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The strengthandeffect of Coulombcorrelationsin the (superconductingwhenhydrated) x< 1/3 andªen-
hancedºx< 2/3 regimesof NaxCoO2 areevaluatedusing the correlatedbandtheoryLDA +U (local density
approximationof HubbardU) method.Our results,neglectingquantum¯uctuations, are (1) allowing only
ferromagneticorder, there is a critical Uc=3 eV, abovewhich charge disproportionationoccursfor both x
=1/3 and x=2/3, (2) allowing antiferromagneticorderat x=1/3, Uc dropsto 1 eV for disproportionation,(3)
disproportionationandgapopeningoccursimultaneously, and(4) in a Co3+þCo4+ orderedstate,antiferromag-
neticcouplingis favoredover ferromagnetic,while belowUc ferromagnetismis favored.A comparisonof the
calculatedFermilevel densityof statescomparedto reportedlinearspeci®cheatcoef®cientsindicatesenhance-
mentof theorderof ®vefor x, 0.7,but negligibleenhancementfor x, 0.3.This trendis consistentwith strong
magneticbehaviorand local moments(Curie-Weiss susceptibility) for x. 0.5 while there is no magnetic
behavioror local momentsreportedfor x, 0.5. We suggestthat the phasediagramis characterizedby a
crossoverfrom effective single-bandcharacterwith U@W for x. 0.5 into a three-bandregimefor x, 0.5,
whereU! Ueffø U/ Î 3, W andcorrelationeffectsaresubstantiallyreduced.
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I. BACKGROUND

Sincethediscoveryof high temperaturesuperconductivity
in cuprates,therehasbeenintenseinterestin transitionmetal
oxides with strongly layered(quasi) two-dimensional(2D)
crystal structuresand electronicproperties.For a few years
now alkali-metalintercalatedlayeredcobaltates,particularly
NaxCoO2 sNxCOd with x, 0.50þ0.75, have beenpursued
for their thermoelectricproperties.1 The recent discovery2

and con®rmation3±11 of superconductivityin the system
NaxCoO2´yH2O for x< 0.3 when intercalatedwith water at
the y< 0.3 level, hasheightenedinterestin the NxCO sys-
tem.Thestructure12±14is basedon a 2D CoO2 layer in which
edge-sharingCoO6 octahedralead to a triangular lattice of
Co ions. Na donatesits electronto the CoO2 layer, hencex
controls the doping level of the layer: x=0 correspondsto
Co4+, S= 1

2 low spin ions with one minority t2g hole, and x
=1 correspondsto nonmagneticCo3+.

Nearly all reports of nonstoichiometricmaterialsquote
valuesof x in the 0.3±0.8range,andthe materialsgenerally
seemto showmetallicconductivity. Thex=1 endpointmem-
ber NaCoO2, with rhombohedralR3Åm spacegroup15,16 is
reportedto be a conventionalsemiconductor.17,18 The isova-
lent compoundLiCoO2 has beenmore thoroughlystudied,
with the conclusionthat it is a nonmagneticbandinsulator
with 2.7 eV bandgap.19,20 The x=0 endpointhasbeenan-
ticipatedby manyto be a t2g

5 Mott insulatorbut is lessstud-
ied; in fact, the Co4+ formal oxidation state in a stoichio-
metric compoundis rare. The sulfur counterpartCoS2 is
metallic itinerantferromagnet,closeto beinghalf metallic.A
decadeago,Amatucci et al.21 and Seguinet al.22 reported
synthesisof CoO2 but were unableto identify a complete
structure.They concludedinitially that the Co ions lay on a
distortedtriangularlattice.More recently, a further studyby
Tarasconet al.23 hastracedthedif®cultyin pinningdownthe

structureto the existenceof two phasesof CoO2, one sto-
ichiometric and the other having 4% oxygen vacancies.
CoO2 samplesaremetallicandnonmagnetic,hencetheycan-
not be saidto containCo4+ ions.24

Much hasbeenmadeof thesimilaritiesanddifferencesof
this cobaltatesystemcomparedto thecuprates.Both arelay-
eredtransitionmetal oxide materialswhoseconductivity is
stronglyanisotropic.Both arein the vicinity of a Mott insu-
lator (although the cobaltateone Ð CoO2 Ð is not well
characterized). It is possibleto vary thecarrierconcentration
(x in the cobaltateformula) in both systems,with the range
in the cobaltatesyet to be agreedon. In both systemsthere
are speci®csuperconductingregions:in the cupratesit is a
ªdomeº 0.06ø xø 0.22, roughly, while in the cobaltates
therearereportsbothof a dome0.27ø xø 0.33(Ref.11) and
of a Tc=4.5 K plateaufor 0.28ø xø 0.37.25 However, the
differencesbetweenthe cobaltatesandcupratesaresubstan-
tial and expectedto be crucial. Cobalt forms a triangular
lattice, which frustrates antiferromagnetic(AFM) order,
while the bipartitesquareCu lattice invitesAFM order. The
CoO6 octahedraareedge-sharing,ratherthancorner-sharing,
makingthebandwidthmuchnarrowerandtheexchangecou-
pling smaller. The cobaltatesare electron-dopedfrom the
(anticipated) Mott insulator, as opposedto themostcommon
hole-dopedcuprates.Most striking, possibly: In the cobal-
tatesTc

max=4.5 K comparedto Tc
max=130 K (or higherunder

pressure) in cuprates.
Anothersystemfor comparisonis the transitionmetaldi-

sul®debasedone,with Na1/3TaS2´yH2O as theprimarycom-
parison. In the sNb,TadsS,Sed2 system, charge-density
wavescompetewith superconductingpairing for the Fermi
surface,with coexistenceoccurring in certain cases.The
structureof the (for example) TaS2 layer is identical to that
of theCoO2 layer, consistingof edge-sharingtransitionmetal
chalcogenideoctahedrons.In thesedichalocogenides,as in
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the cobaltatesystem,two well-de®nedstagesof hydration
havebeenidenti®ed.26 In the ®rststageH2O is incorporated
into thesamelayerasthecation(typically analkali ion), and
in thesecondstagetwo H2O layersareformedon eitherside
of the cationlayer. The similarity in increasein the c lattice
parametercomparedto the cobaltatesis illustratedin Fig. 1.

The electronconcentrationin Na1/3TaS2´yH2O is speci-
®edby the Na concentrationx=1/3, and in this systemsu-
perconductivityoccursat 4±5 K (the samerangeas in the
cobaltates) regardlessof the concentrationy of water mol-
eculesintercalatedinto the structure.27 Speci®cthermody-
namicallystablephaseswere identi®edat y=0,2/3,0.8,1.5,
and 2.28±30 The level of electrondonationseemsto be cru-
cial: usingY1/9 andLa1/9 basedon the trivalent ions leadsto
the samesuperconductingtransitiontemperature.Using the
divalent ion Mn sd5,S=5/2d, at the sameelectrondonation
level Mn1/6TaS2 is ferromagnetic(FM). Intercalatingthis FM
compoundwith H2O leadsagainto Tc, 4 K. This latter be-
havior is understoodasthewater-inducedseparationof TaS2
layers decreasingthe interlayer magnetic coupling suf®-
ciently to inhibit long-rangemagneticorder, therebyallow-
ing the innatesuperconductingtendencyin the dopedTaS2
layer to assertitself.

Much of theemphasis,bothexperimentalandtheoretical,
has beendirected toward the superconductingbehaviorof
the cobaltates,but the long-knownbehaviorof the tantalum
disul®desjust mentionedsuggeststhesuperconductivitymay
not be so distinctive. Reportsof the magneticbehavior in
thesecobaltateshavebeenof particularinterestto us.Except
for a chargedisproportionatedandcharge-orderedphasein a
narrowrangearoundx=0.5 (Ref. 31) identi®edby its insu-
lating behavior, all samplesarereportedto bemetallic.For x
in the 0.5±0.8range,the susceptibilityxsTd is Curie-Weiss-
like with reportedmomentof order1 mB per Co4+.2,3,9 This
local momentis normally interpretedas indicatingthe pres-
enceof correlatedelectronbehavioron theCo sublattice,and

most theoreticaltreatmentshaveassumedthis viewpoint.
Somephasetransitionshavebeenreportedin the high x

region. Magneticorderingat 22 K with small orderedmo-
menthasbeenreportedfor x=0.75(Ref. 33) basedon trans-
port andthermodynamicdata,andthe sameconclusionwas
reachedby Sugiyamaet al. from mSRstudies.34,35Boothroyd
et al. performedinelasticneutronscatteringon x=0.75single
crystalsand observedFM spin ¯uctuations.36 Field depen-
denceof the thermopowermeasuredby Wang et al.10 indi-
catedthat the spin entropyof the magneticCo system(i.e.,
the spins of the Co4+ ions) is responsiblefor the unusual
thermoelectricbehavior. For x=0.55,Ando et al. reported37

a rather large linear speci®c heat coef®cient g
=56 mJ/mol K3. Thusfor x. 0.5 magneticCo ions areevi-
dent and are strongly in¯uencing the electroniclow energy
excitations.

However, for sampleswith x< 0.3 (i.e., thesuperconduct-
ing phase) manyreportsconcurthat the Curie-Weissbehav-
ior of x vanishes.3,8,9,38,39In addition, the speci®cheatg is
muchsmaller, with valuesaround12 mJ/mol K2 reported.4,5

It is extremelycuriousthat local momentsshouldvanishso
nearto what hasbeenbelievedwould correspondto a Mott
insulator (x=0, Co4+ in CoO2), and that superconductivity
appearsonly in the moment-freeregime.In the strongly in-
teractingsingle-bandtriangularlattice picture, the x=0 sys-
tem correspondsto the half-®lledtriangular lattice that has
beenstudiedextensivelyfor local singlet(resonatingvalence
bond) behavior.40 The groundstateof that model hashow-
ever beenfound to be N×el ordered.41 In any case,the x
< 0.3 regionof superconductivityin NxCO is howeverwell
awayfrom the expectedMott-insulatingregime,andthe be-
havior in such systemsis expectedto vary strongly with
dopinglevel.

Much of the languageusedin characterizingthis system
(above,and elsewhere) hasbeenbasedon the local orbital,
single-bandpicture.As discussedmorefully below, thedop-
ing in this systemoccurswithin the threefoldt2g complexof
the Co ion, with degeneracyonly slightly lifted by the non-
cubic structure.The questionof single-bandversusmulti-
bandnatureof this cobaltatesystemis possiblyone of the
more important issuesto address,becauseit can strongly
affect the tendencytowardcorrelatedelectronbehavior.

Although the primary interesthasbeenin the supercon-
ductivity of NxCO, thereis ®rsta realneedto understandthe
electronic structureof the normal state of the unhydrated
material,andits dependenceon thedopinglevel x. Theelec-
tronic structureof the x=1/2 (with orderedNa) compound
in thelocal densityapproximation(LDA) hasbeendescribed
by Singh.42,43 Within LDA all Co ions are identical
(ªCo3.5+º), theCo t2g statesarecrystal-®eldsplit (by 2.5 eV)
from the eg states,andthe t2g bandsarepartially ®lled,con-
sequentlythesystemis metallicconsistentwith theobserved
conductivity. The t2g bandcomplexis W< 1.5 eV wide, and
is separatedfrom the 5 eV wide O 2p bandsthat lie just
below the Co d bands.Singh suggestedthat the expected
on-siteCoulombrepulsion(which hasnot beencalculated) is
U=5þ8 eV on Co, which gives U@W so that correlation
effectscanbe anticipated.

Notwithstandingthe experimentalevidencefor nonmag-
netic Co ions in the superconductingmaterial,most of the

FIG. 1. Changein the c axis lattice parameterwith the addition
of H2O, in the two systemsNa0.3CoO2´H2O and Na1/3TaS2´H2O,
illustrating thegreatsimilarity. For cobaltates,dataarefrom Fooet
al. (Ref. 33) (empty circles), Jin et al. (Ref. 9) (®lledcircle), and
Schaaket al. (Ref. 11) (asterisk). For the chalcogenides,dataare
from Johnston(Ref. 29) (empty diamonds) and Johnstonand
Frysinger(Ref. 30) (®lleddiamonds).
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theoreticaldiscussion44±51 hasfocusedon the strongly inter-
acting limit, where U is not only important,but in fact is
presumedto be so large that it prohibits doubleoccupancy,
asdescribedby the singlebandt-J model.The lack of local
momentsand only weak to moderateenhancementof the
speci®cheatg suggeststhat a morerealisticpicturemay be
required.Undoubtedlythe single bandscenariois a limited
one: Although the rhombohedralsymmetryof the Co site
splits the t2g statesinto ag and eg8 representations,the near-
octahedralsymmetrymakesthemquasidegenerate.Koshibae
andMaekawahaveshownthat thebanddispersionin the t2g
bandcomplexin thesecobaltatesdisplaysunexpectedintri-
cacies,including someanalogiesto a Kagom×lattice.52

In this paperwe beginto addressthe correlationquestion
by taking the strongly correlatedviewpoint and using the
correlated band theory LDA1 Hubbard U sLDA +Ud
method.We investigatetwo distinctregionsof thephasedia-
gramby focusingon x=1/3, the regimewheresuperconduc-
tivity emerges,andx=2/3 wheremoremagneticbehavioris
observed.We ®ndthat Uù Uc=3 eV leadsto charge dispro-
portionation(CD) and gap openingfor both x=1/3 and x
=2/3 if only FM orderis allowed.For theN×elorderedcase
at x=1/3, the correspondingtransitionoccursat Uc= 1 eV.
The availability of threedistinct sublatticesfor the ordering,
coupledwith strong2D ¯uctuations,maydestroylong-range
order and make local probesimportant in studying charge
disproportionationand correlation.The small valuesof Uc
thatwe obtainevenfor x=1/3 tendto confusethetheoretical
picture, since there seemsto be a conspicuousabsenceof
correlatedelectronbehaviorin this regimeof doping.

II. STRUCTURE AND METHOD OF CALCULA TION

Our calculationsare basedon the hexagonalstructure
(spacegroupP6322), obtainedby JansenandHoppe,having
lattice constants(a=2.84…, c=10.81…).53 The supercell
sÎ 3a3 Î 3a3 c/2d is used so that at the concentrationx
=1/3 that we consider, two (or possiblythree) inequivalent
Co ions, viz. Co3+ and Co4+, are allowed to emerge in the
processof self-consistency. Theallowedorderis displayedin
Fig. 2. Sincewe arenot analyzingthe very small interlayer
coupling here,a single layer cell is used.In the supercell
(space-groupP31m, No. 157), atomic coordinationsare Na
at the 1a s0,0,1/2d above/belowthe Co site at the 1a
s0,0,0d, andtheotherCo sitesarethe2b s1/3,2/3,0d. Oxy-
gensitesarethe 3c (2/3,0, zÅ0) andthe 3c (1/3, 0, z0) posi-
tions, respectively. The O height z0=0.168sc/2d=0.908…,
which is relaxed by LDA calculation,42 producesthe Co-
O-Co bond angle 98.5É(90Éfor undistorted), so that the
octahedraareconsiderablydistorted.

Two all-electron full-potential electronic methodshave
been used. The full-potential linearized augmented-plane-
waves(FLAPW) as implementedin WIEN2K code(Ref. 54)
andits LDA +U (Refs.55 and56) extensionwereused.The
s,p, and d stateswere treatedusing the augmentedplane
wave1 local orbitals sAPW+lod scheme,57 while the stan-
dardLAPW expansionwasusedfor higherl's. Local orbitals
were addedto describeCo 3d and O 2s and 2p states.The
basis size was determined by RmtKmax=7.0. The full-

potentialnonorthogonallocal-orbitalminimum-basisscheme
(FPLO) (Refs. 58 and 59) was also used.Valenceorbitals
included Na 2s2p3s3p3d, Co 3s3p4s4p3d, and O
2s2p3s3p3d. The Brillouin zonewas sampledwith regular
mesh containing 50 irreducible k-points. Both popular
forms60,61 of the LDA +U functional havebeenusedin our
calculations,with no importantdifferencesbeingnoticed.

III. WEAKL Y CORRELATED LIMIT

LDA electronic structure at x=1/3. The egþt2g crystal
®eldsplitting of 2.5 eV thatcanbeseenin the full bandplot
in Fig. 3 placesthe (unoccupied) eg states(1 eV wide) well
out of considerationfor most low energy effects.The O 2p
bandcomplexbeginsjust below the bottomof the t2g bands
(seeFig. 3) andis 5.5 eV wide. The statesinto which holes
aredopedfrom NaCoO2 comefrom the1.6 eV wide t2g band
complex.The trigonal symmetryof the Co site in this trian-
gularCoO2 layersplits thet2g statesinto oneof ag symmetry
[suxyl+uyzl +uzxld/ Î 3 in the local CoO6 octahedroncoordi-
natesystem] and a doubly degeneratepair eg8 [suxyl +auyzl
+a2uzxldÎ 3 and its complex conjugate, where a
=exps2p i /3d].

FIG. 2. Illustration of the type of charge disproportionationand
spin orderingthat is allowed in the chosenÎ 33 Î 3 supercell.The
unconnectedlarge spheresrepresentnonmagneticCo3+ ions, while
the largeandsmall connectedspheresrepresentoppositelydirected
Co4+ spinswhenorderedantiferromagnetically.
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The t2g band complex that is intersectedby the Fermi
level EF is shownin moredetail in Fig. 4, wherethe bands
with primarily ag characterareshownin the ªfatbandsºrep-
resentationagainstthecorrespondingdensitiesof states.The
banddispersionsagreewell with thosecalculatedby Rosner
et al.62 The ag characteris strong at the bottom of the t2g
complexaswell asat thetop,andillustratesthatholesdoped
into the band-insulatingNaCoO2 sx=1d phasego initially

into one ag band that is rather ¯at for , 25±30% of the
distanceto the zoneboundary. Basedon a rigid bandinter-
pretationusing this x=1/3 density of states(DOS), doped
holes enter only ag statesuntil x< 0.6, whereuponan eg8
Fermi surfacebeginsto form. This observationis consistent
with the x=0.5 Fermi surfaceshownby Singh42 which has
six eg8cylinders.

It is of interestto view this bandstructurefrom theview-
point of a singleisolatedtight-bindings-bandon a triangular
lattice with near-neighbor hopping only, which is
intended44±48,50 to modeltheag banddispersion.Theag DOS
lies higher than that of eg8 not becauseits bandcenterlies
higher(in fact its centroidis somewhatlower) but ratherdue
to the particulardispersionand to a substantiallylarger ef-
fective bandwidth.Judgedfrom the dispersioncurvesthem-
selves,the ag and eg8 bandsdiffer little in width. However,
nearlyall of theeg8stateslie within a 1.0 eV region,whereas
the ag DOS extendsover 1.5 eV.

Theag banddispersionin Fig. 4 doesresemblethatof the
simple tight-binding model þto kij lsci

² cj +H.c.d with a nega-
tive valueof t. (The bandstructurealsoindicatesthat the eg8
hopping integral has the oppositesign to that of ag.) The
ag-projectedDOS howeveris nothing like that of the tight-
bindingmodel.46 Thereasonis twofold. First, thereis mixing
of the ag with the eg8bandsover mostof the Brillouin zone.
The hybridizationis evidentalongthe M-G line in Fig. 4; it
is lessobviousalong the G-K line becausethe mixing hap-
pens to be accidentallysmall for the x=1/3 CoO2 layer
structure.For otherCo-O distancesandbondangles,andfor
x=0 doping level (not shown), the mixing of the ag band
with the lower eg8bandbecomesmuchlarger. A secondrea-
sonfor theactualshapeof theDOSis dueto thein¯uenceof
somesecond-neighborhopping,62 which makesthe ag band
neark=0 much¯atter thanthe tight-bindingmodel,or even
disperseslightly upwardbeforeturning downward.

Somedetailsof thebandstructureshouldbeclari®ed.The
upwarddispersionof the ag bandaroundthe G point (men-
tioned above) also seemsto be affected by interlayer cou-
pling, which can depressthe band at k=0. Johannesand
Singhhavereportedthat,evenfor well separatedCoO2 lay-
ers (i.e., when hydrated) the ag band may still disperse
upward63 beforeturning down. Even for CoO2 layer geom-
etries for which there is no upwardcurvature,the ag band
remainsunusually¯at out to almost1/3 of the way to the
zone boundary. Either behavior is indicative of extended
hoppingprocesses.

Magnetic order with LDA. Analogousto the results of
Singh for x=0.3,0.5,0.7,42,43 we ®nd ferromagnetic(FM)
tendenciesfor x=1/3 within LDA. In disagreementwith ex-
periment(no magneticorderis observedfor x< 0.3,nor even
any local momentat high temperature) a half metallic FM
result is found,with a momentof 2 mB/supercellthat is dis-
tributed almostevenly on the threeCo ions. The exchange
splitting of the t2g statesis 0.5 eV, andthe Fermi level sEFd
lies just abovethe top of the fully occupiedmajority bands
(the minority bandsare metallic). The FM energy gain is
about45 meV/Co. With themajority bands®lled,the®lling
of the minority t2g bandsbecomes2/3, leadingto larger eg8
holeoccupationthanfor theparamagneticphase.Hence,un-

FIG. 3. Local densityapproximationbandsof Na1/3CoO2 in the
virtual crystal approximationwhere there is one Co ion per cell,
shownalongthe principal high symmetrydirections.The eg bands
lie above1.5 eV; thebandsbelowþ1.5 eV arepredominantlyoxy-
gen2p in character. Thethickenedlinesemphasizethebandswithin
the t2g complex(þ1.5 to 0.5 eV) with strongag character.

FIG. 4. Band structure(in the virtual crystal approximation)
along high symmetrylines (left panel) and the aligneddensityof
states(right panel) for the x=1/3 cobaltatein the local densityap-
proximation.Theag symmetrybandis emphasizedwith circlespro-
portional to the amountof ag character. The ag densityof statesis
indicatedby the darkerline.

K.-W. LEE, J. KUNE¾,AND W. E. PICKETT PHYSICAL REVIEW B 70, 045104(2004)

045104-4



like the standardassumptionbeing madeso far, x=1/3 is a
multibandsag+eg8d system(within LDA, whetherferromag-
netic or paramagnetic). Attemptsusing LDA to obtain self-
consistentcharge disproportionatedstates,or AFM spin or-
dering, always converged to the FM or nonmagnetic
solution.

Fermiology. Suspectingfrom the S=1/2 spins and the
two-dimensionalitythat quantum¯uctuation is an important
aspectof this system,it is possiblethat the x=1/3 systemis
a ª¯uctuation-inducedparamagnetºdue to the lack of ac-
countof ¯uctuations in the electronicstructurecalculations.
Whateverthe underlyingreason,a pagecan be takenfrom
thehigh Tc cupratechapterof materialsphysicsthat,evenin
the presenceof considerablecorrelationeffects,in the mag-
netically disorderedmetallic phasethe paramagneticFermi
surface(FS) will emerge.Thelack of anyobservedmagnetic

behaviorin the x< 0.3 regionreinforcesthis expectation.
In Fig. 5 we show the x=1/3 LDA FS, which is similar

to the x=0.5 oneshownby Singh.43 A large G-centeredhole
cylinder(meanradiusKF) showssome¯atteningperpendicu-
lar to the GþK direction, this cylinder holds
0.43ag holes/Co. In addition,therearesix additional,prima-
rily eg8in character, holecylinderslying alongtheG-K direc-
tions,containing0.04holesin eachof thesix smallcylinders
(radiuskF). The total is the 0.67 holesnecessaryto account
for the x=0.33 electroncount. This FS geometryleadsto
severalimportantphasespacefeatures.Therearethenesting
wave vectorsthat translateone of the small cylinders into
another, giving threedistinct intercylindernestingvectorsas
illustrated in Fig. 5. If thesecylinders were circular, these
vectorswould representstrongnestingvectorsfor charge-or
spin-densitywaves. In addition, the susceptibility for Q
ø 2kF intrasurfacescatteringprocessesis constantin two
dimensions.67 The calculatedcylindershavean eccentricity
of 1.25, weakeningthesenestingfeaturessomewhat.There
arein additionthe correspondingprocesseswith Qø 2KF of
the large cylinder.

IV. INCLUSION OF CORRELATION EFFECTS

Despitethe featureof the LDA +U methodthat it drives
local orbital occupationsto integral occupancy(as U in-
creases), to our knowledgeit hasneverbeenusedto study
the questionof charge disproportionation.In this sectionwe
show that moderatevaluesof U lead to CD at both x=1/3
andx=2/3. For the triangularlattice,threefoldexpandedsu-
percells(Î 33 Î 3, seeSec.II ) areconvenient,andx=1/3 lies
very close to the superconductingcomposition while x
=2/3 is representativeof the x. 0.5 region that showscor-
relatedbehavior.64

LDA+U magneticstructure andenergies. Thebehaviorof
theLDA +U results(Co momentsandtheenergy gap) versus
U was ®rst studiedfor x=1/3 (on-site exchangewas kept
®xedat the conventionalvalue of 1 eV as U was varied).
Thedependenceof themagneticmomentandbandgapon U
for FM ordering is shown in the left panel of Fig. 6. For

FIG. 5. Fermisurfacefor (virtual crystal) NxCO, x=0.30,in the
two-dimensionalBrillouin zone. The large cylinder contains ag
holes,whereasthesix small cylinderscontainholesthatareprima-
rily eg8-like.

FIG. 6. Effect of the intra-
atomic repulsion U on the mag-
netic moment (left axis) and en-
ergy gap (right axis) of the Co1
andCo2ionsin thesupercell.Left
panel:result for ferromagneticor-
der. Changesin the magneticmo-
ments, indicating disproportion-
ation to formal charge statesCo3+

andCo4+, beginsat Uc=3 eV. The
openingof the gap (half metallic
to insulating) occurs simulta-
neouslyat Uc. Right panel:results
for antiferromagneticorder. Al-
readyfor Uc=1 eV, the Co4+ mo-
mentis large (theCo3+ momentis
zero by symmetry) whereasthe
gapis just beginningto open.
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U, Uc=3 eV, themomentson thetwo inequivalentCo sites
arenearlyequalandsimilar to LDA values(which is the U
! 0 limit ). Above Uc, disproportionationinto S=1/2 Co4+

and S=0 Co3+ ions is nearly completeat U=3.5 eV and is
accompaniedby a metal-insulator(Mott-like) transitionfrom
conductingto insulating.The gap increaseslinearly at the
rate dEg/dU=0.6 for U. 3.5 eV. For the (insulating) U
=5 eV case,nonmagneticCo3+ stateslie at thebottomof the
1.3 eV wide gap,with the occupiedCo4+ eg8 states1±2 eV
lower. The spin-half ªholeº on the Co4+ ion occupiesthe ag
orbital asexpected.

In our choiceof (small) supercell,this CD is necessarily
accompaniedby charge order, resultingin a honeycomblat-
tice of spin half ions. In a crystal therewould be threedis-
tinct choicesof the orderedsublattice(correspondingto the
threepossiblesitesfor Co3+). Of course,evenat a rational
concentrationsuchasx=1/3, CD may occurwithout neces-
sarily being accompaniedby charge orderingwhen thermal
and quantum¯uctuations are accountedfor. Regardingthe
disproportionation,we note that, based on the Mullikan
charge decompositionin the FPLO method,the chargeson
theªCo3+º andªCo4+º ionsdiffer by only 0.25±0.3electrons.
This small value re¯ects the well-known result that the for-
mal charge designation,while beingvery informativeof the
magneticstateandindispensablefor physicalunderstanding,
doesnot representactualcharge accurately.

The analogouscalculation can be carried out allowing
AFM orderof theCo4+ ions,andtheresultsareshownin the
right panelof Fig. 6. A Co4+ momentgrows(disproportion-
ation) immediately as U is increasedfrom zero. The gap
opensaround U=1 eV and increasesat the rate dEg/dU
=0.4.Thusfor AFM spinorder, thecritical valueis no higher
thanUc=1 eV.

At x=2/3, CD will lead to only oneCo4+ ion in the su-
percell,so only FM orderingcan be considered.The corre-
spondingbehaviorof the momentandthe gaparepresented
in Fig. 7. The Co momentsremainnearly equalbut slowly
decreasefrom their LDA value up to Uc=3 eV, whereupon
againCD occursabruptly. The momentsare ªwell formedº
by U=4 eV but continueto evolvesomewhatbeyondthat.In
this casedEg/dU=0.67.

Our LDA +U results,showingcharge disproportionation
for Uc=3 eV (FM) or Uc=1 eV (AFM) are very different
from earlier reportswhere little changewas obtainedeven
for larger valuesof U when symmetrybreakingby dispro-
portionationwasnot allowed.64 This differenceservesasan
alert thatLDA +U resultscanbesensitiveto whatdegreesof
freedomareallowed.

It is far from obviousthat charge disproportionationand
gapopeningshouldoccursimultaneouslywith LDA +U, al-
thoughphysicallythe phenomenaareexpectedto be closely
related.Theevolutionof theCo3+ andCo4+ 3d stateswith U
in the critical regionis shownin Fig. 8. In the FM case,the
systemevolvesfrom a half metallic con®guration,still vis-
ible for U=3 eV, andgapopeningoccursjust whenthe mi-
nority ag bandcontaining2/3 holeperCo ion splitsoff from
the valenceband.At the point of separation,the ag states
split into anunoccupiednarrowbandcontainingoneholefor
eachof thetwo Co4+ ions,andanoccupied(andalsonarrow)
bandon the Co3+ ion. This disproportionationcanbe identi-

®edfrom the strong changein the occupiedstatesaround
þ0.6 to þ0.3 eV. Thuswhile disproportionationin principle
could occurbeforethe gapopens,it doesnot do so here.

Whensymmetryis brokenaccordingto theAFM ordered
(and disproportionated) superlatticeshown in Fig. 2, the
critical valueof U is 1 eV or less.This ªeaseºin gapopening
is no doubtencouragedby the narrowbandwidthof the un-
occupiedag band.A spin-upCo4+ ion is surroundedby three
spin-downCo4+ ions and threeCo3+ ions, neitherof which
haveag statesof the samespin directionat the sameenergy.
The surviving bandwidthre¯ects the effective coupling be-
tweenag stateson second-neighborCo ions. For this AFM
orderedphase,the DOS of Fig. 8 indicatesalso little or no
disproportionationbeforethe gapbeginsto open.

Exchangecoupling. The CoulombrepulsionparameterU
hasnot beencalculatedfor thesecobaltates,but severalesti-
matesfor othercobaltatesput U at 5 eV or above.42,45,49On
the other hand,Chainaniet al. ®t clustercalculationresults
to x ray photoemissiondataon samplesshowingbothcharge
states,andfound that U in the 3±5.5 eV rangework equally
well.66 This rangeis ratherlower thanwhat hasbeengener-
ally supposed,thus the appropriatevalue of U is quite un-
certain.Here we concentrateon U=5.4 eV results,but our
calculatedbehavioris not sensitiveto variationof U in this
range.In this CD regime (also charge ordered,due to the
constraint of the supercell), AFM ordering gives
1.2 mRy/Co lower energy than doesFM order. In termsof
nearest-neighborcoupling on the resulting honeycomblat-
tice, the FM-AFM energy difference correspondsto J
=11 meV. Referringto the paramagneticbandwidthidenti-
®edabove,thecorrespondingsuperexchangeconstantwould

FIG. 7. Effect of the intra-atomicrepulsionU on the magnetic
moment(left axis) andenergy gap(right axis) of the Co1 andCo2
ions in thesupercellfor x=2/3. Changesin themagneticmoments,
indicatingdisproportionationto formal chargestatesCo3+ andCo4+,
beginsat Uc=3 eV just as in the correspondingx=1/3 case.Note
that applyingsmall but increasingU decreasesthe momentsome-
what until disproportionationoccurs.The openingof the gap(half
metallic to insulating) occurssimultaneouslyat Uc.
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be 4t2/U, 20 meV.Again, we notethat the ag DOS differs
greatly from the singlebandpicture that wasusedto obtain
this valueof t=0.16eV.

V. DISCUSSION OF INTERACTION STRENGTH

Our calculationsindicatethat, as long as Uù 3 eV as is
generallythought,at bothx=1/3 and x=2/3 thereis a strong
tendencyto disproportionate,with one result being a Co4+

ion with a local moment.Disproportionationinto an AFM
honeycomblattice occursalreadyby Uc=1 eV in our mean
®eldtreatment.At leastin the presenceof charge order in a
honeycombarrangement,thereis an AFM nearestneighbor
exchangecouplingJ< 11 meV. The N×el stateis known to
be the groundstateof theAFM Heisenberg honeycomblat-
tice.Thesechargeorderingtendenciesmaybeexpectedto be
strongly opposedby thermaland quantum¯uctuations that
are expectedfor low coordinationand small spins in 2D
layers.To date,disproportionationandcharge orderinghave
only beenreportedfor x=1/2.31

In additionto producinglocal magneticmoments,charge
disproportionationmight be expectedto introducecoupling
to the lattice.Sincetheradii of Co2+ andCo3+ differ by 15%
(0.74…versus0.63…), disproportionationinto thosecharge
stateswould be expectedto couplestrongly to local oxygen
modes.In octahedralcoordination,however, the Co4+ ion
radiusis almostindistinguishablefrom thatof theCo3+ ion,66

so theremaybe little evidencein the latticebehaviorevenif
Co3+-Co4+ charge disproportionationoccurs.

In spiteof the prevalenttheoreticalpresumptionthat cor-
relationeffectsmaybeplayinganessentialrole in thesuper-
conductivity of this cobaltatesystem,the data seemto be
suggestingotherwise. In the x. 0.5 regime, indeed local
momentsare evident in thermodynamicand transportdata,
spin ¯uctuations havebeenobservedby neutronscattering,
and the linear speci®c heat coef®cients are large, g
=48±56 mJ/mol K2. Comparingthis valueto our calculated
band value g+=10  2 mJ/mol K2 leads to a factor of ®ve
enhancementdue to dynamic correlationeffects. Magnetic
orderingaroundx, 0.75 also atteststo substantialcorrela-
tion effects.Our ®ndingof disproportionationfor U. 3 eV

(in mean®eld) is consistentwith the experimentalinforma-
tion anda correlatedelectronpicture.

In the superconductingregimex< 0.3, the emerging pic-
ture is quite the opposite.The speci®cheat coef®cientis
ordinary, with the reported values4,5 clustering around g
=12±13 mJ/mol K2 indistinguishablefrom the band value
g+< 13 mJ/mol K2. In addition, there is no local moment
(Curie-Weiss) contribution to the susceptibility, and other
evidenceof enhancedpropertiesis lacking (magnetic®eld
dependenceof theresistivity is small, for example). In short,
evidenceof substantialcorrelationeffects due to the antici-
patedstrongon-siteCoulombrepulsionU is dif®cult to ®nd
for x, 0.5. Moreover, as discussedin the Introduction,the
x=0 endpointis not a Mott insulator, but rathera nonmag-
netic metal.24

It is essentialto beginto reconcilethemicroscopicmodel
with observations.There are several indications that the
simplesinglebandpictureis oversimpli®ed,oneof themost
prominentbeingthat thereis no evidencethat the ag stateis
signi®cantlydifferentin energy from theeg8states,i.e. thet2g
degeneracyis still essentiallyin place.Due to the form of
dispersionin the CoO2 layer, it is still the casethat holes
dopedinto the bandinsulatorNaCoO2 go into the ag band,
making it viable to usea single bandmodel in the small 1
þx regimewith a ratherrobustvalue of U, with a value of
U< 3 eV possiblybeingsuf®cientto accountfor correlated
electronbehaviorsW< 1.5 eVd.

Thex, 0.5 regimeseemsto requirereanalysis.It is quite
plausible,basedboth on the LDA band structureand the
observedproperties,that for x, 0.5, thesystemcrossesover
into a three-bandregimewherethe full t2g complexof states
comesinto play. Themultibandnaturetendsto mitigatecor-
relatedbehaviorin at least two ways. First, dopedcarriers
that go into a multibandcomplexmay simply ®nda smaller
ªphasespaceºfor approachingor enteringtheMott-Hubbard
insulatingphase,as the carriershavemore degreesof free-
dom. Not completely separate,perhaps,is the extensive
studyof Gunnarsson,Koch, andMartin68,69 andKoch, Gun-
narsson,andMartin,70 that stronglysuggeststhat in a multi-
bandsystemof N bands,the effective repulsionstrengthbe-
comesUeff=U/ Î N. For thesecobaltateswith carriersin the

FIG. 8. Evolutionof theCo3+ andCo4+3d statesaschargedisproportionationoccurs,for x=1/3 and FM spinorder(left panel) andAFM
spin order(right panel). Note that the evolution in the FM caseis from a half metallic FM.
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t2g bands, N=3, and Ucø 3 eV would become Uc
eff

! 3 eV / Î 3, W, and correlationeffects diminish consider-
ably. Second,screeningwill increaseashole dopingoccurs
from the bandinsulatorx=1, reducingÐperhapsstronglyÐ
the intra-atomicrepulsionU to a valuenearW.

VI. SUMMAR Y

In this paperwe have begunan analysis,coupledwith
closeattentionto the observedbehavior, of the strengthof
correlationeffectsin this cobaltatesystemthatsuperconducts
whenhydrated.In this initial work, we haveusedthe mean
®eldLDA +U methodto evaluatetheeffectsof Hubbard-like
interactionsin NxCO,and®ndchargedisproportionationand
a Mott insulating statefor Coulomb repulsionU=3 eV or
less,for both x=1/3 and x=2/3, when ¯uctuations are ne-
glected. Ferromagnetictendenciesfor small U evolve to
nearest-neighborantiferromagneticcouplingJ< 11 meV for
U, 5 eV, at least if charge disproportionationoccurs.The
only insulatingphasereportedsofar hasbeenat x=1/2, with
strongevidence31 that it is due to charge disproportionation
andcharge order(andprobablymagneticorder).

The x=1/3 LDA FS has beendescribed,following the
presumption(basedon theobservationof at mostmoderately

correlatedbehavior) that 2D ¯uctuations will restore the
paramagneticmetallic state. There are strong indications
howeverthat stronginteractions,clearlyevidentfor x. 1/2,
havebecomemutedin the regimewheresuperconductivity
appears.On the one hand, the electronicstructureand FS
indicate that multiband effects must be consideredin this
regime,which in itself will decreasethe effective repulsion
U. Independently, U will be decreasedby screeningas the
systembecomesincreasinglymetallic. On the experimental
side,thebehaviorof boththemagneticsusceptibilityandthe
linear speci®cheatcoef®cientpoint to a lack of ªenhancedº
behaviorfor x< 0.3.
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