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A positive muon-spin-rotation and relaxation (,u+SR) experiment on [Ca2Co03]o 62[Co02], (i.e., 
Ca3Co409 , a layered thermoelectric cobaltite) indicates the existence of two magnetic transitions 
at ~ 100 K and 400 ~ 600 K; the former is a transition from a paramagnetic to an 
incommensurate (IC) spin density wave (SDW) state. The anisotropic behavior of zero-field 
,u+SR spectra at 5 K suggests that the IC-SDW propagates in the a-b plane, with oscillating 
moments directed along the c-axis. In addition, it is found that the long-range IC-SDW order 
completes below ~ 30 K, whereas the short-range order appears below 100 K. The latter 
transition is interpreted as a gradual change in the spin state of Co ions at temperatures between 
400 and 600 K. These two magnetic transitions detected by ,u+SR are found to correlate closely 
with the transport properties of [Ca2Co03] 0 62 [Co02]. 
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I. INTRODUCTION 
A strong correlation between 3d electrons induces 

important physical properties in 3d metal oxides: e.g. 
high temperature superconductivity in cuprates, colossal 
magnetoresistance in manganites and probably good 
thermoelectric properties in layered cobaltites. Four 
cobaltites. [Ca2Co03]062[Co02]. 1

-
3 NaxCo02,

4'6 [Sr2Bi2_ 

,.Pb,04]r[Co02]. 
7
'
8 and [Ca2Co413Cu21304]o 62[Co02], 

9 are 
-known to be good thermoelectrics because of their 
metallic conductivities and high thermoelectric powers, 
for reasons which are currently not fully understood. In 
order to find excellent thermoelectrics suitable for 
thermoelectric power generation for protecting the 
environment by saving energy resources and reducing 
the release of C02 into the atmosphere. it is crucial to 
understand the mechanism of the good thermoelectric 
properties in these layered cobaltites. 

The layered cobaltites share a common structural 
component: the Co02 planes. in which a two
dimensional-triangular lattice of Co ions is formed by a 
network of edge-sharing Co06 octahedra. Charge carrier 
transport in these materials is thought to be restricted 
mainly to these Co02 planes. as in the case of the Cu02 

planes for the high-Tc cuprates. Since specific heat 
measurements on Na,Co02 indicate a large thermal 
effective mass of carriers.' 0 all these cobaltites are 
believed to be strongly correlated electron systems. 

The crystal structure of [Ca2Co03]o62[Co02] consists 
of alternating layers of the triple rocksalt-type 
[Ca2Co03] subsystem and the single Cdlz-type [Co02] 

subsystem stacked along the c-axis.2.3. 11 There is a misfit 
between these subsystems along the b-axis. 
Susceptibility (X) measurements2·12 indicate two 
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magnetic transitions at 19 K and 380 K; the former is a 
ferrimagnetic transition (TFR) and the latter is probably a 
spin-state transition (T55X). The temperature dependence 
of the resistivity p exhibits a broad minimum around 80 
K [refs. 2,3, 12] and a broad maximum between 400 and 
600 K.2 Although p appears to diverge with decreasing 
temperature below TFR. it is worth noting that X(T) 

shows no clear anomalies near 80 K or 600 K. 
A recent positive muon spin rotation and relaxation 

(J/SR) experiment12· 13 indicated the existence of an 
incommensurate (IC) spin density wave (SDW) state 
below I 00 K. which was not detected previously by 
other magnetic measurements.Z3 Thus. the broad 
minimum around 80 K in the p(T) curve suggests that 
the behavior of conduction electrons is strongly affected 
by the IC-SDW order in [CazCo03]o6z[CoOz]. 
Nevertheless, we need more information to confirm the 
correlation between the transport properties and the IC
SDW in [Ca2Co03]062[Co02]: such as the structure of 
the IC-SDW and the subsystem in which the IC-SDW 
exists. Furthermore, Tssx ( -380 K) is too low to explain 
the whole change in the p (T) curve between 400 and 
600 K. while the 1/SR experiment showed a change in 
slope of the relaxation rate-vs.-T curve above 400 K. 13 

In order to further clarify the role of magnetism in 
thermoelectric layered cobaltites, we have measured 
both weak (-I 00 Oe) transverse-field positive muon 
spin rotation and relaxation (wTF-,L/SR) and zero field 
(ZF-)J/SR time spectra in [Ca2Co03]0 62[Co02] at 
temperatures below 700 K. 

2. EXPERIMENT 
Randomly oriented polycrystalline disks (-20 mm 
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diameter and -2 mm thick) of [CazCo03]0 62[Co02] and 
[Caz_}M,.Co03]062[Co02] (y:S0.33, M=Sr, Y and Bi) were 
synthesized by a conventional solid state reaction 
technique. 12 A c-axis aligned polycrystalline 
[CazCo03]062[Co02] plate (-20 X 20 X 2 mm3) was 
synthesized by a reactive templated grain growth 
technique. 14 Single-crystal platelets of 
[Ca2Co03]0 62[Co02] (-5X5XO.I mm3

) were prepared 
by a SrCh flux method. 1 5 The preparation and 
characterization of these samples were described in 
detail elsewhere. 12

.1 4
•
15 

The f..1. +SR experiments were performed on the M20 or 
MI5 surface muon beam line at TRIUMF. The 
experimental setup is described elsewhere. 16 

3. RESULTS AND DISCUSSION 
3-1. IC-SDW transition 

In all the [Ca2Co03]062[Co02] samples. the wTF
f..l. +SR spectra in a magnetic field of H-1 00 Oe exhibit a 
clear reduction of the p' precession amplitude below 
I 00 K. The data were obtained by fitting the wTF-p +SR 
spectrum in the time domain with a combination of a 
slowly relaxing precessing signal and two non
oscillatory signals, one fast and the other slow relaxing: 
A paraexp( -Aparat)cos( W,/+1/>) + A fastexp( -fi..t-.,1t) + A slowexp(
Aslowt), where mP is the muon Larmor frequency, 4> is the 
initial phase of the precession and A11 and A,, (n=para, 
fast and slow) are the asymmetries and exponential 
relaxation rates of the three signals. The latter two 
signals (n=fast and slow) have finite amplitudes below 
Tsow0"-IOO K and probably suggest the existence of 
multiple muon sites in [CazCo03] 0 62[Co02]. 

Figures l(a) and l(b) show the temperature 
dependences of the paramagnetic asymmetry A para 
(which is proportional to the volume fraction of a 
paramagnetic phase in the sample) and the 
corresponding relaxation rate .l,ara in three 
[Ca2Co03] 0 62[Co02] samples: a randomly oriented 
polycrystalline sample, 12 a c-aligned polycrystalline 
sample. and single crystal platelets. The large decrease 
in A para below I 00 K (and the accompanying increase in 
.l,ara indicate the existence of a magnetic transition with 
an onset temperature Tc on -I 00 K and a transition width 
!J. T -70 K. The single crystal data suggest that the large 
!J.T is not caused by inhomogeneity of the sample but is 
an intrinsic property of this compound. 

Figure 2 shows ZF-p+SR time spectra at 4.8 K in the 
c-aligned sample; the top spectrum was obtained with 
the initial f..l.+ spin direction Sp(O) perpendicular to the c

axis and the bottom one with SiO)//e. A clear oscillation 
due to quasi-static internal fields is observed only when 
S,lO)l_c. The time interval from t=O to the first zero 
crossing of that oscillation is roughly the same 
(I: 1.2954) as the interval between the first and second 
zero crossings; this is a characteristic of a zeroth-order 
Bessel function of the first kind J0(m,l) that describes 
the muon polarization evolution in an incommensurate 
spin density wave IC-SDW field distribution. 16

·
17 

Actually, the top oscillating spectrum was fitted using 
a combination of three signals: As0 wJ0(m!lt) + AKT 
Gz/T(t, !J.) + Ataitexp(-AtaiJt). where Asow, AKT and Atait 
are the asymmetries associated with the three signals, 
G2/T(t, !J.) is the static Gaussian Kubo-Toyabe function, 
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FIG. 1 (a) Paramagnetic f..l.+ spin precession 
asymmetry A para and (b) mu on spin relaxation 
rate .l,ara as a function of temperature for the 
three [Ca2Co0 3] 062[Co02] samples: a randomly 
oriented polycrystalline disk (e) [ref. 12], a c
axis aligned polycrystalline plate ( 0 ) and 
single crystal (se) platelets ( 0 ). For the se 
platelets, both the value of A para above I 00 K 
and the change in A para below I 00 K are smaller 
than those in the polycrystalline samples. This 
is because the muon momentum was decreased 
from 28 to 25 Me V /c for the se measurements 
to stop muons in the thin platelets (-IOO flm 
thickness), causing a small background signal 
from muons stopping elsewhere. 
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FIG. 2 ZF-p+SR time spectra of the c-aligned 
[Ca2Co03] 0 62[Co02] plate at 4.8 K. The 
configurations of the sample and the initial 
muon spin direction S!l(O) are (top) S/O)l_c and 
(bottom) Sll(O)/ /c. 
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t. is the static width of the distribution of local 
frequencies at the disordered sites and Atail is the slow 
relaxation rate of the .. tail'' (not shown in this Figure), 
and was impossible to fit using any other physically 
reasonable function. We therefore conclude that 
[Ca2Co03]o 62[Co02] undergoes a magnetic transition 
from a paramagnetic state to an IC-SDW state (i.e. 
T/"=Tsow0

"). The absence of a clear oscillation in the 
bottom spectrum of Fig. 2 indicates that the internal 
magnetic field Hint is roughly parallel to the c-axis. since 
the muon spins do not precess in a parallel magnetic 
fie_ld. The IC-SDW is unlikely to propagate along the c
axJs due both to the two-dimensionality and to the misfit 
between the two subsystems. The IC-SDW is therefore 
considered to propagate in the a-b plane. with oscillating 
moments directed along the c-axis. This suggests that 
the ferrimagnetic interaction is also parallel to the c-axis. 

In order to determine the subsystem in which the IC
SDW exists, ZF-,t/SR spectra were measured in doped 
samples: c-aligned polycrystalline 
[Ca1sSro zCOOJ]o 62[Co02], [Ca1s Yo 2Co03]062[Co02] 
and [Ca1sBio 2Co03]0 62[Co02]. In each case, the 
dopant occupies the Ca site in the [Ca2Co03] subsystem. 
Nevertheless. a clear precession was observed in the ZF
,1/SR spectrum in every sample below 30-80 K. In 
addition, all the samples show approximately the same 
precession frequency (-55 MHz) at zero temperature. 
Here, doping with Sr does not affect Tsow0

", while Y or 
Bi-doping increases Tsow0

" by 30 K. 12 This suggests that 
the local magnetic field Hint(O K) is independent of 
dopant. Since Hint in the doped [Ca2Co03] subsystem 
should be strongly affected by the dopant, it is 
concluded that the IC-SDW exists not in the [Ca2Co03] 

subsystem but in the [Co02] subsystem. 18 Therefore, the 
IC-SDW is found to be caused by the spin-order of the 
conduction electrons in the [Co02] subsystem. 

It is worth noting that X of polycrystalline samples 
exhibits no marked anomaly accompanying the IC
SDW transition detected by ,1/SR, whereas p(T) is 
metallic above 80 K and semiconducting below 80 K. 
However, according to the recent X measurements using 
single crystal platelets, a small shoulder in the X(T} 
curve was observed at 27 K only for Hl/c. 15 This 
temperature (27 K) corresponds to the end point of the 
IC-SDW transition observed by wTF-,t/SR experiment. 
Thus, it is considered that a short-range order IC-SDW 
state appears below 100 K=T50w0 n, while the long-range 
order is completed below 27 K; i.e., Tsow= Tsowend. This 
is in good agreement with the fact that a clear ,1/SR 
signal due to the IC-SDW was not observed above 30 
K. 

3-2. Spin State Transition 
The high-temperature wTF-,LtSR spectra in the c
aligned [CazCo03]o 62[Co02] sample indicate the 
existence of a broad shoulder in the A,.,.(T) curve at 
400-600 K. although such a shoulder seems to be 
ambiguous in the Y -doped sample [Fig. 3(a)]. This 
behavior is in good agreement with the results of X(T} 
measurements. That is, the x· 1(T) curve of the pure 
sample exhibits an obvious change in slope at T55X=J80 
K, while that of theY -doped sample does not [Fig. 3(b)]. 
This change is attributed to the spin state transition of 
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FIG. 3 Temperature dependences of (a) the 
muon spin relaxation rate Ayara and (b) the 
inverse susceptibility x· 1 m a c-aligned 
polycrystalline [Ca2Co03] 062[Co02] sample ( e 
and 0 ) and a polycrystalline 
[CaqYozCoOJ]_g6~[Co02] sample .. ((>): A,ara was 
obtamed by httmg the wTF -.u SR spectrum in 
the time domain using a simple exponential 
relaxation function, Aparaexp( -A,arat)cos( «V+o/). 

the Co3
+ and Co4

+ ions from the low temperature LS+/S 
to the high-temperature /S+HS or HS, as in the case of 
LaCo03.

19·20 Here LS, IS and HS are the low-spin {to} 
d 5) · d · · ' I d 4 1 . -o an t2g , mterme Iate-spm (t2g. eg an t 2g eg ) and high-

spin (t2g
4

eg
2 and t2g

3
eg

2
) states. respectively. At these 

temperatures muons are diffusing rapidly, so that the 
relaxation rate usually decreases monotonically with 
increasing temperature. Furthermore, above I 50 K A para 
levels off to its maximum value (-0.23): i.e. the sample 
volume is almost I 00% paramagnetic. Hence we can 
conclude that this shoulder is induced by the spin state 
transition. Since Hint increases due to the spin state 
transition above Tss. A,ara is expected to increase with 
increasing T. On the other hand, both the rapid muon 
diffusion and the fast exchange rate of electrons between 
C l+ d c 4+ • d ' . h . . ~o· an o IOns ecrease '"Jlara wit mcreasmg T. 
The competition between these three factors is likely 
responsible for the broad shoulder in A,.,.(T) around 
400-600 K. 

The broad shoulder also indicates that the spin state 
changes gradually in the temperature range between 400 
and 600 K. In other words, the onset temperature of the 
transition Tss0 n-600 K and the endpoint Tssend=Tssx= 
380 K. This is consistent with the observed p (T) curve 
indicating a broad maximum between 400 and 600 K.Z 
Furthermore, if the transition occurs abruptly at Tssx as 
seen in the X 1 

( T) curve. then a calculation21 using the 
degeneracy of spin and orbital degrees of freedom of Co 
ions predicts that the thermopower should show a 
dramatic change at Tssx. Therefore, this gradual change 
in the spin state is apparently essential to the large 
thermoelectric power at elevated temperatures. 

2739 
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3-3. Magnetism and Thermoelectric Properties 
Figure 4 summarizes the magnetic transitions in 

[Ca2Co03]odCo02]. The two magnetic transitions 
detected by 1/SR, i.e. the IC-SDW and the spin state 
transitions. are tound to correlate closely with the 
transport properties of [Ca2Co03] 0 62(Co0z]. The 
existence of the IC-SDW transition indicates an 
enhancement of the effective mass of charge carriers 
(and thus the thermoelectric properties) by strong 
electron correlations. The existence of the spin state 
transition suggests that the crystal-field splitting between 
t2g and eg levels is comparable to -400 K. Furthermore, 
the gradual change in the spin state prevents a decrease 
in thermoelectric power above Tssend. In other words, 
these transitions are likely to be key factors in achieving 
a good thermoelectric performance. 
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