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Magnetism of layered cobalt oxides investigated by muon spin rotation and relaxation
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Muon spin rotation-relaxationySR) spectroscopy has been used to investigate the magnetic properties of
polycrystalline Ca_,M,C0,04 (x<0.5M=Sr,Y, and B) and Ng CoO, samples in the temperature range
between 2.5 and 300 K. It was found that;Ca,O, exhibits a magnetic transition at aroufig=100 K; at
lower temperatures, two types of relaxation were observed using a weak transvergestretéchnique with
H=104 Oe: one with a fast relaxation ratg~ 10 us * and the other with a slowg~0.1 us . Zero-field
©SR measurements suggest the existence of an incommensurate spin-densitgbiaystate belowT, (i.e.,
T.=Tspw), although a ferrimagnetivl-H loop was observed by a dc susceptibility measurement below 19 K.
The substitution of Y or Bi for Ca increasédpyy, While the substitution of Sr for Ca did not affeTtpy.

This indicates that the SDW transition depends strongly on the average valence of the Co ions. The related
material Ng o0, showed no magnetic transitions below 30 K. Considering the difference between the
crystal structures of G&€0,04 and Na/Co00,, we suggest that Co ions in the rocksalt-type layers of
CaCo,0q4 are likely to play a significant role in inducing the SDW transition around 100 K.

DOI: 10.1103/PhysRevB.66.134413 PACS nunider76.75+i, 75.30.Fv, 75.50.Gg, 72.15.Jf

[. INTRODUCTION subsystems have identical c, and 8 parameters but differ-
entb parameters. According to Miyazagt al.,*® monoclinic
Human beings generate a huge amount of energy worldeaCo,O9 belongs to space group,, (a=0.48339 nm,b;
wide, but two-thirds of that energy is abandoned as “waste”=0.45582 nm, b,=0.28238 nm, c=1.08436 nm, andg
exhaust heat. Such low efficiency is obviously an important=98.14°) represented a$Ca&Co00;],[C00,] with X
factor in the degradation of the environment. Thermoelectric=b,/b;=0.62, which also means an incommensurate struc-
power generatiofTPG) is considered to be one of the key ture along theb axis caused by a misfit between the two
technologies for protecting the environment by saving ensubsystems. In this paper, we abbreviate
ergy resources and reducing the release of @@ the at- [C&Co00;]p6d C0O0,] to CaCo,0Oq for simplicity. On the
mosphere. This is because TPG can convert exhaust heather hand, the crystal structure of )t O, with x=0.7 was
energy directly into electric energy. Nevertheless, TPG is noteported to be a bronze-type hexagonal system of space
widely used at present due to its low energy conversion efgroup P6322 (a=0.2833 nm andcc=1.082 nm)° In this
ficiency 7, since the maximum value of is 0.08 or less.  structure, the single CoOsheets and the single disordered
The efficiencyn is approximately proportional to the ther- Na planes form alternating stacks along the hexagonals.
moelectric figure of meriZT=S?T/(p«), whereT is the For both compounds, the CgQheets(in which a two-
absolute temperature, is the resistivity,x is the thermal dimensional-triangular lattice of Co ions is formed by a net-
conductivity, andSis the Seebeck coefficient. As a result, thework of edge-sharing Cofoctahedra are considered to
optimum material for TPG should simultaneously exhibit contribute to the transport of charge carriers. Although the
largeS, smallp, and smalk. In order to obtain larg€T, we  Na deficiency in NgCoO, appears to play a significant role

therefore need to increa&without increasing or «. in reducing Kphonon,ll large S values also indicate a strong
Recently two cobalt oxides G&0,0, (Refs. 2—4 and  interaction between @ electrons in the CoPsheets.
Na,Co0, (Refs. 5-7, were reported to exhibit metallic con- In spite of the two dimensionality and geometrical frus-

ductivities and extraordinary largeS values (above tration of the CoQ sheets, magnetic susceptibility) mea-
+100 V/K at 300 K) for reasons currently unknown. Be- surements of NoO, showed no clear anomalies at tem-
cause of their larg&T values (-1 at 1000 K, both com-  peratures below 400 K12 while two magnetic transitions
pounds are considered to be promising candidates for theere observed for G&€0,04: One was a ferrimagnetic tran-
p-type material of TPG systems. sition around 20 K and the other a probable spin-state tran-
The crystal structure of GE0,0q has been described as sition around 400 K:* Obviously, not onlyy but also other
alternating stacks of two monoclinic subsystems alongcthe measurements, such as NMR, neutron scattering and muon
axis>*®° The two subsystems ar@) triple rocksalt-type spin rotation-relaxation £SR), are required to understand
CaCo0; layers and2) single Cdp-type CoQ sheets. Both the magnetism of these compounds in detail. Nevertheless, to
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these authors’ knowledge, there are no reports of magnetic
neutron scattering geSR in these compounds, and the only
NMR experiments have beetiCo NMR in Na, sCo0,. 1314
Since uSR provides a sensitive probe of local magnetic
order in zero applied field, a large number of studies have
been performed to investigate the magnetic properties of
frustrated systems using zero figldF) and/or weak trans-
verse field(WTF) uSR technique$® Here we report both
WTF-uSR and ZFuSR measurements on polycrystalline
samples of Ca ,M,C0,04 (x<0.5, M=Sr,Y, and B) and
Nay /00, in the temperature range between 2.5 and 300 K
in order to better understand the magnetism of these thermo-
electric materials.

II. EXPERIMENT
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Polycrystalline samples of Ga,M,C0,0y (x<0.5, M FIG. 1. Temperature dependence(af susceptibilityy and (b)
=Sr,Y, and B) and Na /CoQ, were synthesized by a solid- inverse susceptibilityy ! of Ca,C0,0y; x Was measured in the
state reaction technique using reagent-grade GaCO field-cooling mode withH=10 kOe.

Na,CO;, Co;04, SrCQ;, Y,0; and BpO; powders as

starting materials. The powders were thoroughly mixed by avhich displays a magnification of thedependence of and

ball mill using ethanol as solvent. After drying, the mixtures 5~ at temperatures below 40 K.

were calcined three times at 900 °C for 12 h in an air flow to Figure 3 shows the dependence of magnetizaﬂk:mn H
improve their homogeneity. After grinding, the calcined measured at 5 and 25 K. A clear hysteretic loop is obtained at
powder was pressed into disks 18 mm in diameter and 3 mrg K, although only a linear relationship betwehandH is
thick. The disks of Ca ,M,C0,0y were sintered at 915°C  observed at 25 K. Both the shape of thleH loop and the

for 12 hin an Q gas flow followed by annealing at 450 °C ) ~1.ysT curve suggest that G&o,0, is a ferrimagnet at

for 12 hin an Q gas flow and then furnace-cooled to room temperatures beloWgq= 19 K.

temperature at a rate of 1 °C/min. The N@&oO, disk was

sintered at 920°C for 12 h in an,@as flow followed by I e e i
annealing at 650°C for 12 h in an,@as flow and then ]
furnace cooled to room temperature at a rate of 1 °C/min. Cas_XSrXCo409_

Powder x-ray diffractiofXRD) studies indicated that the
samples of Ca ,M,Co0,04 with x<0.5 were single phase
with a monoclinic structure and that the N&oO, sample
was single phase with a hexagonal structure.

Magnetic susceptibility ) was measured using a super-
conducting quantum interference devi@QUID) magneto-
meter (mpms, Quantum Desigrin a magnetic field of less
than 55 kOe. TheuSR experiments were performed on the
M20 surface muon beam line at TRIUMF. The experimental
setup is described elsewhéfe.
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A. Magnetic susceptibility
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Figures 1a) and Xb) show the susceptibilityy and in-
verse susceptibilityy " of Ca;Co,04 as a function of tem-
perature, measured in the field-cooliflgC) mode withH
=10 kOe. Plainlyy ! decreases monotonically with de-
creasing temperature over the whole temperature rangeé. As L
decreases from 640 K, ! decreases aplproximately linearly 0
down to ~400 K. Then the slopaly™*/dT increases at
~390 K and decreases again-a880 K, as seen in the inset TEMPERATURE (K)
of Fig. 1(b). The slope @x~'/dT) then increases gradually  FiG. 2. Temperature dependence(af susceptibilityy and (b)
with decreasing temperature until around 19 K, where itinyverse susceptib“itw’l of CaC0,0 and Ca_,Sr,Co,Og with
steepens within a few degrees and then finally starts to leved=0.1,0.2, and 0.5 at temperatures below 4Q¢Kyas measured in
off below about 14 K, as shown in the lower half of Fig. 2, the field-cooling mode wittH= 10 kOe.

32 10000
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FIG. 3. The dependence of magnetizatdron H in Ca;Co,0 ARl
at 5 and 25 K. P ’ B 30000k CazBi,C0,0,
—_ FC
Using a Curie-Weiss law over the temperature range be- 2 H=10 kOe
tween 100 and 360 K, we obtain the effective magnetic mo- Q 20000
ment of Co ionsu=1.24 ug, and the paramagnetic Curie °
temperatured ;= —22 K. The value ofu.y is comparable to "X 100001
those reported previously, i.eyes~1.3 ug.>* Since an
electronic structural calculatibhof Ca;Co,0, predicted that
Co ions in the[CoO,] subsystem are G6 in a low-spin ol .(b.). ,
state (g‘g), we assume that approximately the same amounts 0 10 20 30 40
of Co®* and C4* ions coexist in thé Ca,Co0,] subsystem. TEMPERATURE (K)
The observed value gl (1.24 ug) is in good agreement
with the value of 1.18g expected when the €6 ions in FIG. 4. Temperature dependencexof' in Ca;_,Y,C0,0, and

the [CaCo0;] subsystem are in an intermediate spin stateC&-xBixC040 samples wittx<0.3.
(t3484) and the C8* ions are in a low spin state,). - . o o

Figures 2a) and Zb) also show the temperature depen-Were fitted in the time qlomam with a combination of a
dence ofy and y ! in the Ca_,Sr,C0,0, samples withx slowly _relaxmg_ precessing signal and a fast relaxing,
—0.1-0.5. Even for the sample with=0.1, the ferrimag- nenoscillatory signal:
netic transition is not found down to 5 K, although at tem-
peratures above 19 K, all the samples seem to have almost AoP(t)=Age  s'cog w , t+ ¢)+Ape M, (1)
the samey(T). Moreover, the divergence ¢f at low tem-
peratures is suppressed with increasindrigures 4a) and  where A, is the initial asymmetryP(t) is the muon spin
4(b) show thex -vs-T curves for the Ca,Y,C0,Op and  polarization functionw,, is the muon Larmor frequency
Ca_,Bi,C0o,0O samples withx<0.3. As in the case of is the initial phase of the precession, aAg and A\, (n
Ca;_,SKrCo,0Oy, the ferrimagnetic transition is suppressed =S F) are the asymmetries and exponential relaxation rates
belov 5 K by the substitution of either Y or Bi withx  of the two components. This form was chosen because the
=0.1.

Figure 5 shows the dependence @fs on x for the 1.5

Ca_yM,C0,04 (x<0.5, M=Sr,Y, and B) samples. For ' ' ' ' ' '
the Sr-substituted samples, the magnitude.gf was found ° ™
to be less dependent ox and actually has a maximum ¢ 2 2 ° °
aroundx=0.1, while for both Y- and Bi-substituted samples 3 % ¢
the magnitude ofu.; decreased monotonically with increas- =, | ©
ing x. This suggests that the average valence of Co ions is \% r o ]
changed less by Sr substitution than by either Y or Bi sub- = ® M-=Sr
stitution. o M=Y
A M=Bi
_ B HSR on €&C0,00 and N0 002 0501 0z 03 04 05
Figure 6 shows wTRtSR time spectra in G&€0,04 0b- X in Cas-xMxCO409

tained at 296 and 2.5 K in a magnetic field léf=104 Oe.

Compared with the spectrum at 296 K, the spectrum at 2.5 K FIG. 5. Relationship between effective magnetic moment of Co
exhibits a clear reduction of the muon precession amplitudéns (u.s) and dopant content in Ca_,M,C0,09 (x<0.5, M
due to the appearance of an internal magnetic field. The dataSr,Y and Bj samples.
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local magnetic fields in the ordered phasgving the “F” 0
signa) are much larger than the applied field.

Figure 1a) showsA, in CaC0,04 as a function of tem- , ,
perature obtained from fitting the wT&SR data to Eq(1). FIG. 8. ZFuSR time spectra in G&0,0, at 100, 50, 30, 10,
As the temperature decreases from 300 K, the magnitude &nd 2.5 K; solid lines represent the results of fitting using ).
Asis nearly independent of temperature down to 100 K; then
Ag decreases rapidly as the temperature is lowered furtheFinally As seems to level off to a constant value at tempera-

tures below about 30 K. This indicates the existence of a

0.25 . . . . . magnetic transition around 100 K. On the other hafAd,
Reue8eP9e® 0 ¢ 0 0 0 o J never reaches the full asymmetry of about 0.22 and actually
0.2(mx B e = WTEHSR T decreaseselow a maximum at about 45 K. This must be
0.15L o H=104 Oe 1 due to the onset of even stronger local fieldssulting in
s ° — unobservably fast muon spin depolarizajitelow 45 K.
< o4l & o (Ca3C0,04-Ag| Figures Tb) and 7c) show the temperature dependences
% o CagCo,0q-Ar of \,,; both thexg(T) and the\(T) curves exhibit a broad
005@ ®  Nay,Co0, | maximum around 50 K. That i3,s increases with decreasing
. o . . . , (@) T from 300 K to 100 K, then increases more rapidly down to
o.(2) . . . . . 50 K, and finally decreases suddenly below 50 K. Mean-
C ] while, \g increases with decreasing from about 80 K
_o015f % e CazCo,0y| ] (where it is first detecteddown to 50 K, after which it de-
T s, m Nagy,Co0,| ] creases down to the lowest temperature measured. It is note-
© # ' worthy that the highest value ofr (~7x1° s 1) is 40
g 01 - '. ] times larger than that ofg (~0.17x 10° s™1).
g E{@ 8B %@".d? z 1 In Figs. M@ and 1b), the temperature dependencegf
< 0.05p e 00 0d and\g in Nay,7Co0O, are also shown for comparison. Obvi-
f (b) 1 ously, there are neither magnetic transitions bete@00 K
g : : : : nor a fast relaxing component at low temperatures in
I ' ' ' ' ' ] Nay /00, although\ g seems to increase slightly below 50
i 6| é}} | o Ca300409| g K with decreasing temperature. Considering the difference
© i <§> % between the crystal structures of {Lf&,0O4 and Ng C00,,
e 4_‘ 7 it may be concluded that Co ions in the rocksalt-type
:L._ ol %5 {) i [CaQCoOs]_ sgbsys_tem of G&L0,04 probably. play agomi—
Lo () nant role in inducing the observed magnetic transitions and
OO-O 50 100 150 200 250 300 the fast relaxing component below100 K.

In order to investigate the internal magnetic fields in
CaC0,0q below 100 K, ZFuSR measurements were made
at 100, 50, 30, 10, and 2.5 K. The resulting time spectra,
displayed in Fig. 8, show a clear oscillation due to quasistatic
internal fields at temperatures below 30 K. Figure 9 shows
the Fourier transform of the time spectrum at 2.5 K. Among
several peaks in Fig. 9, the peak around 55 MHz corresponds

TEMPERATURE (K)

FIG. 7. Temperature dependenced@fasymmetryA, and (b)
and (c) exponential relaxation ratg,, in Ca;Co,Oq (solid circles
slow S, and open circles fagt) and Ng / o0, (crossed squargs
both parameters were obtained by the fitting the wiFR data
using Eq.(2).
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to the oscillation evident in Fig. 8 at 2.5 K. In addition, the é 401 .
broad distribution of frequencies below 55 MHz is consistent = i ° :
with the field distribution expected from an incommensurate > 20} -
spin-density-waveIC-SDW) state, similar to cases the or- - (b)
ganic conductor (TMTSEX (TMTSF: tetramethyl- 00 e 590 PR 180' ——

tetraselena-fulvalen&=PF;, NO; and CIQ),® as well as
Lay 6 xNd, ,SK,CuQ, and related 214 cupraté$What the
Fourier transform does not reveal is the characteristic signa- FIG. 10. Temperature dependence (af Agoy and (b) v, in

ture of an IC—SDW ZF,uSR time gpectrum: the time iqterval Ca,Co,0, obtained by fitting the ZF+SR data using Eq2).
from t=0 to the first minimum is the same as the interval

between the first and second minima—a feature of the BessﬁlIe results obtained by WTESR (see Fig. 7. Therefore
function sinw,t)/(w,t) that describes the muon polarization one can conclude that ao,0, undergoes a magnetic tran-
evolution in the IC-SDW field distribution. Indeed, it was not o from a paramagnetic state to an IC-SDW state; the

Gther physically ressonable funotons he best results wergSet {eMmperalure of the ransitorMg, 100 K, the mid-
prysicaly ’ point is T4, ~50 K, and the end point i§25,~30 K. It

obtained with a combination of a Bessel functifor the ) o
IC-SDW), a Gaussian Kubo-Toyabe functigfor the signal should be noted that the width of the transitigi,=T2p,,
— T ~70 K, is rather large compared with those in the

from muon sites experiencing disordered magnetic fjelds
and an exponential “tail” from fluctuations of the longitudi- (TMTSF),X systems.
nal components of both:

TEMPERATURE (K)

C. USR on doped CaCo,0Oq4

Figures 11a)—11(d) show the temperature dependences of
A, and \,, in the Cg_,Sr,C0,09 samples withx=0, 0.2
whereA, is the empirical maximum muon decay asymmetry,and 0.5 obtained by fitting the wTESR data using Eq1).
Aspw, Ak, and Ay, are the asymmetries associated with Substitution of Sr for Ca is found to have no significant
the three signalsy ; is the slow relaxation rate of the “tail” effect onA, or \,,, showing that the local magnetic fields in
(not shown in Fig. 8 andA is the static width of the local all the Ca_,Sr,C0,0 samples withx<0.5 are essentially
frequencies at the disordered sites. The static Gaussigdhe same. Since the effective magnetic momegt of Co
Kubo-Toyabe function is ions in the Ca ,Sr,Co,0y samples withx<0.5 was ap-
proximately independent ok [see Fig. %3], the present

AgP(t) =Agpusin( 1)/ (w,t) + ArGl (1,4) + Age M,

GKT(t.A) = l+ z(l—Aztz)e*Aztz’z 3 WTF-1SR results are considered to be consistent with those
zza 3 3 of the y measurements. Nevertheless, it is worth noting that

the magnitude ofT g Was sensitive to; moreover, T gy

and was not observed down to 5 K for the £81,C0,0q
©, =270, =y, Hin 4) sample. Thus, small amounts of Sr on the Ca site do not

change the local magnetic field but do destroy the long-range

(wherey, is muon gyromagnetic ratids the muon preces- magnetic periodicity.

sion frequency in the characteristic local magnetic fidlgl Figures 12a)—12d) show the temperature dependences

due to an IC-SDW. of A, and \,, in the Cg Y 3C0,09 and Ca BipC0,0q
Figures 10a) and 1@b) show the temperature dependencesamples. Each of th&,(T) and\,(T) curves for the Y- and

of Aspw andv,, . As the temperature decreases from 100 K,Bi-doped samples is found to shift towards higher tempera-

Aspw increases monotonically down to 2.5 K, while, is  ture by~30 K in comparison with that for the pure sample.

nonzero below 50 K and increases with decreasing temperdn other words, the transition temperature increases by

ture down to 10 K, below which it seems to level off to a ~30 K due to either Y or Bi doping. Such doping decreases

constant value of-55 MHz. This is in good agreement with the average valence of Co ions, becausé’Cans are re-
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FIG. 11. Temperature dependenceqd@fAg, (b) Ag, () \g, FIG. 12. Temperature dependences@fAg, (b) Ag, (C) \g,
and(d) \g in the Cg_,Sr,Co,04 samples withk=0 (solid circles, and (d) \g in the CaCo,0Qq (solid circles, Ca, ;Y 4C0,04 (Open
x=0.2 (open circleg andx= 0.5 (crossed squargs circles, and Ca BigsC0,04 (crossed squargsamples.

placed by either ¥* or Bi** ions. Actually, decreases in the .
magnitude ofu.« of Co ions in the Y- and Bi-doped samples present.SR experiment at temperatures belo@,,. Gen-

indicate a change in the average valence of Co ions by the ¢rally speaking, fast relaxation means that muons feel a
and Bi doping. strong local magnetic field; in other words, such muons are

Figure 13 shows the temperature dependencess,of located close to magnetic ions. According to a detailed struc-
in the CaC0;05, CagSly,C00s, CasSlC0,0, tural analysis of CgCo,0q using both powder x-ray and
Ca 7Y (40,09, and CacrY,C0,0q samples obtained by Powder neutron diffraction at ambient temperatlitbe dis-
fitting the ZFwSR data using Eq(2). Probably due to the tances between Co and O ions are strongly modulated along
large transition width £ 70 K), the precession signal in the the b axis. This is caused by a misfit between the two sub-
ZF-u SR spectrum was ambiguous at temperatures above 50
K for every sample, while a clear precession was observed at 80 —————

temperatures below 30 K. It should be noted that all the . o Ca;Co,04 ]
samples show approximately the same precession frequency ~ _ golL A Ca,gSry,C0,04-
at zero temperature, although the slopes ofith€r) curves E M ¢ Ca, 53ry 50,0, |
are different. This suggests that the local magnetic field = 0l A A& Cay;Yy3C0,04 |4
Hi(0 K) is independent of dopant and content, if we assume — I A o CaysYys5C0,0g ||
that the muon sites are essentially the same in all these com- > ool * |
pounds. |

_|_|_|_|_:_4_8_‘_4_._|_|_|_|_

IV. DISCUSSION 00 50 100 150
A. Origin of two components TEMPERATURE (K)
For the Ca_,M,C0,0y (x<0.5, M=Sr,Y, and Bj FIG. 13. Temperature dependencewgfin the pure and doped

samples, two relaxation components were found by thé&aCo,0y samples.
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systems, i.e., thg CoO,] and the[CaCoQC;]. Since the On the other hand, the following hypotheses are available
mean Co-O bond distance in tHeCoO,] subsystem is O explain the mechanism for the ferrimagnetism below
shorter than that in thfCa,Co0;] subsystemu™ near O 19 K .

ions in the[ CoO,] subsystem could be the source of the fast (1) The two subsystems could act directly as the two mag-
relaxing component. We ignored the possibility of a chang&etlc sublattices, in which case thg alternating §tack|ng lstruc-
in the crystal structure of GE0,0, at lower temperatures, ture of CaCo,0O4 would be essential for the ferrimagnetism.

since a preliminary powder x-ray diffraction analysis Showed!srt]r:)hr:slcarsetlaafrzg :g'if]'; ?::;’ivrﬁ:nrfgﬁ tW? ds?b?){ﬁtegs W?ﬁld Itr)1e
no sign of structural transitions down to 15K. gy gnetic order of the -0 Spins.

this mechanism, Co spins in thi€00,] subsystem are nec-
essary to the ferrimagnetic order, contrary to previous
calculations’ This is probably because the strong modula-
tion of the distances between Co and O ions in[t6eG;]

As seen in Figs. 3-5, the ferrimagnetic transition tem-subsystem induces inhomogeneous distributions of both
perature Tg,; of the Ca_,M,C0,04 (Xx<0.5, M=8Sr,Y, charges and spins of Co ions.

B. SDW and ferrimagnetism

and.BD samples was very sensitive to thé contentx. In (i) Two major magnetic interactions coexist in the CoO
particular, T was not detected downot5 K for the  sheets in th¢Ca,CoO;] subsystem: that is, the direct Co-Co
Ca Y (1C0,09 and CadBip,C0,09 samples, whileTe,;  interaction and the 180° Co-O-Co interaction. Furthermore,

=19 K for the pure sample. Although doping with Y or Bi at there are three combinations for both interactions, because
x=0.1 annihilates ferrimagnetism, the SDW transition tem-agpproximately the same amounts of 3C()tggeé) and
perature is increased by30 K due to either Y or Bi doping Co“*(tgg) exist in the [CaCoO;] subsystem: i.e.,
with x=0.3. This suggests that the origin of ferrimagnetismcg3+.co®*, ca**-Co**, Cd**-Co**, 180° CG-O-Ca™,

must be different from that of the IC-SDW state in 1g0° c3*-0-Cd**, and 180° Ch'-O-Cd** interactions.

Ca;C040g. _ _ Although all the 180° Co-O-Co interactions are expected to
The large magnitude of, in the Ca_,M,C0,0y (X  pe negligibly smalf* the signs of the Co-Co interactions are
<0.5,M=Sr,Y, and Bj samples, i.e.p,(0 K)~55 MHz,  difficult to predict. As a result, there is a possibility that the
which corresponds tbl;=4.1 kOe, indicates a large ampli- competition among these interactions may induce ferrimag-
tude of the SDW, as discussed below. This also implies thagetism.
only Co spins in either theCoG;,] or the[C&Co0;] sub- The coexistence of the IC-SDW state and ferrimagnetism
system order to form the IC-SDW state. This is because thgelow 19 K would support the first mechanism above for the
intersubsystem interaction is strongly modulated due to gnagnetism of CgC0,0,, although neutron diffraction stud-

misfit between the two subsystems, and, as a result, such % on these compounds are necessary to determine the mag-
interaction is unlikely to stabilize the SDW state. The ab-netic structure below 19 K.

sence of a clear muon precession inhNaoO, down to 2.5

K suggests that Co spins in th€aCo0;] subsystem are
essential for the IC-SDW state. However, a ferromagnetic
transition was recently report&dfor Nay,4C00,. In this In order to explore the correlation between magnetism
compound, the valence state of Co ions can be decreasedand transport properties of 20,09, measurements were
+3.25 by controlling the Na content. As a result, Co spins inmade of the temperature dependence of the dc resistiyity
the[ CoO,] subsystem form a long-range magnetic order be-and the reciprocal dc susceptibility . The results are
low 22 K. In CaCo,0,, the valence state of the Co ions is shown along withA,(T) andX,(T) from wTF-SR in Fig.
estimated to be +3.23 using the formula 14. Obviously, thepy(T) curve exhibits a broad minimum
[CaC00;]g6d CoG;,]. If we ignore the differences between around 100 K, where thge SR measurements indicated the
the charges and spins of Co ions in the two subsystems, thixistence of an IC-SDW transition, although tiye 1(T)
value(+3.23 is quite similar to that in Ng,:C0oG0,. In other  curve shows no clear anomaly around 100 K. The change in
words, Co ions in th¢ Ca,Co0;] subsystem could function x atTgpw iS expected to be small and anisotropic, because of
as a controller of the valence state of Co ions in[t8eG0,] the broad transition width~ 70 K) and the two dimension-
subsystem more effectively than the Na layer, becausality of the CaCo,Oq structure. Therefore, such a change
CaC0,0q is stable in an ambient condition but NaCoO,  would be difficult to detect using a polycrystalline sample,
unstable. Furthermore, the relation between magnetic ordehough it would be observable for a single crystal. Unfortu-
and the Co valence in N@oO, seems to be in good agree- nately, large single crystals of g20,09 are unavailable at
ment with the present doping into §20,0q; that is, the present, but they (T) curve for a small single-crystal
substitution of ¥ or Bi®" for C&" increases the magni- sample(a thin mica like platelétseems to deviate from a
tude of Tgpy, While substitution of Sr* shows no signifi-  linear relationship at temperatures belewl00 K, within
cant effect orTspy. Although Co spins in théCoO,] sub-  the large uncertainty caused by the small size of the sample.
system seem to order to form the SDW state, there is no We now discuss the magnitude of, for the pure and
crucial evidence to determine which subsystem is predomidoped CgCo,O4 samples at 0 K using a mean-field theéfy,
nant for inducing the IC-SDW state. Therefore, further ex-that is, »,~55 MHz for all the samples, which is-100
periments on compounds containing {€o0,] subsystem times larger than those in (TMTSE, namely v,

are necessary. ~0.52 MHz 8 In the SDW statepy. can be expressed as

C. SDW and transport properties
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0.04 — 15x10* w o 4|A|
| ot «“‘ E = T . (8)

As a result, we obtaim/ug=0.86. For comparison, the cor-
responding parameters for (TMTSIPR; were reported as
follows: A=15K, Tgpyw=11.5K, A=0.26, U=2.0 eV,
and u/ug=0.01. Therefore, if we ignore the difference be-
tween the muon sites in @ao,O9 and (TMTSF)}PF;, the
present rough estimation @f/ ug is in good agreement with

. . 0.3 the experimental difference of, between these compounds.

(nwe/B) |-X

E@E% }LF ]
- s et o ¢ 0 0 o o8
P 3 RILah i As 0.2 V. SUMMARY
& - .' ; > In order to investigate the effect of magnetism on trans-
::0.1 _ f‘“‘ A Jdod port properties in “good” thermoelectric oxideg,SR spec-
< JELE Srarmea L, :.S; ) troscopy has been used on polycrystalline;@aOy and
o T b | Nay 00, samples at temperatures below 290 K. It was
0 : 160 : 260 : 308 founq that C§C04Q9 exhibits an incommensurate spin-
density-wave transition at around 100 K
TEMPERATURE (K) This SDW transition was not detected by dc susceptibility

FIG. 14. Temperature dependences@fde resistivit and X measurements_, although a ferrimagnetic transition was ob-
reciprocal dc suspceptibilityrpl) and (b) As{\:‘)and \, of C%(F.)‘,doiog; Se",’e,d,at 19 K'in they(T) curve. On the ,OFher hand, the
pa. Was measured by a conventional four-probe technique using thEESiStivity-vs-temperature curvpq(T) exhibited a broad

same sample studied in theand uSR measurements. minimum around 80 K. In other words, §20,0y showed
metallic behavior above 80 K semiconducting behavior be-

1 A low 80 K. Therefore, the SDW transition was found to be
—= M(T)exr{ - ﬁ) (5)  associated with a marked change in the transport properties
Pdc B of Ca;C0,0.

wheren(T) is the mobility of carriersA 4 is the gap energy, The wSR studies on NgCoG, indicated no magnetic
and kg is the Boltzmann constant. Using E() over the transitions in the temperature range studied. Considering the
temperature range between 80 and 30 K and assuming thdifference between the crystal structures ofCaOy and
w(T) is independent off, we obtainAy~25 K. Within the ~ Nag7C00,, the Co ions in the rocksalt-type layers of

mean-field theory, the SDW transition temperatiit§,, is = CaC0,09 are deemed likely to play a significant role in
represented as inducing the SDW transition around 100 K.

1
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