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Magnetism of layered cobaltites NMzoO, with x=0.6 and 0.9 has been investigated by a positive muon spin
rotation and relaxatiofu*SR) spectroscopy together with magnetic susceptibility and specific-heat measure-
ments, using single-crystal samples in the temperature range between 250 and 1.8 K. ZéZdfjeldSR
measurements on jgCoO, indicate a transition from a paramagnetic to an incommensurate spin-density
wave statglC-SDW) at 19 K(=Tgpy). The anisotropic ZR+*SR spectra suggest that the oscillating moments
of the IC-SDW direct along the axis. Since NggCo00; is paramagnetic down to 1.8 K, the magnitude of
Tspw is found to strongly depend ox This behavior is well explained using the Hubbard model within a
mean-field approximation on two-dimensional triangular lattice in the Quaéne. Also, both the appearance
of the IC-SDW state by the change inand the magnitude of the electronic specific-heat parameter of
Nay C00, indicate that NgCoO, is unlikely to be a typical strongly correlated electron system.
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I. INTRODUCTION long-range IC-SDW order forms below30 K (=Tgpw),
while a short-range order appears below 100=KT2").17:18

Layered cobaltites with a two-dimensional-triangular lat- Also, the IC-SDW was found to be induced by the ordering
tice (2DTL) of Co ions have been intensely investigated be-of the Co spins in the Co{planes.
cause of their structural variety, promising thermoelectric The magnetically ordered state is, therefore, most likely
performancé;® and unpredictable superconducting behaviorcommon for the 2DTL of the Co ions in the layered cobal-
induced by an intercalation of 4.5 Among them, the tites. The relationship between the transition temperature and
sodium cobaltite NgCoO, is apparently the most basic com- the Co valence is, therefore, worth investigating in order to
pound; because of its simple structure, the single £oObetter understand the nature of the 2DTL. In particular, the
planes and the single disordered Na planes form alternatingo valence in the Coplanes changes directly in proportion
stacks along the axis!? The CoQ planes, in which the to x for NaCoO, whereas that is unclear for
2DTL of Co ions is formed by a network of edge-sharing[Ca,Co0;]53{Co0,] because of the two unequivalent Co
CoQ; octahedra, are the conduction planes of,B&D;.  sites in the lattice. It should be noted that the polycrystalline
Therefore, the magnetic and transport properties QON®, Na, -<C00, sample, although structurally single phase, was
are expected to strongly depend on the nominal valence gbund to be magnetically inhomogenedas$ience, theu*SR
the Co ions in the Co©planes, similar to the case of the experiments on single crystals are important for further elu-
CuG, planes for the higfF. cuprates. cidation of the nature of the 2DTL.

Motohashiet al. reported the existence of a magnetic tran-  The detailed crystal structure of 20O, was reported to
sition at 22 K(=Ty,) in polycrystalline Ng.;sCoO, from the  depend orx and reaction temperatutéthat is, a-Na,CoO,
observation of small changes in bulk susceptibility and transwith 0.9<x=<1, o’-Na,CoO, with x=0.75, 8-Na,Co0, with
port properties, while no transitions were found in0.55<x=<0.6, andy-Na,CoO, with 0.55<x=<0.74. Also,
Nay 6:C00, down to 2 K4 Recent positive muon spin rota- the structure of Ng:CoO, was reported to be assigned as the
tion and relaxatior(u*SR) experiment on a polycrystalline y phaset® Unfortunately, single crystals are available only
Nay 74C00, samplé® indicated that the transition at 22 K is for the a-NaCoO, phase withx=0.9 and they-Na,CoO,
not induced by impurities but is an intrinsic change in thephase withx=0.6° and attempts to prepare crystals with the
magnetism of the sample, although the sample was magnetther x have failed so far. Magnetic susceptibility) mea-
cally inhomogeneous. Furthermore, th&€SR result sug- surements on these crystals indicated rdia, 00, ex-
gested that the ordered phase bel®yy could be either a hibits a magnetic transition at20 K, whereasy-Na, (Co0,
ferrimagnetio(FR) or a commensurateC) spin-density wave seems to be a Curie-Weiss paramagnet down to?8Adso,
(SDW) state!® the resistivityp vs T curve in a-Nay Co0O, was found to be

On the other hand, the related compound, pure and dopadletallic above ~20 K, while semiconducting below
[CaCo0;]f3{C00,] (RS denotes the rocksalt-type sub- ~20 K.19:20
system, exhibited a transition to an incommensurgt€) We report zero-fieldZF-) u*SR measurements for single-
SDW state below~100 K% Recentu"SR experiment using crystal platelets of NgCoO, and Na (Co0, at temperatures
both single crystals anctaligned polycrystals suggested that 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 @SR work was
reported elsewher®. In addition, we performed heat-
capacity measurements on these crystals to study the magne-
tism of NgCoG, in full detail.

Il. EXPERIMENT

Single crystals of N&CoO, were grown at Osaka Univer-
sity by a flux technigue using reagent grade,8@; and
Co0, powders as starting materials. A mixture of NacCl,
Na,CO;s, and BO5; was used as the flux. The typical dimen-
sion of the obtained NaCoO, platelets was~3X3
X 0.1 mn?, while that of Ng {Co0, was~6x 6 0.1 mn?.

The preparation and characterization of these crystals were
reported in greater detail elsewhéfe?®

Susceptibility y was measured using a superconducting
quantum interference device magnetomgi@pms, Quan-
tum Design in the temperature range between 400 and 5 K
under magnetic fieldH=55 kOe. In order to increase the
magnetic signal, 5 platelets were stacked in a plastic sample
holder. Also, to determine anisotrogy, was applied parallel
or perpendicular to the baséle., c) plane. Hereby, we will
abbreviate susceptibility obtained wihlic as y. andH L c
as ya., respectively.

pin plane (1 0-3 Q Cm)

%, (108 emu g7)

40 T T
¢ NayCo0,
30H o NaOVGCoOZ
10k .
4 0kOe —— Nay sCo0,|
+—— | o NaysCoO,|]
2
N e
0.8 T T "
(€ |
0.6
0.4 ]
—— NaysCoO, |
0.2 —o— Nay 5C00,| ]
O 1 1 1
0 100 200

PHYSICAL REVIEW B 69, 214423(2004)

N w
(woes &0 b sue(d uly

ry

TEMPERATURE (K)

3000

IS

FIG. 1. Temperature dependences (af in-plane resistivity

_ Heat capacityC, was measured using a relaxation tech-, " (Ref. 20 (b) magnetic susceptibility, and (c) xz* for
nique (ppms, Quantum Desigrin the temperature range be- Na, o0, and Na (Co0,. p was measured using a van der Pauw

tween 300 and 1.9 K. The.'SR experiments were per- technique angy was measured both in field-cooling FC mode with
formed on the M20 and M15 surface muon beam lines aH=10 kOe andH applied parallel to the axis.

TRIUMF. In order to stop muons in the sample and to in-

crease the signal intensity, approximately ten platelets were 1pqc
stacked in a muon-veto sample holder. The experimentagma” m

setup and techniques were described elsewifere.

o(T) curve for the Ng4CoO, crystal also exhibits a
aximum at 19 K, indicating the transition detected by
the y measurement. On the other ha@j,for the Ng ¢CoO,

crystal decreases monotonically with decreasindown to

Ill. RESULTS

1.9 K. Note that in Fig. &) 1 mol denotes 1 mol-atom; thus,

C, for Na,CoG, is equivalent to the measured heat capacity

A. Susceptibility and heat capacity

(J g*K™) divided by (3+x)M, where M is the molar

Figure 1 shows the temperature dependences of the ifveight of NgCoQ,. The dependence of,/T on T? for

plane resistivitypinpiane (Ref. 20 and x below 300 K for the

Nay gC00, looks very complicated due to a contribution of

current NaCoO, crystals. As mentioned above, the the magnetic order, although th&,/T vs T2 curve for
pinpland T) CUIVE in Ng {CoO, indicates the transition from Nao (C0O; exhibits an almost linear relation in tf# range
the highT metallic phase to the loW-semiconducting phase above 30 K (see Fig. 3 This is also evidence for lack of

around 20 K, accompanying the small cusp in th&€T)
curve, although the NgCoO, crystal is metallic down to
5 K with a paramagnetic behavior.

In order to know the change ig and C, around 20 K,
Fig. 2 shows the temperature dependencegaidC, below
50 K for the current two crystals. The.(T) curve for the
NaysCo0O, crystal exhibits a clear cusp at 19(KT,),
whereas there are no clear anomalies in}@) curve[see

C
_E:+T2
Tvﬁ,

magnetic order in NgCoO, down to 1.9 K.
If we employ the Debye formula

1)

in the T? range between 30 and 10 Kve obtain the elec-
tronic specific-heat parametey=3.62+0.04 mJ K®> per
mol-atom and$=0.01339+0.00004 mJ mol ¥ per mol-

Fig. 2(b)]. Since there is no marked difference between theatom. This gives the Debye temperatukg of 526 K. Two
data obtained in zero-field-cooling and field-cooling modesdifferent platelets of NgsCoO, provided almost same values

this cusp is most likely due to an antiferromagneifd)

transition. Actually, the relationship between magnetizatiorcrystalline NgzC00, (y=6.8 mJ K?

M. andH has no loop even at 5 [see the inset of Fig.(B)].

of v and 6. Making comparison with the data for the poly-

per mol-atom

=24.2 mJ K? per mol-Ng s£C00,=48.4 mJ K2 per mol-

The x(T) curves for the NggCoO, crystal show a paramag- Na ;C0,0, and 6,=354 K Ref. 23 the present values are
netic behavior down to 5 K with a small anisotropy, asrather small, probably due to the effects of grain boundaries

reportec??
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and/or undetected second phases in the polycrystals. Fur-
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TEMPERATURE (K) tained with the initialx* spin directionéﬂ(o) perpendicular
) __ to thec axis. A clear oscillation due to quasistatic internal
FIG. 2. Temperature dependences of magnetic susceptifility

. . PS +
for Nag (C0O, (@) and (b) Nag4CoO, and (c) temperature depen- f!elds is observed only wheBM(O)l_c. Also, the ZFu*'SR
dence of heat capacig, for Na; JCo0, and Ng ¢C00,. The inset tlm_e spectrum for the polycrystall_lne BiaCo0, sample,
in (b) shows the magnetizatial as a function of magnetic field ~ Which entered a commensurate spin structure below 22 K,
at 5 K and that in(c) the magnification of the,(T) curve in the IS Shown in Fig. 4b). Making comparison with the bottom
vicinity of T,. x was measured both in zero-field-cooling ZFC and SPectrum, the oscillation amplitude in the top spectrum de-
field-cooling FC mode’s wittH =10 kOe ancH applied parallel and ~ cays rapidly and the initial phase delays. The oscillation in
perpendicular to the axis.

o _ 0.2 (a) Nay gCo0, -
thermore, the presentis in good agreement with the value 2F-uSR
calculated for band structure of N&CoO, (y=3 mJ K2 per Hw
mol-atom =10.5m J K% per mol NasCo0,=21 mJ K? > 015} at1.8 K
per mol-NaCgQO,).* = Su(0)Le

It should be noted that the magnitude Gf, for the "'E‘ o1 b ]
Nay dCo0O, crystal is significantly larger(0.3—0.5 J mol E )
-atoni! K™2) than that for Ng4Co0Q, at temperatures above 0
T.=19 K, although the slope of th&,/T vs T2 curve looks : : 5
roughly the same for two crystals. The enhancemeijirs = 01 Nag 75C00,
therefore most likely caused by an additional spin entropy of o ZF-uSR
Co ions, which contributes well abovig. On the other hand, g:: 0.0k} +at 2.1 K (ref.15)
as T decreases froni,, C,/T for Ngy CoO, decreases rap- O ] ;
idly with an increasing slopel(C,/T)/d(T?), indicating a O o.0s8f ]
contribution of the AF long-range ordered spin. oo7f L 1

B. ZF-u*SR 0.06 . ; 1
0 0.5 1 1.5
The weak transverse-fieldvTF-) "SR spectra in a mag- TIME (ps)

netic field ofH~ 65 Oe in the NggCoG, crystals exhibit a

clear reduction of the.* precession paramagnetic amplitude  FIG. 4. ZFu*SR time spectra ofa) single-crystal platelets of

belowT.. On the other hand, there are no marked changes iNa, Co0; at 1.8 K andb) a polycrystalline plate of Ng<CoO, at

the WTFu SR spectra in NgsCo0O,. This indicates that the 2.1 K. In (Ref. 15. (a), the configuration of the sample and the

Na-poorer crystal is a paramagnet down to 5 K, consistenthitial muon spin directior§,,(0) is S,(0) L ¢ Both a rapid initial

with the results of they and C, measurements. decay of the amplitude and a delay of the initial phase in the top
Figure 4a) shows ZFu*SR time spectrum at 1.8 K in the spectrum indicate that an incommensurate spin structure presents in

single-crystal platelets of NaCoO,; the spectrum was ob- NayCo0,, whereas a commensurate structure i N@oO,.
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the top spectrum is characteristic of a zeroth-order Bessel ool ' " NaggCoO, '
function of the first kindJy(w,t) that describes the muon ) i + O Agpw
polarization evolution in an IC-SDW field distributia?® <olre g - A g
Actually, the top oscillating spectrum was fitted using a com- . © @
bination of three signals: 02 i , , °
AoP(t) = Aspudo(,)eXp(— Nsput) soW + At GL (,A) - 2'2 o % ]
o » O -1
— By
+ A exp(— \b)Px, (2 0.2r o )
0 1 1 1 D
w,=27wv,=7v, Hi, 3 ~10%fa A B T A
w w™ Yu Mint (3 § o Z Zs,ow ]
12 A% E woi o | ° =M |]
KT e _A242 — ~
GI(tA) =3+ (1-A% )exp( 5 ) @ St mre o,
whereA is the empirical maximum muon decay asymmetry, 2s ®an ' ]
Aspw: AxT, andA, are the asymmetries associated with the @ % 2 p i"‘”
three signalsGY/ (t,A) is the static Gaussian Kubo-Toyabe T 5 ]
function, A is the static width of the distribution of local &t o, @ ]
frequencies at the disordered siteg,is the slow relaxation 4 T o Ne oo,
rate, andBspyw and B, are the powers of the exponential ¥ Natg 25CoC,
relaxation. Fits using just an exponentially damped cosine 2 2 ]
oscillation, exg-At)cogw,t+¢), provide a phase anglé S ' ©
~—42°, which is physically meaningle$5although¢~ 0° T I ]
for the bottom spectruri?. TEMPERATURE (K)

We therefore conclude that jgCoO, undergoes a mag-
netic transition from a paramagnetic state to an IC-SDW FIG. 5. Temperature dependences@fAspw, Acr, andAy, (b)
state(i.e., T,=Tspw), although neutron-diffraction measure- the volume fraction of the SDW sign&Vg), (¢) Aspw: A, and,,
ments are necessary to confirm/determine the spin structufé) Bsow and B, and (e) v, for the single-crystal platelets of
of the IC-SDW phase. However, to our knowledge, there ardl@.¢C00:. In (e), the v,(T) curve for the polycrystalline
neither neutron nor NMR studies to investigate the magnelNa.7sC00; sample(Ref. 15 is also shown, although its ZE*SR
tism of Na)_QCoOZ.ZS The absence of a clear oscillation in the SPectrum was fitted by an exponentially damped cosine oscillation,

. Lo . . exp(—-At)cogw, t+ ). The solid and broken lines ite) represent
spectrum obtained witls,(0)IIC indicates that the internal PMcosw,t+ ) (®) rep

" the temperature dependence of the BCS gap energy.
magnetic fieldH,,, is roughly parallel to the axis, since the
muon spins do not precess in a parallel magnetic field. Thaot only the coexistence of the other two sign@asused by
IC-SDW is unlikely to propagate along tleaxis due to the a variation of the magnetic environmgniut also the rapid
two dimensionality. The IC-SDW is therefore thought to decay of the oscillation amplitude reduced the accuracy of
propagate in the plane(i.e., the[CoG,] plane, with oscil-  the fitting for the present data as low as that for the polycrys-
lating moments directed along tleaxis, as in the case of talline samplée?® although the oscillation frequency is deter-
[CaC00;]}3{C00,].18 Moreover, this anisotropic result is mined definitely.
consistent withy measurements; that is, the cusp at 19 K TheVg(T) curve increases monotonically with decreasing
was observed, whehl was applied parallel to the axis, T belowTgpy, reaching a maximurivVe=50%) at the lowest

whereas the cusp was undetecte#lif ¢.2° T at 1.8 K. This value is significantly higher than in poly-
Figures %a)-5(e) show the temperature dependences ofcrystalline Ng-,sCoO,(Ve=21%)."> However, V¢ for the
(@ Aspws Axt, andA,, (b) the volume fraction of the SDW c-aligned [CaCo0;]3%]Co0;] and

signal(Vg), (¢) Aspws A, and\,, (d) Bspw and By, and(e) v, [CaC0ysCly 30452 {C00,] samples were found to be
for the single-crystal platelets of RgCoO,. The volume ~100%2 Thus, the present NaCoQ, crystals are consid-
fraction Vg was calculated agspw/ (Aspw*Axt+AL). The  ered to be still magnetically inhomogeneous, probably due to
magnitude ofAgpyy, increases with decreasifgbelow Tgpy, ~ an inhomogeneous distribution of the Na ions. In particular,
although bothA andA, are almosfT independenfsee Fig. Na, dC00, is reported to be unstable in humid &lrthe ex-
5(a)]. Here, the static Gaussian Kubo-Toyabe function is forcess Na easily reacts with moisture in air, although the
the signal from muon sites experiencing disordered magnetipresent samples were kept in a desiccator prior toutfeR
fields, and the power exponential relaxation is due to fasexperiment. Hence, the SDW order is intrinsic, while the
fluctuating magnetic field®:26 Thus, only theAgpy, signal  other fractiongdisordey are not.

appears belowlspy, While the latter two signals are not Both the temperature dependences. g, and Bspw are
affected by the formation of the IC-SDW order. Actually, the fairy flat [see Figs. &) and 5d)], while, asT decreases, the
other parameters of the latter two signals, i,,A, andgB,, v, increases with a decreasing slape,/dT [Fig. 5e)]. This
also seem to be independent ©f Hereby, we, therefore, behavior is well explained by the BCS prediction for order
ignore the contributions from these two signals. Howeverparameter for the SDW stat@ Since the value of,(0 K) is

214423-4



ELECTRON CORRELATION IN THE TWO-DIMENSIONAL.. PHYSICAL REVIEW B 69, 214423(2004)

40

- oxygen layers is represented/a$3-C-A-B-C, while in they

Na,Co0, phaseA-B-B-A, whereA, B, andC are named as similar for
30l ¥ & the stacking sequence in the face-centered cubic close-
® single packed structur& Also, Na ions occupy the octahedral sites
< 20_0 poly (ret. 15) /'\ | in the @ phase, while the prism sites in thephasée? It is
o PARA 'é worth noting that theu* sites are bound to the O ions, indi-
cSpw c g\aw cating that theu™ mainly feels the magnetic field in the
10 A [Co0,] plane. Thus, the IC-SDW is most likely to be caused
\ by an intrinsic behavior of thECoO,] plane.
The end member of NE0O,, that is, a fully occupied

Y I I )
85 A A Na,CoO, phase, cannot be prepared by a conventional solid-

o o o state reaction technique and/or a flux technitff®,while
~ ALUNGn the related compound LiCoCran be easily obtained. The
_ _ ~ structure of LiCoQ is isomorphous withe-NaFeQ (R3m),
FIG. 6. Phase diagram of NaoO, determined by."SR experi-  (Ref. 31) and almost the same structure as that of ke
ments. Solid circles represent the present result and open circles t'I‘\Pég(COOZ phase, if we ignore the difference of the occupancy
previous data(Ref. 15 The point atx=1 i_s a speculation from the petween the Na and the Li planes. LiCo® reported to be
NMR data on the related compound LiCo(Ref. 3. The rela- diamagnetic down to 4.2 R Since the C8' ions in LiCoO,
tionship between structure amds also showng andy denote th ; ; ;
P fancy aenole e are in a low-spin staté; as in the case for N&€0O,, the

« phase andy phase. The§ phase(0.55<x=0.6 i.s un.Stable at diamagnetic behavior is expected. Therefore, Nafis@lso
high temperatures used for the sample preparation in the Curregtpeculated to lack magnetically ordered states

work and changes to the phase; hence, only the tw@ and ) The occupancy of o spins (S=1/2) on the two-

phases are presented. . . . . . .
dimensional triangular lattice 2DTL increases with decreas-

. _ o ing X, so that the other end member, J8&0,, would have a
estimated as 3.0 MHz, the internal magnetic field in the magp 5t filed 2DTL. In other words, every lattice site is occu-

netica}lly ordered state ir) NaCoG; is almost equivalent to pied by S=1/2. If we employ the Hubbard model within a
that in the polycrystalline Ng<CoO, sample [»,(0K)  meanfield approximation as the basis for explaining the

~3.3 MHz]."® magnetism of such syste##r,
IV, DISCUSSION H=-tX ¢ ¢, +UX nny, (5)
(iho i

A. Phase diagram and electron correlation

In the previousu'SR experimertf on polycrystalline ~Wherec/,(c;,) creates(destroys an electron with spinr on
Nay 7£C00, and Na ¢C00, samples, the Na-richer sample site i, ni,=cl ci, is the number operatot, is the nearest-
exhibited a transition to either a FR or a C-SDW state aneighbor hopping amplitude, arld is the Hubbard on-site
22 K, whereas the Na-poorer sample was a paramagnéepulsion. The electron filling is defined as1=(1/2=Mn;,
down to 2 K. Since the two samples were single phase of avhereN is the total number of sites.
hexagonal structuréy phasg=° the magnetic transition at At T=0 andn=0.5 (i.e., NgCo00,), asU increases from
22 K is considered to be an intrinsic behavior ingN&00G,. 0, the system is first a paramagnetic metal upJio~ 3.97,
Therefore, we can sketch the magnetic phase diagram dfien changes into a metal with a spiral IC-SDW, and then, at
Na,CoO, with x=0.6 as a function ok (see Fig. . Recent U/t~5.27, a first-order metal-insulator transition occtirs.
compositional and chemical titration analyses indicated thalhe lack of magnetic transitions for NaoO, with x=0.6
the oxygen deficiencys in Na,CoO,_; is negligibly small and 0.65 suggests thelt/t<3.97. This means that NaoO,
even for the sample witk=0.92° This means that the aver- is unlikely to be a strongly correlated electron system, be-
age Co valence is directly calculated fromAs x increases causeU>t for such system. This conclusion is in good
from 0.6(i.e., the Co valence decreases from)3the mag- agreement with the magnitude of determined by the
nitude of T, increases up to a maximum at arowwi0.8 and  presentC, measuremen(y=3.62+0.04 mJ K? per mol-
decreases with further increasirgAs a result, we obtain a atom =13.03+0.14 mJ ¥ per mol-Ng C00,). This value
dome-shaped relationship betwe&p and x for Na,CoO,.  is only 20% larger than that calculated from band structure
Here, we ignored the previoys'SR result on the polycrys- of Na,sCoO, without the interaction of electrorfé.
talline Na,/CoO, sample prepared by a conventional solid-  Also the calculations predict th&t;*> asn increases from
state reaction technique; that is,jN@oO, was a paramagnet 0, the magnitude obJ/t at the boundary between the para-
down to 2.5 K18 This is because the conventional solid-statemagnetic and SDW phases decreases with increasing slope
reaction using NgCO; and CaO, powders as starting mate- [d(U/t)/dn] up ton=0.75. Even folU/t=0, the SDW phase
rials was found to provide the mixture of Nao 00, and s stable ah=0.75.U/t increases with further increasimg
Co;0,, even if the starting Na/Co ratio is 0. with decreasing slope. Therefore, the dome-shaped relation-
The crystal structure of N@CoO, (« phase is different  ship found in the phase diagrafRig. 6) is qualitatively ex-
from that of NgCoO, with x<0.75(y phase, as seen in Fig. plained by the model calculations, although the maximum is
6; that is, in thea phase, the sequence of the stacking oflocated at arounc=0.8 (i.e., n=0.9). This is likely due to
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the simple band structure assumed in the above calculatiofC;) measurements were performed on single crystals of
while calculations for NgCoO, suggest more complicated Na,CoO, with x=0.6 and 0.9 in the temperature range be-
one?* Furthermore, it is most likely that a{CoO, enters  tween 250 and 1.8 K.

the C-SDW state below 22 K rather than the ferrimagnetic  x,, C,, and wTF-u"SR measurements on p¢CoO, in-
state, because the magnetism in@®@0, seems to be totally dicated the existence of a magnetic transition at 19 K, al-

understood by Eq5). though no transitions were detected ingy@aoO, down to
1.9 K. A clear oscillation in the ZFx "SR spectra, fitted by a
B. Magnitude of internal magnetic field Bessel function, suggested thatgy@oO, enters an incom-

If the SDW state is induced by the competition betweenMensurate spin-density wave state below 18=Kspy). In
U/t andn in the CoQ 2DTL, the nature of the SDW state is addition, the IC-SDW was found to propagate in thelane
considered to be essentially same in all the cobaltites. Howd-€-, the CoQ plang, with oscillating moments  directed
ever, the internal magnetic field of the ordered state@l0ng thec axis, similar to[C&,Co0;]5s{ CoO,].
»,(0K), is found to be~3 MHz for Na,CoOy, while itis By reference to the previoys'SR results on polycrystal-
~60 MHz for [CaCo0;]R%[Co0,] and line samples, a tentative magnetic phase diagram was ob-

[CaQCO4,3Cu2,3O4]§_2iCOOZ].1648 The muon locates prob- tained for NgCo0O, with x=0.6. The relationship between

ably ~0.1 nm away from the oxygen ions, and there is nolspw andx changed dome shaped, as well as the change in

space for it in the Cooctahedra in thECoO,] plane as in the highT, cuprates. Since_thjs relationship was explained
the case for the high. cuprate$® This discrepancy is diffi- YS9 the Hubbard model within a mean-field approximation
cult to explain only by differences in the" site experiencing for two-dimensional triangular lattice of the CeQ@lane,

the SDW field. That is, even if the*'s in Na,CoO, locate in which is a common structura_l component for the all known
Hflermoelectrlc layered cobaltites, this dome-shaped relation-

cobaltites are bound to oxygen in the Gofane, the ratio ship is_ concluded to be a common behavior for the layered
between the bond lengthof Na-Co and O-Co is about 1.65. cot_}%ltltez. f the SDW : ided th
Assuming thatv,(0 K)=60 MHz at the oxygen site in the e absence of the SDW state Ind¥800, provided the
CoG, plane, v,(0 K) at the Na site would be roughly upper I'Em forgge ?agnltude dﬂ/tl as 3.97&\;]vheréJ de-
' . T . b notes the Hubbard on-site repulsion ahdthe nearest-

~13 MHz, because the dipolar field is proportionald®. . . . S
This is still four times larger than the experimental result. _nelghbodr hoppl)lng amlplltl(deel. This indicated tlhﬁfolb(?;OQg b

Hence, there should be other reasons for the Iowe'r.Samo erately correlated electron system, although it Is be-
v (0 K) found in N3CoO,. Considering the crystal structure ieved to be a strongly correlated system. This conclusion
0?‘ these cobaltites the' distance between adjacent,Co as consistent with the measured electronic specific-heat pa-

1 2 .

planes in NgCoG, is significantly smaller than those in ametery of N& (00, becausey was almost equivalent to

[CaCo 03]52 1Co0,] and [ CaQCo4,3Cuz/3O4](’;"_§ 1C00,]. the calculated value without an electron correlation.
Thus, the interlayer interaction between the Gaganes in

Na,Co0; is considerably larger than in the other layered co- ACKNOWLEDGMENTS

baltites. Such interaction is thought to weaken the two di-
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