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Electronic structure of NaCo2O4

D. J. Singh
Code 6391, Naval Research Laboratory, Washington, DC 20375

~Received 10 January 2000!

First principles density functional calculations of the electronic and magnetic properties of the layered oxide
NaCo2O4 have been performed using the general potential linearized augmented plane wave method. The
electronic transport properties are discussed in terms of the calculated paramagnetic band structure. It is found
that the thermopower and specific heat data above 10 K are well accounted for with only moderate renormal-
ization in spite of the fact that this is a strongly correlated system characterized byW!U. Weak instabilities
of itinerant magnetic character are found. The low temperature properties (T below 10 K! are discussed in
terms of these.
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I. INTRODUCTION

The unexpected discovery1 of heavy fermion~HF! behav-
ior in the spinel structure transition metal oxide LiV2O4 has
led to considerable activity aimed at further elucidating
properties of this unique compound and the underlying
gin of its HF ground state.2–13 Nonetheless, a proper unde
standing remains to be achieved. HF materials are typic
intermetallic compounds containing Ce, U, or Yb atom
They are characterized by the usual Landau Fermi liq
scaling properties, but only at very low temperature~begin-
ning as low as 0.3 K, depending on the material! and with
extraordinarily strongly renormalized effective masses,m*
'(100–1000)me . They show apparent local moment par
magnetic behavior with strongly increasing spin suscepti
ity x and specific heat coefficientg with decreasing tempera
ture, but do not order magnetically and eventually settle
low T into a state with constantg and x and Wilson ratio
near unity. Following extensive investigation over ma
years, a basic understanding of the phenomena has bee
tablished. The origin is a many body effect associated w
the interaction of itinerant conduction electrons with stron
correlatedf electrons on local moment rare earth ions.

From an experimental perspective, LiV2O4 behaves very
much like a typical HF material. In addition, electronic stru
ture calculations8–10,12indicate that the active Vt2g manifold
consists of two types of states. These are narrowa1g states,
which form local moments and are subject to strong corre
tions (W!U), and itinerant bands derived from the rema
der of thet2g manifold, again reminiscent of the usual HF’
~The V t2g manifold is well separated from all other band
the ionic configuration isd1.5, of which presumably one elec
tron occupies thea1g state providing the local moment!
However, from an electronic structure point of view th
similarity with the f-band HF’s stops here. Both the ‘‘loca
ized’’ and ‘‘conduction’’ bands originate from the same tra
sition metald shell, and as a result both Hund’s coupling a
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coupling via off-diagonal Coulomb interactions are expec
to be very strong. While certainly a candidate, it is uncle
whether Kondo singlet formation will occur under these c
cumstances. LiV2O4 also offers some new features that m
be of relevance to its HF-like behavior, most notably t
strong geometric frustration of the antiferromagnetic e
change couplings in this spinel structure compound.

Terasaki and co-workers14 have reported that anothe
transition metal oxide, NaCo2O4, shows some similarity to
LiV 2O4, though it is still not nearly as well characterized. A
in LiV 2O4, the transition metal atoms have half-integer v
lence~formally, Co3.51) and sit on a geometrically frustrate
lattice@in NaCo2O4 this is a two-dimensional~2D! triangular
lattice#. Both materials are metallic15 and apparently strongly
renormalized at low temperature, though the renormaliza
in NaCo2O4 is apparently smaller (g;80 mJ/mol K2 and
still rising with decreasing T at 4 K!.17 KCo2O4 forms in the
same structure, and is also metallic, although less is kno
about this material.16

Unlike cubic spinel LiV2O4, NaCo2O4 occurs in a lay-
ered hexagonal structure.18 This consists of 2D triangula
lattice Co sheets, octahedrally coordinated with O above
below the Co planes. The resulting CoO2 layers are stacked
along the hexagonalc axis such that the O atoms form trigo
nal prismatic coordinated sites between them. Refinem
of the O height have not been reported, but our local den
approximation~LDA ! calculations givez050.084c50.91 Å
above the Co plane, corresponding to a significant rhom
hedral distortion of the octahedra. The Co-O-Co bond an
which would be 90° for perfect octahedra, is increased
98.5°. The Na ions are in the plane between the CoO2 sheets
and presumed disordered. Although in the reported cry
structure all the Co atoms are equivalent, Ray a
co-workers19 have reported the observation by NMR elect
field gradient measurements of two distinct Co ions w
population ratio 2:1 in NaCo2O4 powder. This could be due
13 397
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to the presence of a second phase in the samples, or a
ration of the Co into two types in the NaCo2O4 phase itself
~e.g., Co31 and Co41). However, in the latter case, it woul
be necessary to explain the insulating temperature de
dence of the Knight shift for the minority site. This cou
possibly be done by invoking a striped phase. In any ca
there is no evidence of any temperature dependent p
transition between 4 K and 300 K in existing electrical trans
port, specific heat, susceptibility, or Knight shift data.

The reported susceptibilityx(T) in powders shows Curie
Weiss behavior, with a strong negative temperature,Q
52118.5 K, and Curie constant below the spin 1/2 value19

The thermopower is positive and unusually large for a me
reaching 100mV/K at 300 K.14,20 The resistivity is strongly
anisotropic. Single crystal data14 show incoherent transpor
perpendicular to the layers (c axis!, at least above 200 K
and good conduction in plane: 200mV cm at 300 K and
;10 mV cm at low temperature. Based on these results,
the low thermal conductivity, it has been suggested t
NaCo2O4 may form the basis of a useful thermoelectric co
pound. The main challenge to realizing thermoelectric fi
ures of merit near or above unity will be further increasi
the thermopower.21

FIG. 1. LDA paramagnetic band structure of NaCo2O4. The
horizontal reference denotesEF . The bottom panel is an enlarge
ment aroundEF showing the Cot2g manifold. The interlayer
bonding-antibonding splitting in thekz50 plane is related to the
amount ofa1g character~see text!. The shading indicates part of th
manifold where significanta1g character is present.
pa-

n-

e,
se

l,

d
t

-
-

II. APPROACH

The purpose of this paper is to elucidate the electro
structure of NaCo2O4 using density functional calculation
within the local density approximation. These were done
ing the general potential linearized augmented plane w
~LAPW! method22 with local orbital extensions23 to relax
linearization errors and treat semicore states. This metho
well suited to materials that have low site symmetries a
open crystal structures, like NaCo2O4. The Hedin-Lundqvist
exchange-correlation function was used, with the addition
von Barth–Hedin spin scaling for the spin-polarized calcu
tions. Well converged basis sets and Brillouin zone sa
plings were employed. The crystal structure is based on
reported by Jansen and Hoppe, who obtained the hexag
structure mentioned above, with space groupP6322, a
52.84 Å, andc510.81 Å.18 However, the O height was no
refined, and the Na ions were reported as being distribu
on sites 2b and 2d. A fully random Na distribution is highly
unlikely, as in this case Na atoms on adjacent 2b and 2d
sites would be too close. For the calculations reported h
the O height was relaxed using LDA energy calculatio
and found to be atz050.084 in the notation of Jansen an
Hoppe. This value was used for the electronic structure
culations reported here. The minimization yields theag Ra-
man phonon frequency corresponding to this coordinate
617 cm21. As mentioned,z0 determines the rhombohedra
distortion of the O octahedra. As discussed below, this is
important ingredient in the electronic structure, so measu
ments would be valuable. The Na ions were treated using
virtual crystal approximation on the trigonal prismatic s
~0.5 occupation!, 2b. This approximation is reasonable to th
extent that the only role of the Na ions is to donate charge
the Co2O4 framework. The low basal plane residual resist
ity in single crystal samples implies that electronic scatter
due to Na disorder must indeed be weak. However, thec-axis
dispersions are very small, and it may well be that scatter
associated with the Na disorder needs to be considere
understand transport in that direction.

FIG. 2. LDA paramagnetic DOS,N(E), of NaCo2O4. The DOS
is on a per formula unit~two Co! basis withEF at 0. The solid curve
is the total DOS while the dotted curve is the projection of Cod
character in the LAPW spheres, radius 1.95 bohr.
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III. BAND STRUCTURE AND FERMIOLOGY

The paramagnetic band structure is shown in Fig. 1. T
corresponding electronic density of states~DOS! is shown in
Fig. 2. The O 2p bands extend from approximately27 eV
to 22 eV, relative to the Fermi energy,EF . They are
cleanly separated from the transition metald bands, which
lie above. The Cod–O p hybridization is weak, as in
LiV 2O4. The Cod bands are crystal field split as usual in t
octahedral O environment into a lower lyingt2g and an up-
per lying eg manifold, separated by approximately 2.5 e
Again, there is a clean gap between the manifolds due to
narrow bandwidths. Thet2g width is 1.6 eV and theeg width
is 1.2 eV.EF is in the top of thet2g manifold, 0.22 eV below
the band edge, corresponding to 0.5 holes per Co ion~1 hole
per unit cell!.

In the following, I focus exclusively on thet2g manifold
as these are the only states that are likely to play a role in
low energy properties. There have not to date been deta
photoemission studies of NaCo2O4 but trends for other octa
hedrally coordinated 3d transition metal compounds~i.e., U
estimated from photoemission satellite positions as
atomic number and ionicity are varied! would suggest an
effective on-site HubbardU of 5–8 eV. As noted, this mani
fold of t2g states is quite narrow, and in particular it is in th
regime W!U with any plausibleU. Nonetheless, since
NaCo2O4 is known to be metallic, and apparently is n
magnetically ordered, we discuss the electronic structure
ginning with the LDA bands. This is in analogy with discu
sions of properties of metallic high-Tc superconducting
phases, starting with LDA band structures.24

The six bands comprising thet2g manifold in NaCo2O4
are further split in the rhombohedral crystal field into tw
a1g and foureg bands~denotedeg8 in the following to distin-
guish them from the higher lyingeg manifold!. The amount
of splitting is sensitive to the rhombohedral distortion of t
O octahedra. Although thea1g and eg8 overlap, and mix to
some extent, these states are roughly separated in ener
the rhombohedral crystal field. In this respect, NaCo2O4 dif-
fers from LiV2O4, where thea1g andeg8 bands overlap, pro-
viding ‘‘light’’ and ‘‘heavy’’ carriers at EF . In NaCo2O4 the
states at the top of thet2g manifold whereEF sits have
dominanta1g character. In particular, the large cylindric
hole Fermi surfaces~see Fig. 3! around theG-A line have
dominant a1g character, while the small holelike section
centered about 2/3 of the way out on theG-K and A-H di-
rections have mixeda1g and eg8 character. The large Ferm
surface sections are flattened along theG-K directions. This
reflects the fact that the hopping that gives rise to the dis
sion of thea1g derived bands is via the Opz orbitals, while
direct a1g-a1g hopping is small, as might be expected fro
the Co-Co distance. This means that the bandwidth and b
structure nearEF will be sensitive to the O height, which
provides a possibility for rationalizing the differences b
tween NaCo2O4 and KCo2O4. The nesting vector connectin
the flattened parts of the large section is~4

5! K. It would be
interesting to look experimentally for spin and/or char
fluctuations around this point, especially for spin fluctuatio
using neutron scattering.

As in the high-Tc layered cuprates, the band structu
shows very littlec-axis dispersion. This is evident by notin
e
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the band dispersions along theG-A line as well as the sizes
of the bonding-antibonding splittings induced in the ban
due to the interaction of the two CoO2 sheets in the unit cell.
These are zero in theA-L-H plane and maximal in theG-M -
K basal plane. Also, thec-axis dispersion ofa1g derived
states is higher than that ofeg8 derived states, as thea1g states
are directed along thec axis and mix with combinations of O
2p states that are also directed alongc. However, it should
be emphasized that nearEF these are weak effects. Th
c-axis Fermi velocity is calculated as 2.33106 cm/s to be
compared with the in-plane value of 6.63106 cm/s. If the
effective scattering timest for a-axis andc-axis transport
were the same, this would yield a resistivity anisotropy of
Experimentally, the single crystal anisotropy is far high
;100 with substantialT dependence. This could be a resu
of effects of scattering due to Na disorder, which would te
to make thec-axis transport less coherent or even localize

FIG. 3. LDA Fermi surfaces of NaCo2O4 in thekz50 ~top! and
kz50.5 ~bottom! planes.
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Another related possibility is thata1g derived states could b
more strongly scattered thaneg8 states, so that the effectivet
for the morea1g derived parts of the Fermi surface~which
are the ones that give thec-axis velocity! would be shorter.
However, one would not ordinarily expect such a strong
fect from variation oft on the Fermi surface, so the forme
possibility seems more plausible.

The average Fermi velocity in the basal plane is also q
low for a metal. This reflects the narrow bandwidth. Anoth
consequence of the narrow bandwidth is a very high valu
the DOS atEF , N(EF)58.8 eV21 on a per formula unit~2
Co atom! basis. This corresponds to a LDA band structu
g521 mJ/mol K2. Extrapolating the specific heat data
Ando and co-workers17 to 0 K using only the data above 1
K and thereby missing the lowT upturn, one would obtain
gHT;55 mJ/mol K2. Thus, neglecting the upturn below 1
K, only a moderate many body renormalization would
needed to account for the specific heat data, dependin
the assumed amount of electron-phonon enhancement~there
is also some uncertainty because the measurements we
off-stoichiometric polycrystalline samples!. As noted, the
thermopower is very high for a metal; values approach
100 mV/K in high carrier density metals are usually asso
ated with Kondo effects, as in valence fluctuation Ce int
metallics. However, another way to get high thermopowe
through high effective mass. If the notion that little reno
malization of the LDA bands is needed above 10 K is c
rect, one should be able to estimate the thermopower q
titatively. For transport in the basal plane, this may be do
using standard kinetic transport theory, and the assump
that, on the scale ofKT, the effective scattering timet has
no energy dependence~though it may have arbitraryT de-
pendence!. For the degenerate case (KT!EF), one hasS/T
5(p2K2/3e)@d ln(s)/dE#uE5EF

. We may replace s by

N(E)^vF(E)2& due to the above assumption regardingt; the
average is over the Fermi surface andvF is the band veloc-
ity.

Applying this formula to the LDA band structure yield
S/T53.631027 V/K2. Remarkably, this is only 20% lowe
than the single crystal in-plane data of Terasaki a
co-workers,14 indicating weak renormalization of the LDA
band structure above 10 K. The 300 K value predicted by
calculation isS5110 mV/K as compared to a measure
value of 100mV/K, but by this temperature the experiment
S(T) is already sublinear. In regard to thermoelectric app
cations, the behavior of the transport function is normal
the sense that lower carrier density would lead to hig
thermopower, though, in this strongly correlatedd-band sys-
tem, it is unclear that the rigid band picture as a function
doping will hold.

IV. SPIN AND CHARGE INSTABILITIES

So far, it would seem that the electronic properties ab
10 K are reasonably accounted for by the LDA band str
ture. However, there are some problems. Leaving aside
now the fact that NaCo2O4 is in the regimeW!U, it may be
noted thatN(EF) is exceedingly large, so instabilities shou
be anticipated. Some common possibilities are lattice in
bilities, charge ordering, and magnetism. None of these
seen experimentally, but the upturn inx(T) below 10 K
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could suggest incipient spin ordering of some kind. T
single crystal resistivity data provide some information ab
electron-phonon couplings and possible lattice instabiliti
In particular, combining the calculated plasma frequen
with the measured slope of the in-planer(T) one may
roughly estimate the transport electron-phonon couplingl tr ,
using the theory of Allen and co-workers,25 as l tr'0.3.
While the average is not high, this does not exclude stro
coupling or even instabilities for some modes, e.g., due
nesting. However, the low value of the single crystal resid
resistivity and the lack of structure inr(T) provide some
evidence against lattice instabilities.

Spin-polarized local spin density approximation~LSDA!
calculations were done in order to address the possibility
magnetic ordering. In these calculations, the ordering w
constrained to be ferromagnetic. A stable low spin solut
was obtained, with a spin moment of exactly 1mB per for-
mula unit (0.5mB per Co!. This solution was lower in energy
relative to the non-spin-polarized solution discussed ab
by only 18 meV/Co ion. This small energy is consistent w
the low moment of 0.5mB and the fact that, althoughN(EF)
is high in the paramagnetic DOS,EF is on the side of a peak
and near a band edge, weakening the Stoner instability
any case, as in LiV2O4, LSDA calculations predict a mag
netic instability, while no magnetic ordering is seen expe
mentally. As emphasized by Mazin, if the magnetic intera
tions are highly anisotropic, as seems likely here,
magnetic ordering may take on nearly two dimensional ch
acter~i.e., Kosterlitz-Thouless!.26

Fixed spin moment calculations were also done, look
for a high spin solution, but no stable configuration w
found and the energetics of forced high spin configuratio
were highly unfavorable. This is because the exchange e
gies are too small to make up for the crystal field gap
tween thet2g andeg manifolds.

Interestingly, the ferromagnetic band structure is fu
half metallic; EF in the majority spin channel lies in th
crystal field gap, while in the minority channel it is deeper
the top of thet2g band structure, yielding a totalN(EF)
58.1 eV21, only slightly lower than the non-spin-polarize
case. The spin density, which is defined as the majority s
density minus the minority spin density, is shown in Fig. 4
is of mainly a1g character, reflecting the character of th
exchange split bands around the top of thet2g manifold, as
expected. It should be emphasized that, in the half-meta
state, spin excitations are reduced at low energy. This is
cause the Stoner continuum is removed, and in addition
NaCo2O4 the rhombohedral site symmetry combined w
spin-orbit coupling may lead to a gap in the magnon disp
sion atG, especially if the easy axis is alongc.

As mentioned, the Stoner instability~band ferromag-
netism! is weakened becauseEF lies on the edge of a narrow
DOS peak, so the Stoner energy is gained only up to a sm
value of the exchange splitting. It is also noteworthy th
exchange splitting the bands leads to a decrease in the
jority spin N(EF) to zero but an almost compensating i
crease in the minority spin value. This is seen in the fer
magnetic DOS, shown in Fig. 5. In particular, the Fer
level lies at the top of a high peak in the DOS in the minor
spin channel and is pinned there by the half metallicity. T
suggests some further instability of the ferromagnetic st
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perhaps a different spin ordering or some other symm
lowering.

Antiferromagnetic interactions are geometrically fru
trated on the 2D triangular lattice possibly leading to int
esting low temperature spin physics if such interactions
present. Calculations were done using a unit cell doub
along thea axis to check this. One Co moment was flipped
this cell. The result was an ordering with equal numbers
up and down spin Co atoms, and where each Co ion has
nearest neighbors of like spin and four of opposite sp
forming chains of aligned Co spins along theb axis and
alternating spins along the other two equivalent hexago
directions. The LSDA calculations yielded a self-consist
Co moment for this configuration~based on the moment con
tained within the Co LAPW sphere! of almost exactly half
that in the ferromagnetically ordered case (0.21mB vs

FIG. 4. Spin density isosurface in ferromagnetically orde
NaCo2O2. The surface is at 0.01e/bohr3. This shows the nature o
the electronic states that contribute to the magnetism. Note
dominant, but not complete,a1g character around the Co sites, an
the weak but noticeable polarization of O 2p combinations directed
on thec axis.

FIG. 5. LDA ferromagnetic DOS,N(E), of NaCo2O4. The DOS
is on a per formula unit~two Co! basis withEF at 0. The spin up
DOS is shown above the horizontal line and spin down below. N
the half-metallic character, and the minority spin peak atEF .
ry

-
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0.42mB), with an energy gain relative to the non-spi
polarized calculation of 8 meV per Co. Thus, at least in
LSDA, and neglecting any other ordering tendenci
NaCo2O4 is not described as a strong local moment syste
and has predominantly ferromagnetic spin ordering tend
cies. This itinerant magnetic character is not inconsist
with strong correlations, as, for example, Ni metal is gen
ally thought more itinerant and also more correlated than
or Co.

One may note that the LSDA energy scale for the
moment formation is unusually low. This comes from t
low carrier density, i.e., 0.5 holes per Co, and the fact t
the exchange energy varies roughly asm2. One possibility
for increasing this energy would be a combination of cha
and spin ordering. While charge ordering, like collinear a
tiferromagnetism, is geometrically frustrated on the 2D t
angular lattice, a separation into Co31 and Co41 would al-
low an increase in the magnetic stabilization via loc
moment formation on the Co41 sites, and the cost in kinetic
energy could be modest as the bands are quite narrow
begin with.

Supercell calculations were done, doubling and tripli
one of the in-plane lattice vectors to search for a cha
ordering instability of the ferromagnetic state, but none w
found. On the other hand, the antiferromagnetic solution w
found to be very soft in these calculations. In the doub
unit cell, two additional self-consistent LSDA solutions b
sides the~symmetry imposed! antiferromagnetic solution
were found. Both of these were obtained within 2 meV of t
antiferromagnetic solution, which is below the precision
the calculations. Both were ferrimagnetic with opposite
aligned but different moments within the two inequivale
Co LAPW spheres; in the first the moments were 0.26mB and
0.18mB ~compared to 0.21mB for the antiferromagnetic solu
tion!. The second solution, which was calculated sligh
lower in energy~but note, within the estimated precisio
indistinguishable! than the antiferromagnetic solution, ha
moments of 0.28mB and 0.09mB . Disproportionated solu-
tions like this were also found in the tripled unit cell, but
was very hard to converge them well due to the softnes
the system. No solution was found that is energetically co
petitive with the ferromagnetic solution. The strong corre
tions that are no doubt present in this material may have
effect of reducing the importance of the band kinetic ene
relative to the LSDA so that the charge ordering tenden
suggested by the existence of such solutions will be stron
However, the lack of structure in the single crystalr(T)
argues against actual static charge ordering, at least ove
temperature range of the transport measurements.

V. SUMMARY AND DISCUSSION

Non-spin-polarized LDA calculations yield a strongly e
ergy dependent transport function and very highN(EF) that
at first sight would account for the known specific heat a
thermopower of NaCo2O4 above 10 K, with only a modes
many body renormalization. However, such values do no
general occur in band metals as they should rather lea
instabilities. In NaCo2O4, LSDA calculations predict a fer-
romagnetic instability of itinerant half-metallic characte

d

e

e



he
u
tic
sio
ar
ha

t
ne
is
ur
A
th

th
c
ill

i-
-
ta-

.
is
ni-
ant
e
s
C

13 402 PRB 61D. J. SINGH
However, this instability is relatively weak because of t
proximity to a band edge and the details of the band str
ture. Because of the half metallicity of the ferromagne
solution it is expected to be stiff in the sense of a suppres
of low energy spin degrees of freedom. In contrast, the p
magnetic solution is found to be unusually soft against w
appears to be a large space of spin and charge orderings
are nearly degenerate with each other and the paramag
solution. These fluctuations potentially provide a mechan
for stabilizing the paramagnetic solution at finite temperat
~via entropy! and even at 0 K via quantum fluctuations.
detailed analysis is, however, beyond the capabilities of
present LDA based approach. Within the framework of
above speculation, low temperature specific heat and sus
tibility measurements will be very interesting, as they w
a
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show whether NaCo2O4 eventually settles into a magnet
cally ordered~possibly ferromagnetic! state at low tempera
ture, or forms a renormalized paramagnetic Fermi liquid s
bilized by quantum fluctuations.
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