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We present the self-interaction corrected local spin deriSikg-LSD) electronic structure and total energy
calculations, leading also to Fe valencies of the ground state configurations, for the double perovskites such as
Sr,FeMoQ;, Ba,FeMoQ;, CaFeMoQ;, and CaFeReQ. We conclude that the Fe and Mor Re spin
magnetic moments are anti-parallel aligned, and the magnitude of the hybridization induced moment on Mo
does not vary much between the different compounds. The hybridization spin magnetic moment on Re is of the
order of —1.1ug, while that on Mo is about-0.4ug, independently of the alkaline earth element. Also the
electronic structure of all the compounds studied is very similar, with a well defined gap in the majority spin
component and metallic density of states for the minority spin component, with highly hybridized Rey Mo
Re), and oxygen bands. All insulating solutions found for,EeReQ are energetically unfavorable with
respect to the calculated half-metallic ground state.
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I. INTRODUCTION ized electrons shared between Re and the other sites.
In this paper we present an application of the self-

The interest in double perovskitdsB’'B”Og, with Abe-  interaction corrected local spin density(SIC-LSD)
ing an alkaline earttAE) ion, and the transition metal sites approximation to the double perovskites
(B-siteg alternately occupied by different catio®® and BaFeMoQ;, CaFeMoQ;, SprFeMoQ;, and CaFeReQ.
B”, has really taken off with the paper by Kobayaehial,®! ~ Specifically, we concentrate on the electronic and magnetic
demonstrating a convincing half-metallic behavior in properties of these compounds and in particular the size and
Sr,FeMoQ;. The calculated electronic structure of this com-relative orientation of the spin moments of Fe and kbo
pound shows a gap in the majority spin component, while foiRe). In all the compounds the SIC-LSD calculations find a
the minority spin component one observes strongly hybridspin moment of about—0.4ug on the Mo and about
ized Fe 3(t,y), Mo 4d(t,y), and O D states at the Fermi  —1.1ug on Re, with an opposite orientation to the respective
level. Their study has also established that the latter comspin moments on Fe sites. In addition, we find these double
pound exhibits tunnelling magnetoresistaf@®R) at low  perovskites to be half-metallic, with a well defined gap in the
applied magnetic field even at room temperature. The doublepin-up density of states, and strong hybridization at the
perovskites were discovered in 1960Refs. 2—6 and seem Fermi energy between the spin-down Fa&, 3vio 4d (or Re
to be metallic and ferromagnetic f& =Fe, andB"=Mo or  5d), and O 2 states.
Re. Unlike the manganites, they are stoichiometric and have The earlier first-principles calculations performed for
large Curie temperaturég, which makes them very promis- double perovskites had to be done with GGA and implement
ing for technological applications. The ;FeMoQ; com-  theoretical optimization of oxygen positions to obtain the
pound hasT. of about 450 K, but also B&eMoQ, and  half-metallic ground stat&™* Other applications were done
CaFeMoQ; have been shown to have interesting TMR char-with LSD and LDA+U.***® The latter, similarly to SIC-
acteristics and higfi.’s.” Although SpFeReQ (see Ref. 8  LSD, provides better description of localized states in solids,
shows similar TMR properties to those of,BeMoQ;, re-  however, is rather dependent on the value of the on-site Cou-
cent studies claim that the Ca compoung®zReQ, unlike  lomb interaction U, which is treated as adjustable parameter.
CaFeMoQ;, may be insulatind.It has been suggested that The present study is the first SIC-LSD application to double
the magnetic temperatuie,, and whether the ground state perovskites. Its advantage is that it treats both localized and
is metallic or insulating, vary a8 is changed from Ba to Sr delocalized states on equal footing, without adjustable pa-
to Cal® Also mis-site disorder may have pronounced effectrameters. The method is well suited to study the localized
on the magnetic properties of these compouids. nature of Fe 8 electrons, and in particular, allows to deter-

Recent experimentshave established in SfeMoQ; an  mine the Fe valency in these compounds.
electronic structure and configuration of five localized major- The remainder of the paper is organized as follows. In the
ity electrons(high spin stateon Fe and one delocalized elec- next section, we briefly present the theoretical background of
tron shared between Mo and the other sites. We aim to valithe SIC-LSD approach. In Sec. lll, the technical and compu-
date this electronic structure by a more systematic studyational details regarding the application to double perovs-
involving two other alkaline earths Ca and Ba as well as Srkites are elaborated upon. In Sec. IV, we present total energy
The aspect of a delocalized Mo electron is investigated bynd density of states calculations. There we also compare
replacing Mo by Re and inspecting the amount of delocalimagnetic moments and determine the ground state valency
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of Fe in the studied compounds. The paper is concluded in Nya=Z— Neore— Nsic,
Sec. V.
whereZ is the atomic numbef26 for F@, Ny iS the num-

Il. THEORY ber of core(and semicoreelectrons(18 for Fg, andNgc is
the number of localized, i.e., self-interaction corrected, states
(either five or six, respectively for B& and Fé*). Thus, in
this formulation the valency is equal to the integer number of
electrons available for band formation. The localized elec-
trons do not participate in bonding.

The basis of the SIC-LSD formalism is a self-interaction
free total energy functionaES'C obtained by subtracting
from the LSD total energy function&t- P a spurious self-
interaction of each occupied electron statg,*’ namely,

occ To find the valency we assume various atomic configura-
ESIC— gLSD_ E sSic. (1) tions, consisting of different numbers of localized states, and
« minimize the SIC-LSD energy functional of Eql) with

Here o numbers the occupied states and the seh‘-interactio@eSpeC.t to the number of ocalized electrons. The SIC-LSD
correction for the stater is ormalism is _governed by the energetics due to the fact that
for each orbital the SIC differentiates between the energy

SSC=Urn 1+ ELSOrn. 2 gain due to hybr|d|zat|on. of the orblt:_;\I Wlth the valenpe

“« [Nal+Exc™INal, @ bands and the energy gain upon localization of the orbital.

with U[n,] being the Hartree energy aﬁi?D[Ha] the LSD Whichever wins deterr_nineg if the orbital is part of the va-
exchange-correlation energy for the corresponding chargénce band or not and in this manner also leads to the evalu-
densityn, and spin density,, . It is the LSD approximation atlot?] of :]h(_e val?ncg.tofl elen&g?ts 'TVOlved'de?e SI% (:ep?nltljs
to the exact exchange-correlation energy functional whicPn the ¢ 0|':Cefoth9r IT%S a? IS va UE cart1 |ber sgdsdart: Iatﬁ/
gives rise to the spurious self-interaction. The exact?S @ resutt of this. Therelore, oné has to be guided by the

) ; energetics in defining the most optimally localized orbitals to
e?(change correIaFlon engr_@xclhas the property that for any determine the absolute energy minimum of the SIC-LSD en-
single electron spin density, , it cancels exactly the Hartree ergy functional. The advantage of the SIC-LSD formalism is
energy, namely,

that for such systems as transition metal oxides or rare earth
— compounds the lowest energy solution will describe the situ-
U, ]+ Exlna]=0. ) ation where some single-electron states may not be of Bloch-
In the LSD approximation this cancellation does not takelike form. As mentioned, for double perovskites these would
place, and for truly localized states the correctié. (2)]  be the Fe 8 states, but not the O2or Mo 4d and Re Sl
can be substantially different from zero. For extended statestates since, as we shall see later, treating them as localized
in periodic solids the self-interaction vanishes. Consequentlystates is energetically unfavorable.
the SIC-LSD approach can be viewed as a genuine extension In the present work the SIC-LSD approach has been
of LSD in the sense that the self-interaction correction ismplemented" within the linear muffin-tin-orbital(LMTO)
only finite for spatially localized states, while for Bloch-like band structure methétiin the tight-binding representatidn,
single-particle stategS'C is equal toE'SP. Thus, the LSD  where the electron wave functions are expanded in terms of
minimum is also a local minimum d&S'C. A question arises, the screened muffin-tin orbitals, and the minimization of
whether there exist other competitive minima, correspondinde>'®) becomes a nonlinear problem in the expansion coeffi-
to a finite number of localized states, which could benefitcients. The atomic spheres approximati@SA) has been
from the self-interaction term without loosing too much bandused, according to which the polyhedral Wigner Seitz cell is
formation energy. This usually will be the case for ratherapproximated by slightly overlapping atom centered spheres,
well localized electrons such as thd 8lectrons in transition  With a total volume equal to the actual crystal volume.
metal oxide¥®!® or the 4 electrons in rare earth
c:c.)m.pound§.0 It follows from minimization of Eq.(1) that Il CALCULATIONAL DETAILS
within the SIC-LSD approach such localized electrons move
in a different potential than the delocalized valence electrons All the compounds studied here crystallize in ordered
which respond to the effective LSD potential. For example double perovskite structures. The simplest system is
in the case of double perovskites, five g or six (FE™) Ba,FeMoQ; which occurs in the cubic structure, with the
Fe d electrons move in the SIC potential, while all other Fm3m space group. The gfeMoQ; compound has the
electrons feel only the effective LSD potential. Thus, by in-body-centered tetragondict structure, with thel4/mmm
cluding an explicit energy contribution for an electron to space group. Replacing Sr by a smaller still Ca element re-
localize, theab initio SIC-LSD describes both localized and sults in a monoclinic structure for the &&eMoQ; and
delocalized electrons on an equal footing, leading to &CaFeReQ@ compounds, with thé®2,/n space group. The
greatly improved description of static Coulomb correlationexperimental lattice parameters used in the calculations for
effects, over the LSD approximation, and determination ofthe first three compounds have been taken from Refs. 7 and
valency. 1, and for the last compound from Ref. 9. For the Ca com-
In order to make the connection between valency and lopounds two formula unit&20 atomg have been necessary. In
calization more explicit it is useful to define the nominal addition, for a better space filling also eight empty spheres
valency® as have been introduced in Re compound. Concerning the linear
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FIG. 1. (Color onling Spin polarized total and oxygerpalensities of states per formula unit for Fa&ReQ (top row, lef), Ca,FeMoQy
(top row, righ), SLFeMoQ; (bottom row, lefi, and BaFeMoQ; (bottom row, right.

muffin-tin basis functions, we have used,4p, and 31 in all Mo-based compounds when treating Md’g as itin-
partial waves on all Fe atoms, and treated them as loverant states. Although, unlike in the work by Kobayashi
waves, on the oxygens $2and ) and Ca (4 and ) in et al,! optimizing oxygen positions in $FeMoQ; was not
addition to thes and p low partial waves, &8 partial waves needed for obtaining half-metallic ground state, however in
have been treated as intermedi#tén the empty spheres order to study its effect on the magnetic properties and to
the 1s waves have been considered as low- and ths 2s  make contact with Ref. 1, for this compound we have also
intermediate waves. On the Ba ¢65p, and ), Sr performed calculations for the scenario where the theoreti-
(5s, 4p, and 4), Mo (5s, 5p, and 4), and Re (6, 6p, cally optimized positions of Ref. 1 have been implemerifed.
and &) atoms, thes, p, andd waves have been treated as
low and the 4 waves as intermediate. In all the cases, the
SIC-LSD calculations have been started using the self-
consistent LSD charge densities with the Perdew and Zunger The SIC-LSD spin-polarized, ground state, total densities
exchange-correlation potentidl Mostly the Fe 8 electrons  of states(DOS) per formula unit are presented in Fig. 1 for
have been treated as localized states, meaning that they ha@e,FeReQ, CgFeMoQ;, SpLFeMoQ;, and BaFeMoQ

been moving in the self-interaction corrected LSD potentialscompounds. There we also show the @ 8&pin polarized
while all other electrons have seen the effective LSD potenédensities of states. The spin polarized densities of states of
tial. However for SsFeMoQ; and CaFeReQ we have also Fe 3d and Mo 4 and Re &l are given in Fig. 2, for all the
studied a number of scenarios where in addition Miss4and  different compounds. First thing to note is the similarity be-
Re &d's, respectively, have been treated as localized state$ween the densities of states, independently of which alkaline
In all the cases studied, we have allowed for a number ogarth compound is considered. For all compounds, including
different configurations of SIQ states to find the ground CaFeReQ, we see convincing half-metallic behavior, with
state solution. By comparing total energies corresponding twell defined gap at the Fermi energy in the majority spin
different localized configurations we have been able to estatzhannel, and strongly hybridized Fel 3Mo 4d (or Re &)

lish that the ground state Fe configuration for all the com-and oxygen P states, in the other spin channel. The half-
pounds has been that of Fe However, other configurations metallic character is reflected in the total spin magnetic mo-
have been energetically close, with thé Fédeing insulating ments that are all integer, as can be seen in Table I, where we

IV. RESULTS AND DISCUSSION
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FIG. 2. (Color onling Spin polarized Fe 8 and Re % densities of states per formula unit in £&ReQ (top row, lef), and spin

polarized Fe 8 and Mo 4 densities of states per formula unit in £F&@MoQ; (top row, righ), SL,FeMoQ; (bottom row, lefj, and
Ba,FeMoQ; (bottom row, right.

summarize the total and species decomposed spin moment$,FeMoQ;. We can also see that the unoccupied Mo

for all the compounds together with the respective volumestates move closer to the Fermi energy as one traverses the
per formula unit. As can be seen in Fig. 1, the valence banderies in the sequence Ca, Sr, and Ba. However, the majority
consists predominantly of OZstates, but contains a small spin channel maintains a band gap for all these compounds.
admixture of Mo, Re, and Feé states. The unoccupied ma- | the minority spin channel these systems are metallic
jority Re d bands lie closer to the Fermi energy in compari-\,.ih o 2p, Mo 4d and Fe @ states straddling the Fermi

son with the unoccupied majority Mod states in energy. These are the states which reduce the Fe magnetic
TABLE I. Total and species decomposed spin magnetic mo moment from essentially g to_3.87ug (CaFeReq),
ments(in ug) as calculated self-consistently within SIC-LSD band ?B%%Zlfﬂ%ge('\g gg%é;'e?)% Igr(()fnrtheel\gg%)ésagge3(;681#2150
structure method. In the last row the respective volumes per for? . .
mula unit are quotefin (atomic units3]. expe_ct the oxygen to acquire a moment. This happens ac-
cording to Table | and it is parallel to the Fe spin moment
and is non-neglegible at around p.d. However, it is the

Mo and Re sites which are of interest. Substantial spin mag-

Moment CaFeReQ CaFeMoQy; SrFeMoQ; BaFeMoQy

M otal 3.00 4.00 4.004.00 4.00 netic moments of- 0.4ug and— 1.1ug are found on the Mo
Mee 3.87 3.76 3.743.69 3.81 and Re sites, respectively. This results from the strong hy-
Mo -040 -043(-03H5 -041 bridization with Fe in the minority spin channel. This also
Mge -1.12 explains the antiparallel alignment of these spin magnetic
M ae —-0.02 0.01 0.020.02 0.02 moments with respect to Fe. Regarding comparison with the
Moy 0.02 0.10 0.110.11) 0.09 LDA +U work,*>*® for the relevant compounds, our results
Moy 0.01 0.11 0.1X0.11) are in good agreement with Ref. 15. The agreement with the
Moz 0.11 0.11 results of Ref. 16 is less satisfactory, as their considerably
Volume 773.8 7775 830.2 884.0 larger magnetic moments arise due to introduction of U

=1.0 eV for Mo 4d and Re 5l states. Our calculations for
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Mo compounds find all scenarios with localized Mal 4 the minority Fe 3 electron and minority Re é& electron,
states to be energetically unfavorable with respect to treatingoth with the character of thez spherical harmonic, have
them as itinerant. The situation is similar in the Re com-been described as localized states. In the second case, the
pounds. minority Fe and Re electrons, both with the character of the

The densities of states in the majority spin channels ofX spherical harmonic, have been treated as localized states,

these four compounds are insulating, since a fully occupie@nd in the third scenario tp,g minority Fe and Re electrons,
O p band and five localized Fé states accomodate 23 (6 both with the character of the -y spherical harmonic, have

X 3+5=23) valence electrons. Of the remaining 19 or 20been localized. However, all of these insulating solutions
valence electrons for the Mo and Re compounds, respe(p_ave been energetically unfavorable respectlvely by about
tively, 18 fill up the minority Op band. This leaves one or 232 220, and 195 mRy per formula unit, as compared to the

two electrons for the Mo and Re compounds to occupy th&round state configurgtior; with Fe and a!IHFfS ﬁe’ath.ine.r-
minority states which straddle the Fermi level, and have F@nt. .Morec.)ver, thesg Insu atmg'stgtes, WItITH&R lonic
d, Mo, or Red and oxygerp character. We have also con- co_nflguratlon,_ are in con'gradl_ctlon to the experlme_ntal
sidered a scenario of localizing through the self-interactiorfvidence, stating firmly that in this compound Fe occurs in a

correction one FéMo) d state in the minority spin channel trivalent c.onfiguraiion. L , ,
describing F&* (Mo®*), respectively. In this case the states Maintaining Fé*/Re*" ionic configuration we have also

straddling the Fermi energy which accomodate this one ele@*Plored a number of scenarios where all majoritydredec-
tron are pulled down below the bottom of the fvalence trons and two minority Re & electrons have been localized.
bands and we also obtain an insulating state in the minoritj’OWever, all except two scenarios have given rise to half-
spin channel. However, these scenarios are energetically uRi€tallic states, but unfavorable with respect to the ground
favorable by 70 mRy and 103 mRy for Kb and F&*, state by about 255-395 mRy per formula unit, depending on

respectively. Obviously the gain in localization energy doedn€ Symmetry of the ?NO min(r)]rity Re elﬁctrons. The first %f
not compensate the loss in hybridization energy. the two exceptions refers to the case where two minority Re

It is interesting to see how little the magnetic properties of°d electgonzs with the characters of the spherical harmonics
these compounds are affected by the size of the alkaline earfik @1dX"-y~ have been described as localized, while in the
atom. There is hardly any variation in the size of the Fe and€cond case two minority RedSelectrons with the charac-
Mo or Re moments with the substantial change in volume of€rs of the spherical harmonigz andzx have been consid-
the compoundgsee Table)l Also the reduction in the size of ered. The first scenario has given rise to an insulating state,
the Fe and Mo spin moments for,5eMoQ;, as a result of however, u.nfa\'/orable energetically by about 140 mRy per
implementing theoretical optimization of oxygen positions, formula unit with respect to the ground state. The second
as given by Kobayashet al,! does not seem too important SCenario has d_ellvered a nearly insulating state with zero
although brings the size of our calculated moments close t9©OS in one spin component and DOS of about @thtes/
the values of Ref. 1. The reduced values are given in parersPin €V formula unitin the other spin component. Unfortu-
thesis in the fourth column of Table I. Concerning spin mo-hately, this state has also been unfavorable energetically by

ments of the other species, the small changes cannot be r@2out 170 mRy per formula unit, with respect to the ground

solved when rounded off to two digits after the decimalSt&te. _ o L
point. Treating all five Fe majorityl electrons and one minority

Finally, we would like to comment on the valency of Fe R€ d electron as localized has also led to half-metallic and
and the ground state configuration for all the compoundshOt insulating solutions, unfavorable by 60—205 mRy with
Regarding energetics for the Mo compounds, in all SIC-LSD'®SPect to the calculated ground state, depending on the sym-
calculations the F& configuration has been most energeti- metry of the one localized minority Rielectron. Therefore,

cally favorable, followed by F& (energetically unfavorable W€ conclude that without invoking_ other circu_mstances,_ per-
by 53, 61, and 42 mRy per formula unit in Ba, Sr, and cghaps such as mis-site disorder, it is not possible to realize an

compounds, respectivlyand F&" configuration, at least nsulating ground state for GReReQ within the SIC-LSD
twice as unfavorable as the former configurati@pecifi- description. The implementation of mis-site disorder would,

cally, by 103, 122, and 125 mRy per formula Uniore- however, be computationally very demanding as large super-

over, treating also Md states as localized has been energetiC€!lS would need to be utilized.

cally unfavorable, and the more states have been localized
the more unfavourable solutions have been obtained. In
short, we obtain the nominal valencies ofFeand MJ* in In summary, theab initio SIC-LSD approach has been
the ground state. applied to four different double perovskites, and in all cases
For CaFeReQ, as seen in Fig. 1, the ground state pre-the half-metallic ground state solutions have been obtained.
dicted by the SIC-LSD method is a convincing half-metal, This seems to be a rather generic result for double perovs-
with the nominal Fe valency of 8. In this case, the Redd  kites involving Fe with filled majorityd shell, filled O p
states are described as itinerant states. It is important to noteand, and Mo and Re transition metal ions which see their
that we have identified three insulating solutions, corre-minority d bands occupied by on@vo) to two (Re) elec-
sponding to cases where six Fel(Be&?*) and one Re trons. This type of compounds could therefore be a fruitful
5d(R€") electrons have been treated as localized. In thelayground for the discovery of new spintronics materials. In
first of them, apart from five majority Fed3electrons, also particular, also the G&eReQ has been found to be half-

V. CONCLUSIONS
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metallic, and not insulating as indicated in Ref. 9. The insu-have been of the similar magnitude, abou0.4ug, inde-

lating states found for GkeReQ when treating six Fe @  pendently of the alkaline earth element, while that of Re is of
electrons (F&") and one Re 8 electron (R&") as local-  the order of-1.1ug . These induced spin magnetic moments
ized, have been unfavorable by about 195—235 mRy/formulare antiparallel aligned with the Fe spin moment. Concerning
unit. Also, the insulating and nearly insulating states, obthe Fe valency, for all the compounds the trivalent configu-
tained for the cases where five majority Fé(Be**) elec-  ration has been most favorable, followed by the tetravalent
trons and two minority Re &(Re>*) electrons have been and divalent ones. Note that this is the oaly initio deter-

treated as localized, have been unfavorable, respectively yiination of Fe valency in these double perovskites.
140 and 170 mRy per formula unit with respect to the calcu-

lated half-metallic ground state of this compound.

The calculated ground state electronic structure for all
studied compounds appears to be very similar, with a gap in
the majority spin component, and strongly hybridized bands We thank Dr. Tanusri Saha-Dasgupta for useful commu-
at the Fermi level for the minority spin component. The spinnications and Professor P.H. Dederichs for valuable discus-
magnetic moments induced by hybridization on the Mo sitessions.
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