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We presentesultshasedon local-spin-densitycalculationsof a computationakearchfor half-metallic-HM!
antiferromagneticAFM! materialswithin the classof double-perovskite-structurexides LaM 8V190; that
incorporateopen-shelBd -or 4d) transition-metalons M8 M9 The pairsM 8V % MnCo, CrFe,CrRu, CrNi,
MnV, andVCu arestudied. ThreeHM AFM resultsarefoundfor the ®xed cubicdoubleperovskitestructure.
This work providesthe ®rstviable candidategor this unusualmagneticphasela,VMnOyg is the mostprom-
ising candidatewith theHM AFM phasemorestableby 0.17eV/cellthantheferromagnetiphaselLa,VCuO;
is anotherpromisingpossibility but, becaus&/ ' andCu?! arespin-halfions, quantum uctuationsmay play
animportantrole in determiningthe groundstatemagneticand electronicstructure.This studyindicatesthat
HM AFM materialsshouldnot be prohibitively dif®cultto ®nd.@0163-18298/07517-#

I. INTRODUCTION

A nonmagneticmetal whose electrical conduction is
100%spin polarizedseemdike anoxymoron.However,this
is only oneof the peculiarpropertie$*® of the unusualphase
yclept half-metallic -HM! antiferromagnetAFM! by van
Leukenandde Groot? A HM AFM is alsoa metalwith zero
spinsusceptibility,a propertynormally associatedvith insu-
lators, whereasconventional metals have x} N(Eg), the
Fermilevel densityof statesDue to mixing of atomicorbit-
alswith neighboringnonmagneti¢ons suchasoxygen,mag-
neticions commonlytake on nonintegralvaluesof the mag-
netic moment. Yet in a HM AFM distinct ions have
antialignedmomentsthat cancelexactly? The prospectof
getting a fully magnetizeccurrentfrom a metalthat hasno
magnetic®eld providesnot only fertile groundfor research
but conceivablenew ““spin electronics" devicesthatrely on
the spin polarizationof the carriers.Recentlythe likelihood
of anovelform of superconductivityn HM AFM's hasbeen
proposed, which further intensi®estheoretical interest in
theseuniquesystemsTo date thereis no con®rmeexample
of aHM AFM. Is therea real likelihood of discovering,or
even predicting, new HM AFM's, or are they destinedto
remaina theoreticalcuriosity?

Characterizatiof a materialas™ half-metallic" speci®es

that one spin channelis metallic while the other channelis
insulating® For a stoichiometriccompoundthis resultsin a
spin magnetizationthat is an integernumbet M of Bohr
magnetong r7s) per cell. The presentobjectiveis to predict
compoundsvhereM [ 0, andthereforewill havethe special
propertiesmentionedabove.For aninitial study one should
consideronly the simplestcaseof two magneticions whose
spins(S) are antiparallel.In this casethe momentswill be
distinctin shapeandextent~differentspin densities but will
cancelpreciselyin eachcell dueto the half-metallicnatureof
the system.

Theonly suggestiorat presenfor aHM AFM materialis
the Heusler-like quintinary orderedalloy V,MnFe;Sb,As.2
Due to the complexity and intricacy of the unit cell, andto
theintermetallicnatureof the constituentsit is unlikely to be
madein stoichiometricform. The perovskitecrystalstructure
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AMO;, dueto its simple crystal structure,potentially very
large number of members,and strong coupling between
magneticorderingandelectronicpropertiesappearso bean
ideal systemfor a searchfor HM AFM membersWe report
here results of a computationalsearchfor candidateHM

AFM's, basedon a linearizedaugmenteglanewave imple-
mentationof spin-density-functionatheory? in the double-
perovskite crystal structure La,M 8V 90g. More than 300
compoundsin this structure,shownin Fig. 1, have been
reported® however,very few of thosereportedcontaintwo
magneticions. A5 La was chosenfor this study becauseof

experiencewith this catiorf and also due to the fact that
LaM O3 compoundsn the perovskitestructureare known to
existfor all ions M in the 3d series.

II. BASIC CONSIDERATIONS OF THE SEARCH

Magnetic3d ions arecharacterizedy a nominald" con-
®gurationwherel< n< 9. Sinceeachsuchcon®guratiortan

FIG. 1. The double-perovskiterystal structure.The black and
white spheresaretransitionmetal (M8 M9 ions, the gray oxygen
ionsform anoctahedroraroundeachmetalion, andthe cation-viz.,
La, but not shown lies betweeneight M Og octahedraThe ®gure
illustratesthatthe octahedrarounddifferentM ionsareallowedby
symmetryto be differentsizes.
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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-
prise a substantialist,! thereis one overriding requirement:
the momentsmust be equalin magnitudeso that they may
cancelto give M 5 0. This requirementof equalspinsnar-
rows the numberof choicesconsiderably.

A. Combinatorics of ABA9M 8V D4

To illustratethe combinatoricsn the classof compounds
A,M 8 Oq, we considerthe numberof double-perovskite-
structurecompoundsthat might be relevantfor our search.
There are nine possibleopend” con®gurationsgiving (9
3 8)/2 distinct pairsof 3d ions. However,4d ions are also
likely to be magneticin thesecompounds,and including
them the numberof possibilitiesbecomeq183 17)/2 pairs.
Sinceanion canbein afew differentchargestateseach3d"
or 4d" con®guratiorcan be attainedby more than oneion;
we take as an averagetwo chargestatesper ion, giving an-
otherfactor of 22. The cationA canbe chosenfrom di- and
tripositive cations~ncluding the rare earths andevensome
univalentions, amountingto some25 ions. The numberof
compoundghenis of the order of

., 18317
253 223 =" 15000. !

2
Consideringalso the possibility of splitting the cations A
I ABA9 leadsto an addition factor of 4 or a total of the
orderof 23 10° possibilities.

This vastnumberreducedrasticallyif one considerghe
requirementsmposedby the HM AFM state Most crucially,
the magneticmomentsof the ions mustbe equalin magni-
tude; so they havethe possibility of canceling.To do this,
oneseparatetheionsinto the ®veclassesss 3,1,3,2,3, and
only pairs with equal spins needbe considered Supposing
the ions separateevenly into theseclasses+ot really the
case with aboutfour per class,the factor (183 17)/2 in Eq.
~! dropsto 53 (43 2/3). The cationchargefurther restricts
the pairs of ions. Let us consideronly the caseA5 La®!,
which is all we considerin this paperanyway @movingthe
factor of 25in Eq. -1'# Speci®catiorf this trivalent cation
implies that the chargestatesof thetwo d cationsmustsum
to 6, effectively limiting the choiceto 31,31 ! or 21 ,41!
pairs @3 ,51 ! is muchmoreraret Due to complexitiesin
trying to predictthe spinsof eachion ~which may be envi-
ronmentdependentseebelow, we will not attemptto enu-
meratethe possibilities,but the numberof possibleLa-based
doubleperovskitess perhapsno morethan25.

B. Estimation of stable moments

To usethe constraintof equalmomentsit is necessaryo
be ableto makea realistic predictionof the spin momentof
a givenion in the crystal. For a magneticion with an open
3d shell,the momentm ~n ng) is

m5 g sn,s5n;2n,, 2!
,S
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wheres56 1 denotesthe spin direction,n, s is the occupa-
tion numberof the 3d crystal®eldlevel a5 ey or t,g, with
spins, andng is thetotal s occupationThe energyof anion
in the perovskiteoctahedral®eldis

R )
Eion5 (( Mey 3 Der2 51sm 3!

S 2002 S1amlb
11, 2 5Dc2 5lsm 4

whereDc is the crystal®eldsplitting betweerthe e, andt,gq
levels, I ¢; is a Stoner-like parametergiving the exchange
~magneti¢ energy6 3Dq,,

Dexd Isim, 5!
proportionalto the momentm on the ion, andn5 n; 1 n, .
This energycanbe expresseds

1
Eord Dee N2 51, 6!

A (a Nasla Y(H Nas. <7

Herenis 2,2 Zfor €g.t2g, respectivelyandthis formulafor
the energyillustratesthe balancebetweenthe crystal ®eld
energyand magneticenergythat must be minimizedto ob-
tain the stablecon®guratiorof theion.

Theratio g5 |5/ Dcr determinesvhethertheion takeson
a high-spinor low-spin con®gurationS5 2 is attainedonly
by ad® ion wviz., Mn?! |, Fe3! | or Co*!). S5 2 occursonly
for d* andd® ions,andS5 2 only for d® andd’ ions.S5 1 is
attainedhot only by d? andd® high-spinions, but alsoby the
low-spin d* ion (t3, 1 t34,) if g is small. S5 5 occursfor
low-spind® andd’ ions aswell asfor the single-electrord*
andsingle-holed® ions.

Theseguidelineshold in the strong crystal ®eld limit.
Within a crystalthereare additionaleffects. The kinetic en-
ergy, which resultsfrom electronhopping from ion to ion
~via the interveningoxygenion in the perovskitestructuré,
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 ions changingtheir chargestate~determinedoy dif-
ferencesin site energiesand by intra-atomic repulsion.
However,thesesingle-ionenergieswith |g; and Dcg given
from density-functional calculations or from experiment,
havebeenusedto guide our initial choiceof ion pairs that
we haveexaminedmore closely using self-consistentalcu-
lations.

Figure 2 indicatesthe behaviorof the ion energyin the
strongcrystal®eldlimit for two valuesof g, for eachinteger
occupationn asthe momentm variesover allowed values
(m< n for n< 5, m< 102 n for 5< n< 10, All occupations
N, s were varied within the limits of their constraintsuntil
the energywasminimizedfor ®xedn andm ~for theisolated
ion, andneglectingspin-orbitcoupling,m5 2S!. The energy
re ects the downwardparabolicenergygain from polariza-
tion, togethemwith alinearincreasdn energywhenonecrys-
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FIG. 2. Energy of a magneticion in a crystal ®eld D¢, vs
magneticmoment,for variousionic con®gurationsl”. -al g5 0.1
and-b! g5 0.2. The “spin-only" dottedcurveindicatesthe asymp-
tote asthe crystal ®eldterm vanishes Eachcurveis the sumof a
piecewiselinear increasingcrystal ®eldterm and a negativequa-
dratic magneticterm.

tal ®eldlevel is ®lled and a higher one beginsto become
occupied.Thereis a strongtendencytowardthe "high-spin"
~argestpossiblem, Hund's rule! con®gurationhowever for
largeD¢ relativeto | g; alow-spincon®guratiotanbecome
stabilized:note the n5 6 curvesin both plots, wherea non-
magneticm5 0 resultis stableor metastableLow-spin con-
®gurationsnay alsooccurfor n5 4, 5, or 7, asnotedabove.
The curvesof Fig. 2 areonly guidelinesfully self-consistent
local-spin-densitycalculationsreportedbelow vary both n
and m for a given spin alignmentuntil the energyis mini-
mized. For the perovskitestructure,valuesof D are 2+3
ev.

Ill. METHOD OF CALCULATION

The presentcalculationswere performedusing the gen-
eral potential linearized augmentedplane wave +APW!
method*® as appliedin severalpreviousstudiesof LaM O,
perovskites:'° Calculationswereperformedfor theten-atom
double-perovskitainit cell usinga goodconvergenceriteria
~below. Our LAPW methodusesno shapeapproximation
for the chargedensityor the potential,andretainshigh varia-
tional freedomin all regionsof the cell. The setof normal
LAPW basisfunctionsis supplementedvith local orbitals

10615

for additional exibility ” in treatingthe Mn d statestheLa f
states~unoccupiet, andthe semicoreorbitals-O 2s, La 5
and 5p, and 2p statesof someof the lighter 3d transition-
metaliond. The LAPW sphereradii weretakento be2.0a.u.
for La, 1.90 a.u. for the transition-metaions, and 1.55 a.u.
for O. Self-consistencywas carried out on evenly spaced
meshesf 60 k pointsin the irreducible Brillouin zonefor
the ferromagneticstatedonewith the basicperovskitestruc-
ture. Larger meshesusedin selectedcasesveri®edthat the
energywas not changedappreciably.Equivalentsamplings
wereusedfor the antiferromagnetistatecalculationswhich
were doneusing a rocksaltorderingof transition-metaions
~hencean fcc Bravaislattice. An LAPW cutoff K, corre-
spondingto RoK .0 6.8 wasused-Rg is the oxygensphere
radiug correspondingto 575 basis functions for the ®ve-
atomecell.

The von Barth+Hedin exchange-correlatidh functional
was used.Energiesmight be improved somewhatby using
the generalizedyradientcorrectiongperfectedby Perdewand
coworkers? as was the casefor iron.*** However, nearly
all of the energydifferencesreportedin Sec.IV are larger
than expectedchangesiueto gradientcorrections.

Exceptfor oneselectedest~a Jahn-Tellertype of distor-
tion involving movementof O ions along the crystal axes;
seeSec.V!, we haveperformedcalculationonly in theideal
cubic-perovskitestructurewith a lattice constantof 3.89 ....
Structuraldistortionsof both the rotationaltype commonin
ferroelectricsand of the Jahn-Tellertype centeredon non-
symmetricmagneticdons may becomamportantfor someof
the compoundsstudiedhere.We havenot includedcomplex
distortionsin this initial study, for threereasonsFirst, this
set of calculationswas done with the objective of 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 leastthe structureof LaMnO,, an orthorhombicPnma
structurewith six variableinternal coordinatesandthe three
lattice constantsaswell asa quadrupledcell. This is a task
that probablywill neverbe donedirectly, but can-with sub-
stantial computationalwork! be done with the approachof
Rabe and co-workers'>!® Finally, for the -half-Imetallic
phasedeing pursuedhere, distortionsare likely to be less
drasticthanif the systemswere simply magneticinsulators.

IV. RESULTS FOR THE CHOSEN COMPOUNDS

The double-perovskiteompoundghat havebeenstudied
are listed in Table I. We discussthem in turn. Note that,
while we denoteglobal spin directionsby up <. ! anddown
21, the terms “majority" and “minority" refer to each
speci®cion ~more occupiedor less occupied and do not
specifyadirectionof the spin. Also, dueto stronghybridiza-
tion with the oxygen?2p states,it is not possibleevento
de®nean ionic momentprecisely.Valuesgiven in Table |
andbelow providethe nominalchargeandan estimateof the
effective ionic moment, which often is not very near any
integralvalue.
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TABLE I. Local-spin-density-functionalesultsfor magneticdoubleperovskited.a,M 8V 90q. Approxi-
matecalculatedd occupationsn aregivenasd". Approximatespin-onlymomentsm(M 8, m(M9 ~n ng)
are not always near an integervalue, due to strong hybridizationwith oxygen. Half-metallic characteris
denotedby an integervalue of M ;, and HM AFM's are denotedby AFM”. Relative energiesare per
transition-metaion, with the ®rstquotedmagneticalignmenttakenasthe referenceFiM [ ferrimagnetic.

M8 M9 Order m(M8 m(M9 M (ot E,o €V/M ion!
Mn3t g4 Co®l b AFM® 2.8 228 0 0.00
FM 3.3 1.3 4.60 20.46
Cr3tgd Fe3l d® FiM1 2.6 206 2 0.00
FiM2 2.0 24.0 22 20.12
FM 3.0 4.0 7.15 20.03
cr3t d® Ru3! d° FiM 2.5 205 2 0.00
PM 0 0 0 10.67
Cr3tg® N;j31 g8 FiM 2.0 21.4 0.60 0.00
FM 2.4 1.6 4 20.15
Mn3t g4 V3l g? AFM* 1.6 216 0 0.0
FM 1.9 1.1 3.00 10.17
v4l gl cu?td® AFM* 0.7 207 0 0.004!
FM 0.7 0.7 1.38 0.004!
PM 0 0 0 10.06

A. Mn 3! Co%t: d4,d°®

Theseionswerechosenasallikely S5 2 pair. In theionic
picture, the Mn3! ion is expectedto be high spin ~4m),
while Co3! may be high spin ~4m) or nonmagneticsee
Fig. 2. In fact, nominally trivalent Co ions are known some-
timesto occurin alow- but nonzero-spir@+2 ng] stateas
well. Whenthe Mn and Co momentsare antialigned,ndeed
aHM AFM stateis obtained althoughthe momentsareonly
' 2.8mp. Thedensitiesof statessbOS, shownin Fig. 3-a,
indicate that the ionic picture is followed closely
(Db 1.5£2 eV, Dg, 2 eVI. The conductingchannelhas
75%Cod, 25%Mn d characteat the Fermilevel. Whenthe
spinsarealigned,a high-spinFe andlow-spin Co resultwas
obtained, re ecting the strong difference in hybridization
that arisesdueto the type of magneticalignment.The spin-
alignedphaseis 0.46eV perM ion lower in energythanthe
HM AFM phase andso the sought-afteHM AFM phaseis
at bestmetastable.

B. Cr3! Fed!: d3,d°

This pair was chosenin the anticipation that differing
chargestates@r?* ,Fe*! :d* d*#might result,leadingto ei-
theran S5 2 pair or an S5 1 pair. However, chargediffer-
entiationdid not occur.Two distinctsolutionsfor antialigned
momentshave beenobtained;one has high-spin Fe ~4ng)
parallel to the net moment,and the other has low-spin Fe
~"1mg" ! antialignedwith the net moment.Both are HM;
however,they are ferrimagnetic+iM! ratherthan AFM. A
FM, high-spinsolution also was found. Of thesethreespin
con®gurationsthe high-Fe-spinFiM stateis lowestin en-
ergy. All three statescan be characterizedas Cr3! Fe3!
(d3,d% whosemomentswill not cancel. Thus currentevi-
denceis that this systemis not a prospectfor HM AFM.
However,a HM FiM stateis likely, andis itself worthy of
study.

C.Cr3 Rud: d3,d°

The 4d Ru ion is isoelectronicwith Fe, and so this pair
provides anotherpossibility for a S5 2 or S5 1 pair with
unequalcharges-Cr2* ,Ru*!). The unexpectecehaviorin
Ru-basedperovskite compounds@rromagnetism+M! in
SrRuQ, Refs. 17 and 18!, superconductivityat 1 K in
Sr,RuQ, Ref. 194 also promptedus to checkthe pair Cr-
Ru. However,like Cr-Fe,the Cr-Ru pair are predictedto be
isovalent,and Ru is found to be magneticwith a low spin.
With antialignedmomentsthe compounds a HM FiM with
a netmomentof 215 . Using ®xedspin momentmethodsit
is possibleto force the net momentto vanishslowly during
continuedself-consistencySometimeghis resultsin the dis-
covery of anotherphase,usually one that is metastableln
this case however forcing the netmomentto vanishresulted
in the destructionof the momenton bothions, at the energy
costof 0.67 eV/ion, ratherthanresultingin a possiblyHM!
AFM state.As in all of thesecompoundsthis pair may have
magneticstatesthat we have not locatedin thesecalcula-
tions.

D. Cr3 Ni%t: d3,d”

This pair was chosenas a likely S5 £ case.For a small
crystal ®eld, the d’ ion may be high spin 3n%), thereby
balancingthe d®* moment. For these pairs the antialigned
con®guratiomesultedin a FiM netmomentof 0.601%, near
butnotatthe HM AFM result. The FM alignmentis lowerin
energyby 0.15eV perion. Thisis a casewhererelaxationof
the structurevolumeand/ordistortion might resultin aHM
AFM phase.

E. Mn3 ,Vv3l: d4,d?

This choice,if Mn3! assumesow spin, is a possibility
for an S5 1 pair. A low spinindeedresulted for both anti-
aligned and aligned moments.The DOS are shownin Fig.
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FIG. 3. Atom-projecteddensitiesof statesfor the three HM
AFM statedound in the doubleperovskites=al Mn-Co, ~b! Mn-V,
and ¢! V-Cu. Note that in & and ¢! the t,; and e, statesare
distinguishablégor eachion and eachspin, whereasthis is not the
casefor the strongly mixed metallic channelin b!.

3-b!; we discusghe unusuaktructureof the metallicchannel
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 discussedurtherin the next section.

F.v* cu?: d?,d8

This wasthe choicefor an S5 3 pair. This pair is unique
in our studiesto date,in thatdiffering chargestatesactually
areobtained.Thediffering ionic radii aswell asthe differing
chargestatesof this pair of ions shouldgive a strongprefer-
ence for well-ordered structures.Both aligned and anti-
aligned momentsolutionswere obtained,with identical en-
ergies. Moreover, the antialigned phaseis a HM AFM,
whose DOS is comparedin Fig. 3! with the other HM
AFM states.Due to the identical energiesof the different
alignmentsandtheir small spins,this systemappeardo be a
strong candidatefor a three-dimensionatjuantummagnetic
systemas T! 0 ~viz., quantumspin liquids, heavyfermion
metals,Kondo insulators, ratherthana simpleHM AFM or
an exotic superconductor.

G. Synopsis

Of thesesix pairs of transition-metalions giving the
double-perovskitstructure threehaveled to at leastanelec-
tronically metastableHM AFM phaseHattice stability is a
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further, complex problem. This amountof successs re-
markableconsideringtherewas previouslyno viable candi-
date. One of theseis clearly only metastablethe Mn-Co
pair while Mn-V and V-Cu in the LaM8V190; compound
arenot unstabletowardsferromagnetialignmentof the mo-
ments.

The calculated DOS of thesethree HM AFM states,
shownin Fig. 3, reveal that qualitatively different type of
gapscanoccurin the insulatingchannel.Correlatedinsulat-
ing oxide compoundsareidenti®edasMott insulators,if the
gap lies betweend stateson the metal ion or as charge-
transferinsulatorsf the gaplies betweeroccupiedO p states
andmetalion d states’® Without experimentalnput we can-
not judge the strengthof correlationeffectsin thesecom-
pounds.However, adaptingthis terminologyto the present
materials,the Mn-V compound@ig. 3-b!# with a gap be-
tweenMn t,4 ande, statesjs the analogof a Mott insulator.
The Mn-Co and V-Cu compoundson the other hand, are
inter-transition-metatharge-transfeinsulatorswith the gap
lying betweenoccupiedd stateson onemetalion andunoc-
cupiedd stateson the othermetalion.

V. DISCUSSION

Although the local-spin-density-functionalcalculations
usedheregenerallygive good chargedensitiesandin a ma-
jority of systemsincluding manyperovskited predictmag-
netic propertiesas well, severalquestionsremain. Whether
the proposeccompoundsanbe madecanbe answerednly
by experimentcompetingphasesretoo numerougo calcu-
late. Magnetic moments,type of spin ordering, and ionic
chargescanbe sensitiveto volumeandcalculationsreported
here were carried out only at the representativecubic-
perovskitelattice constaniof 3.89... However,variationsof
the volume for the Mn-V and V-Cu compoundscon®rmed
that this volume is realistic -nearthe minimum of energy
andthatthe HM AFM phasegersistedat nearbyvolumes.
Relaxationof the positionsof the O ions asallowedby sym-
metry ~seeFig. 1! wascarriedout for the Mn-V compound.
The oxygen octahedrorrelaxedinward aroundthe smaller
Mn ion?! by only 0.02 .., andthe frequencyof O vibration
aboutthis minimum -an observableRaman-activeA eigen-
modé is calculatedo be 465cm? 1. This relaxationactually
stabilizesheHM AFM state;converselydisplacingthe oxy-
gen octahedrontoward the V ion -by 0.08 ..) drives the
compoundfrom the HM AFM phaseto a FiM phase.

Possible correlation effects deservemore comment. A
limitation of local-spin-density-functionatalculationsused
hereis the inability to predictwhethertransition-metatom-
poundssuchastheseare correlatedelectronsystemsin the
La,VCuOg 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 may provideanexampleof yet anothemew phenom-
enonin thesesystemsa casein which onespin channelis a
Mott insulatorwhile the otheris betterdescribedas a band
insulatoror possiblya generalizecdcharge-transfeinsulator.
An extension of the local-spin-density approximation
L SDA!, referredto asthe LSDA1 U method?? often pro-
videsanimprovedmean-®eldlescriptionof correlatednsu-
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lators.However,at presentt is inapplicableto metals,andso
its useis restrictedto materialsthat are knownto be insula-
tors.

In La,MnVOg, on the other hand,the bandwidthof the
metallic channelis more than 3 €V wide, and correlation
effects should be much lessimportant. The distinctionsin
Fig. 3-b! areeasyto understandThe Mn majority t,, states
lie lower thanany V states,and also hybridize lessweakly
with O 2p stateshando e, statesHoppingwithin this band
thereforemustgo Mn-O-O-Mn; hencethe bandis quite nar-
row ~1 eV!. The minority Mn t,q statedie in the samerange
as the majority V t,y states;however,since the ionic mo-
mentsare antiparallel thesestateshavethe samespindirec-
tion @ in Fig. 3-bl#andcanform a mutual,relatively broad,
band basedon 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 reasonabldo expectthe con-
ducting characterof this bandto survive correlationcorrec-
tions.

An exampleof a spin densityfor a HM AFM phaseis
shownin Fig. 4 for the V-Cu compound.The spin-density
isosurfacesllustratevery graphicallythe differencebetween
the up- anddown-spindensitiesIn fact, unlike conventional
perovskiteantiferromagnetahere the oxygenis polarized
only in adipoleform with no netmomentherethe O ion has
a netmomentthatlies in the samedirectionasthe Cu spin.
This unusualform of spin density for an AFM should be
morereadily apparenin the magneticform factor measured
in polarizedneutronscatteringexperimentghanin the typi-
cal casein which thereis no netmomenton the O ion. The
O momentin this caseis only of the orderof 0.017%, how-
ever.

This computational search indicates that the double-
perovskite class of compoundsprovidesa fertile environ-
mentfor half-metallicantiferromagnetsa 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 consideredepresentativef trivalent
cations, mixed-cationcompoundsuchasA?! B3 M8V 90q
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FIG. 4. Isosurfacesat 6 0.003a.u! of the spin densityin the
HM AFM stateof La,VCuG;, illustrating the very different spin
densitieson thetwo magnetidons. Two double-perovskiteellsare
shown; the completestructureis cubic. Upper: the largest~ight
shadedl surfacesurroundgsthe V ion. The O ions, which appearas
dumbbellstruncatedby the cell edgesn somecases arepolarized
in the samedirectionasthe smaller~dark Cu ion.

showstrongtendencieso form orderedstructure$ and may
alsoprovidegoodcandidatesThis work shouldnot be inter-
pretedassuggestinghat perovskitegprovidethe mostlikely
possibility; certainly other crystal structuresdeservestrong
considerationThe point hereis that it shouldnot be a for-
midableproblemto fabricateHM AFM compoundsand so
the study of their myriad unusualpropertiesmay commence.
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