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We presentresultsbasedon local-spin-densitycalculationsof a computationalsearchfor half-metallic~HM!
antiferromagnetic~AFM! materialswithin the classof double-perovskite-structureoxides LaM8M9O3 that
incorporateopen-shell3d ~or 4d) transition-metalions M8,M9. ThepairsM8M95 MnCo, CrFe,CrRu,CrNi,
MnV, andVCu arestudied.ThreeHM AFM resultsarefoundfor the~®xed! cubicdoubleperovskitestructure.
This work providesthe ®rstviable candidatesfor this unusualmagneticphase.La2VMnO6 is the mostprom-
ising candidate,with theHM AFM phasemorestableby 0.17eV/cell thantheferromagneticphase.La2VCuO6

is anotherpromisingpossibilitybut, becauseV 41 andCu21 arespin-halfions,quantum¯uctuationsmayplay
an importantrole in determiningthe groundstatemagneticandelectronicstructure.This study indicatesthat
HM AFM materialsshouldnot be prohibitively dif®cult to ®nd.@S0163-1829~98!07517-1#

I. INTRODUCTION

A nonmagneticmetal whose electrical conduction is
100%spinpolarizedseemslike anoxymoron.However,this
is only oneof thepeculiarproperties1±3 of theunusualphase
yclept half-metallic ~HM! antiferromagnet~AFM! by van
LeukenanddeGroot.2 A HM AFM is alsoa metalwith zero
spinsusceptibility,a propertynormallyassociatedwith insu-
lators, whereasconventional metals have x } N(EF), the
Fermi level densityof states.Due to mixing of atomicorbit-
alswith neighboringnonmagneticionssuchasoxygen,mag-
netic ions commonlytakeon nonintegralvaluesof the mag-
netic moment. Yet in a HM AFM distinct ions have
antialignedmomentsthat cancelexactly.2 The prospectof
gettinga fully magnetizedcurrentfrom a metal that hasno
magnetic®eldprovidesnot only fertile groundfor research
but conceivablenew ``spin electronics'' devicesthat rely on
the spin polarizationof the carriers.Recentlythe likelihood
of a novelform of superconductivityin HM AFM's hasbeen
proposed,1 which further intensi®estheoretical interest in
theseuniquesystems.To date,thereis no con®rmedexample
of a HM AFM. Is therea real likelihood of discovering,or
even predicting, new HM AFM's, or are they destinedto
remaina theoreticalcuriosity?

Characterizationof a materialas``half-metallic'' speci®es
that one spin channelis metallic while the other channelis
insulating.3 For a stoichiometriccompoundthis resultsin a
spin magnetizationthat is an integer number1 M of Bohr
magnetons(mB) per cell. The presentobjectiveis to predict
compoundswhereM [ 0, andthereforewill havethespecial
propertiesmentionedabove.For an initial studyoneshould
consideronly the simplestcaseof two magneticions whose
spins(S) are antiparallel.In this casethe momentswill be
distinct in shapeandextent~differentspindensities! but will
cancelpreciselyin eachcell dueto thehalf-metallicnatureof
the system.

Theonly suggestionat presentfor a HM AFM materialis
the Heusler-likequintinary orderedalloy V7MnFe8Sb7As.2

Due to the complexityand intricacy of the unit cell, and to
theintermetallicnatureof theconstituents,it is unlikely to be
madein stoichiometricform. Theperovskitecrystalstructure

AMO3, due to its simple crystal structure,potentially very
large number of members,and strong coupling between
magneticorderingandelectronicproperties,appearsto bean
ideal systemfor a searchfor HM AFM members.We report
here results of a computationalsearchfor candidateHM
AFM's, basedon a linearizedaugmentedplanewaveimple-
mentationof spin-density-functionaltheory,4 in the double-
perovskite crystal structure La2M8M9O6. More than 300
compoundsin this structure,shown in Fig. 1, have been
reported;5 however,very few of thosereportedcontaintwo
magneticions. A5 La was chosenfor this study becauseof
experiencewith this cation4 and also due to the fact that
LaMO3 compoundsin theperovskitestructureareknown to
exist for all ions M in the 3d series.

II. BASIC CONSIDERATIONS OF THE SEARCH

Magnetic3d ions arecharacterizedby a nominaldn con-
®gurationwhere1< n< 9. Sinceeachsuchcon®gurationcan

FIG. 1. The double-perovskitecrystal structure.The black and
white spheresaretransitionmetal(M8, M9) ions, the gray oxygen
ionsform anoctahedronaroundeachmetalion, andthecation~viz.,
La, but not shown! lies betweeneight MO6 octahedra.The ®gure
illustratesthattheoctahedraarounddifferentM ionsareallowedby
symmetryto be different sizes.
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berealizedby morethanoneion ~in differentchargestates!,
and there are severaluni-, di-, and trivalent cations A to
choose from, there are thousandsof magnetic double-
perovskitecompoundsthat might be considered.Although
attributesof a materialthat makeit a bettercandidatecom-
prisea substantiallist,1 thereis oneoverridingrequirement:
the momentsmust be equal in magnitudeso that they may
cancelto give M 5 0. This requirementof equalspinsnar-
rows the numberof choicesconsiderably.

A. Combinatorics of A8A9M8M9O6

To illustratethe combinatoricsin the classof compounds
A2M8M9O6, we considerthe numberof double-perovskite-
structurecompoundsthat might be relevantfor our search.
There are nine possibleopen dn con®gurations,giving (9
3 8)/2 distinct pairsof 3d ions. However,4d ions arealso
likely to be magnetic in thesecompounds,and including
them the numberof possibilitiesbecomes(183 17)/2 pairs.
Sinceanion canbein a few differentchargestates,each3dn

or 4dn con®gurationcanbe attainedby more thanone ion;
we takeasan averagetwo chargestatesper ion, giving an-
otherfactor of 22. The cationA canbe chosenfrom di- and
tripositive cations~including the rareearths! andevensome
univalent ions, amountingto some25 ions. The numberof
compoundsthenis of the orderof

253 223
183 17

2
' 15000. ~1!

Consideringalso the possibility of splitting the cations A
! A8A9 leadsto an addition factor of 24

2 or a total of the
orderof 23 105 possibilities.

This vastnumberreducesdrasticallyif oneconsidersthe
requirementsimposedby theHM AFM state.Most crucially,
the magneticmomentsof the ions must be equalin magni-
tude; so they havethe possibility of canceling.To do this,
oneseparatesthe ions into the®veclassesS5 1

2 ,1,3
2 ,2,5

2, and
only pairs with equalspinsneedbe considered.Supposing
the ions separateevenly into theseclasses~not really the
case! with aboutfour per class,the factor (183 17)/2 in Eq.
~1! dropsto 53 (43 2/3). The cationchargefurther restricts
the pairs of ions. Let us consideronly the caseA5 La31 ,
which is all we considerin this paperanyway@removingthe
factor of 25 in Eq. ~1!#. Speci®cationof this trivalent cation
implies that the chargestatesof the two d cationsmustsum
to 6, effectively limiting the choiceto ~31 ,31 ! or ~21 ,41 !
pairs @~11 ,51 ! is much more rare#. Due to complexitiesin
trying to predict the spinsof eachion ~which may be envi-
ronmentdependent;seebelow!, we will not attemptto enu-
meratethepossibilities,but thenumberof possibleLa-based
doubleperovskitesis perhapsno morethan25.

B. Estimation of stable moments

To usethe constraintof equalmomentsit is necessaryto
be ableto makea realisticpredictionof the spin momentof
a given ion in the crystal.For a magneticion with an open
3d shell, the momentm ~in mB) is

m5 (
a ,s

sna ,s5 n1 2 n2 , ~2!

wheres56 1 denotesthe spin direction,na ,s is the occupa-
tion numberof the 3d crystal®eldlevel a5 eg or t2g , with
spins, andns is the total s occupation.Theenergyof an ion
in the perovskiteoctahedral®eldis

Eion5 (
s

Fneg ,sS3

5
DCF2

s

2
I StmD ~3!
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5
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s

2
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whereDCF is thecrystal®eldsplitting betweentheeg andt2g
levels, I St is a Stoner-like parametergiving the exchange
~magnetic! energy6 1

2 Dex,

Dex5 I Stm, ~5!

proportionalto the momentm on the ion, andn5 n1 1 n2 .
This energycanbe expressedas

Eion5 DCF(
s
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1

2
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2, ~6!
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Heren is 3
5 ,2 2

5 for eg ,t2g , respectively,andthis formulafor
the energyillustratesthe balancebetweenthe crystal ®eld
energyandmagneticenergythat must be minimized to ob-
tain the stablecon®gurationof the ion.

Theratio g5 I St/DCF determineswhethertheion takeson
a high-spinor low-spin con®guration.S5 5

2 is attainedonly
by a d5 ion ~viz., Mn 21 , Fe31 , or Co41 ). S5 2 occursonly
for d4 andd6 ions,andS5 3

2 only for d3 andd7 ions.S5 1 is
attainednot only by d2 andd8 high-spinions,but alsoby the
low-spin d4 ion (t2g,1

3 t2g,2
1 ) if g is small. S5 1

2 occursfor
low-spind5 andd7 ionsaswell asfor thesingle-electrond1

andsingle-holed9 ions.
Theseguidelineshold in the strong crystal ®eld limit.

Within a crystal thereareadditionaleffects.The kinetic en-
ergy, which resultsfrom electronhopping from ion to ion
~via the interveningoxygenion in the perovskitestructure!,
drives the momentaway from integervaluesand hasvery
substantialeffects in perovskite materials.One may also
haveto considerstructuraldistortionsthat lower symmetry
andalter hoppingamplitudes.Thereis in additionthe possi-
bility of ionschangingtheir chargestate~determinedby dif-
ferencesin site energiesand by intra-atomic repulsion!.
However,thesesingle-ionenergies,with I St and DCF given
from density-functionalcalculations or from experiment,
havebeenusedto guide our initial choiceof ion pairs that
we haveexaminedmorecloselyusingself-consistentcalcu-
lations.

Figure 2 indicatesthe behaviorof the ion energyin the
strongcrystal®eldlimit for two valuesof g, for eachinteger
occupationn as the momentm variesover allowed values
(m< n for n< 5, m< 102 n for 5< n< 10!. All occupations
na ,s were varied within the limits of their constraintsuntil
theenergywasminimizedfor ®xedn andm ~for theisolated
ion, andneglectingspin-orbitcoupling,m5 2S!. Theenergy
re¯ects the downwardparabolicenergygain from polariza-
tion, togetherwith a linearincreasein energywhenonecrys-
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tal ®eld level is ®lled and a higher one beginsto become
occupied.Thereis a strongtendencytowardthe``high-spin''
~largestpossiblem, Hund's rule! con®guration;however,for
largeDCF relativeto I St a low-spincon®gurationcanbecome
stabilized:note the n5 6 curvesin both plots, wherea non-
magneticm5 0 result is stableor metastable.Low-spin con-
®gurationsmay alsooccurfor n5 4, 5, or 7, asnotedabove.
Thecurvesof Fig. 2 areonly guidelines;fully self-consistent
local-spin-densitycalculationsreportedbelow vary both n
and m for a given spin alignmentuntil the energyis mini-
mized. For the perovskitestructure,valuesof DCF are 2±3
eV.

III. METHOD OF CALCULATION

The presentcalculationswere performedusing the gen-
eral potential linearized augmentedplane wave ~LAPW!
method6±8 asappliedin severalpreviousstudiesof LaMO3
perovskites.9,10Calculationswereperformedfor theten-atom
double-perovskiteunit cell usinga goodconvergencecriteria
~below!. Our LAPW methodusesno shapeapproximation
for thechargedensityor thepotential,andretainshigh varia-
tional freedomin all regionsof the cell. The set of normal
LAPW basis functions is supplementedwith local orbitals

for additional¯exibility 7 in treatingtheMn d states,theLa f
states~unoccupied!, and the semicoreorbitals ~O 2s, La 5s
and 5p, and 2p statesof someof the lighter 3d transition-
metalions!. TheLAPW sphereradii weretakento be2.0a.u.
for La, 1.90 a.u. for the transition-metalions, and 1.55 a.u.
for O. Self-consistencywas carried out on evenly spaced
meshesof 60 k points in the irreducibleBrillouin zonefor
the ferromagneticstatedonewith the basicperovskitestruc-
ture. Larger meshesusedin selectedcasesveri®edthat the
energywas not changedappreciably.Equivalentsamplings
wereusedfor theantiferromagneticstatecalculations,which
weredoneusinga rocksaltorderingof transition-metalions
~hencean fcc Bravaislattice!. An LAPW cutoff Kmax corre-
spondingto ROKmax5 6.8 wasused~RO is theoxygensphere
radius! correspondingto 575 basis functions for the ®ve-
atomcell.

The von Barth±Hedin exchange-correlation11 functional
was used.Energiesmight be improvedsomewhatby using
thegeneralizedgradientcorrectionsperfectedby Perdewand
coworkers,12 as was the casefor iron.13,14 However,nearly
all of the energydifferencesreportedin Sec.IV are larger
thanexpectedchangesdueto gradientcorrections.

Exceptfor oneselectedtest~a Jahn-Tellertype of distor-
tion involving movementof O ions along the crystal axes;
seeSec.V!, we haveperformedcalculationsonly in theideal
cubic-perovskitestructurewith a lattice constantof 3.89 ….
Structuraldistortionsof both the rotationaltype commonin
ferroelectricsand of the Jahn-Tellertype centeredon non-
symmetricmagneticionsmaybecomeimportantfor someof
the compoundsstudiedhere.We havenot includedcomplex
distortionsin this initial study, for threereasons.First, this
set of calculationswas donewith the objectiveof learning
whetherany ~at least metastable! HM AFM statescan be
found. Structural distortions may changethings, but they
may just aswell changea ``nearmiss'' into a HM AFM as
they areto changea HM AFM into a ``nearmiss.'' Second,
a really thoroughinvestigationof relaxationshouldinclude
at least the structureof LaMnO3, an orthorhombicPnma
structurewith six variableinternalcoordinatesandthe three
lattice constants,aswell asa quadrupledcell. This is a task
that probablywill neverbe donedirectly, but can~with sub-
stantialcomputationalwork! be donewith the approachof
Rabe and co-workers.15,16 Finally, for the ~half-!metallic
phasesbeing pursuedhere,distortionsare likely to be less
drasticthanif the systemsweresimply magneticinsulators.

IV. RESULTS FOR THE CHOSEN COMPOUNDS

The double-perovskitecompoundsthat havebeenstudied
are listed in Table I. We discussthem in turn. Note that,
while we denoteglobal spin directionsby up ~1 ! anddown
~2 !, the terms ``majority'' and ``minority'' refer to each
speci®cion ~more occupiedor less occupied! and do not
specifya directionof thespin.Also, dueto stronghybridiza-
tion with the oxygen 2p states,it is not possibleeven to
de®nean ionic momentprecisely.Valuesgiven in Table I
andbelowprovidethenominalchargeandanestimateof the
effective ionic moment,which often is not very near any
integralvalue.

FIG. 2. Energy of a magneticion in a crystal ®eld DCF , vs
magneticmoment,for various ionic con®gurationsdn. ~a! g5 0.1
and~b! g5 0.2.The``spin-only'' dottedcurveindicatestheasymp-
tote as the crystal ®eldterm vanishes.Eachcurve is the sum of a
piecewiselinear increasingcrystal ®eld term and a negativequa-
dratic magneticterm.
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A. Mn 31 ,Co31 : d4,d6

Theseionswerechosenasa likely S5 2 pair. In the ionic
picture, the Mn 31 ion is expectedto be high spin ~4mB),
while Co31 may be high spin ~4mB) or nonmagnetic;see
Fig. 2. In fact, nominally trivalent Co ions areknown some-
timesto occurin a low- but nonzero-spin@~1±2!mB] stateas
well. Whenthe Mn andCo momentsareantialigned,indeed
a HM AFM stateis obtained,althoughthemomentsareonly
' 2.8mB . The densitiesof states~DOS!, shownin Fig. 3~a!,
indicate that the ionic picture is followed closely
(DCF5 1.5±2 eV, Dex' 2 eV!. The conductingchannelhas
75%Co d, 25%Mn d characterat theFermi level.Whenthe
spinsarealigned,a high-spinFeandlow-spinCo resultwas
obtained, re¯ecting the strong difference in hybridization
that arisesdueto the type of magneticalignment.The spin-
alignedphaseis 0.46eV per M ion lower in energythanthe
HM AFM phase,andso the sought-afterHM AFM phaseis
at bestmetastable.

B. Cr 31 ,Fe31 : d3,d5

This pair was chosenin the anticipation that differing
chargestates@Cr21 ,Fe41 :d4,d4#might result,leadingto ei-
ther an S5 2 pair or an S5 1 pair. However,chargediffer-
entiationdid not occur.Two distinctsolutionsfor antialigned
momentshave beenobtained;one has high-spin Fe ~4mB)
parallel to the net moment,and the other has low-spin Fe
~̀`1mB'' ! antialignedwith the net moment.Both are HM;
however,they are ferrimagnetic~FiM! ratherthan AFM. A
FM, high-spinsolution also was found. Of thesethreespin
con®gurations,the high-Fe-spinFiM stateis lowest in en-
ergy. All three statescan be characterizedas Cr31 ,Fe31

(d3,d5) whosemomentswill not cancel.Thus currentevi-
denceis that this systemis not a prospectfor HM AFM.
However,a HM FiM stateis likely, and is itself worthy of
study.

C. Cr31 ,Ru31 : d3,d5

The 4d Ru ion is isoelectronicwith Fe, and so this pair
providesanotherpossibility for a S5 2 or S5 1 pair with
unequalcharges~Cr21 ,Ru41 ). The unexpectedbehaviorin
Ru-basedperovskitecompounds@ferromagnetism~FM! in
SrRuO3 ~Refs. 17 and 18!, superconductivityat 1 K in
Sr2RuO4 ~Ref. 19!# also promptedus to checkthe pair Cr-
Ru. However,like Cr-Fe,the Cr-Ru pair arepredictedto be
isovalent,and Ru is found to be magneticwith a low spin.
With antialignedmoments,thecompoundis a HM FiM with
a net momentof 2mB . Using ®xedspin momentmethodsit
is possibleto force the net momentto vanishslowly during
continuedself-consistency.Sometimesthis resultsin thedis-
covery of anotherphase,usually one that is metastable.In
this case,however,forcing thenetmomentto vanishresulted
in the destructionof the momenton both ions,at the energy
costof 0.67eV/ion, ratherthanresultingin a ~possiblyHM!
AFM state.As in all of thesecompounds,this pair mayhave
magneticstatesthat we have not locatedin thesecalcula-
tions.

D. Cr31 ,Ni31 : d3,d7

This pair was chosenas a likely S5 3
2 case.For a small

crystal ®eld, the d7 ion may be high spin ~3mB), thereby
balancingthe d3 moment.For thesepairs the antialigned
con®gurationresultedin a FiM netmomentof 0.60mB , near
but not at theHM AFM result.TheFM alignmentis lower in
energyby 0.15eV per ion. This is a casewhererelaxationof
thestructure~volumeand/ordistortion! might resultin a HM
AFM phase.

E. Mn31 ,V31 : d4,d2

This choice,if Mn 31 assumeslow spin, is a possibility
for an S5 1 pair. A low spin indeedresulted,for both anti-
alignedand alignedmoments.The DOS are shownin Fig.

TABLE I. Local-spin-density-functionalresultsfor magneticdoubleperovskitesLa2M8M9O6. Approxi-
matecalculatedd occupationsn aregiven asdn. Approximatespin-onlymomentsm(M8), m(M9) ~in mB)
are not alwaysnearan integervalue, due to stronghybridizationwith oxygen.Half-metallic characteris
denotedby an integer value of M tot , and HM AFM's are denotedby AFM ² . Relative energiesare per
transition-metalion, with the ®rstquotedmagneticalignmenttakenasthe reference.FiM [ ferrimagnetic.

M8 M9 Order m(M8) m(M9) M tot Erel ~eV/M ion!

Mn31 d4 Co31 d6 AFM ² 2.8 2 2.8 0 0.00
FM 3.3 1.3 4.60 2 0.46

Cr31 d3 Fe31 d5 FiM1 2.6 2 0.6 2 0.00
FiM2 2.0 2 4.0 2 2 2 0.12
FM 3.0 4.0 7.15 2 0.03

Cr31 d3 Ru31 d5 FiM 2.5 2 0.5 2 0.00
PM 0 0 0 1 0.67

Cr31 d3 Ni 31 d8 FiM 2.0 2 1.4 0.60 0.00
FM 2.4 1.6 4 2 0.15

Mn31 d4 V31 d2 AFM ² 1.6 2 1.6 0 0.0
FM 1.9 1.1 3.00 1 0.17

V41 d1 Cu21 d9 AFM ² 0.7 2 0.7 0 0.00~!!
FM 0.7 0.7 1.38 0.00~!!
PM 0 0 0 1 0.06
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3~b!; we discusstheunusualstructureof themetallicchannel
below.The antialignedorderingresultsin a HM AFM state;
moreover,this stateis 0.17 eV/ion lower in energythanthe
FM alignment.Thusthis pair providesa strongcandidatefor
the HM AFM that this searchhopedto locate.This com-
poundis discussedfurther in the next section.

F. V41 ,Cu21 : d2,d8

This wasthe choicefor an S5 1
2 pair. This pair is unique

in our studiesto date,in that differing chargestatesactually
areobtained.Thediffering ionic radii aswell asthediffering
chargestatesof this pair of ionsshouldgive a strongprefer-
ence for well-ordered structures.Both aligned and anti-
alignedmomentsolutionswere obtained,with identical en-
ergies. Moreover, the antialigned phase is a HM AFM,
whose DOS is comparedin Fig. 3~c! with the other HM
AFM states.Due to the identical energiesof the different
alignmentsandtheir small spins,this systemappearsto bea
strongcandidatefor a three-dimensionalquantummagnetic
systemas T! 0 ~viz., quantumspin liquids, heavyfermion
metals,Kondo insulators!, ratherthana simpleHM AFM or
an exotic superconductor.

G. Synopsis

Of these six pairs of transition-metalions giving the
double-perovskitestructure,threehaveled to at leastanelec-
tronically metastableHM AFM phase~lattice stability is a

further, complex problem!. This amount of successis re-
markableconsideringtherewaspreviouslyno viable candi-
date. One of theseis clearly only metastable~the Mn-Co
pair! while Mn-V and V-Cu in the LaM8M9O3 compound
arenot unstabletowardsferromagneticalignmentof themo-
ments.

The calculatedDOS of these three HM AFM states,
shown in Fig. 3, reveal that qualitatively different type of
gapscanoccur in the insulatingchannel.Correlatedinsulat-
ing oxidecompoundsareidenti®edasMott insulators,if the
gap lies betweend stateson the metal ion or as charge-
transferinsulatorsif thegaplies betweenoccupiedO p states
andmetalion d states.20 Without experimentalinput we can-
not judge the strengthof correlationeffects in thesecom-
pounds.However,adaptingthis terminology to the present
materials,the Mn-V compound@Fig. 3~b!#, with a gap be-
tweenMn t2g andeg states,is theanalogof a Mott insulator.
The Mn-Co and V-Cu compounds,on the other hand,are
inter-transition-metalcharge-transferinsulators,with thegap
lying betweenoccupiedd stateson onemetal ion andunoc-
cupiedd stateson the othermetal ion.

V. DISCUSSION

Although the local-spin-density-functionalcalculations
usedheregenerallygive goodchargedensitiesandin a ma-
jority of systems~includingmanyperovskites4! predictmag-
netic propertiesas well, severalquestionsremain.Whether
theproposedcompoundscanbemadecanbeansweredonly
by experiment~competingphasesaretoo numerousto calcu-
late!. Magnetic moments,type of spin ordering,and ionic
chargescanbesensitiveto volumeandcalculationsreported
here were carried out only at the representativecubic-
perovskitelatticeconstantof 3.89…. However,variationsof
the volume for the Mn-V and V-Cu compoundscon®rmed
that this volume is realistic ~near the minimum of energy!
and that the HM AFM phasespersistedat nearbyvolumes.
Relaxationof thepositionsof theO ionsasallowedby sym-
metry ~seeFig. 1! wascarriedout for the Mn-V compound.
The oxygen octahedronrelaxedinward aroundthe smaller
Mn ion21 by only 0.02 …, andthe frequencyof O vibration
aboutthis minimum ~an observableRaman-activeAg eigen-
mode! is calculatedto be465cm2 1. This relaxationactually
stabilizestheHM AFM state;conversely,displacingtheoxy-
gen octahedrontoward the V ion ~by 0.08 …) drives the
compoundfrom the HM AFM phaseto a FiM phase.

Possiblecorrelation effects deservemore comment.A
limitation of local-spin-density-functionalcalculationsused
hereis the inability to predictwhethertransition-metalcom-
poundssuchasthesearecorrelatedelectronsystems.In the
La2VCuO6 compound,for example,the bandwidth of the
conductionbandof the HM AFM stateis only 1 eV wide,
and strong on-site repulsion ~̀`Hubbard U'' ! of electrons
will tendto drive the metallic channelinsulating.If this oc-
curs,it mayprovideanexampleof yet anothernewphenom-
enonin thesesystems:a casein which onespinchannelis a
Mott insulatorwhile the other is betterdescribedas a band
insulatoror possiblya generalizedcharge-transferinsulator.
An extension of the local-spin-density approximation
~LSDA!, referredto as the LSDA1 U method,22 often pro-
videsan improvedmean-®elddescriptionof correlatedinsu-

FIG. 3. Atom-projecteddensitiesof statesfor the three HM
AFM statesfound in thedoubleperovskites:~a! Mn-Co, ~b! Mn-V,
and ~c! V-Cu. Note that in ~a! and ~c! the t2g and eg statesare
distinguishablefor eachion andeachspin, whereasthis is not the
casefor the stronglymixed metallic channelin ~b!.
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lators.However,at presentit is inapplicableto metals,andso
its useis restrictedto materialsthat areknown to be insula-
tors.

In La2MnVO6, on the other hand,the bandwidthof the
metallic channelis more than 3 eV wide, and correlation
effects should be much less important.The distinctionsin
Fig. 3~b! areeasyto understand.The Mn majority t2g states
lie lower than any V states,and also hybridize lessweakly
with O 2p statesthando eg states.Hoppingwithin this band
thereforemustgo Mn-O-O-Mn; hencethe bandis quite nar-
row ~1 eV!. Theminority Mn t2g stateslie in thesamerange
as the majority V t2g states;however,since the ionic mo-
mentsareantiparallel,thesestateshavethe samespin direc-
tion @1 in Fig. 3~b!#andcanform a mutual,relativelybroad,
bandbasedon Mn-O-V-O-Mn- . . . hopping.Occupationof
this comparitivelybroadbandresultsin cancellationof part
of the Mn moment, which by Eq. ~3! results ~self-
consistently! in reducedexchangesplitting and leadsto the
low-spin Mn ion. Henceit is reasonableto expectthe con-
ductingcharacterof this bandto survivecorrelationcorrec-
tions.

An exampleof a spin density for a HM AFM phaseis
shownin Fig. 4 for the V-Cu compound.The spin-density
isosurfacesillustratevery graphicallythedifferencebetween
theup- anddown-spindensities.In fact, unlike conventional
perovskiteantiferromagnetswhere the oxygen is polarized
only in a dipoleform with no netmoment,heretheO ion has
a net momentthat lies in the samedirectionasthe Cu spin.
This unusualform of spin density for an AFM should be
morereadily apparentin the magneticform factor measured
in polarizedneutronscatteringexperimentsthanin the typi-
cal casein which thereis no net momenton the O ion. The
O momentin this caseis only of the orderof 0.01mB , how-
ever.

This computational search indicates that the double-
perovskiteclass of compoundsprovides a fertile environ-
mentfor half-metallicantiferromagnets,a new type of mag-
netic material for which there were previously no viable
possibilities.Although this searchwas con®nedto the La
cation ~which may be consideredrepresentativeof trivalent
cations!, mixed-cationcompoundssuchasA21 B31 M8M9O6

showstrongtendenciesto form orderedstructures5 andmay
alsoprovidegoodcandidates.This work shouldnot be inter-
pretedassuggestingthatperovskitesprovidethemostlikely
possibility; certainly other crystal structuresdeservestrong
consideration.The point hereis that it shouldnot be a for-
midableproblemto fabricateHM AFM compounds,andso
thestudyof their myriadunusualpropertiesmaycommence.
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