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Magnetism of layered cobaltites NaxCoO2 with x=0.6 and 0.9 has been investigated by a positive muon spin
rotation and relaxationsm+SRd spectroscopy together with magnetic susceptibility and specific-heat measure-
ments, using single-crystal samples in the temperature range between 250 and 1.8 K. Zero-field-(ZF-) m+SR
measurements on Na0.9CoO2 indicate a transition from a paramagnetic to an incommensurate spin-density
wave state(IC-SDW) at 19 Ks=TSDWd. The anisotropic ZF-m+SR spectra suggest that the oscillating moments
of the IC-SDW direct along thec axis. Since Na0.6CoO2 is paramagnetic down to 1.8 K, the magnitude of
TSDW is found to strongly depend onx. This behavior is well explained using the Hubbard model within a
mean-field approximation on two-dimensional triangular lattice in the CoO2 plane. Also, both the appearance
of the IC-SDW state by the change inx and the magnitude of the electronic specific-heat parameter of
Na0.6CoO2 indicate that NaxCoO2 is unlikely to be a typical strongly correlated electron system.
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I. INTRODUCTION

Layered cobaltites with a two-dimensional-triangular lat-
tice (2DTL) of Co ions have been intensely investigated be-
cause of their structural variety, promising thermoelectric
performance,1–8 and unpredictable superconducting behavior
induced by an intercalation of H2O.9–11 Among them, the
sodium cobaltite NaxCoO2 is apparently the most basic com-
pound; because of its simple structure, the single CoO2
planes and the single disordered Na planes form alternating
stacks along thec axis.12 The CoO2 planes, in which the
2DTL of Co ions is formed by a network of edge-sharing
CoO6 octahedra, are the conduction planes of NaxCoO2.
Therefore, the magnetic and transport properties of NaxCoO2
are expected to strongly depend on the nominal valence of
the Co ions in the CoO2 planes, similar to the case of the
CuO2 planes for the high-Tc cuprates.

Motohashiet al. reported the existence of a magnetic tran-
sition at 22 Ks=Tmd in polycrystalline Na0.75CoO2 from the
observation of small changes in bulk susceptibility and trans-
port properties, while no transitions were found in
Na0.65CoO2 down to 2 K.14 Recent positive muon spin rota-
tion and relaxationsm+SRd experiment on a polycrystalline
Na0.75CoO2 sample15 indicated that the transition at 22 K is
not induced by impurities but is an intrinsic change in the
magnetism of the sample, although the sample was magneti-
cally inhomogeneous. Furthermore, them+SR result sug-
gested that the ordered phase belowTm could be either a
ferrimagnetic(FR) or a commensurate(C) spin-density wave
(SDW) state.15

On the other hand, the related compound, pure and doped
fCa2CoO3g0.62

RS fCoO2g (RS denotes the rocksalt-type sub-
system), exhibited a transition to an incommensurate(IC)
SDW state below,100 K.16 Recentm+SR experiment using
both single crystals andc-aligned polycrystals suggested that

long-range IC-SDW order forms below,30 K s;TSDWd,
while a short-range order appears below 100 Ks;Tc

ond.17,18

Also, the IC-SDW was found to be induced by the ordering
of the Co spins in the CoO2 planes.

The magnetically ordered state is, therefore, most likely
common for the 2DTL of the Co ions in the layered cobal-
tites. The relationship between the transition temperature and
the Co valence is, therefore, worth investigating in order to
better understand the nature of the 2DTL. In particular, the
Co valence in the CoO2 planes changes directly in proportion
to x for NaxCoO2, whereas that is unclear for
fCa2CoO3g0.62

RS fCoO2g because of the two unequivalent Co
sites in the lattice. It should be noted that the polycrystalline
Na0.75CoO2 sample, although structurally single phase, was
found to be magnetically inhomogeneous.15 Hence, them+SR
experiments on single crystals are important for further elu-
cidation of the nature of the 2DTL.

The detailed crystal structure of NaxCoO2 was reported to
depend onx and reaction temperature;12 that is,a-NaxCoO2
with 0.9øxø1, a’-NaxCoO2 with x=0.75,b-NaxCoO2 with
0.55øxø0.6, andg-NaxCoO2 with 0.55øxø0.74. Also,
the structure of Na0.5CoO2 was reported to be assigned as the
g phase.13 Unfortunately, single crystals are available only
for the a-NaxCoO2 phase withx=0.9 and theg-NaxCoO2
phase withx=0.6,19 and attempts to prepare crystals with the
other x have failed so far. Magnetic susceptibilitysxd mea-
surements on these crystals indicated thata-Na0.9CoO2 ex-
hibits a magnetic transition at,20 K, whereasg-Na0.6CoO2
seems to be a Curie-Weiss paramagnet down to 5 K.20 Also,
the resistivityr vs T curve ina-Na0.9CoO2 was found to be
metallic above ,20 K, while semiconducting below
,20 K.19,20

We report zero-field(ZF-) m+SR measurements for single-
crystal platelets of Na0.9CoO2 and Na0.6CoO2 at temperatures
below 300 K to further elucidate the relationship between
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the transition temperature and the Co valence, i.e., the mag-
netic phase diagram, although a part of ourm+SR work was
reported elsewhere.21 In addition, we performed heat-
capacity measurements on these crystals to study the magne-
tism of NaxCoO2 in full detail.

II. EXPERIMENT

Single crystals of NaxCoO2 were grown at Osaka Univer-
sity by a flux technique using reagent grade Na2CO3 and
Co3O4 powders as starting materials. A mixture of NaCl,
Na2CO3, and B2O3 was used as the flux. The typical dimen-
sion of the obtained Na0.9CoO2 platelets was ,333
30.1 mm3, while that of Na0.6CoO2 was,63630.1 mm3.
The preparation and characterization of these crystals were
reported in greater detail elsewhere.19,20

Susceptibilityx was measured using a superconducting
quantum interference device magnetometer(mpms, Quan-
tum Design) in the temperature range between 400 and 5 K
under magnetic fieldHø55 kOe. In order to increase the
magnetic signal, 5 platelets were stacked in a plastic sample
holder. Also, to determine anisotropy,H was applied parallel
or perpendicular to the basal(i.e., c) plane. Hereby, we will
abbreviate susceptibility obtained withH ic asxc andH'c
asxa, respectively.

Heat capacityCp was measured using a relaxation tech-
nique(ppms, Quantum Design) in the temperature range be-
tween 300 and 1.9 K. Them+SR experiments were per-
formed on the M20 and M15 surface muon beam lines at
TRIUMF. In order to stop muons in the sample and to in-
crease the signal intensity, approximately ten platelets were
stacked in a muon-veto sample holder. The experimental
setup and techniques were described elsewhere.22

III. RESULTS

A. Susceptibility and heat capacity

Figure 1 shows the temperature dependences of the in-
plane resistivityrinplane(Ref. 20) andxc below 300 K for the
current NaxCoO2 crystals. As mentioned above, the
rinplanesTd curve in Na0.9CoO2 indicates the transition from
the high-T metallic phase to the low-T semiconducting phase
around 20 K, accompanying the small cusp in thexcsTd
curve, although the Na0.6CoO2 crystal is metallic down to
5 K with a paramagnetic behavior.

In order to know the change inx and Cp around 20 K,
Fig. 2 shows the temperature dependences ofx andCp below
50 K for the current two crystals. ThexcsTd curve for the
Na0.9CoO2 crystal exhibits a clear cusp at 19 Ks=Tcd,
whereas there are no clear anomalies in thexasTd curve[see
Fig. 2(b)]. Since there is no marked difference between the
data obtained in zero-field-cooling and field-cooling modes,
this cusp is most likely due to an antiferromagnetic(AF)
transition. Actually, the relationship between magnetization
Mc andH has no loop even at 5 K[see the inset of Fig. 2(b)].
The xsTd curves for the Na0.6CoO2 crystal show a paramag-
netic behavior down to 5 K with a small anisotropy, as
reported.20

TheCpsTd curve for the Na0.9CoO2 crystal also exhibits a
small maximum at 19 K, indicating the transition detected by
thex measurement. On the other hand,Cp for the Na0.6CoO2
crystal decreases monotonically with decreasingT down to
1.9 K. Note that in Fig. 2(c) 1 mol denotes 1 mol-atom; thus,
Cp for NaxCoO2 is equivalent to the measured heat capacity
sJ g−1 K−1d divided by s3+xdM, where M is the molar
weight of NaxCoO2. The dependence ofCp/T on T2 for
Na0.9CoO2 looks very complicated due to a contribution of
the magnetic order, although theCp/T vs T2 curve for
Na0.6CoO2 exhibits an almost linear relation in theT2 range
above 30 K2 (see Fig. 3). This is also evidence for lack of
magnetic order in Na0.6CoO2 down to 1.9 K.

If we employ the Debye formula

Cp

T
= g + bT2, s1d

in the T2 range between 30 and 100 K2, we obtain the elec-
tronic specific-heat parameterg=3.62±0.04 mJ K−2 per
mol-atom andb=0.01339±0.00004 mJ mol K−4 per mol-
atom. This gives the Debye temperatureuD of 526 K. Two
different platelets of Na0.6CoO2 provided almost same values
of g anduD. Making comparison with the data for the poly-
crystalline Na0.55CoO2 (g=6.8 mJ K−2 per mol-atom
=24.2 mJ K−2 per mol-Na0.55CoO2=48.4 mJ K−2 per mol-
Na1.1Co2O4 and uD=354 K Ref. 23) the present values are
rather small, probably due to the effects of grain boundaries
and/or undetected second phases in the polycrystals. Fur-

FIG. 1. Temperature dependences of(a) in-plane resistivity
rinplane, (Ref. 20) (b) magnetic susceptibilityxc, and (c) xc

−1 for
Na0.6CoO2 and Na0.9CoO2. r was measured using a van der Pauw
technique andx was measured both in field-cooling FC mode with
H=10 kOe andH applied parallel to thec axis.
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thermore, the presentg is in good agreement with the value
calculated for band structure of Na0.5CoO2 (g=3 mJ K−2 per
mol-atom =10.5 m J K−2 per mol Na0.5CoO2=21 mJ K−2

per mol-NaCo2O4).24

It should be noted that the magnitude ofCp for the
Na0.9CoO2 crystal is significantly largers0.3–0.5 J mol
-atom−1 K−2d than that for Na0.6CoO2 at temperatures above
Tc=19 K, although the slope of theCp/T vs T2 curve looks
roughly the same for two crystals. The enhancement inCp is
therefore most likely caused by an additional spin entropy of
Co ions, which contributes well aboveTc. On the other hand,
as T decreases fromTc, Cp/T for Na0.9CoO2 decreases rap-
idly with an increasing slopedsCp/Td /dsT2d, indicating a
contribution of the AF long-range ordered spin.

B. ZF-m+SR

The weak transverse-field-(wTF-) m+SR spectra in a mag-
netic field ofH,65 Oe in the Na0.9CoO2 crystals exhibit a
clear reduction of them+ precession paramagnetic amplitude
belowTc. On the other hand, there are no marked changes in
the wTF-m+SR spectra in Na0.6CoO2. This indicates that the
Na-poorer crystal is a paramagnet down to 5 K, consistent
with the results of thex andCp measurements.

Figure 4(a) shows ZF-m+SR time spectrum at 1.8 K in the
single-crystal platelets of Na0.9CoO2; the spectrum was ob-

tained with the initialm+ spin directionSWms0d perpendicular
to the c axis. A clear oscillation due to quasistatic internal

fields is observed only whenSWms0d' ĉ. Also, the ZF-m+SR
time spectrum for the polycrystalline Na0.75CoO2 sample,
which entered a commensurate spin structure below 22 K,15

is shown in Fig. 4(b). Making comparison with the bottom
spectrum, the oscillation amplitude in the top spectrum de-
cays rapidly and the initial phase delays. The oscillation in

FIG. 3. (a) The relationship betweenCp/T andT2 for Na0.9CoO2

and Na0.6CoO2; (a) 0øT2ø800 K2 and (b) 0øT2ø100 K2.

FIG. 4. ZF-m+SR time spectra of(a) single-crystal platelets of
Na0.9CoO2 at 1.8 K and(b) a polycrystalline plate of Na0.75CoO2 at
2.1 K. In (Ref. 15). (a), the configuration of the sample and the

initial muon spin directionSWms0d is SWms0d' ĉ. Both a rapid initial
decay of the amplitude and a delay of the initial phase in the top
spectrum indicate that an incommensurate spin structure presents in
Na0.9CoO2, whereas a commensurate structure in Na0.75CoO2.

FIG. 2. Temperature dependences of magnetic susceptibilityx
for Na0.6CoO2 (a) and (b) Na0.9CoO2 and (c) temperature depen-
dence of heat capacityCp for Na0.9CoO2 and Na0.6CoO2. The inset
in (b) shows the magnetizationM as a function of magnetic fieldH
at 5 K and that in(c) the magnification of theCpsTd curve in the
vicinity of Tc. x was measured both in zero-field-cooling ZFC and
field-cooling FC mode’s withH=10 kOe andH applied parallel and
perpendicular to thec axis.
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the top spectrum is characteristic of a zeroth-order Bessel
function of the first kindJ0svmtd that describes the muon
polarization evolution in an IC-SDW field distribution.25,26

Actually, the top oscillating spectrum was fitted using a com-
bination of three signals:

A0Pstd = ASDWJ0svmtdexps− lSDWtdbSDW + AKTGzz
KTst,Dd

+ Ax exps− lxtdbx, s2d

vm ; 2pnm = gm Hint, s3d

Gzz
KTst,Dd =

1

3
+

2

3
s1 − D2t2dexpS−

D2t2

2
D , s4d

whereA0 is the empirical maximum muon decay asymmetry,
ASDW, AKT, andAx are the asymmetries associated with the
three signals,Gzz

KTst ,Dd is the static Gaussian Kubo-Toyabe
function, D is the static width of the distribution of local
frequencies at the disordered sites,lx is the slow relaxation
rate, andbSDW and bx are the powers of the exponential
relaxation. Fits using just an exponentially damped cosine
oscillation, exps−ltdcossvmt+fd, provide a phase anglef
,−42°, which is physically meaningless,27 althoughf,0°
for the bottom spectrum.15

We therefore conclude that Na0.9CoO2 undergoes a mag-
netic transition from a paramagnetic state to an IC-SDW
state(i.e., Tc=TSDW), although neutron-diffraction measure-
ments are necessary to confirm/determine the spin structure
of the IC-SDW phase. However, to our knowledge, there are
neither neutron nor NMR studies to investigate the magne-
tism of Na0.9CoO2.

28 The absence of a clear oscillation in the

spectrum obtained withSWms0d i ĉ indicates that the internal

magnetic fieldHW int is roughly parallel to thec axis, since the
muon spins do not precess in a parallel magnetic field. The
IC-SDW is unlikely to propagate along thec axis due to the
two dimensionality. The IC-SDW is therefore thought to
propagate in thec plane(i.e., thefCoO2g plane), with oscil-
lating moments directed along thec axis, as in the case of
fCa2CoO3g0.62

RS fCoO2g.18 Moreover, this anisotropic result is
consistent withx measurements; that is, the cusp at 19 K
was observed, whenH was applied parallel to thec axis,
whereas the cusp was undetected ifH'c.20

Figures 5(a)–5(e) show the temperature dependences of
(a) ASDW, AKT, andAx, (b) the volume fraction of the SDW
signalsVFd, (c) lSDW, D, andlx, (d) bSDW andbx, and(e) nm

for the single-crystal platelets of Na0.9CoO2. The volume
fraction VF was calculated asASDW/ sASDW+AKT +Axd. The
magnitude ofASDW increases with decreasingT belowTSDW,
although bothAKT andAx are almostT independent[see Fig.
5(a)]. Here, the static Gaussian Kubo-Toyabe function is for
the signal from muon sites experiencing disordered magnetic
fields, and the power exponential relaxation is due to fast
fluctuating magnetic fields.25,26 Thus, only theASDW signal
appears belowTSDW, while the latter two signals are not
affected by the formation of the IC-SDW order. Actually, the
other parameters of the latter two signals, i.e.,lx, D, andbx,
also seem to be independent ofT. Hereby, we, therefore,
ignore the contributions from these two signals. However,

not only the coexistence of the other two signals(caused by
a variation of the magnetic environment) but also the rapid
decay of the oscillation amplitude reduced the accuracy of
the fitting for the present data as low as that for the polycrys-
talline sample,15 although the oscillation frequency is deter-
mined definitely.

TheVFsTd curve increases monotonically with decreasing
T belowTSDW, reaching a maximum(VF=50%) at the lowest
T at 1.8 K. This value is significantly higher than in poly-
crystalline Na0.75CoO2sVF=21%d.15 However, VF for the
c-aligned fCa2CoO3g0.62

RS fCoO2g and
fCa2Co4/3Cu2/3O4g0.62

RS fCoO2g samples were found to be
,100%.18 Thus, the present Na0.9CoO2 crystals are consid-
ered to be still magnetically inhomogeneous, probably due to
an inhomogeneous distribution of the Na ions. In particular,
Na0.9CoO2 is reported to be unstable in humid air;20 the ex-
cess Na easily reacts with moisture in air, although the
present samples were kept in a desiccator prior to them+SR
experiment. Hence, the SDW order is intrinsic, while the
other fractions(disorder) are not.

Both the temperature dependences oflSDW andbSDW are
fairy flat [see Figs. 5(c) and 5(d)], while, asT decreases, the
nm increases with a decreasing slopednm /dT [Fig. 5(e)]. This
behavior is well explained by the BCS prediction for order
parameter for the SDW state.29 Since the value ofnms0 Kd is

FIG. 5. Temperature dependences of(a) ASDW, AKT, andAx, (b)
the volume fraction of the SDW signalsVFd, (c) lSDW, D, andlx,
(d) bSDW and bx, and (e) nm for the single-crystal platelets of
Na0.9CoO2. In (e), the nmsTd curve for the polycrystalline
Na0.75CoO2 sample(Ref. 15) is also shown, although its ZF-m+SR
spectrum was fitted by an exponentially damped cosine oscillation,
exps−ltdcossvmt+fd. The solid and broken lines in(e) represent
the temperature dependence of the BCS gap energy.
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estimated as 3.0 MHz, the internal magnetic field in the mag-
netically ordered state in Na0.9CoO2 is almost equivalent to
that in the polycrystalline Na0.75CoO2 sample fnms0 Kd
,3.3 MHzg.15

IV. DISCUSSION

A. Phase diagram and electron correlation

In the previousm+SR experiment15 on polycrystalline
Na0.75CoO2 and Na0.65CoO2 samples, the Na-richer sample
exhibited a transition to either a FR or a C-SDW state at
22 K, whereas the Na-poorer sample was a paramagnet
down to 2 K. Since the two samples were single phase of a
hexagonal structure(g phase),30 the magnetic transition at
22 K is considered to be an intrinsic behavior in Na0.75CoO2.
Therefore, we can sketch the magnetic phase diagram of
NaxCoO2 with xù0.6 as a function ofx (see Fig. 6). Recent
compositional and chemical titration analyses indicated that
the oxygen deficiencyd in NaxCoO2−d is negligibly small
even for the sample withx=0.9.20 This means that the aver-
age Co valence is directly calculated fromx. As x increases
from 0.6 (i.e., the Co valence decreases from 3.4), the mag-
nitude ofTc increases up to a maximum at aroundx=0.8 and
decreases with further increasingx. As a result, we obtain a
dome-shaped relationship betweenTc and x for NaxCoO2.
Here, we ignored the previousm+SR result on the polycrys-
talline Na0.7CoO2 sample prepared by a conventional solid-
state reaction technique; that is, Na0.7CoO2 was a paramagnet
down to 2.5 K.16 This is because the conventional solid-state
reaction using Na2CO3 and Co3O4 powders as starting mate-
rials was found to provide the mixture of Na0.6±0.5CoO2 and
Co3O4, even if the starting Na/Co ratio is 0.7.30

The crystal structure of Na0.9CoO2 (a phase) is different
from that of NaxCoO2 with xø0.75(g phase), as seen in Fig.
6; that is, in thea phase, the sequence of the stacking of

oxygen layers is represented asA-B-C-A-B-C, while in theg
phaseA-B-B-A, whereA, B, andC are named as similar for
the stacking sequence in the face-centered cubic close-
packed structure.12 Also, Na ions occupy the octahedral sites
in the a phase, while the prism sites in theg phase.12 It is
worth noting that them+ sites are bound to the O ions, indi-
cating that them+ mainly feels the magnetic field in the
fCoO2g plane. Thus, the IC-SDW is most likely to be caused
by an intrinsic behavior of thefCoO2g plane.

The end member of NaxCoO2, that is, a fully occupied
Na1CoO2 phase, cannot be prepared by a conventional solid-
state reaction technique and/or a flux technique,12,20 while
the related compound LiCoO2 can be easily obtained. The
structure of LiCoO2 is isomorphous witha-NaFeO2 sR3md,
(Ref. 31) and almost the same structure as that of theg-
NaxCoO2 phase, if we ignore the difference of the occupancy
between the Na and the Li planes. LiCoO2 is reported to be
diamagnetic down to 4.2 K.32 Since the Co3+ ions in LiCoO2
are in a low-spin statet2g

6 as in the case for NaxCoO2, the
diamagnetic behavior is expected. Therefore, NaCoO2 is also
speculated to lack magnetically ordered states.

The occupancy of Co4+ spins sS=1/2d on the two-
dimensional triangular lattice 2DTL increases with decreas-
ing x, so that the other end member, Na0CoO2, would have a
half-filled 2DTL. In other words, every lattice site is occu-
pied by S=1/2. If we employ the Hubbard model within a
mean-field approximation as the basis for explaining the
magnetism of such system,33–35

H = − t o
ki j ls

cis
† cjs + Uo

i

ni↑ni↓, s5d

wherecis
† scjsd creates(destroys) an electron with spins on

site i, nis=cis
† cis is the number operator,t is the nearest-

neighbor hopping amplitude, andU is the Hubbard on-site
repulsion. The electron fillingn is defined asn=s1/2doi

Nni,
whereN is the total number of sites.

At T=0 andn=0.5 (i.e., Na0CoO2), asU increases from
0, the system is first a paramagnetic metal up toU / t,3.97,
then changes into a metal with a spiral IC-SDW, and then, at
U / t,5.27, a first-order metal-insulator transition occurs.33

The lack of magnetic transitions for NaxCoO2 with x=0.6
and 0.65 suggests thatU / tø3.97. This means that NaxCoO2
is unlikely to be a strongly correlated electron system, be-
causeU@ t for such system. This conclusion is in good
agreement with the magnitude ofg determined by the
presentCp measurement(g=3.62±0.04 mJ K−2 per mol-
atom =13.03±0.14 mJ K−2 per mol-Na0.6CoO2). This value
is only 20% larger than that calculated from band structure
of Na0.5CoO2 without the interaction of electrons.24

Also the calculations predict that,34,35 asn increases from
0, the magnitude ofU / t at the boundary between the para-
magnetic and SDW phases decreases with increasing slope
fdsU / td /dng up ton=0.75. Even forU / t=0, the SDW phase
is stable atn=0.75.U / t increases with further increasingn,
with decreasing slope. Therefore, the dome-shaped relation-
ship found in the phase diagram(Fig. 6) is qualitatively ex-
plained by the model calculations, although the maximum is
located at aroundx=0.8 (i.e., n=0.9). This is likely due to

FIG. 6. Phase diagram of NaxCoO2 determined bym+SR experi-
ments. Solid circles represent the present result and open circles the
previous data.(Ref. 15) The point atx=1 is a speculation from the
NMR data on the related compound LiCoO2 (Ref. 32). The rela-
tionship between structure andx is also shown;a andg denote the
a phase andg phase. Theb phases0.55øxø0.6d is unstable at
high temperatures used for the sample preparation in the current
work and changes to theg phase; hence, only the two(a and g)
phases are presented.
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the simple band structure assumed in the above calculation,
while calculations for NaxCoO2 suggest more complicated
one.24 Furthermore, it is most likely that Na0.75CoO2 enters
the C-SDW state below 22 K rather than the ferrimagnetic
state, because the magnetism in NaxCoO2 seems to be totally
understood by Eq.(5).

B. Magnitude of internal magnetic field

If the SDW state is induced by the competition between
U / t andn in the CoO2 2DTL, the nature of the SDW state is
considered to be essentially same in all the cobaltites. How-
ever, the internal magnetic field of the ordered state,
nms0 Kd, is found to be,3 MHz for NaxCoO2, while it is
,60 MHz for fCa2CoO3g0.62

RS fCoO2g and
fCa2Co4/3Cu2/3O4g0.62

RS fCoO2g.16,18 The muon locates prob-
ably ,0.1 nm away from the oxygen ions, and there is no
space for it in the CoO6 octahedra in thefCoO2g plane as in
the case for the high-Tc cuprates.26 This discrepancy is diffi-
cult to explain only by differences in them+ site experiencing
the SDW field. That is, even if them+’s in NaxCoO2 locate in
the vacant sites in the Na plane and those in the latter two
cobaltites are bound to oxygen in the CoO2 plane, the ratio
between the bond lengthd of Na-Co and O-Co is about 1.65.
Assuming thatnms0 Kd=60 MHz at the oxygen site in the
CoO2 plane, nms0 Kd at the Na site would be roughly
,13 MHz, because the dipolar field is proportional tod−3.
This is still four times larger than the experimental result.

Hence, there should be other reasons for the lower
nms0 Kd found in NaxCoO2. Considering the crystal structure
of these cobaltites, the distance between adjacent CoO2
planes in NaxCoO2 is significantly smaller than those in
fCa2CoO3g0.62

RS fCoO2g and fCa2Co4/3Cu2/3O4g0.62
RS fCoO2g.

Thus, the interlayer interaction between the CoO2 planes in
NaxCoO2 is considerably larger than in the other layered co-
baltites. Such interaction is thought to weaken the two di-
mensionality of the CoO2 plane. As a result, the magnitude
of nms0 Kd in NaxCoO2 may be smaller than those in the
other layered cobaltites. Indeed, large transition widths,DT
,70 K, were observed in fCa2CoO3g0.62

RS fCoO2g and
fCa2Co4/3Cu2/3O4g0.62

RS fCoO2g, while DT,0 K for NaxCoO2.
This suggests an increase in spin frustration, reflecting the
decrease in the two dimensionality in NaxCoO2.

V. SUMMARY

In order to elucidate the magnetism in “good” thermoelec-
tric layered cobaltites,m+SR spectroscopy and heat-capacity

sCpd measurements were performed on single crystals of
NaxCoO2 with x=0.6 and 0.9 in the temperature range be-
tween 250 and 1.8 K.

xc, Cp, and wTF-m+SR measurements on Na0.9CoO2 in-
dicated the existence of a magnetic transition at 19 K, al-
though no transitions were detected in Na0.6CoO2 down to
1.9 K. A clear oscillation in the ZF-m+SR spectra, fitted by a
Bessel function, suggested that Na0.9CoO2 enters an incom-
mensurate spin-density wave state below 19 Ks=TSDWd. In
addition, the IC-SDW was found to propagate in thec plane
(i.e., the CoO2 plane), with oscillating moments directed
along thec axis, similar tofCa2CoO3g0.62

RS fCoO2g.
By reference to the previousm+SR results on polycrystal-

line samples, a tentative magnetic phase diagram was ob-
tained for NaxCoO2 with xù0.6. The relationship between
TSDW andx changed dome shaped, as well as the change in
the high-Tc cuprates. Since this relationship was explained
using the Hubbard model within a mean-field approximation
for two-dimensional triangular lattice of the CoO2 plane,
which is a common structural component for the all known
thermoelectric layered cobaltites, this dome-shaped relation-
ship is concluded to be a common behavior for the layered
cobaltites.

The absence of the SDW state in Na0.6CoO2 provided the
upper limit for the magnitude ofU / t as 3.97, whereU de-
notes the Hubbard on-site repulsion andt the nearest-
neighbor hopping amplitude. This indicated that Na0.6CoO2
is a moderately correlated electron system, although it is be-
lieved to be a strongly correlated system. This conclusion
was consistent with the measured electronic specific-heat pa-
rameterg of Na0.6CoO2, becauseg was almost equivalent to
the calculated value without an electron correlation.
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