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59Co nuclear magnetic resonance �NMR� measurements have been performed to study the local magnetic
properties of the misfit layered cobalt dioxides �MLCO’s� with the CoO2 and rock-salt layers,
�Ca2CoO3�0.62CoO2 ��Ca3Co3.92O9.34� and Ca3Co3.92O9.34−� with oxygen nonstoichiometry. The 59Co NMR
spectrum consists of mainly five lines at 4.2 K at which the samples are in a magnetically ordered state. Among
the five NMR lines for Ca3Co3.92O9.34, three lines at higher frequencies �f’s� satisfy the resonance condition
with two branches indicating the presence of antiferromagnetic internal fields �Hint’s�. The other two lines
exhibit one branch, and one of the two has a nonzero Hint under zero external field �ZF�, which signifies the
existence of ferromagnetic �FM� Hint’s. The other has a zero Hint under ZF. By taking account of both the
valence state of the Co ions in each layer and the lattice modulation due to the misfit between the CoO2 layer
and the rock-salt layer, the NMR spectra at higher f’s are attributed to the Co in the rock-salt layer, whereas
those at lower f’s to the Co in the CoO2 layer. Furthermore, a spin-density wave order appears to coexist with
a FM order in the CoO2 layer for MLCO’s. The magnetic and transport properties of these materials are
discussed in terms of a separation between two phases.
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I. INTRODUCTION

Since the discovery1 of the coexistence of a large ther-
mopower and a low electrical resistivity in NaCo2O4, which
has a close-packed two-dimensional �2D� CoO2 array, exten-
sive investigations of other cobalt oxides have been under-
taken in a search for practical materials for thermoelectric
conversion. Furthermore, the sodium content x in NaxCoO2
can be varied over a wide range, and this system has been
reported to show various magnetic and electrical properties
with changing x and/or T, such as superconductivity for wa-
ter intercalated Na0.35CoO2,2 a charge ordered state for
Na0.5CoO2,3 and a spin-density wave �SDW� ordered state
for NaxCoO2 with x�0.75.4 These experimental findings
have also drawn much interest in the inter-relationship be-
tween dimensionality and physical/transport properties
among the cobalt oxides.

For instance, perovskite-type R1−xSrxCoO3 �R=La, Pr,
Nd, and Sm� with x=0.05–0.1 could be potential thermo-
electric materials at around room temperature.5–7 Their struc-
ture consists of corner-sharing CoO6 octahedra forming a
three-dimensional �3D� network. However, none of the Co-
oxide perovskites can be used at high T because their ther-
mopower decreases rapidly above �500 K due to a spin-
state transition and/or a metal-insulator transition.

In contrast to the 3D system, the quasi-one-dimensional
�Q1D� cobalt oxides, An+2Con+1O3n+3 �A: alkaline-earth
metal, n=1–5 and ��, in which each 1D CoO3 chain is sur-
rounded by six equally spaced chains forming a triangular
lattice in the ab plane, exhibit no spin-state transition at least
between 2–600 K.8–10 The unusual magnetic properties, such
as a partially disordered antiferromagnetic state, were found
in Ca3Co2O6 �A=Ca, n=1�,11,12 which is a 2D antiferro-
magnet with ferromagnetic �FM� Ising-spin chains, and the
magnetic phase diagram with various n has been proposed

from positive muon spin rotation and relaxation ��+SR� and
magnetization measurements.8–10,13 Partially due to the lack
of a spin-state transition and their chemical stability, at least
up to 1300 K, the Q1D cobalt oxides with n=1 and 2 have
been suggested to be potential candidates for thermoelectric
materials at �1300 K.14,15

For the Q1D and 3D systems, the dimensionless figure of
merit ZT=S2T /��, which is related to the efficiency and per-
formance of thermoelectric power generation or cooling, is
still not high enough for practical application; further inves-
tigations to improve their thermoelectric properties are
needed as far as we know. Here, S, �, �, and T are ther-
mopower, electrical resistivity, thermal conductivity, and ab-
solute temperature, respectively. On the other hand, misfit
layered cobalt dioxides �MLCO’s�, �Ca2CoO3�0.62CoO2 and
�Ca2Co1.3Cu0.7O4�0.62CoO2, have attracted considerable at-
tention because of their large S, low �, and low �, as in the
case of NaxCoO2. In particular, MLCO’s exhibit excellent
thermoelectric performance at high T compared to
NaxCoO2,16,17 since MLCO’s are more stable at high T than
NaxCoO2. Structurally, MLCO’s share common components,
CoO2 and rock-salt layers. The CoO2 layer consists of a 2D
triangular lattice of edge-sharing CoO6 octahedra in the ab
plane. In the rock-salt layer, on the other hand, cations and
the O2− ions make a rock-salt lattice. Triple and quadruple
subsystems form the rock-salt layer in �Ca2CoO3�0.62CoO2
and �Ca2Co1.3Cu0.7O4�0.62CoO2, respectively. The overall
crystal structure of these materials consists of alternating lay-
ers of the CoO2 and rock-salt layers stacked along the c axis.
In addition, there is a misfit between the two layers along the
b axis, i.e., the spatial period along the b axis of the CoO2
layer is incommensurate with that of the rock-salt layer.

Motivated by the geometrical frustration in the CoO2
layer for �Ca2CoO3�0.62CoO2 and �Ca2Co1.3Cu0.7O4�0.62CoO2
with 2D triangular lattices, the magnetic nature of these com-
pounds has also been actively studied. �+SR and magnetiza-
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tion experiments on �Ca2CoO3�0.62CoO2 indicated the exis-
tence of a short-range order of an incommensurate �IC� SDW
state below �100 K; a long-range IC-SDW order
was completed below �30 K.18,19 � increases drastically
upon cooling particularly below 100 K.16 With a further de-
crease in T, the ferrimagnetic �FR� transition was reported to
take place at �19 K.18,19 Also, �Ca2Co1.3Cu0.7O4�0.62CoO2
exhibits similar magnetic transitions, i.e., a SDW state and
a magnetically ordered state, but the onset of the transition
T’s to the ordered states are higher than those for
�Ca2CoO3�0.62CoO2. That is, a transition to a short-range or-
der of the IC-SDW state at �180 K with decreasing T was
found; then the long-range order and a 3D antiferromagnetic
�AF� �or FR� order appeared below �140 and �85 K,
respectively.20 Quite recently, we have performed 59Co
nuclear magnetic resonance �NMR� measurements on the lat-
ter compound, and the observed 59Co NMR spectra with
varying T were in agreement with the phase diagram.21

In the lattice of MLCO’s, there are at least two Co sites,
namely, one is in the CoO2 layer and the other is in the
rock-salt layer. This is partially, to our knowledge, the pre-
dominant reason for the complex magnetic properties of the
MLCO’s. In particular, the charge-carrier transport of the
MLCO’s is restricted mainly to the CoO2 layer, which means
that the transport properties are mostly governed by electrons
in this layer. Interestingly, the degeneracy of spins and orbit-
als of the 3d electrons of the Co ions has been theoretically
pointed out to be important for enhancing S.22 However, the
local magnetic properties in each layer of MLCO’s have not
been fully established in contrast to NaxCoO2. This situation
is partially due to the complex crystal structure and the dif-
ficulty in controlling widely the carrier density in the CoO2
layer by changing the amount of cations. Recently, it has
been reported that the transport properties of an MLCO also
depend on their oxygen deficiency ���,23 as well as on x for
NaxCoO2. Therefore, a systematic study with changing � and
the number of the rock-salt layers could be one way to ad-
dress this issue.

In this paper, in order to clarify the local magnetism
in each layer and understand the mechanism of the
excellent thermoelectric properties of the MLCO’s, we have
performed 59Co NMR measurements on �Ca2CoO3�0.62CoO2
��Ca3Co3.92O9.34� and Ca3Co3.92O9.34−� with �=0.34, to-
gether with a c-axis-aligned sample of Ca3Co3.92O9.34−�

with �=0.24. We report the NMR results on the three
samples with different oxygen contents in detail and com-
pare the results with those on the other MLCO,
�Ca2Co1.3Cu0.7O4�0.62CoO2.

II. EXPERIMENT

The polycrystalline samples of Ca3Co3.92O9.34 and
Ca3Co3.92O9.34−� used in this study were prepared by solid-
state reaction. A mixture of the starting materials, CaCO3 and
Co3O4 powders, was pressed into pellets and calcined at
900 °C for 20 h in an O2 flow. After regrinding, the powders
were pelletized and calcined again under the same condi-
tions. This process was repeated several times in order to
obtain well-crystallized single-phase samples. The deoxy-

genation was carried out in pure N2 gas with high purity
�99.9998%� according to Ref. 23. The c-axis-aligned
Ca3Co3.92O9.34−� sample was synthesized by a reactive tem-
plated grain growth technique at Toyota Central Research
and Development Laboratories. Inc.24 Diffraction peaks only
from �00l� planes were observed for this sample. The Lot-
gering factor was estimated to be over 0.95 using the x-ray
diffraction intensity, indicative of a strong c-axis orientation.
Further detailed preparation and characterization of this
sample have been already published elsewhere.25 The oxy-
gen contents in the deoxygenated sample and the
c-axis-aligned sample were chemically determined by iodo-
metric titration and were found to be 9 and 9.1, respectively.

X-ray diffraction measurements were carried out with
Cu K� radiation to confirm the phase purity. All the x-ray
diffraction peaks of the MLCO’s studied in this work were
indexed by a monoclinic unit cell consistent with the
literature,17,26 indicating that these samples are single phase.
The c-axis length increased with �, while the change in the
a-axis length was quite small. The two b-axis lengths exhib-
ited an opposite trend with increasing �, i.e., the b1-axis
length for the CoO2 layer increased, whereas the b2-axis
length for the rock-salt layer decreased. These results are
consistent with the previous study.23 We have further tested
the phase purity by NMR measurements, which are more
sensitive compared to x-ray diffraction measurements. Impu-
rity phases, such as Co3O4 and Ca3Co2O6, were not observed
in the NMR spectrum. These results suggest that we success-
fully obtained MLCO’s of high purity. NMR measurements
were performed using a coherent pulsed spectrometer and a
superconducting magnet with a constant field of H
=6.1065 T. 59Co NMR spectra in the field were obtained
after Fourier transformation of spin-echo signals collected at
some frequencies �f’s�. F-swept NMR spectra under zero
external field �ZF� were also taken point by point of f .

III. RESULTS

A. Randomly oriented polycrystalline Ca3Co3.92O9.34

In a magnetically ordered state, in general, the nuclei are
subjected to an internal field �Hint� due to the spontaneous
magnetic moments. Consequently, an NMR spectrum can be
detected even under ZF. The f-swept 59Co NMR spectrum at
4.2 K under ZF was measured in the wide f range up to 300
MHz, which is shown in Fig. 1�a�. Following the general
trend, we observed a 59Co NMR spectrum with several com-
ponents in the FR state under ZF. This result clearly demon-
strates the existence of nonequivalent Co sites with different
Hint’s. Note here that the NMR lines corresponding to small
Hint’s are distributed near 0 MHz in the ZF-NMR spectrum.
Therefore, although it is difficult to detect these NMR lines
in this measurement condition, the presence of the two com-
ponents, S1 and S2, is confirmed by other measurement con-
ditions in later, i.e., the T dependence of the NMR spectrum
under an external field H and the H dependence of the reso-
nance f as discussed below. By taking account of both the
valence state of Co in each layer and the lattice modulation
due to the misfit,16,26 we have concluded that the NMR spec-
tra for S3–S5 are attributed to the Co in the rock-salt layer,
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whereas those for S1 and S2 belong to the Co in the CoO2
layer.21 The spin quantum number for the Co in the rock-salt
layer has been claimed to be about six times larger than that
for the CoO2 layer from neutron powder diffraction and
magnetic-susceptibility measurements,27 which is consistent
with relatively large Hint’s for S3–S5. Furthermore, the x-ray
diffraction data reveal three different Co-O bond lengths in
the rock-salt layer,28 which is compatible with our suggestion
that three signals, S3–S5, come from the Co in the rock-salt
layer.

On the other hand, for �Ca2Co1.3Cu0.7O4�0.62CoO2, a com-
plex NMR spectrum at higher f’s was observed in a wider f
range compared to that for the present Ca3Co3.92O9.34.

21 Con-
sidering the random distribution of Co and Cu in the rock-
salt layer and/or quadruple-layered blocks, magnetic envi-
ronments for the Co nuclei in the rock-salt layer are naturally
expected to be complex, resulting in a wide distribution of
Hint’s. Hence, we have postulated that the NMR spectra at
higher f’s are assigned as signals from the Co in the rock-salt
layer and the other spectra with a broad peak located from
�0 to �25 MHz are assigned as signals from the Co in the
CoO2 layer similar to Ca3Co3.92O9.34.

21

In order to detect clearly the NMR spectra that locate at
f �20 MHz under ZF for Ca3Co3.92O9.34, we measured the
59Co NMR spectra under 6.1065 T. Figure 1�b� shows the
f-swept 59Co NMR spectrum at 4.2 K. Although the spec-
trum exhibits a broad peak around 75 MHz, the spectrum
shape is well explained by the two signals, i.e., S1 and S2,
and additional signals from the Cu coil. Two signals detected
under H are also observed for NaxCoO2 that has the CoO2
layer,29 which also implies that they come from the Co in the
CoO2 layer.

Since the nucleus in a magnetically ordered state would
experience a local magnetic field, the resonance frequency
f�f r� is expressed by

	r = 2
f r = ��H2 + Hint
2 + 2�H��Hint�cos � , �1�

where �, H, Hint, and � are the nuclear gyromagnetic ratio,
the external field, the internal field, and the angle between H
and Hint, respectively. A straightforward calculation of the
above equation with subsequent insertion of �=0°, 180°, and
90° leads to simple equations

	r,�=0° = ��H + Hint� , �2�

	r,�=180° = ��H − Hint� , �3�

	r,�=90° = ��H2 + Hint
2 . �4�

Therefore, the magnitude and the direction of Hint can be
determined by measuring f r as a function of H.

The H-swept 59Co NMR spectra at 4.2 K taken at several
f’s for the randomly oriented Ca3Co3.92O9.34 powder are
shown in Fig. 2 together with the calculated AF powder pat-
terns. It is well known that the NMR spectrum for random
powders in the FM ordered state is different from that in the
AF ordered state. When FM Hint’s are formed, the NMR
spectrum is observed at H0Hint, where H0 is the resonance
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FIG. 1. Frequency-swept 59Co NMR spectra for Ca3Co3.92O9.34

at 4.2 K under �a� ZF �Ref. 21� and �b� 6.1065 T. S1–S5 represent
the peak positions of the NMR spectra. The solid line in Fig. 1�a� is
a guide to the eyes. The peaks observed at 68.91 and 73.82 MHz in
Fig. 1�b� are the 63Cu and 65Cu NMR signals in an NMR coil,
respectively.
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FIG. 2. �Color online� Field-swept 59Co NMR spectra for
Ca3Co3.92O9.34 at 4.2 K taken at various frequencies together with
the calculated AF powder patterns. Two sharp peaks observed at
lower H’s and higher H’s are the 1H and 19F NMR signals, respec-
tively, and they are caused by cellophane and polytetrafluoroethyl-
ene tapes. For instance, the former distributes at 1.996 T and the
latter at 2.212 T in the data taken at 85 MHz. In the inset, H-swept
59Co NMR spectrum above 5.5 T taken at 85 MHz is displayed as
an expanded scale. The peaks observed at 7.532 and 7.031 T are the
63Cu and 65Cu NMR signals in an NMR coil, respectively.
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field at Knight shift K=0, and the sign of Hint depends on its
direction. This is because FM moments are rotated easily to
the direction of H. On the other hand, when Hint is AF, the
NMR spectrum has a peak and a step at H0−Hint ��=180°�
and H0+Hint ��=0°�, respectively, and distributes between
these fields. For the NMR spectra arising from AF Hint’s, the
positions at higher f’s were determined as the step position,
whereas those at lower f’s were taken as the peak position
�see Fig. 2�. Note here that a new broad peak at intermediate
H’s is attributable to the increase in a rotation of AF mo-
ments by H owing to the decrease in the anisotropic and
molecular fields. However, the experimental results did not
agree completely with the calculated AF powder patterns,
which is probably because a simple AF order is not formed
due to a complex crystal structure, e.g., a misfit between two
layers. Therefore, the error bars are added in Fig. 3. The
NMR spectrum taken at 85 MHz at the H range displayed in
the inset of Fig. 2 did not show the powder pattern expected
for AF Hint’s. Also, this powder pattern was not observed,
even when f was decreased down to 15 MHz. Therefore, the
positions of the NMR spectra showing these behaviors were
determined as the peak positions.

Figure 3 shows the f r as a function of H at 4.2 K for the
same sample. It is found that there are five components, S1–
S5, for the NMR spectrum at 4.2 K under ZF. Both the
number and their values under ZF accord with those ob-
served in the ZF-NMR spectrum shown in Fig. 1�a�. The
values of Hint’s under ZF are estimated as 0 T for S1, 1.5 T
for S2, 9.3 T for S3, 12.7 T for S4, and 14.0 T for S5. Three
of them, S3–S5, are found to agree with the two resonance
conditions; that is, f r increases �decreases� linearly with H,
i.e., satisfies “two branches.” On the contrary, f r for S1 and

S2 increases linearly with H, i.e., satisfies “one branch.” Fur-
thermore, the H dependence of f r is well explained by Eq. �2�
or �3�. Note that the slope of the solid lines in Fig. 3 is
described based on the nuclear gyromagnetic ratio of 59Co,
i.e., 2
�10.054 MHz /T. These results demonstrate that AF
Hint’s are formed in the rock-salt layer, whereas FM Hint’s are
done partially in the CoO2 layer. Also, it is reasonable to
conclude that the values of f r’s for S1 and S2 at 6.1065 T
predicted from the f r versus H lines at 4.2 K coincide with
those observed in the 59Co NMR f spectrum shown in Fig.
1�b�.

Hint at 0 K was reported to be independent of the substi-
tution elements, the amount of the replaced elements, and the
number of the rock-salt layers from �+SR experiments,
which suggests that the IC-SDW ordered state exists in the
CoO2 layer.20 Furthermore, since the transport properties are
mainly determined by the electronic states in the CoO2 layer,
information on the local magnetic properties of this layer is
critical in order to understand the physics behind the excel-
lent thermoelectric properties of the MLCO’s. Figure 4
shows the f-swept 59Co NMR spectra for S1 and S2, which
correspond to the signals from the CoO2 layer of
Ca3Co3.92O9.34, measured under 6.1065 T at various T’s. The
NMR spectrum was clearly found to consist of two compo-
nents below Tm1 and they have asymmetric shape above Tm1.
The physical meaning and the origin of Tm1 are explained
below. S2, whose intensity is larger than that of S1, is ob-
served over the whole T range measured, which means that
the two sites are in different proportions. The incommensu-
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rability of the nearby rock-salt layers strongly distributes the
Co electric field gradient �EFG� at the Co site in the
CoO2 layer, which may make the quadrupolar structure
of the NMR spectrum very ambiguous compared to that
observed for NaxCoO2. In order to resolve the NMR
spectrum with asymmetric shape and elucidate the origin
of its asymmetric shape, we measured the 59Co NMR spec-
tra for the c-axis-aligned Ca3Co3.92O9.1 sample under the
same condition; the result is explained in detail in Sec. III B.
Furthermore, the peak position for S1 was almost T indepen-
dent, whereas that for S2 shifted toward a lower f with
increasing T, particularly below Tm1, due to the decrease
in Hint with T. A similar behavior was also observed for
�Ca2Co1.3Cu0.7O4�0.62CoO2.21 On the other hand, the NMR
signals, corresponding to S3–S5, were not observed in this
measurement condition, probably because the nuclei spin-
spin relaxation time �T2� is too short to be observable due to
the magnetic interaction between the Co ions in the rock-salt
layer.

In order to clarify the changes in the S1 and S2 signals
with varying T, the T dependences of the 59Co Knight shift K
and Hint for Ca3Co3.92O9.34 are plotted in Fig. 5�a�. Here, we
define K as K= �f r− f0� / f0, where f0=�H /2
 with �=2

�10.054 MHz /T and H=6.1065 T. K for S1 �KS1� was
about 1.8%, while KS2 showed a T dependence. KS2 above
�100 K, expressed as Tm1, obeyed the Curie-Weiss law,
KS2=1.84+50.6 / �T−35.7�% �a solid curve in Fig. 5�a��. The
fairly good fit and the positive Weiss temperature of 35.7 K

with quite small error indicate a FM interaction between the
Co ions at the Co sites that are responsible for S2. This result
is consistent with the conclusion derived from the relation-
ship between f r and H. The KS2�T� curve exhibited a plateau
at �40 K. Also, this curve suggests the presence of Hint and
the Hint�T� curve increased significantly below 23 K�TFR�,
below which the FR order appears, as is clearly seen in the
inset of Fig. 5�a�. Here, Hint=2
�fr− f0� /�. Similar T depen-
dence of KS1, KS2, and Hint has also been observed for
�Ca2Co1.3Cu0.7O4�0.62CoO2.21

Figure 5�b� shows the T dependence of the half-width at
half maximum �Whwhm� of the 59Co NMR spectra measured
under 6.1065 T for Ca3Co3.92O9.34. Whwhm is known to de-
pend on the field inhomogeneities arising from the variation
in the demagnetizing field within a given particle and be-
tween different particles, the nuclear-nuclear dipolar interac-
tion, and the time-dependent electron-nuclear magnetic inter-
action. Basically, Whwhm for this compound plotted in Fig.
5�b� is determined by fitting the NMR spectrum with a com-
bination of two Gaussian functions. Whwhm’s for S1 and S2
�WS1

hwhm and WS2
hwhm� are found to increase with decreasing T.

In particular, the WS2
hwhm�T� curve changes its slope at Tm1

and Tm2; that is, the slope becomes steeper with decreasing
T. Note that it was difficult to estimate WS1

hwhm for every T
point due to the weak intensity of the S1 signal.

Figure 5�c� shows the T dependence of the integrated in-
tensity I for S2 �IS2� for Ca3Co3.92O9.34. In the paramagnetic
�PM� phase, the change in I with varying T was small. Upon
cooling, I increased gradually and exhibited a peak; then
decreased and finally increased again below Tm2. The
changes in I at Tm1 and Tm2 with varying T are likely to
correlate with the T variations in K and/or Whwhm. However,
although T2, which determines IS2, would be very short, par-
ticularly below �60 K due to the magnetic order, the T
dependences of the NMR parameters �KS2, WS2

hwhm, and IS2�
are still not fully explained at present.

B. c-axis-aligned Ca3Co3.92O9.1

The 59Co NMR spectrum in the FR state for the
c-axis-aligned sample of Ca3Co3.92O9.1 under ZF is shown in
Fig. 6�a�. As is clear from this figure, the spectrum at f
�40 MHz consisted of mainly three components. In the
59Co NMR measurements under 6.1065 T at 4.2 K, we also
observed two sets of 59Co NMR spectra, as in the case of
Ca3Co3.92O9.34 �see Fig. 6�b��. The S1 and S2 signals ob-
served under 6.1065 T are located at f �40 MHz under ZF.
These results also demonstrate the existence of the five non-
equivalent Co sites. Because the crystal structure of
Ca3Co3.92O9.34−� does not change significantly with �, the
NMR lines at higher f’s are assigned as signals from the Co
in the rock-salt layer and the others are assigned as signals
from the Co in the CoO2 layer.

The H-swept 59Co NMR spectra at 4.2 K taken at various
f’s were obtained for the c-axis-aligned Ca3Co3.92O9.1
sample for H	 the c axis. We observed the 59Co NMR spec-
trum with a few components at each f . Fundamentally, the
position of the signals S1–S5 was determined as the peak
position. The NMR spectrum for S3 was broad, which is due
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to the electric quadrupole interaction. The quadrupolar fre-
quency ��Q� for S3 was found to be �3 MHz. As for the S3
signal, we plotted the positions of central lines in Fig. 7. f r	

for this sample is plotted as a function of H in Fig. 7. The
values of Hint’s under ZF are estimated as 0, 1.0, 5.9, 12.4,
and 15.9 T for S1, S2, S3, S4, and S5, respectively. The
resonance conditions of f r	 for S1–S5 were the same as those
for Ca3Co3.92O9.34.

We also measured the H-swept 59Co NMR spectra at 4.2
K and various f’s for H� the c axis. The NMR spectrum
with a few components was observed at each f independent
of the direction of H. Although the NMR spectra measured
for H� the c axis were broad compared to those for H	 the c
axis, we roughly determined the peak positions, as in the
case of H	 the c axis. As displayed in Fig. 8, the H depen-
dence of f r� followed Eq. �4�. The values of Hint’s under ZF
for H� the c axis are naturally the same as those for H	 the
c axis. By taking advantage of the orientation, the conclusion
that the direction of Hint is along the c axis can be derived
from the results plotted in Figs. 7 and 8.

Figures 9 and 10 show the T dependence of the f-swept
59Co NMR spectra for S1 and S2, which correspond to the
signals from the CoO2 layer of the c-axis-aligned
Ca3Co3.92O9.1 sample, measured under 6.1065 T for H	 the c
axis and H� the c axis, respectively. The 59Co NMR spec-
trum at 120 K is displayed in the inset as an expanded scale
together with that of the randomly oriented Ca3Co3.92O9.34
sample. The clear peak structure attests the high quality of
the sample. The I=7 /2 nuclear spin of 59Co senses the mag-
netic properties of the Co site and couples through its nuclear
quadrupole moment to the EFG tensor created by its charge

environment. The 59Co NMR spectrum for H	 the c axis is
the most typical one for the two sites for which the c axis is
the principal axis of the EFG. This result indicates that the
NMR spectrum observed under 6.1065 T for these samples
consists of the signals from S1 and S2 even in the PM phase,
although the NMR spectrum for S2 overlapped that for S1 at
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around room temperature. �Q and the asymmetric parameter
� for S1 are evaluated to be �1 MHz and 0.20, respectively.
The 59Co NMR f under ZF generally depends on both �Q
and �, and their estimated values rule out the possibility that
the NMR spectrum under 6.1065 T consisting of two signals
comes from two components among S3–S5 assuming that
the charge distribution around cobalt nucleus remains unal-
tered with varying T because of no structural phase transi-
tion. As T is lowered, the quadrupole singularities spread and
Lorentzian NMR spectra were observed. On the other hand,
the crystallites are almost random for H� the c axis, result-
ing in powder spectra �see Fig. 10�. Hence, although the
splitting due to the electric quadrupole interaction was am-
biguous compared to that for H	 the c axis, the spectrum
consisting of the S1 and S2 signals was observed.

Figures 11 and 12 show the T dependences of K, Hint, and
I for the c-axis-aligned sample of Ca3Co3.92O9.1 for H	 the c
axis and H� the c axis, respectively. The KS1 measured in
both conditions was almost T independent ��3.5%�, but KS2
was dependent on T. The T dependence of KS2, particularly
in the T range above Tm1, was fitted by a Curie-Weiss for-

mula, KS2=1.77+46.6 / �T−41.5�%, which is shown in Fig.
11�a� as the solid curve. Hint for S2 was found to be �1 T at
4.2 K and decreased drastically upon heating to TFR. As can
be seen from Fig. 12�b�, although the change in the I versus
T curve for H� the c axis was less clear than that for H	 the
c axis, an increase in I below Tm2 was commonly observed.
The T variations in K, Hint, and I corresponding to S2 for H	

the c axis seem to exhibit changes at Tm1, Tm2, and TFR as in
the case of Ca3Co3.92O9.34.

Furthermore, the anisotropy of K was smaller than that of
the magnetic susceptibility �. For instance, the ratio �c /�ab
has been reported to be about 2 at 100 K for the
c-axis-aligned �Ca2CoO3−��0.62CoO2 sample prepared by ap-
plying magnetic alignment in which �c and �ab are the mag-
netic susceptibility when H is applied parallel to the c axis
and the ab plane, respectively.30 The small anisotropy of K
implies that the macroscopic magnetism of the MLCO’s with
a triple subsystem is dominated by the local magnetic prop-
erties coming from the Co in the rock-salt layer. However,
only AF Hint’s are formed in the rock-salt layer. Therefore,
the magnetic interaction in the CoO2 layer is not negligibly
weak to stabilize the FR state. Furthermore, TFR depended on
the oxygen content and decreased with increasing � �see the
insets in Figs. 5�a� and 11�a��. This behavior is probably due
to the smaller concentration of holes in the Co4+ /Co3+

couple.
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C. Randomly oriented polycrystalline Ca3Co3.92O9 with large
oxygen vacancy

The existence of five nonequivalent Co sites with differ-
ent Hint’s at 4.2 K was also confirmed by the 59Co NMR

measurements under ZF and 6.1065 T �see Fig. 13�, as in the
cases of Ca3Co3.92O9.34 and Ca3Co3.92O9.1. Also, the intensity
ratio of the S1 and S2 signals was found to depend strongly
on the oxygen content in the MLCO’s with a triple sub-
system in comparison with Figs. 1�b�, 6�b�, and 13�b�. In
other words, the relative intensity of the S1 signal increased
with decreasing oxygen content.

Figure 14 shows the f-swept 59Co NMR spectra measured
under 6.1065 T at various T’s for S1 and S2, which corre-
spond to the signals from the CoO2 layer of Ca3Co3.92O9.
The quadrupole-broadened NMR spectrum consists of two
components, as in the cases of Ca3Co3.92O9.34, Ca3Co3.92O9.1,
and �Ca2Co1.3Cu0.7O4�0.62CoO2. Here, it is worth emphasiz-
ing that the NMR spectrum was governed by the component
corresponding to S1 whose K exhibited almost
T-independent behavior, which is an opposite trend com-
pared to Ca3Co3.92O9.34 with almost no oxygen vacancy. This
result indicates that the dominant interaction affecting the
local magnetism in the CoO2 layer at lower T’s in the ML-
CO’s with a triple subsystem depends strongly on the oxygen
content, i.e., the carrier concentration.

Figure 15�a� shows the T dependence of WS1
hwhm of the

NMR spectra measured under 6.1065 T for Ca3Co3.92O9.
Whwhm of the NMR spectrum for this material was analyzed
by fitting a single Gaussian function to the data because of a
dominant contribution of S1 to the NMR spectrum as already
mentioned above. Whwhm for S1 increased below Tm1 and
exhibited a plateau at �50 K. When further cooled, WS1

hwhm

increased again below �Tm2. Two characteristic tempera-
tures Tm1 and Tm2 below which WS1

hwhm increased were found
to correlate with the T at which IS1 showed the peculiar
changes as in the case of Ca3Co3.92O9.34 �see Fig. 15�b��.
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IV. DISCUSSION

A. Origin of the magnetism

By a systematic study of 59Co NMR measurements for the
MLCO’s, the 59Co NMR spectrum coming from the Co in
the CoO2 layer was found to consist of mainly two lines. One

of them, S1, has a zero Hint under ZF and the other, S2, has
a nonzero Hint under ZF �FM Hint’s�. This behavior is uncon-
ventional because two of the Hint’s exist simultaneously in a
single layer even consisting of one crystallographically
equivalent Co site. There may be a few scenarios to explain
these experimental findings. One is that there are two non-
equivalent sites in a single uniform phase, wherein two dif-
ferent electronic states around equivalent cobalt nuclei exist,
for example, due to a charge-ordered state. Another is more
realistic, i.e., a view based on a separation between two
phases. Quite recently, the phase separation between the
charge-ordered insulating state and the PM metallic state has
been claimed by photoemission spectroscopy experiments.31

According to their measurements, holes are localized regu-
larly in the former state, while they are itinerant and distrib-
uted uniformly in the latter state.31 Since EFG depends sen-
sitively on the charge distribution around the nucleus, any
change in the EFG value is related to either the structural
phase change or the change in electronic state. When a
charge-ordered state is realized in the MLCO’s, �Q changes
with varying T. However, the almost constant behavior of �Q

c

for S1 and S2 evidences the absence of any charge ordering
at least down to Tm2. In our NMR experiments, however, the
coexistence of the SDW and FM order would be proposed,
the detail of which is discussed as follows. The intensity
ratio of the S1 and S2 signals depended strongly on the oxy-
gen content in MLCO’s with a triple subsystem. The NMR
spectrum for S1 whose K showed almost T-independent be-
havior is predominant in the sample with the large �. The
NMR spectrum S1 for Ca3Co3.92O9 below 17 K had a char-
acteristic triangular shape, which is similar to that expected
for a typical SDW ordered state. Therefore, we verify the
possibility of the SDW state. The NMR shape function F in
the SDW ordered state is expressed as

F � ln�1 + �1 − x2�/�x� , �5�

where x= �H−	 /�� / �Hint�max and �Hint�max is the respective
maximum amplitude of the internal field.32 The NMR spec-
trum at 4.2 K for Ca3Co3.92O9 could be roughly fitted by this
equation as seen in Fig. 16�a�. Because the NMR spectrum
for S1 above 10 K overlapped that for S2, we fitted the NMR
spectrum using a combination of Eq. �5� and a Gaussian
function. As can be seen from Fig. 16�b�, the NMR spectrum
at 10 K with two components seems to be explained by these
two functions. The values of �Hint�max were estimated to be
0.27, 0.20, and 0.10 T at 4.2, 10, and 17 K, respectively.
Considering both the �+SR and the present NMR data, the
SDW ordered state is likely realized in the CoO2 layer, par-
ticularly for MLCO’s with a large �.

Interestingly, the coexistence of coherent electrons and
incoherent ones for the MLCO’s has been argued by photo-
emission spectroscopy experiments.33 The enhancement of �
with decreasing T in the IC-SDW ordered state is more dis-
tinct with increasing �,24 which implies that the electrons for
S1 have an incoherent nature and those for S2 have a coher-
ent nature. On the other hand, the partial electronic states
corresponding to the rock-salt layer may be formed by inco-
herent electrons because the electrical conductivity in this
layer is insulating.
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For the same sample used in the �+SR experiments, i.e.,
the c-axis-aligned Ca3Co4O9.1 sample, the T dependences of
Hint, K, Whwhm, and I for S2, whose signal shows the positive
Weiss T and FM Hint’s, are rather likely to correlate with the
phase diagram determined by the �+SR measurements.
Therefore, the magnetic nature detected by means of this
technique may be mostly due to the T variation in the mag-
netism with the FM interaction. However, the existence of
SDW order in the MLCO’s with a triple subsystem is not
necessarily denied because we observed an NMR spectrum
in which both the existence of the SDW and FM orders could
possibly be inferred; the degree of their competition would
be controlled by the oxygen content in Ca3Co3.92O9.34−�.

The appearance and stability of the SDW phase have been
theoretically discussed by the Hubbard model within a mean-
field approximation using parameters such as the electron
filling, the Hubbard on-site repulsion, and the nearest-
neighbor hopping amplitude.34,35 Based on the phase dia-
gram proposed by the extended Hubbard model on a trian-
gular lattice, an increase in the on-site repulsion leads to a
competition between the SDW and FM order.36 The elec-
tronic specific-heat coefficient � of Ca3Co4O9 has been re-
ported to be as large as �90 mJ /mol K2, which is about two
times larger than � of NaCo2O4,37,38 indicating Ca3Co4O9 is
a strongly correlated electron material. Therefore, the com-
petition can be interpreted by the strong correlation between
3d electrons. In this model, the FM order is suppressed with
increasing electron filling and the boundary between the
SDW and FM order is almost electron-filling independent.36

The trend that an increase in the electron filling leads SDW
order can be accounted for in the model calculation provided
there is a decrease in first-neighbor repulsion with increasing
�. Also, the development of SDW order with decreasing n
coincides with the phase diagram for NaxCoO2, in which the
onset T of the SDW order observed for x=0.75 increases
with x.3 The ground state for the CoO2 layer in
Ca3Co3.92O9.34−� may be summarized with the phase diagram
of Fig. 17.

Next, we discuss briefly the magnetic nature at Tm1, Tm2,
and TFR. Below Tm1, the KS2 versus T curve deviated from
the Curie-Weiss law and bent downward. And also, the
asymmetry of a weak transverse field �+SR spectrum that is
proportional to the volume fraction of a PM phase decreased
below Tm1. These results suggest that a magnetic order de-
velops below Tm1. Because the values of KS2 below Tm1 was
smaller than those expected from the Curie-Weiss law, a
short-range AF order coming from an interplane interaction
is thought to develop below Tm1. On the other hand, the
origin of the change in K at Tm2 is still unclear for the
samples of Ca3Co3.92O9.34 and Ca3Co3.92O9.1. However, we
can exclude the possibility that Tm2 is a competition T as
reported for the rare-earth iron garnets. This is because a
clear hysteretic loop is observed only below TFR. In addition,
an anomalous enhancement in the Co-Co correlation in the
CoO2 layer has been reported to occur at Tm2.39 For these
samples, the short-range FM order in the CoO2 layer may
develop below Tm2, which may be caused by the frustration
due to a 2D triangular lattice and the disorder. Because the
integrated intensity for S2 exhibited a minimum at around
Tm2, the great majority of magnetic moments would be al-
ready aligned ferromagnetically at this temperature. In con-
trast to these interpretations, the characteristic temperatures
Tm1 and Tm2 observed in Ca3Co3.92O9 may correspond to the
onset T of the short-range IC-SDW order and the long-range
one, respectively, since an analysis of the NMR shape for S1
at low T below which the S1 and S2 signals are distinguish-
able indicates the presence of a SDW order.

B. Magnetism and transport properties

An increase in � in Ca3Co3.92O9.34−� may increase both S
and � due to a decrease in the carrier concentration �n�. This
behavior can be understood by a simple model assuming a
parabolic band, in which both of them vary monotonically as
a function of n,40 i.e., they increase with decreasing n. In the
framework of the band picture, electrons inside the energy
range of a few kBT in width centered at the chemical poten-
tial are attributable to the transport properties, where kB is
the Boltzmann constant. Quite recently, it has been revealed
that the density of states �DOS� that arises from the coherent
electrons located at the lower binding-energy region, while
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the DOS that arises from the incoherent electrons is at the
higher binding-energy region.33 Therefore, the contribution
of the DOS with a coherent nature near the Fermi level EF
dominates the transport properties at lower T’s. In particular,
the narrow band with a sharp slope in the vicinity of EF,
which is caused by the strong electron correlation, gives a
steep increase in S at lower T’s. With increasing T, the inco-
herent electrons, in addition to the coherent ones, are also
attributable to S. As already mentioned in the introduction,
theoretical work has proposed the importance of the degen-
eracy of spins and orbitals of the 3d electrons of the Co ions
on the enhancement of S.22 In the MLCO’s investigated in
this work, the magnetic order is completed at low T, which
means that the freedom of spins of the 3d electrons is not
frozen at higher T’s. Furthermore, Ca3Co3.92O9.34 exhibits a
spin-state transition at around 380 K.19 However, the spin
state of Co3+ still remains in the low-spin �LS� state and that
of Co4+ is changed from the LS to intermediate-spin �IS�
state with increasing T. Because the IS state of Co4+ has
higher degeneracy than the LS state of Co4+, this spin-state
transition enhances the entropy of spins and orbitals of the
3d electrons, resulting in a large S at high T.

In Ca3Co3.92O9.34−�, the number of electrons with
coherent/incoherent nature in the CoO2 layer would be
changed by controlling the oxygen content, which highlights
the role of each electron to the transport properties. S and �
increase with � in the whole T range below 300 K.23 This is
probably because the slope of the DOS near EF does not
significantly depend on �, in addition to a decrease in a finite
DOS with increasing �. Although S of Ca3Co3.92O9.34−� at
high T would also increase with � because of the contribu-
tion of the incoherent electrons, the coherent electrons are
responsible for the metallic conductivity. Provided that a fi-
nite DOS in the vicinity of EF becomes steeper with decreas-
ing �, the � dependence of the S�T� curve is exciting; that is,
the enhancement of S surpasses the increase in � with in-
creasing � up to the energy range where the coherent elec-
trons are attributable to the transport properties. Furthermore,
a large S will still remain at high T by the contribution of the
incoherent electrons. If the increase in S is larger than that in
� at high T, the good thermoelectric performance will also be

realized. Therefore, in either side, in order to realize excel-
lent thermoelectric performance, both a narrow band with a
strongly energy-dependent DOS being formed by the elec-
trons with coherent nature in the vicinity of EF and a large
entropy of spins and orbitals of the incoherent electrons are
concluded to be needed.

V. CONCLUSION

59Co NMR measurements were conducted to study the
local magnetic properties of misfit layered cobalt dioxides
with randomly oriented polycrystalline Ca3Co3.92O9.34 and
Ca3Co3.92O9 samples, together with a c-axis-aligned sample
of Ca3Co3.92O9.1 of high quality. We successfully observed
the 59Co NMR spectra corresponding to signals from the Co
both in the CoO2 layer and the rock-salt layer and clarified
the magnetic interactions that give rise to various magnetic
orders. Specifically, the separation between two phases was
found in the CoO2 layer consisting of a crystallographically
unique Co site and the degree of competition between them
depended on the oxygen contents in misfit layered cobalt
dioxides with a triple subsystem. The coexistence of both
coherent and incoherent electrons in the conducting layer is
considered to be one of the origins of the excellent thermo-
electric performance for misfit layered cobalt dioxides.
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