromagnetic structure.
Sr,FeMoQy 6.2 —215 —-1.21
Sr,FeReQ 4.5 —27.9 —116 Compound er-Fe (meV) Jge—FE(mev)
SprFeMoQy 16.4, 18.6 —15.2
SpLFeWQ 17.4, 21.3 —-13.5

a=—28.16. It is interesting to note that evel? alone ap-
pears to be too small to overcond§® ® and stabilize the
FiM phase. The AFM counterpat® makes the situation
even worse. netic interaction neallc should be very different, and the

In order to check consistency _of our analysis, we CalcuRarameterer"\" evaluated in the fully spin-polarized FiM
lated the same parameters by using the Green function tech:

nique (2). They are listed in Table lll for SFeMoQ; and ngte cannot be applied to the analysis of the magnetic tran-
Fe-Fe Fe-Fe : sition temperature.

Sr,FeReQ. ForJ;"" “andJ,"""there is a reasonable agree- Finally, parameters® and J5°F¢ can be extractedat

ment with results of the spin-spiral calculatiofigable 1), Y P 1 2

especially by taking into account very different treatment ofIeaSt formally by mapping the total energies of the FiM,
the intersublattice magnetic interactions in these two apYPe-! and type-ll AFM states onto the Heisenberg model.
proaches. The nn interactia]®™ between Fe an#/ sites Using result§ of (stpé_calcmatlons fOI‘Z‘i"—f:S-\éVS reported in
separated by the vectfa,,0,0] is also shown in Table 1. Ref- 6 we findJ;""=18.1 meV andJ,""=—7.5 meV.
This interaction is antiferromagnetic, that additionally stabi-Similar to the analysis of the local stability of the FiM phase,
lizes the FiM ordering;>” and readily explains the fact that the nn coupling appears to be ferromagnetic, while the
JFeFeis typically larger in the spin-spiral approach, where Next-nn coupling antiferromagnetic. However, according to
the contributions associated wite™ are effectively in- the total energy calculations;*"®is stronger than;*"®.
cluded in the renormalization of magnetic interactions in theThis apparent disagreement with the conclusion based on the
Fe sublattice. local stability arguments should not be taken as a surprise,
J"eM appears to be small in §feMoQ;. The additional ~ because formally these two techniques bring the information
magnetic polarization of thévi(t,,) states in the case of about very different quantitiesee also discussions in Sec.
Sr,FeReQ enhances);®™ . However, this enhancement is I1). In the total energy calculations, the inequalidy®*
not particularly strong and cannot explain the local stability>|J§e'F? simply means that the FiM state has lower energy,
of the FiM phase. For example, by taking into account alland this statement is simply paraphrased onto the language
three interactiond*™, 37, andJ5®™, itis easy to show of Heisenberg model. Formally, these parameters have no
that the FiM phase will beinstablewith respect to a spin-  other physical meaning and cannot be applied to the analysis
spiral ordering withq|[ 1,1,1] if of the local stability of neither the FiM nor the AFM state.
Fe-Fe, -Fe-F Fo-M On the other hand, the local stability implies the knowledge
2031775 32779 - 37 <0, (4) of second derivative of the total energy, which cannot be
This inequality is satisfied for the parameters listed in Tabledirectly converted to the total energy itself. Thus, these are
lIl. As we will see in Sec. VA,J[*M can be further en- simply two complementaryieces of information.
hanced by the Coulomb repulsidJ at the Fe sites, which By combining results of total energy calculatibnaith
is presumably missing in the LSDA approach. However,the local stability arguments, one may conclude that although
even for relatively largé\U the inequality(4) will be largely  the FiM state has the lowest energy amongst the collinear
intact, and the FiM ordering will be unstable. Thus, contrarymagnetic configurations, it is not a local minimum of the
to recent suggestiods;” we found that the interaction total energy. Probably, the true magnetic ground state of the
J7eM | though can play some role in the problem, fails toordered DP in LSDA and GGA, will be a noncollinear spin-
explain not only highT¢ but also the local stability of the spiral state withg||[1,1,1]. This is qualitatively supported
FiM ordering in the DP if it is considered in combination also by calculations of the inter-atomic magnetic interactions
with other magnetic interactions in the Fe sublattice. Notein the type-l1l AFM state(Table 1V). We note the following:
also that)7*™ depends on the magnitude of spin magnetizain the FiM state we had the inequali®j® ™% |35, mean-
tion at theM sites. However, this magnetization is ornify ing that this state was unstableith respect to the type-ll
duced by the hybridizatiowith the Fe states and the situa- AFM ordering. However, in the type-Il AFM state we obtain
tion is cardinally different from the behavior of localized the opposite inequalityl7®™®>]35%9,26 meaning that this
magnetic momentgat least at the level of LSDAIn such a  state is also unstablébut already with respect to the FiM
caseJ7*" depends on the magnetic state in which it is cal-ordering. Therefore, the real magnetic ground state of the
culated. In the Fe-spin-disordered paramagnetic phase, &P should be in between the FiM and type-Il AFM states.
well as in the AFM phase, th& moment is zero. Hence, Presumably, that is the situation realized iBFRWQ; (we
er"\" should be also zero. Therefore, the behavior of magwill return to this problem again in Sec. VI
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V. WHAT MAKES St,FeMoO,
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 state in
the ordered DP is unstable in the LSDA. The first serious
guestion we have to address is how reliable is this picture,
because the LSDA description is not perfect, especially for
the strongly correlated systerflsAt the present state we do
not really know how serious is this problem for the DP and
whether one should concentrate on the improvement of the
LSDA description(that is still an unresolved problem, de-
spite numerous efforts in this direction—see, e.g., Refa27
try to find a new physical mechanistapart from the corre-
lations that would explain appearance of the ferromagnetism
in these compounds. In this section, we try to estimate pos- ql 1
sible roles played by Coulomb correlations in stability of the v, SDaD
FiM ordering, using SfFeMoQ; as an example. 8 6 4 2

First, there are some possibilities to shift the balance be- Energy (eV)
tween the FM and AFM interactions in JsieMoQ; by sim-
ply choosing different exchange-correlation potentialéan
around the LSDAZ The general strategy should be to in-
creaseA:ff. Then, according to the model tight-binding
analysis>® one could expect that largev-¢ will suppress the
AFM SE interactions(which are proportional to ),
while the FM double exchange should not be affected b
AFe unless it changes the Mé-hybridization in the metallic
|-spin channel. Along this line, the GGA appro&thloes
not give any improvement, at least if it is implemented in the
atomic spheres approximation: for example, spin-spiral cal-
culations yield the following values of the parameters:
JieFe=9.1 meV andlh® = —30.9 meV(i.e., the situation
appears to be even worse rather than in LSDA—se
Table II).

Another approach along this line is somewhat hypotheti-

Local Density of States (states/eV formula unit)

FIG. 3. LSDA density of states for the ferrimagnetic phase of
Sr,FeMoQ; calculated using both exchange and correlation parts of
the potentialx+c), and the exchange part orly). The Fermi level
is at zero.

)}:e(sd) states. However, the progress along this line is ham-
ered by the fact that already for the transition-metal mon-
OXIdeS all important parameters controlling the electronic
properties, such as the magnitude of the on-site Coulomb
repulsionU and the charge-transfer enefyare not well
defined in the framework of LDA U.*® The problem is even
more serious for the DP where there is the additional group
of M(ty,) states, which may have strong influence on the
?)hyswal properties, but the position of which with respect to
the Fe(2l) and O(2) states is absolutely uncontrollable at

cal. It is well known that correlations in LSDA suppress the level of LDA+ U. Therefore, we take an empirical ap-
" 30 R PP proach that is based on our previous analysis of spectro-
Aq.”" Therefore, by taking into account only the exchange

scopic and magnetic properties of Mn@Ref. 16 and
part of the LSDA potential we can get an upper estimate for
AFe on the level of LSDA. The corresponding density of La aFeQ; (Ref. 33, We have found that for compounds that

have common (‘453dO configuration of the transition-metal
states is shown in Fig. 3. One can clearly see that the split- 9

ting between the - and | -spin Fe(3l) states is significantly
increased. This causes some redistribution in the occupied
part of the spectrum, whereas the states locatedajeaand
especially the position of th¢-spin Fe€,g) and Mot ,g)
bands, are practically unchanged. These changes of the elec-
tronic structure will tend to stabilize of the FiM ordering.
However, the effect is not sufficiently strong adghJ, re-
mains negative along th&'-L direction in the reciprocal
space(Fig. 4). Corresponding parameters of the magnetic
interactions, after transformation to the real space, are
J7eFe=10.7 meV and)b® = —12.7 meV.

Another possible correction of the electronic structure
which we want to investigate is in the spirit of the LDA
+U approach’ At the first sight the idea appears to be  FIG. 4. Behavior of magnetic interactions in the reciprocal
simple and what one has to do is to correct the form and thepace for two types of exchange-correlation potential in LSDA,
magnitude of the on-site Coulomb interactions for the “lo- which include both exchange and correlation p&xisc), and the
calized” states. The first candidates for this correction are thexchange part onlyx).

Sr,FeMoO,

100 200
X
o

Iy J, (meV)

100 0

o < LSDA (x+c)
®LSDA(X) | -
T X

= _-%00
<&
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FIG. 5. Density of states obtained after shifting the minority- _ o
spin Fe(3l) states up by 3.4 eV. The Fermi level is at zero. E wof
s <
. . . . ) L
sites, a good improvement of the LSDA description could be %5

-5

obtained by increasing the intra-atomic exchange splitting
and shifting the unoccupiefrspin 3d states up bywU. The

-6

adjustable parameté&rU could be fixed by fitting the optical E’ Sl-
or photoemission spectra. For example, in Lafé@ shift gv sl
of unoccupied states tyU~2 eV gave a good description "E g"_
for the local magnetic moments, optical and photoemissions .t
data®334 o

JFe Fe+

2(

The same strategy seems to be reasonable for thedfe(3 & _
states in SiFeMoQ;, which are also close to the half filling.
The low-energy optical absorption observed around 0.5 eV is
typically ascribed to the “charge transfer” excitations from
Fe(gy) to Mo(t,g) band in theT-spin channet;® and im- FIG. 6. Magnetic interactions in §feMoQ, after additional
pose a strong constraint on the position of occupiecefje( shift of the minority-spin Fe(8) states byAU (from the Green
states. Therefore, the relative position of the ég¢(to  function calculations
Mo(t,g) bands is rigidly fixed and the only possible degree
of freedom for theAU operator is the shift of unoccupied

1 -spin stategsee also the discussions of optical CondUCﬂVitysuppresses the AFM SE interactions in the system and

in Sec. V). . o-Fe . .
A typical example of the density of states after such shiftthereby substantially reducgeie .+ This favors the FiM

is shown in Fig. 5. It strongly resembles the picture dis-allgnment. The behavior of;™""is more complicated. On
cussed recently by Kanamori and Teraklizas the | -spin the gnFe hangIAU suppresses the AFM SEFcontrlbutlons also
Fe(3d) states are moved to the higher-energy region, thé0 Ji° ¢, which explains the increase 8f*"for smallAU.
population of Mof,,) states increases. Therefore, the localOn the other handAU increases the energy splitting be-
magnetic moment at Mo sites will also increase. It addition-tween the Feb;) and Mo(,y) states, and suppresses all
ally stabilizes the nn AFM interactiodf®™° between Fe and kinetic hoppings between Fgf) orbitals operating via the
Mo (Fig. 6), in agreement with arguments presented in RefMo(t,,) states in the|-spin channel. In additionAU de-
7. Note also that the electronic structure shown in Fig. 5 igpopulates the Fef;) states. These two mechanisms will
(nearly half-metallic, and the main contribution neag  gradually destroy the FM DE interaction operating between
comes from the Mdg,) states. Hence, the Mo moment is the Fef,y) orbitals. They dominate in the region of larger
already close to the saturated value gfgl In such a situ- AU, whereJ ® ®decreases.
ation, an additional Coulomb interactiafy, on the Mo sites Taking into account three interactiod§®™°, 37" and
can increase the splitting between theand | -spin Mo(t,g)  J5°F¢ we evaluated the stability condition of the FiM phase
states, but without changing the Mo moment a{d™°.  with respect to the spin-spiral ordering given by E4), the
Therefore, we do not expect that a smdf, parameter may left-hand side of which is also shown in Fig. 6. For all values
alter our conclusion® This is qualitatively supported by of AU we have considered, the inequalit) is satisfied,
results of LDA+U calculations including the Coulomb  meaning that the FiM ordering remainsstable Moreover,
both on the Fe and Mo sité8. the left-hand side of this inequality becomes saturated for
How will the change ofJ7®™° affect the local stability largeAU, and an additional increase of the on-site Coulomb
problem of the FiM state, if considered in combination with repulsion will hardly change our conclusion.

0.0 0.5 1.0 1.5 20 2.5 3.0 3.5
AU (eV)

other magnetic interactions in the Fe sublattice? Fikdd,
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Thus, the Coulomb correlations beyond LSDA, though L r X . N
. . . < 1 N
may play some role in the problem, will hardly explain alone & '2-3;(5) 1 07 ;
the local stability of the FiM phase in DP. Therefore, in the g - 0,500 S | }\ N
next few sections we consider several other scenarios, whlc% sl e0s0l gk o%%%ifﬁ el
are not directly related to Coulomb correlations. = x D05 R § af ; |
AN LA S L dogd, =075 ||| Fet,)
~ sf o s ? + <t i T,Mr; i — Fele,)
) g <F 7 PI| — Moty
B. Breathing distortion gL+ I L}\l - Moce,)
| COEN L] .

Due to the size and chemical differences between the Fe
andM atoms, the double perovskite structure is subjected tc
the breathing distortions of alternating Re@nhd M Og octa-
hedra. The experimental situation about the direction and the§
magnitude of this distortion in $FeMoG; is rather contro- 2
versial. The first x-ray diffraction measurements performed ~*
on a single crystal of SFeMoQ; indicated some contraction
of the MoQ; octahedra, but the effect was found to be small: b L oty =0525 |
in terms of the Fe-O and Mo-O bond lengths, the experimen- & 0% om0 om2 PP —
tal distortion was characterized by the ratidg..o/ dee-mo e o/ Energy (€V)
=0.499 and 0.509, correspondingly in tkey plane and

along thez direction of the tetragond/mmmphasé’ Very . o : : .
netic interactions in the reciprocal space as a function of breathing

similar d'itortlon’dFe'O/dFe'Moz 0.507 was reported for the distortiondge.o/ dee.mo (the ratio of Fe-O and Fe-Mo bond lengths
cubic Fm3m phase of SfFeMoQy.* This trend was, how-  and results of their Fourier transformation to the real-space param-
ever, disputed in the subsequent publicafiowhere the op-  etersi™ *andJ5¢*e. Right panel: examples of density of states for
posite direction and much larger magnitude of the oxygerseveralde,.o/dre.mo ratios. The Fermi level is at zero.
displacement have been suggesi&g. o/ dge.mo= 0.488 and
0.477, correspondingly in they plane and along the di-  ficient to alter the inequality,—J,<0 and stabilize the FiM
rection of the tetragondd/mmmsample. However, the next ordering, even for relatively large distortiotice.o/dre vo
report suggested the lower4/m) symmetry of SsFeMoQy =0.525(see Fig. J.
With dpe.of dre-mo=0.506 (the x-y plang and 0.503(the z Another direction of the breathing distortion
direction.®’ dre.of dre.me< 0.5 seems to be more promising. However, the
The situation seems to be clearer in,f¥ReQ and  stabilization of the FiM ordering in this regime is directly
Sr,FeWGQ;,. Due to the large size of Re and W atoms, therelated to demolishing of the HM character of electronic
oxygen moves in the direction of Fe. The magnitude of thestrycture of SjFeMoQy. Particularly, for dreo/dremo
oxygen displacement in gfeReQ can be estimated as <0.49 the Fermi level crosses thespin Feg,) band and
dre.of dre.re= 04917 the distortion activates an additional double exchange
In this section we discuss the effects of breathing distormechanism associated with thg electrons, like in the per-
tion on the magnetic interactions in the culfim3m struc-  ovskite manganese oxid&.This DE interaction is very
ture. As in the previous section we take,/¥MoQ; as an  strong so that the coupling;® can even become ferromag-
example. netic. Of course, in such a situation the FiM ordering can be
Results of calculations are summarized in Fig. 7. The situeasily stabilized. This scenario is accompanied by a sharp
ation is very intriguing, because the oxygen displacementlecrease in the saturation moment, up tqug ®er formula
from the midpoint position irboth directionstends to stabi- unit for dre.o/ dge.pg=0.475.
lize the FiM ordering. Although the microscopic mechanism At the present stage, it is not clear up to which extent this
of this behavior is very different for two different directions, mechanism can operate in realistic compounds. According to
in both cases it is related to the fact that the FB(Znd  the experimental datat?*°>%"the large oxygen displacement
Mo(4d) states formantibondingbands after the hybridiza- towards the Fe atoms seems to be unlikely ipgF&MoQ;,
tion with the O(2) states. Therefore, the oxygen displace-but may take place in $FeReQ. Since the weight of the
ment towards Fe will result in an upward shift of the Fe}3 W(5d) states neaer is small in SgFeWQ;, the breathing
bands and a downward shift of the Ma{$tbands, and vice distortion(of a reasonable magnitudeill cause only a rigid
versa for the opposite direction of the lattice distortion. shift of the Fe(,,) and Feg,) bands, without changing their
The upward shift of the Mo(d) band in the regime population. Therefore, it should not affect the magnetic
dre.o/dee-moe> 0.5 will affect the SE interactions operating ground state of SFeWQ;.
via the Mo(4d) states. In this case the energy gap between
the Fe(3l) and Mo(4d) states will play the same role as the
charge-transfer energy in the conventional transition-metal
monoxides. The increase of the gap will suppress the SE One of the very important factors that affect the magnetic
interactions’® However, in the LSDA this change is not suf- behavior of DP is the presence of antisite defects. Typically,

20

10

Local Density of States (states/eV formula unit)
0
1
||
i

-10

-20

/

FIG. 7. Breathing distortion in $FeMoQ;. Left panel: mag-

C. Antisite defects: Supercell calculations
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the total concentration of the Fe aMlatoms in SyFeM Og
is well controlled and is close to 100%. However, it is much
more difficult to control the distribution of the Fe arMd
atoms between two different sublattices. In realistic com-
pounds there is always a certain humber of antisite defects,
when some of the atoms from the Fe sublattice are inter- | ___1 s Fey
changed with the same number of atoms from thsublat- : X
tice. Typically, the antisite defects are randomly distributed H— '
and their number is characterized by the degree oMFe/
ordering of the sample, which can be probed by an x-ray
diffraction. This characteristic strongly depends on the com- ~  ®&--F------Q--fF----- -
pound, and is typically higher for polycrystalline samples
where the ordering needs to be established coherently only
within smaller-sized graingin comparison with the whole
volume of a single crystal The worst situation was reported
for Sr,FeMoGQ; single crystal, where due to the proximity of
atomic sizes of Fe and Mo, the degree of Fe/Mo ordering

FIG. 8. Positions of the Favhite symbol$ and Mo(black sym-
bolg atoms in the supercell §fe;M0,0,, used in the calculations
. of antisite defects. Circles show the atoms that have the same po-

. - itions as in the ideal double perovskite structure. Squares show the
0,
rather low and typically varies from 80% to 92%t the positions of antisite defects obtained after interchanging a single

4,39 : : o
bes). .In polycrystalline SfFe,MOC_% this chara_cterlsuc Fe-Mo pair of atoms. Note also the notations of atoms used in the
can be improved up to 97%which is accompanied by a analysis of magnetic interactions in Table V.

growth of saturation magnetization up to the recordu3.7

value (in comparison with 3.2, reported for the single (kg 9 The spin momentrecalculated per one formula
crystal—Ref. 4. In Sp,FeReQ, the degree of Fe/Re ordering unit) is reduced from #g in the ordered FiM compound to

is about(or may be even higher tha95%:? SpFeWQ; is 3.8ug in the F state and 24 in the A state. We also note a
believed to be the most ordered compouatinost 100% of  syong bonding-antibonding splitting of the Mgg) states
the Fe/W ordering, presumably due to the large difference ofayseq by the hybridization between the impurity and the
atomic sizes of Fe and W host. As a result, th¢-spin Mo(t,,) States become partially

The implication of antisite defects to the magnetic behav‘occupied, and the induced Mo moment is polaripedallel

ior of DP was already discussed in the literature. Particularly;y tne host. Therefore. the theories relying on the strong

the relatively low saturation moment in$eMoGQ; can be  Agm coupling between the Fe and Mo sitébecome irrel-
easily accounted for in terms of the antisite defects, using.,ant near the antisite defects.

both the ionic picture for localized magnetic moments at the According to the nn interactions of the impurity atom

Fe and Moositeé,and the itinerant one based on the Friedel, ;i the host(the pair Fg-Fe,), both configurations can be
arguments. locally stable. In the case of FM alignme(f statg, the

In this section we will argue that the antisite defects can -spin Fet,,) states of the host and impurity atoms form a
also be one of important physical ingredients that can lead t road band?which is partly occupiéBig. 9). It gives rise to

stability of the FiM ordering in DP. We begin with the analy- e pg interaction, which explains the FM character of the
sis of a hypothetical picture, in which the antisite defects ar uplingJFe-Fs, The AFM interaction] 7 via the impu-
g

ordered_and can be sn_nulated by means of oro!ln_ary superc y Fes site can be easily understood in terms of thAEf/
calculations. We consider the supercell containing four for-

) . . expansion in Eq.2) for the less than half-filled| -spin
mula units of SsFeMoG; (Fig. 8). The antisite defect was Fe?tzg) band?® H(lwever this behavior may also Sfe aa arti-
simulated by interchanging one pair of Fe ar_1d Mo atom%act of our model because for the particular supercell geom-
(denoted as keand M@,) so to preserve the cubic symmetry Ftry shown in Fig. 8, the FM alignment of the Jpins will

. . . O - 1
of the system. Th's conf!gur_atlon correspgnds o onIy_75/o 0automatically lead to the formation of infinite FM chains
the Fe/Mo ordering, which is lower than in the experinént.
Nevertheless, such calculations can provide useful informa-
tion about thelocal redistribution of magnetic interactions
around the defect. moment at the impurity site Eecan be either paralléF stateg or

Parametgrs of magnetlc InteraCtlons’. calcylated using thgntiparaIIeI(A state$ to the spin magnetization of the host.
Green function technique, are summarized in Table V. We

TABLE V. Magnetic interactions around antisite defects in
Sr,FeMoQ; (in meV, see Fig. 8 for notationsThe spin magnetic

considered two situations: when the spin magnetic momen ;. F state A state
at the impurity Fe atom (ken Fig. 8) is aligned ferromag-

netically and antiferromagnetically with respect to the spinFe-Fe; 50.6 —40.2
magnetization of the hos{denoted as “F state” and Fe-Fe —-20.7 1.2
“A state,” respectively. Contrary to the previous repofts, Fe-Fe, 0.6 -0.3
we found thatoth self-consistent solutions exist, though the Fe,-Fe, -12.2 -134
calculations were conjugated with some technicalre-Mo, 0 0
difficulties* Irrespective of the type of the magnetic cou- Fe-Mo, 11 11

pling, the antisite defect destroys the HM electronic structure
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F state A state interactions in the disordered sample and argue that this
] mechanism alone may stabilize the FiM phase in an averaged
sense, which is based on the behavior of interatomic mag-
netic interactions averaged over all possible nearest-neighbor
configurations of Fe and Mo atoms.

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

In the cubic perovskite lattice there is no nn hoppings
| 1 between the, andt,, orbitals’® Therefore, we can consider
Fe() || 1 | Fel) | separately the change of the kinetic energy in the system of
1
|

€y electrons depending on the magnetic configuration of the
Fe and Mo atoms, and their distribution over the sites of the
cubic perovskite lattice. Since the feg] states in
SnFeMoQ; are simultaneously half filled and fully spin po-
larized, while the Moe, states are unoccupied we may use
the standard procedure for calculating the SE interactions,
which is to start with the localized atomic limit and include
virtual electron hoppings as a perturbatf§mamely, by de-
scribing the atomic levels asstatesno orbital degeneragy

the zeroth-order Hamiltonian at the sités given by

Local Density of States (states/eV formula unit)
4 2 0 2 4 4 2 0 2 4 42 02 4 4 2 0 2 4
«—

8 6 4 2 0 2 4 -8 6 4 2 0 2 4 N i Aeya
Hi=A01+70'-e|, 5)

Energy (eV) Energy (eV)

FIG. 9. LSDA density of states for the §5&;M0,0,, supercell  where A} is a nonmagnetic “center of gravity, AL, is the

including the ant_usute dgfec(tshown in Fig. 8. Atoms at_the 'dea,! . intra-atomic exchange splittiné: is the vector of X 2 Pauli
(hosbh and impurity positions are denoted correspondingly by “h

and “i.” matrices, and Iis the 2<2 unity matrix. The directions of
the spin magnetic momen{g } will be specified below.

.-Fa-Fe;-Fe;- . . ., which do not exist in realistic disor- ~ Then, the energy change at the diteaused by the elec-
dered samples. Therefore the itinerant character of th&0on hoppings can be written as
Fe(t,,) states, and the large magnitude of interactions
JFerFe and 37 F% can be exaggerated in our model. More- AE,= 2 AE(2)+2 AE
over, the Coulomb correlations may also play some role in
the problem as it can change the character of occupied stat
neareg. For example, according to the scenario considere
in Sec. VA, the on-site Coulomb repulsion will move the
|-spin Fe(,y) states away fromer and eventually destroy AEP = —ImJ de Trg{eGi(e)1;;G;(e)1;iGi(e)}
the FM DE coupling. Taking into account these arguments,
the formation of the FM spin structure around the impurity
Fe sites seems to be rather unlikely. and

In the case of AFM alignmen(A states, the 3 states of

the impurity Fe are strongly localized so that their formal
electron configuration becomes close td?3df (Fig. 9.
This fact readily explains the AFNsuperexchangecharac- o
ter of the coupling in the pair Fe~e; (Table V) and the local Xt4G(e)t;Gi(e)} @)

stability of the state A. Other interactiod§® ™M1 JFerFe
and J7%Fe involving the host atomgand corresponding to correspond to the second and fourth orders of the perturba-

JFeMo - gFeFe and 357 in the notations of Sec. IVare tion theory expansionG; is the Green function for the
s:gnlﬂcantly r'educed Hamiltonian(5); the electron hoppings are restricted by the
Thus, the spin magnetic moments in the Fe sublattice loN'€arest neighbors and do not depend on spin indices

cated in the nearest neighborhood to the impurity Fe site;=tij1); and Tk denotes the trace over the spin indices.
become strongly polarized by the AFM SE interaction with At this stage we introduce the antisite disorder as follows.
the impurity states. This leads to the formation of ferrimag-We assume that there are two nonequivalent sublatties,
netically coupled Fe clusters. Depending on the coupling beandB (centered af0,0,0] and[ag,a9,a,], respectively. Let
tween the clusters, the FiM spin ordering in DP can be stapi®=p stand for the probability that certain site of tide
bilized by the partial antisite disorder. In the next section wesublattice is occupied by FepE1 correspond to the per-

will elaborate one such possibility by considering the §E  fectly ordered sampjeAssuming that the distribution of an-

ere

(6)

1 eF N n A A A
AEI(]4|()| = — ;lmJ’_wdS Trs{sGi(s)tijGj(s)tjka(a)
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tisite defects is totally random, the remaining probabilitieschange splittings can be estimated from the densities of
pR°, pge, andpl® for the stoichiometric SFeMoQ; can be  states(Fig. 1) asALe=2.6 eV andAM°=0.

obtained from the conditions A good aspect of the configurational averaging employed
e Mo in this section is that we can treat not only the diagonal
PatPa =1, disorder caused by the differences of the on-site parameters
e e (A§S,ALY and (AY°,AM), but also the off-diagonal disor-
P tpg =1, der caused by difference of the interatomic hopping integrals

tre-Mor tre-Fe @Ndtyomo- The off-diagonal disorder typi-
cally presents a more challenging problem for theoretical
p/§6+ pge: 1. calculations”® In this respect, our approach may be even
more advanced than the local coherent-potential approxima-
Then, we take a configurational average of eachBf?)  tion (CPA).“~**Note also, that by the definitions given by
andAEi(j‘L)l . The procedure can be easily understood by conEas.(6),(7), the SE interactions are short ranged. Therefore,

sidering the case okE® in detail. Since the hoppings are W€ do not encounter any problems with the self-averaging,

restricted Only by the :’]earest neighbors, it hOjd'—SB if i known for RUderman-Kittel'KaSUya'YOSida interactiéﬂs.

e A, and vice versa. Then, one should consider four different L€t US now specify the directiongs} of magnetic mo-
combinations depending on whether the sitesdj are oc- MeNts in Eqs(6) and (7). We closely follow the spin-spiral
cupied by the atoms Fe or Mo. If the distribution of defects isd€Scription employed in Sec. IV and defigeas

totally random and the individual occupation probabilities of ) . .

the lattice sites do not correlate with each other, the average g =(cosgR;sing; ,singR;sin §; ,cosé,),

_(2) . .
of energy chang@Ejj™” will be given by with R; running over bothA and B sublattices, and; de-

TE(2)_ ~Fe Fex =(2)/i  mpni pending only on the type of sublattice. We consider the case
AE[’=paPgAE] (i=Fej=F¢ of the AFM alignment of the impurity Fe atoms with respect

and

+p;ep'\5"°AEi(j2)(i =Fe;j =Mo) to ththost and invert the direction of exchange fiedd
_ _ ——Agy) for every Fe occupying thé sublattice. Then,
+PX°DEGAEi(j2)(I =Mo;j=Fe) 0,=60g=0 will correspond to a collinear FiM state of the

. . disordered alloy. For sma#l, and 6y the total energy change
Mo MO A =(2) i — M- i — hihg bttt g A B

+Pa Pg AE(i=Mo:j=Mo), AE=AE,+AEg can be written as

where AE{?(i=Fe;j=Fe) means that Eq6) should be ~ ___ o

evaluated by using parameters of electronic structure of Fe AE(, 04, 65)=AE(,0,0)+ Daa(qQ) 62+ 2Dag(d) Ia0s

both for thei and]j sites, etc. The procedure of configura-

tional averaging oﬂEi(j‘L)| is a little bit tedious and depends

on how many different sites are |_nvo_lved4|n_ th_e Pathang the stability of the FiM state will be determined by the

i-j-k-1-i. The prefactor for each contributiahE(}), is given 1 \4trix

by the multiplication of the individual probabilities for all

nonequivalensites in the path-j-k-l1-i. For example, if all Daa(@) Das(Q)

sites are different the prefactor will have the form I ):( )
Dpg(a) Dgp(a)

PaPePaAPg; if i=k, j#i, andi € A we will obtain the com-
?;gitg&ﬁg’sgm gté:k andj=i this combination will be 1 i1 state will be stable if both the trac@r) and the
APg. €1C. . ~ Lo
The parameters of the tight-binding model can be chosefleterminant(Dey) of D(q) are positive.D(q) can be also
as follows. AF® and e are taken as the reference point _Fourler_trans_formed to the effective parameters of magnetic
(Aff=e£=0). Then, using the density of states in Fig. 1, interactions in the real Space. -
Mo : . Results of these calculations are shown in Fig. 10 as a
Ay" for the unoccupie@, states can be estimated as 5.0 eV. . L
o 9 function of the antisite disordegx. For p=0.95, the AFM SE
The hopping integrdlg, o Can be extracted from the Feg)) . . Fe-Fe Fe-Fe . )

: ; . . interactionsJ;~" - and J5;°" operating via the Mo states
bandwidth (-1.6 eV), assuming that the latter is derived ) 0 ) C ) N
exclusively from the hybridization between the Fe and Modominate; and the FiM ordering is .unstab(elther TfD.].

e, States separated hyy"®. Then, in the single-orbital case <0 or Def D]<0 in Fig. 10. Further increase of the antisite
(i.e., by substituting degeneratg levels by a singles statg ~ disorder(smallerp regime destroys the AFM character of
we obtaintgeyo=0.3 eV. The remaining nn hoppings...  iNteractions in theA sublattice(and eventually makes the
andty, v, can be estimated by employing the LMTO theory, averaged parameted™ and J5 even slightly ferromag-
according to which a hoppingr.t is proportional to the netic. One of the reasons for such behavior is the decrease
square-root of the canonical bandwidths of the stdtemd  of the number of Fe-Mo-Fe-Mo-Fe and Mo-Fe-Mo-Fe-Mo
T trp o (WeWq ) Y21 Therefore tre.roandtyo,m, can be  paths in the configurational average AEi(j‘L), , Which are
found by rescalingte.mo. Using the valuesWg~4.1 eV  responsible for the antiferromagnetism. More importantly,
and Wy,=7.7 eV obtained in the LMTO calculations, we the antisite disorder gives rise to the strong AFM SE cou-
find tre.re=0.2 eV andtyomo=0.4 eV. Finally, the ex- pling J;® between nn sites located in teand B sublat-

+Dgp(0) 05,

8
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FIG. 11. Optical conductivity for SFeMoQ;. Left panel: re-
p sults of LSDA calculations for the hypothetical ferrimagnetic
phase—total interband conductivity as well as partial contributions
FIG. 10. Effect of the antisite disorder on the superexchangef the 1- and | -spin states. Right panel: the LSDA conductivity in
interactions in S-eMoQy: results of model tight-binding calcula- comparison with the experimental data by Y. Moritoneo al.

tions. Right panel: stability of the ferrimagnetic ordering in the (“expt;,” measured al=300 K) taken form Ref. 35 and Tomioka
reciprocal space as a function of parameter of the antisite disordest al. (“expt,,” at T=10 K) taken from Ref. 4.

p: the trace and the determinant of thematrix [Eq. (8)]. Note that
the ferrimagnetic ordering is stable if [?/]>0 and DetD]>0. VI. OPTICAL PROPERTIES

Left panel: parameters of interatomic maAgnetic interactions ob- |n this section we discuss possible implications of various
tained after the Fourier transformation of tiematrix to the real  scenarios of the FiM ordering to the form of optical and
spacep=1 corresponds to fully ordered sample, where Fe and Mamagneto-optical spectra. As the reference point, we will use
atoms occupyA and B sublattices, respectively. results of band-structure calculations for the HM FiM phase
of ordered SjFeMoQ;. We would like to emphasize from

tices. The main contribution t3*8 comes from nn interac- e verly bbegmnmg_that vlvte ttrhe_at ':] asa purelty t?lyp?jhetlcal
tions in the pairs Rgos)-Feimpurity), the number of which examplée, because in reality this phase IS unstable. HOwever,
) taking into account an enormous popularity of this idealistic
increases whep decreases. . : .

Obviously that in the ordered 1 F picture, we believe that such an analysis can be very useful

viously that In he ordere compourg:é ) every Fe ecause it reveals a lot of unresolved problems if compared

atom is surrounded only by nonmagnetic Mo atoms an

AB o ) X “"with the experimental optical data.
J17=0. This is actually the main reason why the impurity g, SpFeMoQ,, the experimental optical conductivity

Fe atoms can stabilize the FiM phase, while the host Maspectra were reported in Refs. 4 and (3own in Fig. 11
atoms cannot. Our main point is that thg interactions in The optical conductivity is sensitive to the temperat(hat

the cubic perovskite lattice are much stronger thantte  presumably explains the difference between the experimental
ones and in the ordered compounds the AFM SE interactionspectra reported in Refs. 4 and 35, and corresponding to 10
associated with the, states easily overcome ttigeneral- K and 300 K, respective)y details of preparation and the
ized DE interactions operating in thig, band, that makes quality of sample! Apart from a sharp Drude-like response,
the FiM phase unstable. What we want to do is to force thesboth spectra clearly show two structures in the region of
strong AFM SE interactions between thg orbitals to work interband transitions around 0.5 and 4.0 eV. Using distribu-
for the stability of the FiM phase. This can be done by plac-tions of the LSDA densities of states for the ordered
ing an Fe atom on the antisite position. Since the &p( SRFeMoG; in the FiM state, they are typically ascribed cor-
states are unoccupied, a similar SE mechanism does not off:SPondingly to the Fe{)—Mo(tyg) excitations in the
erate between nn Fe and Mo sites. This explains the maih-SPin channel and to the Op2—Fe(tyg) charge transfer
difference between the Fe impurities and Mo atoms. excitations in the| -spin channel.

Thus, according to the model analysis, the strong AFM Although there. is a gooqu.alltatlve correspondence be-
coupling J’i\'B appears to be sufficient to stabilize the FiM tween thg thepretmal calculations a”d.th‘? experlmental_data,
phase if the degree of the antisite disorder iEFBMoG, is the situation is rather far from thqa.;ann@tweagreement if

. . . .one takes into account the exact position of the bands and
p=0.9. One should _take Into account_ that th's estimate Drobabilities of the optical transitions. The calculated optical
based on the analysis of only the SE interactions forefhe

e _ » conductivity is shown in Fig. 132 The low-energy part of
electrons. Presumably, the realistic concentratpstabiliz- e spectrum is indeed dominated by the e Mo(t,)

ing the FiM ordering will be even higher because of two eycitations in thef -spin channel, which are centered around
reasons.(i) There will be additional AFM SE interactions 1 2 e\ The contribution of -spin states to this region is very
with the impurity Fe atoms coming from thg, electrons.  \eak, because of very small probabilities of the interband
(i) There will be some DE interactions coming from thet, —t,, transitions in the perovskite structuteAnother
metallic t,, bands. Note, however, that the second mechatarge peak is located around 4.8 eV and caused by the charge
nism strongly depends on the mobility @, electrons, transfer excitations from O(® to Mo(t,s) and Fef,,)
which will be gradually deteriorated by the antisite disorder.bands simultaneously in thie- and | -spin channels. Thus,
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FIG. 12. Effects of breathing distortion on the optical conduc- FIG. 13. Contribution of the “impurity states” to the optical
tivity of Sr,FeMoQ;: results of LSDA calculations for conductivity of SgFeMoQ; (the difference between supercell cal-
dre.o/dee.mg=0.475, 0.500, and 0.525 in comparison with the ex- culations for the staté and the ones for the ordered FiM phase
perimental data by Tomioket al. (at T=10 K) taken from Ref. 4.

The antisite defects can cause some redistribution of the
the theoretical spectrum appears to be shifted with respect @ptical spectra in the direction compatible with the experi-
the experimental one by 0.7-0.8 eV towahigher absorp- mental data. At the present stage we cannot calculate the
tion energies conductivity for disordered alloys. Instead, we discuss the

Then, if the Coulomb correlations beyond LSDA indeeddifference ofo(w) obtained in the supercell calculations for
play some role in the problem, they should have a rathethe state Asee Sec. V Cand for the ordered SFeMoQ; in
nontrivial form. For example, the straightforward applica-the FiM state(Fig. 13. The antisite defects shift the spectral
tions of the Hubbardy correction on the top of the LSDA weight from the region of charge transfer excitations around
picture will tend to increase the splitting between the occu4.7 eV and from two additional spectral structures around 0.5
pied and unoccupied stat¥sand the optical absorption en- and 2.5 eV. The first one is in a good agreement with the
ergies(i.e., just the opposite to the experimental trer@er-  experimental data reported in Refs. 4 and 35, and the second
tainly, the situation is not so strict in §feMoQ;, where the one may be related to an additional 2-eV structure observed
spectral properties depend not only bhbut also on the by Moritomoet al. (Ref. 35, see Fig. 11
relative position of the Fe(® and Mo(4d) states. Neverthe- The behavior of the optical conductivity in the smaill-
less, the experimental optical conductivity imposes severéegion strongly depends on the sample purity. Below we ar-
constraint on the form of this correction. Namely, the dis-gue that the behavior expected of the perfectly ordered FiM
tance between thé-spin Fegy) and Mot,,) bands is rig- phase is drastically different from the experimental one.
idly fixed by the position of the first peak of the optical First, the theoretical plasma frequenay, is related to the
conductivity (being even slightly smaller than that in Drude weight® The latter is typically small if the Fermi
LSDA). Then, it seems that the only possibility is to shift surface is composed only of thg, bands>> Therefore,w,,
unoccupied Fe(@) states, similar to the scenario consideredshould be also small and can be estimated for the hypotheti-
in Sec. V A. However, as we have argued, the total change afal FiM phase of SiFeMoG; as w,=0.2 eV. It is signifi-
the electronic structure in this regime does not explain theantly smaller than the experimental valug,~1 eV,
local stability of the FiM phase. Another direction, associ-which is also implied in the analysis of magneto-optical
ated with the downward shift of the-spin Feg,) band, like ~ spectr&®®" Second, according to the experimental data,
in the LSDA(x) approach in Fig. 3, contradicts with the ex- S,FeMoQy exhibits the anomalous Hall effect. The corre-
perimental optical data. sponding conductivity can be estimated ag &yg(0)]=

Positions of the experimental peaks of the optical conduc—5 Q~*cm™1,*® which is weaker than the theoretical con-
tivity can be adjusted to some extent by considering theductivity (Reo,y(0)]=-19 and —10Q *cm™* corre-
breathing distortionn the direction of Fe atomsFig. 12.  spondingly for thg 0,0,1] and[1,1,1] direction of the spin
However, this scenario would imply a very large distortion magnetizatiop by at least factor 2. Therefore, the behavior
Ore.o/ dpe-mc<<0.475. As it was already discussed in Sec.of the experimental optical conductivity in the smallre-

V B, there is some controversy about the direction and theion is largely modified, presumably due to the antisite dis-
magnitude of the breathing distortion in,5eMoQ;. The  order persisting in the sample.

optical data depicted in Fig. 12, and also the fact that the Finally, we would like to comment on the magneto-
distortion dre.of dre-me<0.475 easily stabilizes the FiM or- optical properties of DP. Generally, the HM ferromagnetic
dering, might support the conclusion of Ref. 22, but will systems are good candidates for magneto-optical
contradict many other3>2” Presumably, even if such a dis- applications® This would be true for SFeMoQ; and
tortion does take place in some compounds, it does not oBsr,FeReQ, if they were indeed the HM ferrimagnets. On the
erate alone and should be considered in combination witlene hand, these compounds contain heavy elements Mo and
other factors, such as the antisite disorder. Re, which are characterized by large spin-orbit coupling. On
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™ \ : - ' behavior of these materials? Below we present our point of
. view on this problem, which is quite different from
k- \//\ — O (rotation) 1 others25-7
| T & (ellipticity) (1) Let us start with SfFeWQ that, from our point of

view, is a more canonical example of the DP because it is
characterized by almost perfect ordering of Fe andf\ahd
its magnetic behavior is less affected by the crystal distortion
due to the exceptionally high position of the W) states
relative toeg (Sec. V B. Then, according to the analysis of
magnetic interactions in Sec. IV, SeWQ; should have a
noncollinear spin-spiral ground state. Experimentally,
SrL,FeWQ, is typically classified as an antiferromagnet with
very low Neel temperaturé®'® However, this assignment is
based on the analysis of magnetization data, which cannot
FIG. 14. LSDA calculations of the polar Kerr rotation and Kerr exclude the spin-spiral ordering. It would be very interesting
ellipticity spectra for the hypothetical FiM state of,5eMoQ;. to verify our suggestion by using the neutron diffraction.
Another possible candidate for the magnetic ground state
the other hand, the¢-spint,, states located neaf- may be  of S,FeWQ; is an inhomogeneous phase separation. Ac-
the source of large unquenched orbital moment, which igording to the electronic structure shown in Fig. 1, the
related to the magneto-optical response. The effect can bee(3d) states of SiFeWQ; can be regarded as nearly half
easily evaluated by including the spin-orbit interaction as #illed with a small number of carrierél/3 electrons per one
pseudoperturbation in the LMTO methbtand calculating t,4 orbital) doped into the Feg,) band. A very similar pic-

Complex Kerr Effect (deg.)

en L 1 Il 1
'

o (eV)

the complex polar Kerr effect as ture has been intensively investigated in the context of
colossal-magnetoresistive manganites, using a nondegenerate
. —oyy(®) single-band approacfi:®* Although the single-band descrip-
Ok t+iex= tion is rather naive for the manganites themsel(fes ex-

O @)1+ 4miog(w)lw ample, the orbital degeneracy in the combination with the

with ® and e, being the Kerr rotation and the Kerr ellip- double exchange physics presents a crucial factor behind the
ticity, respectively. Results of these calculations forrich magnetic phase diagram of perovskite manganites—see,
Sr,FeMoQ; are shown in Fig. 14. Indeed, one could expecte.g., Ref. 18 such an analysis did reveal several fundamen-
the large Kerr rotation by-2° around 1.8 eV, if the samples tal properties of a more general character. Particularly, it is
were ordered and ferrimagnetic. The experimental situatiorknow that the competition between the FM double exchange
however, is not so exciting, and all attempts to measure thand the AFM superexchange interaction in fully spin-
polar Kerr rotation in SfFeMoQ; so far yielded much polarized systems near the half filling often leads to the in-
smaller values of®,: —0.07° at 1.6 eV(Ref. 56 and homogeneous phase separation into the ferromagnetically
—0.45° at 1.4 eMRef. 57. Therefore, in realistic materials and antiferromagnetically ordered regions. The topological
there are some mechanisms that suppress the Kerr effect aggpect of the phase separation are barely understood and
presumably destroy the HM character of the electronic strucstrongly depend on the form of approximation employed for
ture. Again, from our point of view these mechanisms arethe analysis of the problem. For example, in the local CPA

most likely to be the antisite disorder and the breathinggPproach for diluted magnetic semiconductors, the tendency
distortion. towards the phase separation is realized as a spin-glass-like

local-moment disordered phase, without a long-range mag-
netic ordef’*® Starting with a jellium model, the phase
separation would typically result in the formation of FM

Strong interest to the double perovskite oxides, spurred byroplets in an AFM backgrourf.
potential technological applications of the gigantic magne- In S,L,FeWGQ;, the ballance towards the phase separation
toresistance phenomenon subsisting up to the room temperean be easily shifted by introducing additional defects and
ture, is typically linked to their half-metallic electronic struc- thereby artificially increasing the inhomogeneity of the
ture realized in the ferrimagnetic phase of some orderedample. For example, the behavior of magnetization in the
compounds, such as $eMoQ; and SgFeReQ. The analy- alloy SpFe(W;_,Mo,)Og in the range of &cx<0.4 as a
sis of interatomic magnetic interactions presented in oufunction of temperature and external magnetic field clearly
work suggests that this point of view must be largely revisedshows some features of “spin canting” associated with a
because the FiM phase appears taihstableandcannot be  large coercive field! Taking into account the particular elec-
the magnetic ground state of these systems. Ironically, th&onic structure of the ordered DP, it is more reasonable to
HM electronic structure itself is the source of this instability assume that these magnetization data indicate at a phase
as it gives rise to the strong and largely uncompensated AFMeparation, which is difficult to distinguish experimentally
superexchange interactions in the systenegpélectrons. from the spin canting.

Then, which magnetic ground state is realized in the There are also some indications at the effects of dynamic
double perovskites and how one can understand the magnefitase separation at elevated temperatures. First, it seems that

VIl. SUMMARY AND DISCUSSIONS
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itis very difficult to establish the long-range magnetic order.tions induced by a smaller size of €aions. We would like
which may take place only at very low temperatufeslow  to emphasize also that the difference betweesF&ReQ
37 K). Second, the value of effective magnetizatipgy  and CaFeReQ cannot be attributed to the chemical differ-
=6.58ug derived from the behavior of magnetic susceptibil- ence between &f and C&" ions. For example, similar cal-
ity above the transition temperature is very large and canndfulations for the doped manganites show that once the crys-
be reconciled with any of the local ionic picturfsThis  tal structure is fixed, the exact type of the dopé®a, Sr, or
might indicate the formation of some sort of stable FM drop-Ba) has only a little effect on the electronic structure and
lets aboveTy . electronic properties. This is also supported by calculations
Finally, the AFM ground state in §FeWQ; can be attrib-  of magnetic interactions in SFeMoQ; and BaFeMoQ;
uted to the Coulomb correlations, in an analogy with FeO. (Table II), which are practically identical if one considers the
From our point of view this scenario is rather unlikely. First, same(cubic) crystal structure.
it relies on fine tuning of the Coulomb repulsion parameter to  \When the number of antisite defects increases, the main
a great extent, which opens the gap igF&WQ;, but not in - mechanism responsible for the stability of the FiM ordering
Sr,FeMoGQ; or SprFeReQ. Second, it does not explain the switches from the generalized double exchange, operating in
exceptionally lowTy in Sr,FeWGQ;. the conductiont,y band, to the AFM superexchange with
(2) The stabilization of the FiM ordering in gteMoQ; impurity Fe sites. The latter is more robust and may explain
or SpFeReQ should invoke to an additional mechanism, stability of the FiM phase in the wide range of defect con-
and most probably be accompanied by demolishing of theentrations varying from only few percents, when the
HM electronic structure, and a decrease of the saturatiogtates remain metallic, and until high concentrations, which
magnetization. We have considered two scenarios. may destroy the metallic behavior. If this scenario is correct,
In some cases the FiM ordering can be stabilized by thehere should be some optimal concentration of the antisite
breathing distortion. This mechanism is especially efficient ifdefect, which(on the one hands sufficiently large to stabi-
oxygens move in the direction of Fe atoms, leading to dize the FiM phase, andon the other handis sufficiently
partial depopulation of the majority-spin Feg} band and low to preserve mobility of the,, electrons and rather high-
activating the new channel for the strong FM double ex-saturation magnetization, which are required for the magne-
change interactions associated with teelectrons, similar  toresistive behavior.
to the colossal-magnetoresistive manganites. Taking into ac- Our analysis of the antisite disorder is based on a simple
count the experimental directions of the breathing distortiormodel description, which illustrates only the main idea. As
in the DPH'%35370ne may expect this mechanism to play the next step it would be very important to gain a quantita-
some role in SiFeReQ. tive description of effects of the antisite disorder on the elec-
In partially disordered compounds, the FiM ordering cantronic and magnetic properties of DP by using the first-
be stabilized by AFM SE interactions between Fe atoms loprinciples CPA method®~*2
cated at the ideal and antisite positions. This mechanism is
extremely efficient. For example, by taking into account only
the SE interactions in the system ef electrons, the FiM
ordering can be stabilized by less than 10% of antisite de- |would like to thank K. Terakura, Y. Tomioka, Z. Fang, Y.
fects. Note also that the antisite defects will deteriorate moTokura, N. Hamada, and N. Nagaosa for fruitful discussions;
bility of the minority-spint,, electrons, in some analogy Y. Okimoto and Y. Moritomo for providing the numerical
with the effect of disorder on the properties of ferromagneticinformation of experimental optical spectra published in
manganite$§? This might explain the fact that some of the Refs. 4 and 35; H. Kato for providing unpublished restts;
ferrimagnetically ordered DP, like GBeReQ, are and . A. Abrikosov for providing unpublished resdftprior
insulators*? though the details of this phenomenon are preto publication. The present work was partly supported by
sumably rather complicated and may involve not only theNew Energy and Industrial Technology Development Orga-
antisite disorder but also the disorder of local lattice distor-nization (NEDO).
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