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The strengthand effect of Coulombcorrelationsin the (superconductingvhen hydrated x< 1/3 and@en-
hanced®x< 2/3 regimesof Na,Co0, are evaluatedusingthe correlatedbandtheory LDA +U (local density
approximationof HubbardU) method.Our results,neglectingquantum uctuations, are (1) allowing only
ferromagneticorder thereis a critical U.=3 eV, abovewhich chage disproportionationoccursfor both x
=1/3and x=2/3, (2) allowing antiferromagnetiorderatx=1/3, U, dropsto 1 eV for disproportionation(3)
disproportionatiorandgapopeningoccursimultaneouslyand(4) in a @®*p Co** orderedstate antiferromag-
netic couplingis favoredover ferromagneticwhile below U, ferromagnetisnis favored.A comparisorof the
calculated~ermilevel densityof statesccomparedo reportedinear speci®heatcoef®cientindicatesenhance-
mentof theorderof ®vefor x, 0.7,butnegligibleenhancemerfor x, 0.3.Thistrendis consistentvith strong
magneticbehaviorand local moments(Curie-Weiss susceptibility for x. 0.5 while thereis no magnetic
behavioror local momentsreportedfor x, 0.5. We suggestthat the phasediagramis characterizecby a
crossoverfrom effective single-bandcharacteiwith U@W for x. 0.5 into a three-bandegimefor x, 0.5,

whereU!
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I. BACKGROUND

Sincethediscoveryof high temperaturesuperconductivity
in cupratestherehasbeenintenseinterestin transitionmetal
oxideswith strongly layered(quas) two-dimensional(2D)
crystal structuresand electronicproperties.For a few years
now alkali-metalintercalatedayeredcobaltatesparticularly
Na,Co0, NxCOd with x, 0.50p0.75, have been pursued
for their thermoelectricproperties: The recent discovery
and con®rmatioft of superconductivityin the system
Na,Co0," yH,0 for x< 0.3 whenintercalatedwith water at
the y< 0.3 level, hasheightenednterestin the NxCO sys-
tem. The structuré?®*14is basedon a 2D CoO, layerin which
edge-sharingCoQ; octahedrdeadto a triangularlattice of
Co ions. Na donatesdts electronto the CoO; layer, hencex
controlsthe doping level of the layer: x=0 correspondgo
Ca*, S=% low spinions with one minority t,, hole, and x
=1 correspond$o nonmagneticCao®*.

Nearly all reports of nonstoichiometricmaterials quote
valuesof x in the 0.3+0.8range,andthe materialsgenerally
seemto showmetallicconductivity Thex=1 endpointmem-

ber NaCoQ, with thombohedralR8n spacegroup®16 is

reportedto be a conventionalsemiconductot’'8 The isova-
lent compoundLiCoO, hasbeenmore thoroughly studied,
with the conclusionthat it is a nonmagnetidbandinsulator
with 2.7 eV bandgap?®2° The x=0 endpointhas beenan-
ticipatedby manyto bea tgg Mott insulatorbut is lessstud-
ied; in fact, the Ca** formal oxidation statein a stoichio-
metric compoundis rare. The sulfur counterpartCoS, is

metallicitinerantferromagnetcloseto beinghalf metallic. A

decadeago, Amatucci et al.?! and Seguinet al.?? reported
synthesisof CoO, but were unableto identify a complete
structure.They concludedinitially thatthe Coionslay on a
distortedtriangularlattice. More recently a further study by
Tarascoretal.?® hastracedthe dif®cultyin pinningdownthe
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Uer@ u/l 3, W andcorrelationeffects are substantiallyreduced.

PACS numbe(s): 75.251 z,71.281d,71.271 a

structureto the existenceof two phasesof CoO,, one sto-

ichiometric and the other having 4% oxygen vacancies.
Co0, samplesaremetallicandnonmagnetichencethey can-

not be saidto containCa** ions?*

Much hasbeenmadeof the similaritiesanddifferencesf
this cobaltatesystemcomparedo the cupratesBoth arelay-
eredtransition metal oxide materialswhoseconductivity is
strongly anisotropic.Both arein the vicinity of a Mott insu-
lator (althoughthe cobaltateone B CoO, B is not well
characterized It is possibleto vary the carrierconcentration
(x in the cobaltateformulg) in both systemswith the range
in the cobaltatesyet to be agreedon. In both systemsthere
are speci®csuperconductingegions:in the cupratesit is a
adome® 0.06g xg 0.22, roughly, while in the cobaltates
therearereportsbothof adome0.27g xg 0.33(Ref. 11) and
of a T,=4.5K plateaufor 0.28z x@ 0.372° However the
differencesbetweenthe cobaltatesand cupratesare substan-
tial and expectedto be crucial. Cobalt forms a triangular
lattice, which frustrates antiferromagnetic(AFM) ordet
while the bipartite squareCu lattice invites AFM order The
CoQ; octahedraare edge-sharingiatherthancornersharing,
makingthe bandwidthmuchnarrowerandthe exchangeou-
pling smaller The cobaltatesare electron-dopedrom the
(anticipated Mott insulator as opposedo the mostcommon
hole-dopedcuprates.Most striking, possibly: In the cobal-
tatesTy®=4.5K comparedo T¢'*=130K (or higherunder
pressurgin cuprates.

Anothersystemfor comparisoris the transitionmetal di-
sul®debasedone,with Nay;5TaS,"yH,0 as the primary com-
parison. In the sNb,Tad$,Sd system, chage-density
wavescompetewith superconductingairing for the Fermi
surface, with coexistenceoccurring in certain cases.The
structureof the (for exampl@ TaS, layeris identicalto that
of the Co0, layer, consistingof edge-sharingransitionmetal
chalcogenideoctahedronsin thesedichalocogenidesas in
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FIG. 1. Changein the ¢ axis lattice parametewith the addition
of H,0, in the two systemsNa,; 300, H,O and Ng;,3TaS," H,0,
illustrating the greatsimilarity. For cobaltatesdataarefrom Foo et
al. (Ref. 33) (empty circleg, Jin et al. (Ref. 9) (®lledcircle), and
Schaaket al. (Ref. 11) (asterisl. For the chalcogenidesdataare
from Johnston(Ref. 29) (empty diamond$ and Johnstonand
Frysinger(Ref. 30) (®lleddiamonds.

the cobaltatesystem,two well-de®nedstagesof hydration
havebeenidenti®ed® In the ®rststageH,0 is incorporated
into the samelayerasthe cation(typically analkali ion), and
in the secondstagetwo H,0 layersareformedon eitherside
of the cationlayer. The similarity in increasen the c lattice
parametecomparedo the cobaltatess illustratedin Fig. 1.

The electronconcentrationn Na;;3TaS, yH,0 is speci-
®edby the Na concentratiorx=1/3, and in this systemsu-
perconductivityoccursat 4+5 K (the samerangeasin the
cobaltatey regadlessof the concentrationy of water mol-
eculesintercalatedinto the structure?’” Speci®cthermody-
namically stablephasesvereidenti®edat y=0,2/3,0.8,1.5,
and 2.28#30 The level of electrondonationseemsto be cru-
cial: using 1,9 andLa;,9 basedon thetrivalentionsleadsto
the samesuperconductingransitiontemperaturelJsing the
divalention Mn sd®,S=5/2d at the sameelectrondonation
level Mny,gTaS is ferromagnetiq FM). Intercalatingthis FM
compoundwith H,O leadsagainto T., 4 K. This latterbe-
havioris understoodasthe waterinducedseparatiorof TaS,
layers decreasingthe interlayer magnetic coupling suf®-
ciently to inhibit long-rangemagneticordet therebyallow-
ing the innate superconductingendencyin the dopedTaS,
layer to asserttself.

Much of the emphasisboth experimentabndtheoretical,
has beendirectedtoward the superconductingpehavior of
the cobaltatesput the long-knownbehaviorof the tantalum
disul®degust mentionedsuggestshe superconductivitynay
not be so distinctive. Reportsof the magneticbehaviorin
thesecobaltatedavebeenof particularinterestto us. Except
for a chage disproportionateéind chage-orderegphasen a
narrow rangearoundx=0.5 (Ref. 31) identi®edby its insu-
lating behavior all samplesarereportedto be metallic. For x
in the 0.5+0.8range,the susceptibilityxsTdis Curie-W\eiss-
like with reportedmomentof order1 ng per Co**.239 This
local momentis normally interpretedasindicating the pres-
enceof correlatecelectronbehavioron the Co sublatticeand
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mosttheoreticaltreatmenthaveassumedhis viewpoint.

Somephasetransitionshave beenreportedin the high x
region. Magneticorderingat 22 K with small orderedmo-
menthasbeenreportedfor x=0.75 (Ref. 33) basedon trans-
port andthermodynamiaata,and the sameconclusionwas
reachedy Sugiyameet al. from nSR studies’*3>Boothroyd
etal. performednelasticneutronscatteringon x=0.75single
crystalsand observedFM spin “uctuations3® Field depen-
denceof the thermopowemeasuredy Wang et al.’ indi-
catedthat the spin entropyof the magneticCo system(i.e.,
the spins of the Co** iong) is responsiblefor the unusual
thermoelectridbehavior For x=0.55,Ando et al. reported’
a rather large linear speci®c heat coef®cient g
=56 mJ/mol K3. Thusfor x. 0.5 magneticCo ions are evi-
dentand are strongly in uencing the electroniclow enegy
excitations.

However for sampleswith x< 0.3 (i.e., the superconduct-
ing phas¢ manyreportsconcurthat the Curie-Weissbehav-
ior of x vanishes:82:38.3%n addition, the speci®ceatg is
muchsmaller with valuesaround12 mJ/mol K2 reported*>
It is extremelycuriousthat local momentsshouldvanishso
nearto what hasbeenbelievedwould correspondo a Mott
insulator (x=0, Co*" in CoQ,), and that superconductivity
appearonly in the moment-freeregime.In the stronglyin-
teractingsingle-bandriangularlattice picture,the x=0 sys-
tem correspondgo the half-®lledtriangular lattice that has
beenstudiedextensivelyfor local singlet(resonatingzalence
bond behavior*® The groundstateof that model hashow-
ever beenfound to be Nxel ordered?! In any case,the x
< 0.3 region of superconductivityn NxCO is howeverwell
away from the expectedviott-insulatingregime,andthe be-
havior in such systemsis expectedto vary strongly with
dopinglevel.

Much of the languageusedin characterizinghis system
(above,and elsewher hasbeenbasedon the local orbital,
single-bandpicture.As discussednorefully below the dop-
ing in this systemoccurswithin the threefoldt,, complexof
the Co ion, with degeneracynly slightly lifted by the non-
cubic structure. The questionof single-bandversusmulti-
band natureof this cobaltatesystemis possibly one of the
more important issuesto addressbecauseit can strongly
affect the tendencytoward correlatedelectronbehavior

Although the primary interesthasbeenin the supercon-
ductivity of NxCO, thereis ®rsta real needto understandhe
electronic structure of the normal state of the unhydrated
material,andits dependencen the dopinglevel x. Theelec-
tronic structureof the x=1/2 (with orderedNa) compound
in the local densityapproximation(LDA) hasbeendescribed
by Singh#>*3 Within LDA all Co ions are identical
(3C03**), the Co t, statesarecrystal-®eldsplit (by 2.5 eV)
from the g, statesandthet,; bandsare partially ®lled,con-
sequentlythe systemis metallic consistentvith the observed
conductivity The t,; bandcomplexis W< 1.5 eV wide, and
is separatedrom the 5 eV wide O 2p bandsthat lie just
below the Co d bands.Singh suggestedhat the expected
on-siteCoulombrepulsion(which hasnot beencalculatedl is
U=5p8eV on Co, which gives U@W so that correlation
effectscanbe anticipated.

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

045104-2



CHARGE DISPROPORIONATION AND SPIN ORDERING...

theoreticaldiscussioff**5! hasfocusedon the stronglyinter-
acting limit, where U is not only important, but in fact is
presumedo be so large that it prohibits double occupancy
asdescribedby the single bandt-J model. The lack of local
momentsand only weak to moderateenhancemenbf the
speci®deatg suggestghat a morerealistic picture may be
required.Undoubtedlythe single bandscenariois a limited
one: Although the rhombohedralsymmetry of the Co site
splits the t,y statesinto ag ande§ representationghe near
octahedrabymmetrymakesthemquasidegenerat&oshibae
andMaekawahaveshownthatthe banddispersionin the tyg
bandcomplexin thesecobaltatedisplaysunexpectedntri-
cacies,including someanalogieso a Kagomxlattice 2

In this paperwe beginto addresghe correlationquestion
by taking the strongly correlatedviewpoint and using the
correlated band theory LDA1 Hubbard U sLDA+Ud
method.We investigatewo distinctregionsof the phasedia-
gramby focusingon x=1/3, the regimewheresuperconduc-
tivity emeges,andx=2/3 wheremore magneticbehavioris
observedWe ®ndthatU 0 U.=3 eV leadsto chage dispro-
portionation (CD) and gap openingfor both x=1/3 and x
=2/3if only FM orderis allowed.Forthe Nxelorderedcase
at x=1/3, the correspondingransitionoccursat U.= 1 eV.
The availability of threedistinct sublatticesor the ordering,
coupledwith strong2D "uctuations,may destroylong-range
order and make local probesimportantin studying chage
disproportionationand correlation. The small valuesof U,
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
(spacegroup P6522), obtainedby Janserand Hoppe,having
lattice constants(a=2.84.., ¢=10.81..).5% The supercell

3a3 13a3 c/2d is used so that at the concentrationx
=1/3 that we consider two (or possiblythreg inequivalent
Co ions, viz. Co®* and Co**, are allowed to emege in the
proces®f self-consistencylrhe allowedorderis displayedn
Fig. 2. Sincewe are not analyzingthe very small interlayer
coupling here, a single layer cell is used.In the supercell
(space-groug?31m No. 157), atomic coordinationsare Na
at the 1a 90,0,1/3d above/belowthe Co site at the la
90,0,0 andthe otherCo sitesarethe2b s1/3,2/3,@ Oxy-
gensitesarethe 3c (2/3,0 &) andthe 3c (1/3, 0, Z,) posi-
tions, respectively The O height z,=0.168xc/2d=0.908..,
which is relaxedby LDA calculation?? producesthe Co-
O-Co bond angle 98.5E(90E for undistorte, so that the
octahedraare considerablydistorted.

Two all-electron full-potential electronic methodshave
been used. The full-potential linearized augmented-plane-
waves(FLAPW) asimplementedn WIEN2K code (Ref. 54)
andits LDA +U (Refs.55 and56) extensiorwereused.The
s,p, and d stateswere treatedusing the augmentedplane
wavel local orbitals SAPW+lod schemé, while the stan-
dardLAPW expansiorwasusedfor higherl's. Local orbitals
were addedto describeCo 3d and O X and 2p states.The
basis size was determined by R,Kya=7.0. The full-
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FIG. 2. lllustration of the type of chage disptoportionatiorand
spin orderingthatis allowedin the chosenl 33 I3 supercell.The
unconnectedarge spheresepresennonmagneticCo®* ions, while
the large andsmall connectedspheresepresenpppositelydirected
Co** spinswhen orderedantiferromagnetically

potentialnonorthogonalocal-orbitalminimum-basisscheme
(FPLO (Refs.58 and 59) was also used.Valenceorbitals
included Na 2s2p3s3p3d, Co 3s3p4s4p3d, and O
2s2p3s3p3d. The Brillouin zone was sampledwith regular
mesh containing 50 irreducible k-points. Both popular
forms?%:61 of the LDA +U functional have beenusedin our
calculationswith no importantdifferenceseing noticed.

. WEAKLY CORRELATED LIMIT

LDA electonic structue at x=1/3. The g;pt,, crystal
®eldsplitting of 2.5 eV thatcanbe seenin thefull bandplot
in Fig. 3 placesthe (unoccupiedl g; states(1 eV wide) well
out of consideratiorfor mostlow enegy effects. The O 2p
bandcomplexbeginsjust below the bottomof the t,4 bands
(seeFig. 3) andis 5.5 eV wide. The statesinto which holes
aredopedfrom NaCoQ comefrom the 1.6 eV wide t,, band
complex.The trigonal symmetryof the Co sitein this trian-
gularCoG, layer splitsthe t, statesnto oneof a; symmetry
[suyl +y2 +uxd/l 3 in the local CoQ; octahedroncoordi-
nate systenj and a doubly degeneratgpair e§ [suyl + a4
+a2uddl 3 and its complex conjugate, where a
=exp2pi/3d.
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FIG. 3. Local densityapproximationbandsof Na;;3CoG, in the
virtual crystal approximationwherethereis one Co ion per cell,
shownalong the principal high symmetrydirections.The g; bands
lie abovel.5eV; the bandsbelowp 1.5 eV are predominantlyoxy-
gen2p in characterThethickenedinesemphasizéhe bandswithin
the t,; complex(p 1.5to 0.5 eV) with strongay character

The tp; band complexthat is intersectedby the Fermi
level E¢ is shownin moredetail in Fig. 4, wherethe bands
with primarily ay characteiare shownin the #atbands°rep-
resentatioragainstthe correspondinglensitiesof statesThe
banddispersionsagreewell with thosecalculatedby Rosner
et al.%? The a4 characteris strongat the bottom of the t,,
complexaswell asatthetop, andillustratesthatholesdoped
into the band-insulatingNaCoG sx=1d phasego initially

FIG. 4. Band structure (in the virtual crystal approximatiof
along high symmetrylines (left pane) and the aligned density of
states(right pane) for the x=1/3 cobaltatein the local densityap-
proximation.The ay symmetrybandis emphasizedavith circlespro-
portionalto the amountof ay characterThe ay densityof statesis
indicatedby the darkerline.

PHYSICAL REVIEW B 70, 045104(2004

into one a; bandthat 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 a, statesuntil x< 0.6, whereuponan e§
Fermi surfacebeginsto form. This observationis consistent
with the x=0.5 Fermi surfaceshownby Singt? which has
six egcylinders.

It 1s of interestto view this bandstructurefrom the view-
point of a singleisolatedtight-bindings-bandon a triangular
lattice with nearneighbor hopping only, which is
intended***8.5%to modelthe a; banddispersionThea, DOS
lies higher than that of e8 not becausets band centerlies
higher(in factits centroidis somewhatower) but ratherdue
to the particulardispersionand to a substantiallylarger ef-
fective bandwidth.Judgedfrom the dispersioncurvesthem-
selves,the a4 and e8 bandsdiffer little in width. Howevey
nearlyall of the eSstatedie within a1.0 eV region,whereas
the ay DOS extendsover 1.5eV.

The ay banddispersiorin Fig. 4 dzoesresemblethatof the
simple tight-binding model pto ;;sc; ¢;+H.c.d with a nega-
tive valueof t. (The bandstructurealsoindicatesthat the
hopping integral has the oppositesign to that of ay.) The
ag-projectedDOS howeveris nothinglike that of the tight-
bindingmodel*® Thereasoris twofold. First, thereis mixing
of the a4 with the e bandsover mostof the Brillouin zone.
The hybridizationis evidentalongthe M-G line in Fig. 4; it
is lessobviousalongthe G-K line becausdghe mixing hap-
pensto be accidentallysmall for the x=1/3 CoO, layer
structure For otherCo-O distancesandbondanglesandfor
x=0 doping level (not shown), the mixing of the a5 band
with the lower e§ bandbecomesanuchlarger. A secondrea-
sonfor the actualshapeof the DOSis dueto thein uence of
somesecond-neighbohopping® which makesthe a4 band
neark=0 muchatter thanthe tight-bindingmodel,or even
disperseslightly upwardbeforeturning downward.

Somedetailsof the bandstructureshouldbe clari®ed The
upwarddispersionof the a; bandaroundthe G point (men-
tioned abovg also seemsto be affected by interlayer cou-
pling, which can depressthe band at k=0. Johannesand
Singhhavereportedthat, evenfor well separatedCoO, lay-
ers (i.e., when hydrated the a; band may still disperse
upward® beforeturning down. Evenfor CoO, layer geom-
etriesfor which thereis no upward curvature,the a; band
remainsunusually at out to almost1/3 of the way to the
zone boundary Either behavioris indicative of extended
hoppingprocesses.

Magnetic order with LDA. Analogousto the results of
Singh for x=0.3,0.5,0.7?*3 we ®nd ferromagnetic(FM)
tendenciesor x=1/3 within LDA. In disagreementvith ex-
periment(no magneticorderis observedor x< 0.3,noreven
any local momentat high temperaturg a half metallic FM
resultis found, with a momentof 2 ny/superceltthatis dis-
tributed almostevenly on the three Co ions. The exchange
splitting of the t,, statesis 0.5 eV, andthe Fermilevel sEgd
lies just abovethe top of the fully occupiedmajority bands
(the minority bandsare metallic). The FM enepgy gain is
about45 meV/Co. With the majority bands®lled,the ®lling
of the minority t,; bandsbecomes2/3, leadingto larger e§
hole occupationthanfor the paramagnetiphase Hence,un-
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FIG. 5. Fermisurfacefor (virtual crysta) NxCO, x=0.30,in the
two-dimensionalBrillouin zone. The large cylinder contains ay
holes,whereaghe six small cylinderscontainholesthat are prima-

rily eglike.

like the standardassumptiorbeing madeso far, x=1/3 is a
multibandsag+e§j system(within LDA, whetherferromag-
netic or paramagnetic Attemptsusing LDA to obtain self-
consistentchage disproportionatedstates,or AFM spin or-
dering, always conveged to the FM or nonmagnetic
solution.

Fermiology Suspectingfrom the S=1/2 spins and the
two-dimensionalitythat quantum uctuation is animportant
aspechbf this systemiit is possiblethatthe x=1/3 systemis
a ¥ uctuation-induced paramagnetdue to the lack of ac-
countof “uctuationsin the electronicstructurecalculations.
Whateverthe underlyingreason,a pagecan be takenfrom
the high T, cupratechapterof materialsphysicsthat, evenin
the presenceof considerablecorrelationeffects,in the mag-
netically disorderedmetallic phasethe paramagnetid-ermi
surface(FS) will emepge. Thelack of any observednagnetic
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behaviorin the x< 0.3 regionreinforcesthis expectation.

In Fig. 5 we showthe x=1/3 LDA FS, which is similar
to the x=0.5 one shownby Singh#3 A large G-centerechole
cylinder (meanradiusK) showssome attening perpendicu-
lar to the GpK direction, this cylinder holds
0.43 holed Co. In addition,therearesix additional,prima-
rily e§in characterhole cylinderslying alongthe G-K direc-
tions, containing0.04 holesin eachof the six smallcylinders
(radiuskg). The total is the 0.67 holesnecessaryo account
for the x=0.33 electroncount. This FS geometryleadsto
severalimportantphasespacefeaturesTherearethe nesting
wave vectorsthat translateone of the small cylindersinto
another giving threedistinctintercylindernestingvectorsas
illustratedin Fig. 5. If thesecylinderswere circular, these
vectorswould represenstrongnestingvectorsfor chage-or
spin-densitywaves. In addition, the susceptibility for Q
@ 2ke intrasurfacescatteringprocessess constantin two
dimension$’ The calculatedcylinders have an eccentricity
of 1.25, weakeningthesenestingfeaturessomewhat.There
arein additionthe correspondingrocessesvith Qg 2K of
the large cylinder.

IV. INCLUSION OF CORRELATION EFFECTS

Despitethe featureof the LDA +U methodthatit drives
local orbital occupationsto integral occupancy(as U in-
creasep to our knowledgeit hasneverbeenusedto study
the questionof chage disproportionationin this sectionwe
showthat moderatevaluesof U leadto CD at both x=1/3
andx=2/(3. Far the triangularlattice, threefoldexpandedsu-
percells(I 3313, seeSec.ll) areconvenientandx=1/3lies
very close to the superconductingcomposition while x
=2/3 is representativef the x. 0.5 regionthat showscor-
relatedbehavior®*

LDA+U magneticstructue andenegies Thebehaviorof
the LDA +U results(Co momentsandthe enegy gap versus
U was ®rststudiedfor x=1/3 (on-site exchangewas kept
®xedat the conventionalvalue of 1 eV as U was varied.
The dependencef the magneticnomentandbandgapon U
for FM orderingis shownin the left panelof Fig. 6. For

FIG. 6. Effect of the intra-
atomic repulsionU on the mag-
netic moment(left axis) and en-
ey gap (right axis) of the Col
andCo2ionsin the supercellLeft
panel:resultfor ferromagneticor-
der Changesn the magneticmo-
ments, indicating disproportion-
ation to formal chage statesCo®*
andCo**, beginsatU.=3 eV.The
openingof the gap (half metallic
to insulating occurs simulta-
neouslyat U.. Right panel:results
for antiferromagneticorder Al-
readyfor U,=1 eV, the Co** mo-
mentis large (the Co®* momentis
zero by symmetry whereasthe
gapis just beginningto open.
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U, U.=3 eV, themomentsonthetwo inequivalentCo sites
arenearlyequalandsimilar to LDA values(which is the U

I 0 limit). Above U, disproportionationinto S=1/2 Co**
and S=0 Co®" ions is nearly completeat U=3.5eV andis
accompaniedby a metal-insulato(Mott-like) transitionfrom
conductingto insulating. The gap increasedinearly at the
rate dEg/dU=0.6 for U. 3.5eV. For the (insulating U

=5 eV casenonmagneticCo’ statedie atthe bottomof the
1.3 eV wide gap, with the occupiedCo** ef states1+2 eV
lower. The spin-half2hole® on the Co™* ion occupiesthe a4
orbital asexpected.

In our choiceof (small) supercellthis CD is necessarily
accompaniedby chage order resultingin a honeycombat-
tice of spin half ions. In a crystaltherewould be threedis-
tinct choicesof the orderedsublattice(correspondingo the
three possiblesitesfor Co®*). Of course,evenat a rational
concentratiorsuchasx=1/3, CD may occurwithout neces-
sarily being accompaniedy chage orderingwhen thermal
and quantum uctuations are accountedfor. Regardingthe
disproportionation,we note that, based on the Mullikan
chage decompositionin the FPLO method,the chageson
the2Co®* and2Co** ionsdiffer by only 0.25+0.3lectrons.
This small value re ects the well-known resultthat the for-
mal chage designationwhile beingvery informative of the
magneticstateandindispensabldor physicalunderstanding,
doesnot representctualchage accurately

The analogouscalculation can be carried out allowing
AFM orderof the Ca** ions, andthe resultsareshownin the
right panelof Fig. 6. A Co** momentgrows (disproportion-
ation) immediatelyas U is increasedfrom zero. The gap
opensaround U=1 eV and increasesat the rate dE,/dU
=0.4.Thusfor AFM spinordet thecritical valueis no higher
thanU.=1 eV.

At x=2/3, CD will leadto only one Ca* ion in the su-
percell,so only FM orderingcan be consideredThe corre-
spondingbehaviorof the momentandthe gapare presented
in Fig. 7. The Co momentsremainnearly equalbut slowly
decreasdrom their LDA valueup to U.=3 eV, whereupon
againCD occursabruptly The momentsare 2well formed®
by U=4 eV but continueto evolvesomewhabeyondthat.In
this casedE,/dU=0.67.

Our LDA +U results,showing chage disproportionation
for U;=3 eV (FM) or U,=1 eV (AFM) are very different
from earlier reportswherelittle changewas obtainedeven
for larger valuesof U when symmetrybreakingby dispro-
portionationwas not allowed® This differenceservesasan
alertthatLDA +U resultscanbe sensitiveto whatdegreeof
freedomare allowed.

It is far from obviousthat chage disproportionatiorand
gap openingshouldoccur simultaneouslywith LDA +U, al-
thoughphysicallythe phenomenare expectedo be closely
related.The evolutionof the Co®* andCa** 3d stateswith U
in the critical regionis shownin Fig. 8. In the FM case the
systemevolvesfrom a half metallic con®gurationstill vis-
ible for U=3 eV, and gap openingoccursjust whenthe mi-
nority ag bandcontaining2/3 hole per Co ion splits off from
the valenceband. At the point of separationthe a, states
splitinto anunoccupiecharrowbandcontainingonehole for
eachof thetwo Co** ions,andanoccupiedandalsonarrow
bandon the Co®* ion. This disproportionatiorcan be identi-
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FIG. 7. Effect of the intra-atomicrepulsionU on the magnetic
moment(left axis) andenepgy gap (right axis) of the Col andCo2
ionsin the supercelifor x=2/3. Changesn the magneticmoments,
indicatingdisproportionatiorio formal chage statesCo>* andCa**,
beginsat U,=3 eV just asin the corresponding«=1/3 case.Note
that applying small but increasingU decreasethe momentsome-
what until disproportionatioroccurs.The openingof the gap (half
metallic to insulating occurssimultaneoushat U..

®edfrom the strong changein the occupiedstatesaround
p0.6to p0.3eV. Thuswhile disproportionatiorin principle
could occurbeforethe gap opens,it doesnot do so here.
Whensymmetryis brokenaccordingto the AFM ordered
(and disproportionated superlatticeshown in Fig. 2, the
critical valueof U is 1 eV or less.This@ease®n gapopening
is no doubtencouragedy the narrowbandwidthof the un-
occupiedag band.A spin-upCa** ion is surroundedy three
spin-downCo** ions and three Ca** ions, neitherof which
havea, statesof the samespin directionat the sameenegy.
The surviving bandwidthre ects the effective coupling be-
tweena, stateson second-neighbo€o ions. For this AFM
orderedphasethe DOS of Fig. 8 indicatesalso little or no
disproportionatiorbeforethe gap beginsto open.
Exchangecoupling The Coulombrepulsionparametet)
hasnot beencalculatedfor thesecobaltatesbut severalesti-
matesfor othercobaltateput U at5 eV or above?24>490n
the otherhand,Chainaniet al. ®t clustercalculationresults
to x ray photoemissiordataon sampleshowingboth chage
statesandfoundthatU in the 3+5.5 eV rangework equally
well.%¢ This rangeis ratherlower thanwhat hasbeengener
ally supposedthus 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 chage ordered,due to the
constraint of the supercel, AFM ordering gives
1.2 mRy/ Co lower enegy thandoesFM order In termsof
nearest-neighbocoupling on the resulting honeycomblat-
tice, the FM-AFM enegy difference correspondsto J
=11 meV. Referringto the paramagnetidandwidthidenti-
®edabove the correspondinguperexchangeonstantwould
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FIG. 8. Evolutionof the Ca®* andCa**3d statesaschage disproportionatioroccurs for x=1/3 and FM spinorder(left pane) andAFM
spin order (right pane). Note that the evolutionin the FM caseis from a half metallic FM.

be 4t?/U, 20 meV.Again, we notethatthe ay DOS differs
greatlyfrom the single bandpicture that was usedto obtain
this valueof t=0.16eV.

V. DISCUSSION OF INTERACTION STRENGTH

Our calculationsindicatethat, aslongasUu 3 eV as is
generallythought,atbothx=1/3 and x=2/3thereis a strong
tendencyto disproportionatewith one result being a Co**
ion with a local moment. Disproportionationinto an AFM
honeycomblattice occursalreadyby U.=1 eV in our mean
®eldtreatmentAt leastin the presenceof chage orderin a
honeycombarrangementthereis an AFM nearestneighbor
exchangecouplingJ< 11 meV. The Nxel stateis known to
be the groundstateof the AFM Heisenbeg honeycombat-
tice. Thesechage orderingtendenciesnay be expectedo be
strongly opposedby thermaland quantum’ uctuations that
are expectedfor low coordinationand small spinsin 2D
layers.To date,disproportionatiorand chage orderinghave
only beenreportedfor x=1/2.31

In additionto producinglocal magneticmomentschage
disproportionatiormight be expectedto introducecoupling
to thelattice. Sincethe radii of Co?* andCao** differ by 15%
(0.74...versus0.63..), disproportionatiorinto thosechage
stateswould be expectedo couplestronglyto local oxygen
modes.In octahedralcoordination,howevey the Ca** ion
radiusis almostindistinguishabldrom thatof the Ca®* ion %6
sotheremay belittle evidencein the lattice behaviorevenif
Co**-Co** chage disproportionatioroccurs.

In spite of the prevalenttheoreticalpresumptiorthat cor
relationeffectsmay be playing an essentiafole in the super
conductivity of this cobaltatesystem,the data seemto be
suggestingotherwise.In the x. 0.5 regime, indeed local
momentsare evidentin thermodynamicand transportdata,
spin “uctuations have beenobservedoy neutronscattering,
and the linear speci®c heat coef®cientsare large, g
=48+56 mJ/mol K2. Comparingthis valueto our calculated
band value g,=10 2 mJ/mol K? leadsto a factor of ®ve
enhancementlue to dynamic correlation effects. Magnetic
orderingaroundx, 0.75 also atteststo substantialcorrela-
tion effects. Our ®ndingof disproportionatiorfor U. 3 eV

(in mean®elg is consistentwith the experimentainforma-
tion anda correlatedelectronpicture.

In the superconductingegimex< 0.3, the emeping pic-
ture is quite the opposite.The speci®cheat coef®cientis
ordinary with the reported value$® clustering around g
=12+13 mJ/mol K? indistinguishablefrom the band value
g.< 13mJ/mol K2. In addition, there is no local moment
(Curie-Weisg contribution to the susceptibility and other
evidenceof enhancedpropertiesis lacking (magnetic®eld
dependencef theresistivity is small,for exampl@. In short,
evidenceof substantiakorrelationeffects due to the antici-
patedstrongon-site CoulombrepulsionU is dif®cultto ®nd
for x, 0.5. Moreover as discussedn the Introduction,the
x=0 endpointis not a Mott insulator but rathera nonmag-
netic metal?*

It is essentiato beginto reconcilethe microscopicmodel
with observations.There are several indications that the
simplesinglebandpictureis oversimpli®edpne of the most
prominentbeingthatthereis no evidencethatthe a, stateis
signi®cantlydifferentin enegy from the e§statesj.e. thety,
degeneracys still essentiallyin place.Due to the form of
dispersionin the CoG, layery, it is still the casethat holes
dopedinto the bandinsulatorNaCoQ go into the a4 band,
makingit viable to usea single bandmodelin the small 1
px regimewith a ratherrobustvalue of U, with a value of
U< 3 eV possiblybeing suf®cientto accountfor correlated
electronbehaviorsw< 1.5 evd

Thex, 0.5regimeseemdo requirereanalysislt is quite
plausible, basedboth on the LDA band structureand the
observedpropertiesthatfor x, 0.5,the systemcrossesover
into a three-bandegimewherethe full t,; complexof states
comesinto play. The multibandnaturetendsto mitigate cor-
relatedbehaviorin at leasttwo ways. First, dopedcarriers
thatgo into a multibandcomplexmay simply ®nda smaller
aphasespaceor approachingr enteringthe Mott-Hubbard
insulatingphase asthe carriershave more degreesf free-
dom. Not completely separate,perhaps,is the extensive
studyof GunnarssonKoch, and Martin686° andKoch, Gun-
narssonandMartin,’® that strongly suggestshatin a multi-
bandsystemof N bands the effective repulsionstrengthbe-
comesUe=U/| N. For thesecobaltateswith carriersin the
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ty bands, N=3, and U.g 3eV would become ugff
I 3ev/l3, W, and correlationeffects diminish consider
ably. Second,screeningwill increaseas hole doping occurs
from the bandinsulatorx=1, reducingbperhapsstronglyb
the intra-atomicrepulsionU to a value nearW.

VI. SUMMARY

In this paperwe have begunan analysis,coupledwith
close attentionto the observedbehavior of the strengthof
correlationeffectsin this cobaltatesystenthatsuperconducts
when hydrated.In this initial work, we haveusedthe mean
®eldLDA +U methodto evaluatethe effectsof Hubbard-like
interactiondn NxCO, and®ndchagedisproportionatiorand
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-neighboantiferromagneticouplingJ< 11 meV for
U, 5eV, at leastif chage disproportionationoccurs.The
only insulatingphasereportedsofar hasbeenatx=1/2, with
strongevidencé! that it is dueto chage disproportionation
andchage order (and probablymagneticorde).

The x=1/3 LDA FS has beendescribed,following the
presumptior{basedon the observatiorof at mostmoderately

PHYSICAL REVIEW B 70, 045104(2004

correlatedbehavioj that 2D "uctuations will restore the

paramagneticmetallic state. There are strong indications
howeverthat stronginteractionsclearly evidentfor x. 1/2,

have becomemutedin the regime where superconductivity
appears.On the one hand, the electronicstructureand FS

indicate that multiband effects must be consideredin this

regime,which in itself will decreasehe effective repulsion
U. IndependentlyU will be decreasedy screeningas the

systembecomesncreasinglymetallic. On the experimental
side,the behaviorof both the magneticsusceptibilityandthe

linear speci®theatcoef®cienpoint to a lack of 2enhanced®
behaviorfor x< 0.3.
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