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A systematic local spin density approximatidnSDA)+U study of doping effects on the electronic and
structural properties of single layer Co@ presented. Undoped Co@ a charge transfer insulator within
LSDA+U and a metal with a high density of stat@0S) at the Fermi level within LSDA(C00,)1%", on the
other hand, is a band insulator with a gap of 2.2 eV. Systems with fractional doping are metals if no charge
orderings are present. Due to the strong interaction between the doped electron and other correthted Co
electrons, the calculated electronic structuré@d0,)*~ depends sensitively on the doping lexeFone center
optical phonon energies are calculated under the frozen phonon approximation and are in good agreement with
measured values. Softening of thg phonon at doping~0.25 seems to indicate a strong electron-phonon
coupling in this system. Possible intermediate spin states of Co ions, Na ordering, as well as magnetic and
charge orderings in this system are also discussed.

DOI: 10.1103/PhysRevB.70.085108 PACS nuniber71.20—b, 71.27+a, 74.25.Kc, 75.20.Hr

l. INTRODUCTION al.:1%-13 the LDA+U method. In this paper, we present a
systematic LSDA+U study of doping effects on the elec-
The recent discovery of superconductivity in hydratedtronic and structural properties of 20O, (0<x=<1) using
Na,CoO, (Ref. 1) has generated renewed interest in thisa recently implemented rotationally invariant LSDA+U
technologically important material. NaoO, has been method ® within the pseudopotential plane-wave
known for several years as a potential thermoelectric mateformalism4
rial which exhibits an unexpectedly large thermoelectric
power and at the same time a low resistiiglthough the
origin of the large thermopower remains a subject of active
investigation, strong correlations between €electrons and It is now well established that the failure of LSDA, when
spin entropy are believed to play a critical r8f&1n addition  applied to late transition metal oxides, is largely due to an
to its unusual thermoelectric properties,,Na0, (x in the insufficient treatment of on-site Coulomb interactions be-
range 0.5—-0.76is also known for having a Curie-Weiss type tween the rather localized electrons. LSDA attempts to
of susceptibility instead of a Pauli paramagnetic behdfor, account for the Coulomb interaction via an averaged poten-
which would be more compatible with its metallic tial depending only on local spin densities. Consequently,
conductiorf Although there have been reports of a weakmagnetic moment formation is driven mainly by the spin
magnetic ordering transition in NaCCoO, at T,,=22 K&°  polarization energy within LSDA. Orbital polarizations, on
no such transition has been observed down to 2 K for systhe other hand, play less important roles in LSDA and the
tems with lower Na contents. Compared to the vast experieccupation of localized orbitals does not depend sensitively
mental work that has been done on this material, theoretican their orientation(symmetry. For highly localized elec-
study seems to have lagged behind. trons, however, the Coulomb interaction should be applied to
First principle calculations of electronic and magneticthe localized orbital as a whole and is better described by the
properties of strongly correlated systems such agChi@  Hubbard or Hartree-FodidF) type of theory. The formation
have always been a challenge. Although the local spin deref a local moment is therefore a result of both spin and
sity approximation(LSDA) to the density functional theory orbital polarizations. Unfortunately, although the HF ap-
(DFT) has been applied to various systems with great sucproximation and other correlated quantum chemistry meth-
cess, it is well known that the LSDA fails in many aspectsods have been applied to atomic and molecular systems with
when applied to late transition metal oxides in which strongtremendous success, their application to solids has been lim-
correlations betweed electrons play an important role. For ited. Screening effects, which are relatively weak in atoms
example, LSDA fails to reproduce the insulating, antiferro-and molecules, are usually important in solids and cannot be
magnetic(AFM) ground state for several transition metal easily included within the HF theory. Higher level quantum
oxides, including the parent materials of high transition tem-chemistry calculations, on the other hand, are computation-
perature(T.) superconductors. Not surprisingly, there haveally too expensive for most solids.
been several attempts to improve th€S)DA to take into The LSDA+U method attempts to incorporate the orbital
account(at least partially the strong electron-electron inter- specific screened Coulomb interaction while retaining the
actions in first-principle calculations. One of the simplest,simplicity of LSDA. In LSDA+U, the energy functional
yet very successful schemes, was proposed by Anisietov consists of three contributiord§!

Il. THE LSDA+U METHOD
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ELSPA*U[ p7(r),{n"}] = ELSPA po(r)] + EY[{n“}] - EPS[{n“}],  culated with an appropriate atomic configurati@i®4s° for
(1) Co in this work:

where E-SPA s the usual LSDA energy functional for spin nﬁqum2=2 F7Lmy [ WP Imy), (7)
densitiesp” (o=1,]), EY is a Hubbard or HF type of inter- nk

action arising from localized electroridescribed by orbital
occupation density matricen?), and EPC is a “double-
counting” term to be defined later. In the rotationally invari-
ant LSDA+U method? EY takes the familiar HF form

wheref;, is the Fermi occupation factor. We have used the
abbrewatlorim) |RY,m. The projection of band wavefunc-
tions ¥y, onto the pseudoatomic wave function is done in
two steps: First, we use the Bessel-Fourier transformation of
the band wave function to obtain a radial functigfir) cen-

2{% }((ml,mz|veﬁms /My) tered at the atomic site of interest
my, 0
- 0'0' <mlam2|v e1m41 m3>)nm1 mg gl,z my? (2) ngJm(f) = <Ylm|\1,:1rk> (8)

Next, a numerical integration on a radial grid is carried out to
where the matrix elements of the screened electron-electron

o valuate the overla@y) |, between the projected radial wave
interactionVe® can be expressed approximately as a sum o nkim
. k. unction and the pseudoatomlc radial wave function
Slater integrald=*

2l

(my, My Veqmg, my) = > a(my,mg,mp,my)F¥,  (3) Cgklm:fo g (R (O, ©
k=0,2

wherer, is the appropriate cutoff radiud.2 A for the Cod

1 orbital in our calculation Finally the density matrix is con-
Fk == j k+1R| (rl)Rz(rZ)drldr21 (4) Structed
At k ml m, - 2 k(cnk,lm1 :'nrk,lmz- (10)
ak(mla Mg, My, m4) ok + 1 2 <Ylml|qu|YIm3>- (5) nk

The LSDA+U wave functions are used to construct the den-

Heree is the dielectric constant of the systera,andr. are  Sity matrix except at the first step of the self-consistent itera-
the smallest and largest values mfandr,, andR, is the tion. Note that proper symmetrizations of the density matrix
radial wave function of the localized electron. It should beare needed if the above summation is carried out in the irre-
pointed out that the Slater integrals are not well defined irflucible Brillouin zone(BZ). Diagonalization of the density
solids and expressio(B) is only an approximation. Fod ~ matrix then gives the symmetry-adapted local orbitals and
electrons(I=2), three Slater integral&®, F2, and F* are  their occupation numbers.

needed. The Slater integrals relate to the familiar Coulomb Applying the variational principle to the energy function-
(or Hubbard U and exchangd parameters asl=F° andJ  als defined in Eqs(1), (2), and(6), we have, in addition to
=(F2+F%)/14. A further simplification can be achieved by the usual one-electron LSDA Hamiltonian, an orbital-
the observation thatF4/F2~0.625 for mostd-electron dependent correction term

systems115The Slater integral¥s (or equivalentlyU and

J) are fixed parameters in our calculations. In principle, how- NT= 2 My Vi m, (M, (11)
ever, one could calculate these parameters self-consistently. MM
The double counting term where the matrix elements
n(n-1) n'(n'-1 nin‘-1)
DC o — _ T
B === =+~ ® N = 2 (my, mgVedmgmy)
mg,my, o’

is the averaged electron-electron interaction already included
o (M, Mg VeI My, m2>)n

in LSDA, assuming that LSDA gives the overall Coulomb mg,my

and exchange energies correctly. The double counting term is 1

not uniquely defined and there have been some discussions - Om U(n— ) J(n - —) (12
. . . . . 1M 2

in the literature concerning other possible forms and their

effects on the calculated propertiésin the above expres-
sions,n”=Tr(n’) andn=n'+n!, while the density matrix”
for localized (e.g.,d or f) orbitals remains to be defined. (Hspa + V)| WE) = EZJ¥ (13)
Identifying localized orbitals is trivial in computational

methods using atomic basis sets such as the linear muffin-tican be solved self-consistently. Due to the presence of the
orbital method(LMTO). In the pseudopotential plane-wave orbital-dependent potenti®l’, it is more convenient to solve
method, this is less obvious and can be done by projectingg. (13) in two stepst’ First, we solve an auxiliary LSDA
the wave functiondl'7, onto pseudoatomic orbital(r) cal-  problem

The resulting one-electron problem
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believed to be responsible for various abnormal electronic,
magnetic and transport properties of the system and is the
focus of the present study. The sodium layer is disordered,
with Na ions distributed among two distinct, partially occu-
pied sites(Wyckoff indices D and 21). In order to avoid
inconvenient(i.e., large unit cells for systems with frac-
tional doping, the effects of Na is modeled by corresponding
electron doping into the CoQayer in our calculations. The
excess electrons are then balanced by a uniform positive
background. In real systems, the presence of Na potentials
and small strains associated with them, as well as interlayer
interactions, might have some additional effects on the elec-
tronic properties. We believe, however, our model captures
the essential physics and the effects of Na ions are minor if
not negligible, as will be discussed latéhlternatively, one
may employ the virtual crystal technique to overcome the
large unit cell problem.Our treatment might become even
more exact in the case of hydrated compounds since water
molecules are likely to screen out the Na potentials. Of
course, the interaction between® and CoQ layers is an-
other issue that deserves further investigations. In our calcu-
lations for single layer Cog) we fix the in-plane lattice con-
stantsa=b=2.823 A! regardless of the doping level. Small
variation in lattice constants should have negligible effects
on our results. The separation between layers is set at 6.5 A
to ensure no significant interlayer interactions. Therefore, the
only structural parameter allowed to relax is the oxygen
coordinate, which turns out to be rather sensitive to the dop-
ing level, as will be discussed later.
FIG. 1. Orthographiguppe) and perspectiv¢lower) views of The above assumptions significantly simplify our calcula-
single layer Co@. Dark spheres are oxygen and gray ones are Cotjons. There are, however, other difficulties in studying cor-
related systems due to the existence of several competing
UspalPri = end PRy (14) ~ charge and/or magnetic orderings. Since the magnetic and/or
charge ordering energies are usually very small, it is some-
to obtain an orthogonal basfsy,} and the corresponding times difficult to distinguish between different ordering
eigenvalues{ey}. Note that the one-electron Hamiltonian states based only on their energy difference. This is particu-
Hspa is constructed using the electron density determinedarly true in magnetically frustrated systems such as £a®
by minimizing the LSDA+U(not the LSDA energy func- is evidenced by experiments where no long range magnetic
tional. We then construct the full LSDA+U Hamiltonian ma- ordering is observed for N&oO, except for x~0.758°
trix Nevertheless, it was suggested that a short range ferromag-
- netic (FM) ordering might be preferred in these systéfhs.
[Hlsparu(®]Inn = Shpen+ (PloVI®ry (15 Therefore, we will primary concentrate on the ferromagnetic
(paramagnetic fok=1) phase in this paper. Different order-
ings will be discussed briefly.

on the subspace of interggtg., Cod orbitaly and diagonal-

ize it to obtain the LSDA+U wave function#/y, and band We employ the LSDA+U method as described in Sec. I
energiestr,. The occupation matrixn® and charge density , gyydy doping effects on the electronic, structural and mag-
p” are then constructed for the next iteration until the self- o+ properties of single layefCo0,)* (0<x<1). The
consistency is achieved, while fixing the parameté@ndJ. k-point set is generated by the Monkhorst-Pack sch&me

with a density of 112X 2. The plane-wave energy cutoff

is set at 250 Ry to ensure the convergence of the calcula-

tions. Such a high plane-wave energy cutoff is necessary for
Na,CoO, assumes a layered structure in which G@dd  systems containing very localizedl electrons using norm-

Na layers alternate along tleeaxis. The electronically active conserving pseudopotenti&®?! Since there has been no

CoO, layer consists of edge sharing CpOctahedra with  theoretical and/or experimental determinatioriJo&ndJ for

magnetiq Co) ions forming a frustrated triangular latticeee  Co d electrons in Ng&oO,, we adopt a moderatd)

Fig. 1). The oxygen octahedra are distorted considerably—=5.5 eV and @=0.9 eV in our calculations and neglect their

compressed along the body-diagonal direction of the embeddoping dependence. The exchange paramktsrof the or-

ding rocksalt structure and stretched in the perpendiculader of 1 eV for most later transition metal oxideand Singh

plane. The distortion presumably depends on the dopindas given an estimate &f=5-8 eV for NaC00,.'® Similar

level (as will be shown latgr This active Co@ layer is  values ofU (5.4 and 5.0 eY have been used in previous

Ill. COMPUTATIONAL DETAILS
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studies on this systef?:>2In general, LSDA+U results are 4

| | | | |
insensitive to small variation of these parameters. Upspin  LSDA

tyg(d+3p)  g(p+d)

3 -

tylprsd)

IV. RESULTS 2

A. Electronic structure of CoO, and CoO}°" 1

We first study the undoped parent material Ga@ its 0
ferromagnetic phase. Single layer Co@as aD34 point

group symmetry, which derives from the cul§i@,) symme- 1
try after a trigonal distortion along thel11] direction. The

Co 3 orbitals split into a triplet(t,y) and a doubletey) 2
under the influence of the octahedialubic) crystal field.
Upon further lowering the symmetry, thg, states split into

ey andayq levels. Thet,, derivedey states then mix with the
original e, ones, forming two new doublet” andel?. Of
course, the degree of this mixing increases with increasing
trigonal distortion and Cal derived e, states will further

Down spin
l l l l
1 1 1 1

Up spin LSDA+U

DOS (States/eV)
F-N

hybridize with the Op states. It is generally believed that the 2
relevant low-energy electronic states of Go&@e predomi-
nately of Cod character and can be interpreted in terms of 1
those of the Co ion. For example, the electronic structure of
undoped CoQin its low spin statdS= %) may be understood 0
in terms of Cd*(e/aje}). Thus upon electron doping, it be- ]
comes a doped spifi-system. However, due to the strong
mixing between Op and Cod states in these systems, the 2
validity of such a simplified picture needs to be carefully
examined. 3
Figure 2 compares the LSDA and LSDA+U density of
stategDOS) of CoO,. The undoped parent material Cpid 4 8 6 4 P 0 5 4
a Mott-Hubbard insulatofor charge transfer insulator ac- Energy (eV)

cording to the ZAS classificatioff) as predicted by LSDA

+U. In contrast, our LSDA calculation gives a metallic  FIG. 2. Spin resolved DOS of CaQn its ferromagnetic phase
ground state with a rather high DG8.5 electrons/eV/cell  calculated with LSDAupped and LSDA+U (lower). Solid curves

at the Fermi level, which is consistent with the LSDA resultshow the total DOS and the dotted ones are partial DOS projected
of Singh!8 The local spin moment of Co calculated within on Cod orbitals.

LSDA+U is about g, as expected for a spi%’n-system.

LSDA, on the other hand, gives a local moment of @58 +dp)], this separation betweahand p states becomes less
due to lack of orbital polarizations. The octahedral crystalobvious in LSDA+U results. Therefore, our results suggest
field splitting (~3.0 eV) of Co d orbitals, i.e., the splitting that both Cod and Op states need to be considered when
between the occupieidy and the unoccupieg, states of the one attempts to derive an effective low energy model Hamil-
d orbitals, can easily be estimated from the LSDA resultstonian for this system.

Further splitting of the,, stategthe separation between the  To better understand the electronic structure of Go@

two peaks within the triplet labelegy(d+&p) in the upper further project the wave functions onto the symmetry-
panel of Fig. 2 due to the trigonal distortion is about 1.0 eV adapted Cal orbitals[i.e., the eigenfunctions of the density
within LSDA. Determining these values from LSDA+U re- matrix defined in Eq(7)], as shown in Fig. 3. The corre-
sults, however, is more involved since additional splittingsponding orbital occupations are given in Table I. As we
due to the CoulomlJ cannot be easily decoupled. The ex- have mentioned above, thg; triplet splits intoey and a4
plicit removal of the self-interaction in the screened HF in-under the influence of triangular crystal field. Although this
teraction term in the LSDA+U method separates the occusplitting (~1.0 eV) is insignificant in LSDA, the strong on-
pied and the unoccupied states and pushes the occupiedsite Coulomb interaction included in the LSDA+U pushes
ones below the @ levels. Consequently, the top of the va- the minority spina;q up so that it becomes completely un-
lence band has predominately @character within LSDA  occupied. The separation between the occupied and the un-
+U, contrary to the Cal character in LSDA. Another inter- occupieda,q states isU+J~6.4 eV, as shown in the upper
esting observation is that the hybridization between the ocpanel of Fig. 3. Thet,, derivede, doublet, labelect?, is
cupied Cod and Op states is enhanced within the LSDA nearly fully occupied as expectg¢see Table)l For the other

+U method. Whereas the DOS calculated with LSDA clearlydoublet, i_e_,e(l), one would expect it to be unoccupied from
showsp-dominatet,, and ey states[labeledt,q(p+5d) and  the simple molecular orbital analysis. However, this does not
ey(p+4d) in Fig. 2] andd-dominatet,, states{labeledt,y(d  seem to be the case in our calculations due to strong mixing
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3 | Upspin 05}
2F 0
L 8 6 4 2
0 Energy (eV)
1F FIG. 4. Comparison between LSDA and LSDA+U DOS of
2r (C00,)10". Solid curves are total DOS and dotted ones are projec-
3 I Down spin tions onto Cod orbitals.
1 1 1 1 1
-8 6 4 2 0 2 4 are better described as covalently bonded with €ectrons
Energy (eV) due to the significant overlap between the two wave func-
tions.

FIG. 3. LocaI. DOS of Co@ projected onto the symmetry- Upon doping one electron to the Co@yer, the system
adapted Cod orbitals. The total DOS are also shown in dotted hacomes a nonmagnetic insulator with a band gap of about
curves. 2.2 eV(see Fig. 4, which compares favorably with the mea-

sured band gap~2.7 eV) of a similar material LiCo@?°
between Cal and Op states with compatible symmetry. We |nterestingly, LSDA also predicts a nonmagnetic insulating
call these hybridized double,(pd). Both the occupied and ground state but with a smaller gap of about 0.8 eV. This is
the unoccupieey(pd) have nearly equal @ and Cod char-  expected since the crystal field splitting of @states within
acters. As a result, the valency of the Co ion in Galevi-  LSDA is larger than the bandwidth of thg; and e, sub-
ates substantially from its nominal value 4+. This indicates éands. Therefore, NaCg@s a band insulator within LDA.
coexistence of ionic and covalent bondings in this systemThe on-site Coulomb interaction thus contributes about
Whereas the Coslelectrons are fully ionized, thetelectrons 1.4 eV to the calculated band gap, which is only a fraction of

the parametetJ. This is an indication that the results of

TABLE |. Comparison ofd electron occupation of undoped LSDA+U calculations are not sensitive to the parameters.
Co0, between LSDA and LSDA+U results. For doublets, the num-Although both LSDA and LSDA+U give qualitatively the

ber ofd electrons is the occupation times two. same nonmagnetic insulating ground state, there are signifi-
cant differences in the calculated DOS with the two methods,
d orbital occupation especially for the occupied states. As for the undoped case,
Majority LSDA LSDA+U LSDA+U enhances the hybridization between thedCand
O p states. The top valence band triplet has predominately
spin ayg 0.845 0.926 Cod character in the absence of local Coulomb interactions
e? 0.907 0.919 but strongly hybridizes with p states within LSDA+U.
e?1> 0.457 0.506 Also, there is a small but not negligible gap between the
Minority Tc?tal 357 3.78 d-dominate andp-dominate states within LSDA, a feature
. that does not exist within LSDA+U and was not observed in
spin A1 0.668 0.097 hotoemission experiment3 Overall, our results show that
(2) 0.725 0.916 : P ' L :
e?1> thed states mostly concentrate within a 2 eV window below
€ 0.434 0.383 the valence band maximum and the oxygestates spread
Total 2.99 2.69 from —7.0 to —2.0 eV. This is in good agreement with the
Total d electrons 6.56 6.47 resonant photoemission experiment results for LigoRef.
Co spin moment ug) 058 1.09 25) where the sharp peak around -1.4 eV is assigned to the

Co d final states whereas the broad structure at -=5+2 eV is
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TABLE Il. d electron occupation ofC00,)!0" calculated with 4
LSDA and LSDA+U. The system is nonmagnetic. For doublets, the
number ofd electrons is the occupation times two.

d orbital occupation/spin = o
LSDA LSDA+U gost
<]
Ay 0.887 0.908 2 2f
eé” 0.889 0.908 |
e’ 0.363 0.321 Q
Total 3.39 3.37 r
0.5}
attributed to Op states. Of course, one must be cautious 0

when comparing the calculated DOS with the photoemission 8 - - -
results since both matrix element effects and correlations Energy (oV)
may change the line shape of the photoemission spectra.

The d orbital occupation of both majority and minority FIG. 5. DOS 0f(C00,)*%" (solid curve and that of NaCo®
spins are significantly affected by the electron dopiege (dashed curve The DOS is not altered significantly by replacing
Tables | and I). Whereas the minority spin occupation in- Na ions with a uniform positive background. Also, interlayer cou-
creases by 0.68 electrons within LSDA+U, the majority Spinp”ng does not seem to be important in this system.
occupation actually decreases by 0.41. This is not a surpris-
ing result for a strongly correlated system: Although the
lower and upper Hubbard bandsHB and UHB) are ener-
getically separated, they are intimately correlated and are Having discussed the electronic properties of the two ex-
both affected by doping. Strong doping dependence of botieme cases, it would be interesting to see how the electronic
the band energies and the spectra weights of the corredatedsiycture of(Co0,)* evolves as the doping level varies.
bands can also be seen by comparing the projected DOggre 6 shows the evolution of the DOS as the doping level
between the undoped and doped cases the lower panel of x changes from 0.0 to 1.0. As we have discussed, the un-

Fig. 2 and the upper panel of Fig).Due to their mixing d . :
: oped parent material CgQs a charge transfer insulator
with the correlated states, Op states are also affected by with a gap between the @ and Cod (a;,) states. Upon

the doping. Overall, the total electron occupation only in- ) he originall . hich i
creases by 0.27 electrons upon doping one electron to th@ectron doping, the originatly unoccuplagjg state, which 1S
triplet due to on-site Coulomb interac-

system. This suggests that a substantial portion of the dopetP!it-0ff from thety, _
charge actually go to oxygen sites and that the Co valency {40ns, becomes partially occupied and moves toward lower
rather insensitive to the doping level in this system. Thisenergy, touching the (@-dominate valence band at-0.3
insensitivity is also recentiy reported in m—yMnyOZ sys- and eventually_ merglng into the rest of the .Valence bandAt
tems, where Co ions are partially substituted by ¥iwe  x=1.0 thety, triplet is recovered and occupied by both spin
will return to this point in more detail later. up and spin down electrons. At the same time, a new gap

To ensure the validity of replacing Na ions with a uniform (larger than that of the undoped caappears between tlg
positive background, which reduces the complex system to and gy states. All other occupied states, in contrast, are
single-layer one, we have also done a calculation for a realpushed upward as doping level increases. As a result, signifi-
istic system, i.e., a double-layer NaCp@®igure 5 compares cant spectra weight moves across the entire valence band-
the DOS of the model systemiCoQ,)'% with that of  width due to the correlation between the doped electron and
NaCoG. The negligible differences between the DOS of theother occupied! states. Note also that the occupation of the
two systems suggest that our model system is appropriat@inority spina, 4 state is approximately the same as the dop-
and interlayer coupling is not very important in this system,ing levelx, which seems to suggest that all doped charges go
assuming no charge and/or magnetic orderings are involvedo Co sites. In fact, this is not true. As we have discussed
The possibility of a subtle interplay between Na potentialsbriefly for the case 0fCo0,)*%", a significant portion of the
and charge orderings in the CeCayer will be discussed doped electron actually goes to oxygen sites. Below we ex-
later.

Another issue that needs to be addressed is the effects of 1agLE 111. Sensitivity of the charge occupation analysis to the
variation in the CoulomtJ on our results. Although it is  variation in theU parameter.
known that the LSDA+U results are usually not sensitive to

B. Electronic structure of (Co0,)*” (0=x=<1)

small changes in th& parameter, it is important to under- Number ofd electrons
stand quantitatively this sensitivity. Table Il shows that the x=0.0 x=1.0
change of thed-electron occupation number for both un-

doped and one electron doped systems is negligibld &s 4.5 6.48 6.75
varied from 4.5 to 6.5 eV. Therefore, we believe that ours s 6.47 6.73
results are quite general and shall be valid for a reasonablgg 6.46 6.72

range of theU parameter.
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I TABLE IV. d electron occupation and local spin moment of

Spin 1|Jp ’x=0.0 _ . .

» : (CoOy)*™ as a function of doping level. For doublets, the number of
2 (
: A I

0 """" et O RNy AW - ‘ ;
WITa ATy
¥ !
2 |
| Spin down i
| |

!
[
[
[
- [

Doping 0.0 0.25 0.5 0.75 1.0
Majority ag 0.926 0.922 0.917 0.912 0.908
spin @ 0.919 0.916 0.914 0.911 0.908

d electrons is the occupation times two.
! ?l) 0.506 0436 0.381 0.345 0.321

total 378 363 351 342 337
Majority aj;  0.097 0.341 0.566 0.754 0.908
spin e? 0916 0913 0910 0.908 0.908
?1 0.383 0.379 0.367 0.346 0.321
total 269 293 312 326 3.37
| Co spin momentug) 1.08 0.70 0.39 0.16 0.0

|
Spin up

Spin down
|

Spin Lljp
tion betweenp andd orbitals. In the absence of hybridiza-
tion, the totald electron occupation increases linearly with
: doping levelx (Ng=Ng+Xx, where Ny is the d occupation

! without electron doping Consequently, the on-site Coulomb
Soind ! interaction energy would increase rapidly sindg”
on |°Wn | | | | =UNy(Ng—1)/2. This is obviously very energetically unfa-
Spinup ! le075 ' vorable. Fortunately, the hybridization process brings in an-

|

[

(

|

[

|

DOS (States/eV)
o

other degree of freedom and the system spontaneously ad-
justs the level of hybridization to minimize the overall
Coulomb energy as doping increases. This competition be-
tween the Coulomb energy and tiped hybridization was
also proposed recently by Marianetti al.?” although they
reach the conclusion based on a dynamical mean-field theory
| (DMFT) analysis. We should point out that the occupation
analysis in our calculations is only approximate and different
charge analyses may give slightly different results. The
A [ subtle changes to thégz’ and majority spina;; occupation

0 & T ' might be partially due to orbital and/or structural relaxation

\ effects.

Another consequence of the rehybridization process is

Spin down
|

T
Spin up

|
|
(
|
|
(
|
8 6 -4 2 0 2 4 18

Spin down that the effective Coulomb repulsion “felt” by the minority
]
Energy (eV)
1.6 |
FIG. 6. Doping effects on the DOS ¢€00,)*” (0.0=x=<1.0). Total &

Solid curves are total DOS and the dotted ones are projections ontt, 1.4¢
Cod orbitals. As the doping level increases, the partially occupied 5 121
minority spinay, state moves across the band gap while pushing‘g

other correlated states upwards. The dashed line shows the Fermie 1

Maijori (1)
level of metallic systems. it ajonty &,
o 08}
. . . . . 2 Minority
amine in more detail these seemingly incompatible results. € 0.6 }
Table IV shows thel electron occupations for all symme- 2 0.4

trized d orbitals. The occupation of all other states except
the mmorlty spina,q decreases as doping level increases, 0.2}
with the e!* states(espemally the majority spin ohdeing

affected the mostsee also Fig. Y In other words, the occu- 0 0 02 04 06 08 ]
pation of the m|nor|ty spiry 4 state effectively repels othelr ' ' ' '
electrons in thee” states. This is only possible through the
rehybridization process. As mentioned previously, the occu- FIG. 7. Doping dependence of the occupation of Corbital
pation of the Cod derivedegl) states is due to the hybridiza- derivedayg ande}” states.

Minority a,,

Doping level x

085108-7



ZHANG et al. PHYSICAL REVIEW B 70, 085108(2004)

4 1-4 T T T T T T T

1.2 -

DOS (Ef) (States/eV)

Energy (eV)

0 Il | 1 1 | 1 |
0 01 02 03 04 05 06 07

Doping level x

M r K M FIG. 9. Density of states diCo0,)'%" at the Fermi level as a
K vector function of doping levek.

FIG. 8. Band structure ofC00,)%?5". Solid and dashed curves
are for minority and majority spins, respectively. The minority spin Very low doping levely. The Fermi surface quickly extends
ayq band is highlighted with a thick solid curve and the dotted curveand then shrinks with increasing doping. Compared with
is a nearest neighbor tight-binding fitting for this band with a hop-LSDA results*® where a large Fermi surface, as well as small
ping parametet=0.155 eV. pockets of holes, are predicted, there is only one large Fermi
) ) o _ . surface in our calculation, which agrees well with recent
spin a4 electron is actually reduced with increasing dOP'ngexperimenté"?'34AIthough it would be interesting to connect

level. This explains the lowering of the energy of the minor-y,iq ghservation with the fact that superconductivity occurs
ity spin a4 (relative to otherd stateg upon electron doping. only in a very narow doping range[x~0.3 in

Of course, other factors might also contribute to the doDin@Na(CoOz-szo (Refs. 1 and 38, further investigation on
dependence of the energy of the minority spig state. For s subject is required. If the superconductivity in this sys-
example, the doping-dependent trigonal dlst_ort|0n _Wllltem is of phonon origin, then the high DOS at the Fermi
change the energy of tie, state through crystal field split- |o\e| is definitely an important factor in determining the su-

ting effects. , , _perconducting transition temperature.
The minority spina;y state deserves particular attention

since, upon electron doping, it determines the low-energy . ) .
electronic properties of the system and has been the subjectc' Doping effects on the Struc.tural properties and possible
of intensive discussion concerning its connection with the spin-phonon interactions
superconductivity observed in jgCo0O, - yH,0.22-32Figure Structural properties are in general not particularly sensi-
8 shows the band structure 6800,)%2°" with the minority tive to the doping level. As we have mentioned above, we fix
spin a;4 band highlighted. Interestingly, apart from a con- the lattice constants in our calculations but allow the oxygen
stant shift, this band can be fairly well fitted by a simple atoms to relax. Figure 10 shows the doping-dependent oxy-
tight-binding model with a nearest hopping paramdter genz coordinate as measured from the Co plane. The calcu-
-0.155 eV. Note that hereis not the hopping element be- lated Oz coordinate atx~0.30 (1.72 a.u) falls within the
tween Co and O sites but the effective hopping betweermeasured valued.67—-1.77 a.).for Na,Co0,-yH,0 (Refs.
neighboring Co sites. The total bandwidth is thuk| 9 1 and 36 but is smaller than those~1.83 a.u) for unhy-
=1.4 eV. Since we use a on-site Coulomb interactidn drated system¥ This is reasonable since the single layer
=5.5 eV, the effective superexchange between two neighbosystem in our calculations should mimic the hydrated system
ing Co ions isJ=4t>/U=16 meV, in reasonable agreement better than the unhydrated one. The Na potential in the un-
with a previous estimat¥. Due to the particular dispersion hydrated system is likely to attract the negatively charged O
and doping dependence of this band, there is a strong dopirigns away from the Co layer, making the Dcoordinate
dependence to the Fermi-surface properties and the DOS kirger. Overall, the distance between the oxygen and cobalt
the Fermi level, as shown in Fig. 9. The DQE) increases layers expands quadratically with increasing doping level.
sharply with increasing doping level for<0.1, reaches a Using the LSDA+U total energy functional defined in Eq.
maximum at aboux~ 0.2, and then decreases with increas-(1), we can calculate phonon energies under the frozen pho-
ing doping. The narrow doping range 8&X=0.3 beyond non approximatiorf® Single layer Co®@ (assuming
which DOS (E;) decreases rapidly with increasing or de- paramagnetic/ferromagnetic orderjnigas four zone-center
creasing doping level is closely related to the Fermi surfac@ptical phonon modes. Two of them relate to the in-plane and
structure of the system: At very low dopings, small electronout-of-plane motion of oxygen atonigy andA), which are
pockets appear around the corners of the @lbte that this Raman active. The other tw, and A,,) involve cobalt
metallic state may not be stable against charge orderings atoving against oxygen and are infrar@R) active. Table V
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1.86 T T T T

1.84
1.82

1.8
1.78
1.76

Co Spin Moment (ug)

1.74

Oxygen z coordinate (a.u.)

1.72

1.7- 1 L 1 L ) A R L ,
0 0.2 0.4 0.6 0.8 1 1.55 1.6 1.65 1.7 1.75 1.8 1.85 1.9

Doping level (x) O z Coordinate (a.u.)

FIG. 10. Calculated equilibrium oxygerz coordinate of FIG. 11. Correlation between the local spin moment on Co and
(CoOy)*" as a function of doping level. the oxygenz coordinate of CoQ

lists the calculated zone center phonon energies for doping
levelsx=0.0,0.25,0.5,0.75, and 1.0. The calculated energiea
are in good agreement with available measurem&ntdFor €
example, the measuredl,; phonon energyranging from
71.2 to 74.4 me\(Refs. 37 and 3Bdepending on the doping
level and sample conditiohsgrees well with the calculated
ones (from 72.6 to 73.0 meV for doping level 0.25x
<0.75. The theoreticaEy phonon energies are 63.2 meV
for x=0.25 and 65.6 meV fox=0.75, to be compared with
the measured values 56.8—61.2 m&WThe measured energy
for the IR active modeE, is about 70.7 meV for
Nay 5/C00,,2° which also compares favorably with our theo-

In magnetic systems, phonons might interact with the spin
gree of freedom through the magnetoelastic coupling. The
spin-phonon interaction has been discussed extensively in
the literature regarding its possible role in hijg-supercon-
ductors. Although there is no experimental evidence of a
strong spin-phonon coupling in this system so far, it would
be interesting to explore such a possibility. In fact, we ob-
serve a strong correlation between the Gordinatgrelates

to the A;y phonon displacementind the local spin moment
on Co sites(see Fig. 11 No such correlations were found
for other phonon modes. This raises the possibility of inter-

retical value(74.7 meV forx=0.5). There has been no mea- actions betweer, p.honons and magnons W.ith pompatible
surement for the\,, mode so far. In general, the zone centerVave vectors and might have important implications for un-

optical phonons are not sensitive to the doping level. Thergerstandlng the superconducting mechanism in this system.

is, however, one interesting exception: AD.25 doping, the

Ey phonon softens, decreasing from 67.8 meV>ei0.0 to V. DISCUSSIONS
63.2 meV for x=0.25, and has significant anharmonicity.
(The calculated harmonic phonon energy is only 56.5 meV.
The softening of this phonon mode at doping lexet0.2 So far we have assumed a low spin state for Co ions and
seems to indicate a strong electron-phonon coupling and wée doped electrons always go to the minority spjgcon-
believe that the high DOS at the Fermi level for-0.25,  duction band. Thus the local spin moment on Co decreases
together with strong electron-phonon couplings between thigvith increasing doping level and vanishesxat1.0. How-
mode and conduction states, is responsible for the phonogver, this does not seem to be consistent with the observa-
softening and anharmonicity and may eventually lead to aions that sizable effective magnetic momepts; exist at
superconducting phase transition. doping levelx~0.75. For example, magnetic susceptibility
measurements of NasCoO, give a wes of 2.74ug/Co as-
suming only C6* ions contribute to the Curie consta@t®

A. Other possible spin configurations

TABLE V. Doping effects on zone center phonon energies cal-
culated using frozen phonon approximation. All phonon modes arel_hiS is much larger than the “spin-only” Va|L[g\/M

fairly harmonic except th&y mode in the case of doping level = o i . .
~0.25. Forx=0.25, the calculated harmonic frequency is shown in=\3ue] 0f Co™" ion in its low spin state. If, on the other

parentheses. hand, all Co sites are assumed equivalent, the results yield a
et Of 1.37ug/Co2 which is again not compatible with the
Zone center phonon energgeV) calculated spin moment. This apparent discrepancy raises the
Doping level 0.0 0.25 05 0.75 1.0 Possibilities of unquenched orbital moments and/or other
spin configurations of Co ions in this system, especially for
Ayg 72.3 72.6 734 73.0 714 high doping levels’x=0.5). The spin states of Co ions in
Ay 72.8 73.6 740 77.0 80.0 CoO, are determined by several competing factors such as
Eq 67.8 63.256.5 64.6 652 62.7 the crystal field splitting, Hund’s rule coupling, and the
E, 75.3 74.9 747 742 727 Screened on-site Coulomb interactions. Therefore, depending

on the relative strength of these factors, some Co ions might
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adopt an intermediate-spin state. Here we explore such a Since Na are fully ionized, it might be possible to discuss
possibility. their ordering by simple electrostatic and entropic arguments.
As we can see from Fig. 2, the energy of the unoccupiedChemical interactions between Na and Gd@yers might
majority spiney is only slightly higher than that of minority ~also play a minor role but more difficult to character)z&t
spinayy in the undoped single layer CeQn the real system, low Na concentrations, entropic effects should dommate and
especially in unhydrated N@0O,, however, the situation the Na layer is likely disordered. As doping level increases,
might be more complicated. The presence of a ordered NBOWever, Na ions will tend to organize themselves least
potential might enhance or induce charge orderings in th@artially and locally to minimize the ionic repulsion, since it

Co0, layer! and the energy levels of the two unoccupied COStS energy to place two Na ions in neighboririgahd 21
statese, and a,, might get reversed on some Co sites. A sites(see Fig. 12 This does not necessarily lead to a long-

smaller crystal field splitting or largéy could pull down the Irggzgeoor:jdeerirrl]rzgisﬂgsvteh\fer? ?fotjrigrzeer?ﬁ?g:g%g dee%ige;g[t?ern
& state or push up thglg. one. The doped elec_tron.could which has significantly lower energgompared to the ther-
then go to thee; majority spin state, resulting in an

) . ; . . mal energy than others, a long range ordering might result.
intermediate-spin state for the corresponding Co ions. Ther gy g rang g mig

. . or x=0.5, we indeed find a particular arrangement of Na
fore, we propose the following scenario for unhydratedjyng \yhich is compatible with the observe8x 2 ordering

Na,CoO, system: At low doping level, all Co ions are in 41 5304 has as much as 0.3 eV/Na lower Coulomb energy
their low spin states. As d(_)p_ing level increases, Na ions tenghan other configurations with similar unit celsee Fig. 12
to order themselves to minimize the Coulomb eneye i only in-plane Coulomb interactions are taken into account.
will discuss Na orderings in more detail in the following. |t might be possible that the interplay between the ordering
This ordering might then enhance or induce charge ordering, the Na layer and the charge ordering in the Gé&yer is
in CoQ; layers. Due to charge ordering in the Co@yer, Co  responsible for the observed insulating behavior in
ions then have a different symmetry and chemical environng, .Co0,, as discussed by Faat al#! For x=0.75, the situ-
ment, leading to different crystal field splitting and/or on-site ation is more complicated. We find many possible orderings
interactions. Under certain circumstance, the unoccupied Maith similar energy. The lowest-energy pattern is show in
jority spin e, state might be lower in energy than the;  Fig. 12, with filled black circles denoting occupied and gray
state. The local moment of these Co ions will then ianeaS@irdes partia”y occupie(ﬂSO% for X:O.73 Na sites. Inter-
with increasing doping. We have calculated a ferromagnetigstingly, this pattern of low energy ordering is also consistent
system with Co ions in their intermediate spin states for dopywiith the reported Na superstructure for0.7542 The low
ing level x=0.5 and found that the local spin moment is energy ordering pattern for=0.5 is rather exclusive in the
1.52ug/ Co. Not surprisingly, the energy of the intermediate sense that further addition of Na to this structure will result
spin state is higher than that of the low-spin staby  in occupation of neighboringl?and & sites thus increase
~0.5 eV/Co. However, charge orderings might reduce orthe Coulomb energy sharply.
inverse this energy difference, resulting in an intermediate- |n general, we find it very energetically unfavorable to
spin ground state. It is also plausible that this kind of richoccupy neighboring 12 and 21 sites. At high dopinge.g.,
degeneracy of spin states, a result of nearly perfect balange=0.75), Na ions tend to occupy only one of the two distinct
between the crystal field and Hund's rules effects, is responsjtes within a given domain. The size of these domains pre-
sible for the unusually high thermopower in this system.  sumably increases with decreasing temperature. If interac-
tions between Na and CgQayers are taken into account, the
two Na sites may not be equivalent energetically. In fact, our
It is usually assumed that the Na layer is disordered ircalculations indicate that thed2site is about 0.1 eV/Na
Na,CoO, and the primary effect of Na is to provide electrons lower in energy. This is due to the different Coulomb repul-
to the CoQ layer. In strongly correlated systems, however,sion between the Na and Co in the two configurations.
charge and/or spin orderings usually happen at an extremelyherefore, @ sites are more likely to be occupied, provided
low energy scale and seemingly insignificant interactions caithat no immediate neighboringites are already occupied.
sometimes result in profound changes in the electronic strucAlthough this differentiation between the two sites should be
ture. Although we have shown that the Na potential has minitaken into account when discussing Na orderings, no changes
mal effects on the calculated electronic structure of ferroto our conclusion for a Na ordering & 0.5 is expected due
magnetically ordered CoQit is still unclear the exact role to the large in-plane ordering energy.
Na plays in determining the properties of the system, espe- Magnetic and/or charge orderings in @O, are other
cially at high doping when the Na layer is likely ordered. subjects of great interest. Kunes al,?* and Motrunichet
Whether or not Na becomes ordered depends on a compet.,*® discussed a possibi3 < 3 c_harge ordering for dop-
tion between entropic and energetic factors. If energeticing x~§. Foo et al. reported ay3XxX2 Na ordering atx
dominate, an ordering might occur. In fact, there has beer0.5 as we have mentioned above. NMR measurements also
increasing experimental evidence that the Na layer might bgoint to possible charge orderings in J8@O, for 0.5<x
ordered at some doping levels. Febal. observed a/3x 2 <0.75%4%5 However, there is no consensus in the literature
ordering in Ng CoO, and discussed the possible effects ofon this matter so far. The magnetic ordering in,8laG; is
Na ordering on its electronic properti#sShi et al. reported  even more intriguing. Very weak magnetic ordering has been
a 2x 1 superstructure in N&oO, for x=0.75 and ascribed observed afl ~22 K only for dopingx~0.75. Curiously
it to a possible Na orderinty. enough, the measured magnetizations differ by two order of

B. Na ordering, magnetic and/or charge orderings
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FIG. 12. Possible Na ordering patterns. Upper: Two distinct Na sites j&@d3. At dopingx=1.0, Na will occupy only one of the two
sites at low temperature. Middle: Lowest-energy ordering patterrf@.5. Lower: A low-energy ordering pattern fe=0.75. Gray circles
indicate partially(50%) occupied Na sites.

magnitude between two experimeffWe try to explore the 6 . . ; . ;
simplest AFM ordering with a X 1 unit cell in this system.

The AFM phase is found to be slightly lower in energy 5
(~10 meV/Cgq than the FM phase for doping levet0.3.
However, this small difference could be beyond the accuracy_.
of our theoretical treatment. Figure 13 compares the calcua
lated DOS of FM and AFM phases ¢€00,)%%". Although &
the low energy valence states are not significantly affected® 8
the bandwidth of the partially occupieal, state is greatly @
reduced as a result of AFM ordering. This raises the possi-=
bility of further suppression of the,, bandwidth if more
complicated orderings are present, which might help to ac- 1t
count for the mysterious electron mass enhancethanthis

system. Unfortunately, due to the extremely small energy o
differences between competing ordering states, fluctuation:
among these states result in very slow convergence in self-

consistent calculations. FIG. 13. Magnetic ordering effects on the electronic structure of
VI. CONCLUSION (Co0,)%%". The solid curve is for the FM phase and the dotted
) . ) ) curve for the AFM phase. Although no significant changes to low-
In conclusion, we have carried out systematic studies oflying valence states are observed, the width ofafeconduction
the electronic, magnetic and structural properties of singléand is renormalize¢harrowed appreciably due to the ordering.
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layer (Co0,)*” using a recently implemented rotationally in- layers and possible charge orderings in the Ctz9er, lead
variant LSDA+U method within the pseudopotential plane-to a more homogeneous electronic system in the QJager
wave formalism. Both the undoped and one integer electromnd ultimately favor a superconducting state over competing
doped systems are insulators within LSDA+U, whereas sysphases. A better understanding of the properties of this ma-
tems with fraction doping are half metal in the absence oterial requires more experimental work and thorough theoret-
charge ordering and assuming a ferromagnetic phase. Calci¢al investigations. The interplay between the Na ordering
lated Fermi surface and zone center phonon energies agrgad the charge/magnetic ordering in the Gd&yer deserves

well with available measurements. Possible intermediate spiparticular attention, especially in the unhydrated system.
configurations of Co ions, Na orderings, and magnetic and

charge orderings in this system are also discussed.
Although the pairing mechanism that leads to supercondi-
tivity in this system remains a subject of intensive investiga-
tion, high DOS at the Fermi level at low doping levels, to-  This work was supported by National Science Foundation
gether with strong electron-phonon couplings and possibl&rant Nos. DMR-0087088, Grant No. DMR-0213623
spin-phonon interactions, might be partially responsible fothrough the Center of Materials Simulation and Office of
the superconducting transition in the hydrated systems. Thenergy Research, Office of Basic Energy Sciences, Materials
role water molecules play in the superconducting transitiorSciences Division of the U.S. Department of Energy under
is still unknown. One possibility is that the screening effects,Contract No. DE-AC03-76SF00098. Computational Re-
which greatly suppress the interaction between Na and,CoCsources were provided by NPACI, MRSEC, and NERSC.
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