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Magnetism of layered cobalt oxides investigated by muon spin rotation and relaxation
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Muon spin rotation-relaxation (mSR) spectroscopy has been used to investigate the magnetic properties of
polycrystalline Ca32xMxCo4O9 (x<0.5,M5Sr,Y, and Bi! and Na0.7CoO2 samples in the temperature range
between 2.5 and 300 K. It was found that Ca3Co4O9 exhibits a magnetic transition at aroundTc5100 K; at
lower temperatures, two types of relaxation were observed using a weak transverse fieldmSR technique with
H5104 Oe: one with a fast relaxation ratelF;10 ms21 and the other with a slowlS;0.1 ms21. Zero-field
mSR measurements suggest the existence of an incommensurate spin-density-wave~SDW! state belowTc ~i.e.,
Tc5TSDW), although a ferrimagneticM -H loop was observed by a dc susceptibility measurement below 19 K.
The substitution of Y or Bi for Ca increasedTSDW, while the substitution of Sr for Ca did not affectTSDW.
This indicates that the SDW transition depends strongly on the average valence of the Co ions. The related
material Na0.7CoO2 showed no magnetic transitions below 30 K. Considering the difference between the
crystal structures of Ca3Co4O9 and Na0.7CoO2, we suggest that Co ions in the rocksalt-type layers of
Ca3Co4O9 are likely to play a significant role in inducing the SDW transition around 100 K.

DOI: 10.1103/PhysRevB.66.134413 PACS number~s!: 76.75.1i, 75.30.Fv, 75.50.Gg, 72.15.Jf
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I. INTRODUCTION

Human beings generate a huge amount of energy wo
wide, but two-thirds of that energy is abandoned as ‘‘was
exhaust heat. Such low efficiency is obviously an import
factor in the degradation of the environment. Thermoelec
power generation~TPG! is considered to be one of the ke
technologies for protecting the environment by saving
ergy resources and reducing the release of CO2 into the at-
mosphere. This is because TPG can convert exhaust
energy directly into electric energy. Nevertheless, TPG is
widely used at present due to its low energy conversion
ficiency h, since the maximum value ofh is 0.08 or less.1

The efficiencyh is approximately proportional to the the
moelectric figure of meritZT5S2T/(rk), where T is the
absolute temperature,r is the resistivity,k is the thermal
conductivity, andS is the Seebeck coefficient. As a result, t
optimum material for TPG should simultaneously exhi
largeS, smallr, and smallk. In order to obtain largeZT, we
therefore need to increaseS without increasingr or k.

Recently two cobalt oxides Ca3Co4O9 ~Refs. 2–4! and
NaxCoO2 ~Refs. 5–7!, were reported to exhibit metallic con
ductivities and extraordinary largeS values ~above
1100 mV/K at 300 K! for reasons currently unknown. Be
cause of their largeZT values (;1 at 1000 K!, both com-
pounds are considered to be promising candidates for
p-type material of TPG systems.

The crystal structure of Ca3Co4O9 has been described a
alternating stacks of two monoclinic subsystems along thc
axis.3,4,8,9 The two subsystems are~1! triple rocksalt-type
Ca2CoO3 layers and~2! single CdI2-type CoO2 sheets. Both
0163-1829/2002/66~13!/134413~9!/$20.00 66 1344
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subsystems have identicala, c, andb parameters but differ-
entb parameters. According to Miyazakiet al.,4,8 monoclinic
Ca3Co4O9 belongs to space groupCm (a50.48339 nm,b1
50.45582 nm, b250.28238 nm, c51.08436 nm, andb
598.14°) represented as@Ca2CoO3#x@CoO2# with x
5b2 /b150.62, which also means an incommensurate str
ture along theb axis caused by a misfit between the tw
subsystems. In this paper, we abbrevia
@Ca2CoO3#0.62@CoO2# to Ca3Co4O9 for simplicity. On the
other hand, the crystal structure of NaxCoO2 with x50.7 was
reported to be a bronze-type hexagonal system of sp
group P6322 (a50.2833 nm andc51.082 nm).10 In this
structure, the single CoO2 sheets and the single disordere
Na planes form alternating stacks along the hexagonalc axis.

For both compounds, the CoO2 sheets~in which a two-
dimensional-triangular lattice of Co ions is formed by a n
work of edge-sharing CoO6 octahedra! are considered to
contribute to the transport of charge carriers. Although
Na deficiency in NaxCoO2 appears to play a significant rol
in reducingkphonon,

11 large S values also indicate a stron
interaction between 3d electrons in the CoO2 sheets.

In spite of the two dimensionality and geometrical fru
tration of the CoO2 sheets, magnetic susceptibility (x) mea-
surements of NaxCoO2 showed no clear anomalies at tem
peratures below 400 K,12,13 while two magnetic transitions
were observed for Ca3Co4O9: one was a ferrimagnetic tran
sition around 20 K and the other a probable spin-state tr
sition around 400 K.3,4 Obviously, not onlyx but also other
measurements, such as NMR, neutron scattering and m
spin rotation-relaxation (mSR), are required to understan
the magnetism of these compounds in detail. Nevertheles
©2002 The American Physical Society13-1
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these authors’ knowledge, there are no reports of magn
neutron scattering ormSR in these compounds, and the on
NMR experiments have been59Co NMR in Na0.5CoO2.13,14

SincemSR provides a sensitive probe of local magne
order in zero applied field, a large number of studies h
been performed to investigate the magnetic properties
frustrated systems using zero field~ZF! and/or weak trans-
verse field~wTF! mSR techniques.15 Here we report both
wTF-mSR and ZF-mSR measurements on polycrystallin
samples of Ca32xMxCo4O9 (x<0.5, M5Sr,Y, and Bi! and
Na0.7CoO2 in the temperature range between 2.5 and 300
in order to better understand the magnetism of these ther
electric materials.

II. EXPERIMENT

Polycrystalline samples of Ca32xMxCo4O9 (x<0.5, M
5Sr,Y, and Bi! and Na0.7CoO2 were synthesized by a solid
state reaction technique using reagent-grade CaC3,
Na2CO3, Co3O4, SrCO3, Y2O3, and Bi2O3 powders as
starting materials. The powders were thoroughly mixed b
ball mill using ethanol as solvent. After drying, the mixtur
were calcined three times at 900 °C for 12 h in an air flow
improve their homogeneity. After grinding, the calcine
powder was pressed into disks 18 mm in diameter and 3
thick. The disks of Ca32xMxCo4O9 were sintered at 915 °C
for 12 h in an O2 gas flow followed by annealing at 450 °
for 12 h in an O2 gas flow and then furnace-cooled to roo
temperature at a rate of 1 °C/min. The Na0.7CoO2 disk was
sintered at 920 °C for 12 h in an O2 gas flow followed by
annealing at 650 °C for 12 h in an O2 gas flow and then
furnace cooled to room temperature at a rate of 1 °C/mi

Powder x-ray diffraction~XRD! studies indicated that th
samples of Ca32xMxCo4O9 with x<0.5 were single phase
with a monoclinic structure and that the Na0.7CoO2 sample
was single phase with a hexagonal structure.

Magnetic susceptibility (x) was measured using a supe
conducting quantum interference device~SQUID! magneto-
meter~mpms, Quantum Design! in a magnetic field of less
than 55 kOe. ThemSR experiments were performed on t
M20 surface muon beam line at TRIUMF. The experimen
setup is described elsewhere.16

III. RESULTS

A. Magnetic susceptibility

Figures 1~a! and 1~b! show the susceptibilityx and in-
verse susceptibilityx21 of Ca3Co4O9 as a function of tem-
perature, measured in the field-cooling~FC! mode with H
510 kOe. Plainlyx21 decreases monotonically with de
creasing temperature over the whole temperature range.T
decreases from 640 K,x21 decreases approximately linear
down to ;400 K. Then the slopedx21/dT increases at
;390 K and decreases again at;380 K, as seen in the inse
of Fig. 1~b!. The slope (dx21/dT) then increases graduall
with decreasing temperature until around 19 K, where
steepens within a few degrees and then finally starts to l
off below about 14 K, as shown in the lower half of Fig.
13441
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which displays a magnification of theT dependence ofx and
x21 at temperatures below 40 K.

Figure 3 shows the dependence of magnetizationM on H
measured at 5 and 25 K. A clear hysteretic loop is obtaine
5 K, although only a linear relationship betweenM andH is
observed at 25 K. Both the shape of theM -H loop and the
x21-vs-T curve suggest that Ca3Co4O9 is a ferrimagnet at
temperatures belowTFerri519 K.

FIG. 1. Temperature dependence of~a! susceptibilityx and ~b!
inverse susceptibilityx21 of Ca3Co4O9 ; x was measured in the
field-cooling mode withH510 kOe.

FIG. 2. Temperature dependence of~a! susceptibilityx and ~b!
inverse susceptibilityx21 of Ca3Co4O9 and Ca32xSrxCo4O9 with
x50.1,0.2, and 0.5 at temperatures below 40 K;x was measured in
the field-cooling mode withH510 kOe.
3-2
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Using a Curie-Weiss law over the temperature range
tween 100 and 360 K, we obtain the effective magnetic m
ment of Co ions,meff51.24mB , and the paramagnetic Curi
temperatureQp5222 K. The value ofmeff is comparable to
those reported previously, i.e.,meff;1.3 mB .3,4 Since an
electronic structural calculation17 of Ca3Co4O9 predicted that
Co ions in the@CoO2# subsystem are Co31 in a low-spin
state (t2g

6 ), we assume that approximately the same amou
of Co31 and Co41 ions coexist in the@Ca2CoO3# subsystem.
The observed value ofmeff (1.24mB) is in good agreemen
with the value of 1.18mB expected when the Co31 ions in
the @Ca2CoO3# subsystem are in an intermediate spin st
(t2g

5 eg
1) and the Co41 ions are in a low spin state (t2g

5 ).
Figures 2~a! and 2~b! also show the temperature depe

dence ofx and x21 in the Ca32xSrxCo4O9 samples withx
50.1–0.5. Even for the sample withx50.1, the ferrimag-
netic transition is not found down to 5 K, although at tem
peratures above 19 K, all the samples seem to have alm
the samex(T). Moreover, the divergence ofx at low tem-
peratures is suppressed with increasingx. Figures 4~a! and
4~b! show thex21-vs-T curves for the Ca32xYxCo4O9 and
Ca32xBixCo4O9 samples withx<0.3. As in the case o
Ca32xSrxCo4O9, the ferrimagnetic transition is suppress
below 5 K by the substitution of either Y or Bi withx
>0.1.

Figure 5 shows the dependence ofmeff on x for the
Ca32xMxCo4O9 (x<0.5, M5Sr,Y, and Bi! samples. For
the Sr-substituted samples, the magnitude ofmeff was found
to be less dependent onx and actually has a maximum
aroundx50.1, while for both Y- and Bi-substituted sample
the magnitude ofmeff decreased monotonically with increa
ing x. This suggests that the average valence of Co ion
changed less by Sr substitution than by either Y or Bi s
stitution.

B. µSR on Ca3Co4O9 and Na0.7CoO2

Figure 6 shows wTF-mSR time spectra in Ca3Co4O9 ob-
tained at 296 and 2.5 K in a magnetic field ofH5104 Oe.
Compared with the spectrum at 296 K, the spectrum at 2.
exhibits a clear reduction of the muon precession amplit
due to the appearance of an internal magnetic field. The

FIG. 3. The dependence of magnetizationM on H in Ca3Co4O9

at 5 and 25 K.
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were fitted in the time domain with a combination of
slowly relaxing precessing signal and a fast relaxin
nonoscillatory signal:

A0P~ t !5ASe2lStcos~vmt1f!1AFe2lFt, ~1!

where A0 is the initial asymmetry,P(t) is the muon spin
polarization function,vm is the muon Larmor frequency,f
is the initial phase of the precession, andAn and ln (n
5S,F) are the asymmetries and exponential relaxation ra
of the two components. This form was chosen because

FIG. 4. Temperature dependence ofx21 in Ca32xYxCo4O9 and
Ca32xBixCo4O9 samples withx<0.3.

FIG. 5. Relationship between effective magnetic moment of
ions (meff) and dopant contentx in Ca32xMxCo4O9 (x<0.5, M
5Sr,Y and Bi! samples.
3-3
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local magnetic fields in the ordered phase~giving the ‘‘F ’’
signal! are much larger than the applied field.

Figure 7~a! showsAn in Ca3Co4O9 as a function of tem-
perature obtained from fitting the wTF-mSR data to Eq.~1!.
As the temperature decreases from 300 K, the magnitud
AS is nearly independent of temperature down to 100 K; th
AS decreases rapidly as the temperature is lowered furt

FIG. 6. wTF-mSR time spectra in Ca3Co4O9 at ~a! 296 and~b!
2.5 K for a magnetic field ofH5104 Oe.

FIG. 7. Temperature dependences of~a! asymmetryAn and ~b!
and ~c! exponential relaxation rateln in Ca3Co4O9 ~solid circles
slow S; and open circles fastF) and Na0.7CoO2 ~crossed squares!;
both parameters were obtained by the fitting the wTF-mSR data
using Eq.~1!.
13441
of
n
er.Finally AS seems to level off to a constant value at tempe
tures below about 30 K. This indicates the existence o
magnetic transition around 100 K. On the other hand,AF
never reaches the full asymmetry of about 0.22 and actu
decreasesbelow a maximum at about 45 K. This must b
due to the onset of even stronger local fields~resulting in
unobservably fast muon spin depolarization! below 45 K.

Figures 7~b! and 7~c! show the temperature dependenc
of ln ; both thelS(T) and thelF(T) curves exhibit a broad
maximum around 50 K. That is,lS increases with decreasin
T from 300 K to 100 K, then increases more rapidly down
50 K, and finally decreases suddenly below 50 K. Mea
while, lF increases with decreasingT from about 80 K
~where it is first detected! down to 50 K, after which it de-
creases down to the lowest temperature measured. It is n
worthy that the highest value oflF (;73106 s21) is 40
times larger than that oflS (;0.173106 s21).

In Figs. 7~a! and 7~b!, the temperature dependences ofAS
andlS in Na0.7CoO2 are also shown for comparison. Obv
ously, there are neither magnetic transitions below;100 K
nor a fast relaxing component at low temperatures
Na0.7CoO2, althoughlS seems to increase slightly below 5
K with decreasing temperature. Considering the differen
between the crystal structures of Ca3Co4O9 and Na0.7CoO2,
it may be concluded that Co ions in the rocksalt-ty
@Ca2CoO3# subsystem of Ca3Co4O9 probably play a domi-
nant role in inducing the observed magnetic transitions
the fast relaxing component below;100 K.

In order to investigate the internal magnetic fields
Ca3Co4O9 below 100 K, ZF-mSR measurements were mad
at 100, 50, 30, 10, and 2.5 K. The resulting time spec
displayed in Fig. 8, show a clear oscillation due to quasist
internal fields at temperatures below 30 K. Figure 9 sho
the Fourier transform of the time spectrum at 2.5 K. Amo
several peaks in Fig. 9, the peak around 55 MHz correspo

FIG. 8. ZF-mSR time spectra in Ca3Co4O9 at 100, 50, 30, 10,
and 2.5 K; solid lines represent the results of fitting using Eq.~2!.
3-4
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to the oscillation evident in Fig. 8 at 2.5 K. In addition, th
broad distribution of frequencies below 55 MHz is consist
with the field distribution expected from an incommensur
spin-density-wave~IC-SDW! state, similar to cases the o
ganic conductor (TMTSF)2X ~TMTSF: tetramethyl-
tetraselena-fulvalene,X5PF6, NO3 and ClO4),16 as well as
La1.62xNd0.4SrxCuO4 and related 214 cuprates.18 What the
Fourier transform does not reveal is the characteristic sig
ture of an IC-SDW ZF-mSR time spectrum: the time interva
from t50 to the first minimum is the same as the interv
between the first and second minima—a feature of the Be
function sin(vmt)/(vmt) that describes the muon polarizatio
evolution in the IC-SDW field distribution. Indeed, it was n
possible to fit the ZF-mSR time spectrum at 2.5 K with an
other physically reasonable function; the best results w
obtained with a combination of a Bessel function~for the
IC-SDW!, a Gaussian Kubo-Toyabe function~for the signal
from muon sites experiencing disordered magnetic field!,
and an exponential ‘‘tail’’ from fluctuations of the longitud
nal components of both:

A0P~ t !5ASDWsin~vmt !/~vmt !1AKTGzz
KT~ t,D!1Ataile

2l tailt,
~2!

whereA0 is the empirical maximum muon decay asymmet
ASDW, AKT , and Atail are the asymmetries associated w
the three signals,l tail is the slow relaxation rate of the ‘‘tail’’
~not shown in Fig. 8!, andD is the static width of the loca
frequencies at the disordered sites. The static Gaus
Kubo-Toyabe function is

Gzz
KT~ t,D!5

1

3
1

2

3
~12D2t2!e2D2t2/2 ~3!

and

vm[2pnm5gmH int ~4!

~wheregm is muon gyromagnetic ratio! is the muon preces
sion frequency in the characteristic local magnetic fieldH int
due to an IC-SDW.

Figures 10~a! and 10~b! show the temperature dependen
of ASDW andnm . As the temperature decreases from 100
ASDW increases monotonically down to 2.5 K, whilenm is
nonzero below 50 K and increases with decreasing temp
ture down to 10 K, below which it seems to level off to
constant value of;55 MHz. This is in good agreement wit

FIG. 9. Fourier transform of the time spectrum from Fig. 8
2.5 K.
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the results obtained by wTF-mSR ~see Fig. 7!. Therefore,
one can conclude that Ca3Co4O9 undergoes a magnetic tran
sition from a paramagnetic state to an IC-SDW state;
onset temperature of the transition isTSDW

on ;100 K, the mid-
point is TSDW

mid ;50 K, and the end point isTSDW
end ;30 K. It

should be noted that the width of the transition,dT[TSDW
on

2TSDW
end ;70 K, is rather large compared with those in th

(TMTSF)2X systems.

C. µSR on doped Ca3Co4O9

Figures 11~a!–11~d! show the temperature dependences
An and ln in the Ca32xSrxCo4O9 samples withx50, 0.2
and 0.5 obtained by fitting the wTF-mSR data using Eq.~1!.
Substitution of Sr for Ca is found to have no significa
effect onAn or ln , showing that the local magnetic fields i
all the Ca32xSrxCo4O9 samples withx<0.5 are essentially
the same. Since the effective magnetic momentmeff of Co
ions in the Ca32xSrxCo4O9 samples withx<0.5 was ap-
proximately independent ofx @see Fig. 5~a!#, the present
wTF-mSR results are considered to be consistent with th
of the x measurements. Nevertheless, it is worth noting t
the magnitude ofTFerri was sensitive tox; moreover,TFerri
was not observed down to 5 K for the Ca2.9Sr0.1Co4O9
sample. Thus, small amounts of Sr on the Ca site do
change the local magnetic field but do destroy the long-ra
magnetic periodicity.

Figures 12~a!–12~d! show the temperature dependenc
of An and ln in the Ca2.7Y0.3Co4O9 and Ca2.7Bi0.3Co4O9
samples. Each of theAn(T) andln(T) curves for the Y- and
Bi-doped samples is found to shift towards higher tempe
ture by;30 K in comparison with that for the pure sampl
In other words, the transition temperature increases
;30 K due to either Y or Bi doping. Such doping decreas
the average valence of Co ions, because Ca21 ions are re-

t

FIG. 10. Temperature dependence of~a! ASDW and ~b! nm in
Ca3Co4O9 obtained by fitting the ZF-mSR data using Eq.~2!.
3-5
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placed by either Y31 or Bi31 ions. Actually, decreases in th
magnitude ofmeff of Co ions in the Y- and Bi-doped sample
indicate a change in the average valence of Co ions by th
and Bi doping.

Figure 13 shows the temperature dependences ofnm
in the Ca3Co4O9, Ca2.8Sr0.2Co4O9, Ca2.5Sr0.5Co4O9,
Ca2.7Y0.3Co4O9, and Ca2.5Y0.5Co4O9 samples obtained by
fitting the ZF-mSR data using Eq.~2!. Probably due to the
large transition width (;70 K), the precession signal in th
ZF-mSR spectrum was ambiguous at temperatures abov
K for every sample, while a clear precession was observe
temperatures below 30 K. It should be noted that all
samples show approximately the same precession frequ
at zero temperature, although the slopes of thenm(T) curves
are different. This suggests that the local magnetic fi
H int~0 K! is independent of dopant and content, if we assu
that the muon sites are essentially the same in all these c
pounds.

IV. DISCUSSION

A. Origin of two components

For the Ca32xMxCo4O9 (x<0.5, M5Sr,Y, and Bi!
samples, two relaxation components were found by

FIG. 11. Temperature dependences of~a! AS , ~b! AF , ~c! lS ,
and~d! lF in the Ca32xSrxCo4O9 samples withx50 ~solid circles!,
x50.2 ~open circles!, andx50.5 ~crossed squares!.
13441
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presentmSR experiment at temperatures belowTSDW
on . Gen-

erally speaking, fast relaxation means that muons fee
strong local magnetic field; in other words, such muons
located close to magnetic ions. According to a detailed str
tural analysis of Ca3Co4O9 using both powder x-ray and
powder neutron diffraction at ambient temperature,8 the dis-
tances between Co and O ions are strongly modulated a
the b axis. This is caused by a misfit between the two su

FIG. 12. Temperature dependences of~a! AS , ~b! AF , ~c! lS ,
and ~d! lF in the Ca3Co4O9 ~solid circles!, Ca2.7Y0.3Co4O9 ~open
circles!, and Ca2.7Bi0.3Co4O9 ~crossed squares! samples.

FIG. 13. Temperature dependence ofnm in the pure and doped
Ca3Co4O9 samples.
3-6
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systems, i.e., the@CoO2# and the @Ca2CoO3#. Since the
mean Co-O bond distance in the@CoO2# subsystem is
shorter than that in the@Ca2CoO3# subsystem,m1 near O
ions in the@CoO2# subsystem could be the source of the f
relaxing component. We ignored the possibility of a chan
in the crystal structure of Ca3Co4O9 at lower temperatures
since a preliminary powder x-ray diffraction analysis show
no sign of structural transitions down to 15 K.19

B. SDW and ferrimagnetism

As seen in Figs. 3–5, the ferrimagnetic transition te
peratureTFerri of the Ca32xMxCo4O9 (x<0.5, M5Sr,Y,
and Bi! samples was very sensitive to theM contentx. In
particular, TFerri was not detected down to 5 K for the
Ca2.9Y0.1Co4O9 and Ca2.9Bi0.1Co4O9 samples, whileTFerri
519 K for the pure sample. Although doping with Y or Bi a
x50.1 annihilates ferrimagnetism, the SDW transition te
perature is increased by;30 K due to either Y or Bi doping
with x50.3. This suggests that the origin of ferrimagnetis
must be different from that of the IC-SDW state
Ca3Co4O9.

The large magnitude ofnm in the Ca32xMxCo4O9 (x
<0.5, M5Sr,Y, and Bi! samples, i.e.,nm(0 K);55 MHz,
which corresponds toH int54.1 kOe, indicates a large ampl
tude of the SDW, as discussed below. This also implies
only Co spins in either the@CoO2# or the @Ca2CoO3# sub-
system order to form the IC-SDW state. This is because
intersubsystem interaction is strongly modulated due t
misfit between the two subsystems, and, as a result, suc
interaction is unlikely to stabilize the SDW state. The a
sence of a clear muon precession in Na0.7CoO2 down to 2.5
K suggests that Co spins in the@Ca2CoO3# subsystem are
essential for the IC-SDW state. However, a ferromagn
transition was recently reported20 for Na0.75CoO2. In this
compound, the valence state of Co ions can be decreas
13.25 by controlling the Na content. As a result, Co spins
the @CoO2# subsystem form a long-range magnetic order
low 22 K. In Ca3Co4O9, the valence state of the Co ions
estimated to be 13.23 using the formula
@Ca2CoO3#0.62@CoO2#. If we ignore the differences betwee
the charges and spins of Co ions in the two subsystems,
value~13.23! is quite similar to that in Na0.75CoO2. In other
words, Co ions in the@Ca2CoO3# subsystem could function
as a controller of the valence state of Co ions in the@CoO2#
subsystem more effectively than the Na layer, beca
Ca3Co4O9 is stable in an ambient condition but Na0.75CoO2
unstable. Furthermore, the relation between magnetic o
and the Co valence in NaxCoO2 seems to be in good agree
ment with the present doping into Ca3Co4O9; that is, the
substitution of Y31 or Bi31 for Ca21 increases the magni
tude of TSDW, while substitution of Sr21 shows no signifi-
cant effect onTSDW. Although Co spins in the@CoO2# sub-
system seem to order to form the SDW state, there is
crucial evidence to determine which subsystem is predo
nant for inducing the IC-SDW state. Therefore, further e
periments on compounds containing the@CoO2# subsystem
are necessary.
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On the other hand, the following hypotheses are availa
to explain the mechanism for the ferrimagnetism bel
19 K.

~i! The two subsystems could act directly as the two m
netic sublattices, in which case the alternating stacking st
ture of Ca3Co4O9 would be essential for the ferrimagnetism
In this case the misfit between the two subsystems would
strongly related to the ferrimagnetic order of the Co spins
this mechanism, Co spins in the@CoO2# subsystem are nec
essary to the ferrimagnetic order, contrary to previo
calculations.17 This is probably because the strong modu
tion of the distances between Co and O ions in the@CoO2#
subsystem induces inhomogeneous distributions of b
charges and spins of Co ions.

~ii ! Two major magnetic interactions coexist in the Co
sheets in the@Ca2CoO3# subsystem: that is, the direct Co-C
interaction and the 180° Co-O-Co interaction. Furthermo
there are three combinations for both interactions, beca
approximately the same amounts of Co31(t2g

5 eg
1) and

Co41(t2g
5 ) exist in the @Ca2CoO3# subsystem: i.e.,

Co31-Co31, Co31-Co41, Co41-Co41, 180° Co31-O-Co31,
180° Co31-O-Co41, and 180° Co41-O-Co41 interactions.
Although all the 180° Co-O-Co interactions are expected
be negligibly small,21 the signs of the Co-Co interactions a
difficult to predict. As a result, there is a possibility that th
competition among these interactions may induce ferrim
netism.

The coexistence of the IC-SDW state and ferrimagnet
below 19 K would support the first mechanism above for
magnetism of Ca3Co4O9, although neutron diffraction stud
ies on these compounds are necessary to determine the
netic structure below 19 K.

C. SDW and transport properties

In order to explore the correlation between magneti
and transport properties of Ca3Co4O9, measurements wer
made of the temperature dependence of the dc resistivityrdc
and the reciprocal dc susceptibilityx21. The results are
shown along withAn(T) andln(T) from wTF-mSR in Fig.
14. Obviously, therdc(T) curve exhibits a broad minimum
around 100 K, where themSR measurements indicated th
existence of an IC-SDW transition, although thex21(T)
curve shows no clear anomaly around 100 K. The chang
x at TSDW is expected to be small and anisotropic, becaus
the broad transition width (;70 K) and the two dimension
ality of the Ca3Co4O9 structure. Therefore, such a chan
would be difficult to detect using a polycrystalline samp
though it would be observable for a single crystal. Unfor
nately, large single crystals of Ca3Co4O9 are unavailable at
present, but thex21(T) curve for a small single-crysta
sample~a thin mica like platelet! seems to deviate from a
linear relationship at temperatures below;100 K, within
the large uncertainty caused by the small size of the samp3

We now discuss the magnitude ofnm for the pure and
doped Ca3Co4O9 samples at 0 K using a mean-field theory22

that is, nm;55 MHz for all the samples, which is;100
times larger than those in (TMTSF)2X, namely nm
;0.52 MHz.18 In the SDW state,rdc can be expressed as
3-7
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1

rdc
5m~T!expS 2

Dg

kBTD , ~5!

wherem(T) is the mobility of carriers,Dg is the gap energy
and kB is the Boltzmann constant. Using Eq.~5! over the
temperature range between 80 and 30 K and assuming
m(T) is independent ofT, we obtainDg;25 K. Within the
mean-field theory, the SDW transition temperatureTSDW

MF is
represented as

kBTSDW
MF 51.14e0expS 2

1

le
D , ~6!

where

le5Un~EF!, ~7!

in which e0 is the dielectric constant,le is the electron-
electron interaction,U is the Coulomb interaction energ
and n(EF) is the density of states at the Fermi energyEF .
Since TSDW5100 K andn(EF)53 eV21,17 le and U are
estimated to be 0.031 and 0.01 eV, respectively. The am
tude of the SDW modulation,m/mB , is given by

FIG. 14. Temperature dependences of~a! dc resistivityrdc and
reciprocal dc susceptibilityx21 and ~b! An and ln of Ca3Co4O9 ;
rdc was measured by a conventional four-probe technique using
same sample studied in thex andmSR measurements.
n

-

13441
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mB
5

4uDu
U

. ~8!

As a result, we obtainm/mB50.86. For comparison, the co
responding parameters for (TMTSF)2PF6 were reported as
follows: D515 K, TSDW511.5 K, le50.26, U52.0 eV,
andm/mB50.01. Therefore, if we ignore the difference b
tween the muon sites in Ca3Co4O9 and (TMTSF)2PF6, the
present rough estimation ofm/mB is in good agreement with
the experimental difference ofnm between these compound

V. SUMMARY

In order to investigate the effect of magnetism on tra
port properties in ‘‘good’’ thermoelectric oxides,mSR spec-
troscopy has been used on polycrystalline Ca3Co4O9 and
Na0.7CoO2 samples at temperatures below 290 K. It w
found that Ca3Co4O9 exhibits an incommensurate spin
density-wave transition at around 100 K

This SDW transition was not detected by dc susceptibi
x measurements, although a ferrimagnetic transition was
served at 19 K in thex(T) curve. On the other hand, th
resistivity-vs-temperature curverdc(T) exhibited a broad
minimum around 80 K. In other words, Ca3Co4O9 showed
metallic behavior above 80 K semiconducting behavior
low 80 K. Therefore, the SDW transition was found to
associated with a marked change in the transport prope
of Ca3Co4O9.

The mSR studies on Na0.7CoO2 indicated no magnetic
transitions in the temperature range studied. Considering
difference between the crystal structures of Ca3Co4O9 and
Na0.7CoO2, the Co ions in the rocksalt-type layers
Ca3Co4O9 are deemed likely to play a significant role
inducing the SDW transition around 100 K.
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