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The effects of Ir doping on thermoelectric (TE) as well as
transport and magnetic properties of Ca3Co4 – xIrxO9

(0 ≤ x ≤ 0.4) series samples have been investigated systemati-

cally. Based on the analysis of X-ray photoelectron spectros-

copy data, the valence state of the doped Ir ions is suggested
to be +4. As Ir ions are doped into system, both the resistivity

and the metal-insulator transition temperature increase till to

x = 0.3, indicating the more stable spin-density-wave state in
these Ir-doped samples. The thermopower increases monoto-

nously with increasing x. For x = 0.4 sample, its room-temper-

ature thermopower S300K reaches 166.2 lV/K, which is 36%

larger than that of the undoped sample. The results show that
a proper Ir doping may be an effective route to strengthen the

TE performance of Ca3Co4O9 system, which is suggested to

originate from the variations of carrier concentration and

lattice disharmony induced by Ir doping. At the same time, Ir
doping suppresses the low-temperature ferrimagnetic state and

also introduces a spin-glass behavior at low temperatures.

I. Introduction

THERMOELECTRIC (TE) materials have attracted much
attention because they could be utilized to generate elec-

tricity directly making use of waste heat.1,2 A practical TE
material should have high efficiency, which is characterized
by the dimensionless TE figure of merit ZT (=S2T/qj, where
S, T, q, and j are thermopower, absolute temperature, elec-
trical resistivity, and thermal conductivity, respectively.).3,4

As the discovery of good TE performance in NaxCo2O4

(NaCo2O4),
5 Ca–Co–O,6,7 Bi2Sr2Co2Oy,

8 and Tl–Sr–Co–O,9

these layered cobalt oxides have been the object with a
regained attention.10 In this cobaltite family, the so-called
Ca3Co4O9 occupies a special place,6,11 where the coexistence
of metallic transport behavior and high thermopower makes
it suitable as a potential candidate of TE materials, especially
in an oxidation condition.12,13

Usually, Ca3Co4O9 can be embodied as [Ca2CoO3]0.62
[CoO2], which composes of two subsystems stacking
alternately along the c-axis: the rock-salt-type Ca2CoO3

(CaO–CoO–CaO) layers and the CdI2-type CoO2 layers.6

Both subsystems have monoclinic crystal symmetry (C2/m),
which have identical a, c, and b but different b parameters,
resulting in the structural misfit along b-axis.5,9,10 Due to its
misfit-layered structure, except for TE performance, a few of
transport and magnetic characteristics have also been

observed in Ca3Co4O9 system, such as, the metal-insulator
transition (MIT), the incommensurate spin density wave
(IC-SDW) ordering, and the ferrimagnetic (FIM) state, etc.6,13

For the sake of improving the TE performance of
Ca3Co4O9 system, the study of element substitution at Co
sites is a very important route due to the multivalence of Co
ions in the material. So far, for Ca3Co4O9 system, the doping
effect at Co sites has been extensively investigated and is
mainly focused on the 3d transition-metal elements, such as,
Ti,14,15 Cr,12,16 Mn,10 Fe,10,12,16 Ni,16 Cu,10,17 and Zn.16

Compared with these 3d transition-metal elements, the dop-
ing of 5d ones, such as Ir doping, has not been investigated
systematically and may be more beneficial to the TE perfor-
mance of Ca3Co4O9 system. Similar expectation has already
been achieved in a series samples. For example, in PtSb2 sys-
tem, a pronounced enhancement of TE performance has
been induced by Ir doping.2 In this article, we report a sys-
tematic study of electrical and thermal transport as well as
magnetic properties on Ca3Co4�xIrxO9 (0 ≤ x ≤ 0.4) series
samples. We find that a proper Ir doping is effective to
improve the TE performance of Ca3Co4O9 system.

II. Experimental Procedure

Polycrystalline samples of Ca3Co4�xIrxO9 (x = 0, 0.1, 0.2,
0.3, and 0.4) were prepared by the solid-state reaction
method. High-purity CaCO3 (99.95%; Alfa-Aesar, Ward
Hill, MA), Co3O4 (99.9985%; Alfa-Aesar), and IrO2

(99.99%; Alfa-Aesar) powders were thoroughly mixed
according to the desired stoichiometry in the molar ratio Ca:
Co: Ir = 3: (4�x): x, and prefired at 1173 K for 24 h twice
with an intermediate grinding for 30 min in air. And then,
the obtained mixtures were reground for 30 min, pressed into
11.5 mm diameter dish-shaped pellets, and sintered at
1173 K for 24 h in air to obtain homogeneous samples.

The composition of the samples was analyzed by the
energy dispersive spectroscopy (EDS) technique. The struc-
ture and the micrograph of the samples were examined by
the powder X-ray diffraction (XRD) using a Philips X’ pert
PRO X-ray diffractometer (XRD, PANalytical B.V., Almelo,
the Netherlands) with CuKa radiation and a scanning elec-
tron microscope (SEM) at room temperature. Rietveld refine-
ment was performed on the XRD data using JANA 2006
program.20,21 The valence state of relevant ions was deter-
mined by the X-ray photoelectron spectroscopy (XPS) tech-
nique using AlKa radiation at room temperature. The
electrical and thermal transport properties measurements were
performed on a physical property measurement system
(PPMS-9T) using the four- or five- (Hall measurement)
probe method. The sample dimensions are about
3 mm 9 1.8 mm 9 1.2 mm, 5 mm 9 2 mm 9 1.2 mm, and
2 mm 9 2 mm 9 0.5 mm for the electrical transport, ther-
mal transport, and Hall measurements, respectively. The
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magnetic properties were measured on a superconducting
quantum interference device (SQUID) measurement system
(MPMS-5T).

III. Results and Discussions

(1) Structure
The room-temperature XRD patterns of Ca3Co4�xIrxO9

(x = 0, 0.1, 0.2, 0.3, and 0.4) samples are shown in the main
panel of Fig. 1(a). All are single phase and in agreement
with the previously reported data for Ca3Co4O9 struc-
ture.6,22 However, as the Ir-doping level is greater than 0.4,
such as x = 0.45, a small impurity phase of Ca3Co2O6

appears in the XRD pattern, meaning that the solubility of
Ir in Ca3Co4O9 system is about 0.4. Figure. 1(b) shows the
XPS result for Ir ions. It can be seen that the binding
energy of the fitted Ir 4f7/2 peak locates on ~63.7 eV, indi-
cating that Ir ions enter into Ca3Co4O9 system in the form
of Ir4+.

To show the effect of Ir doping on the lattice clearly, the
enlarged (002) peaks are shown in Fig. 1(c) for all studied
samples. It displays that, as Ir-doping content x increases,
the peaks move to a lower angle position. Figure. 1(d) shows
the Rietveld refinement of XRD data on Ca3Co3.6Ir0.4O9 as
an example. The super-space group X2/m(0b0)s0 is employed
in such a refinement for all samples23,24 and the refined lat-
tice parameters are given in Table I. From Table I, we can
see that the lattice parameters a, b1, b2, and c increase simul-
taneously with increasing x.

Table II gives the EDS analysis results for Ca3Co4�xIrxO9

(x = 0, 0.1, 0.2, 0.3, and 0.4) samples. It could be found that
the real contents of the three kinds of ions in these samples
are almost the same with that of the nominal one. The con-
tent of Ca ions almost keeps unchanged, whereas the content
of Co ions decreases monotonously with increasing x. It
should be noted that the oxygen content is also a key param-
eter to affect the physical properties of Ca3Co4O9 system.
The substitution of Co ions by Ir4+ is considered to reduce
the average valance state of Co ions or introduce additional

O ions. However, for the present samples, all samples are
prepared using the same processing parameters as described
above, which may lead to the only subtle oxygen variation.
It has been observed that the oxygen stoichiometry in
Ca3Co4O9 samples is only changed by 2% even the annealing
atmosphere is changed from oxygen (90-atm-O2) to air. So,
we can assume in nature that the oxygen content in present
samples is almost the same due to the same processing
parameters.18 Furthermore, the change in the oxygen content
will induce the variation in the relative physical properties.
As reported previously, the room-temperature carrier concen-
tration n300K will increase as the oxygen content increases,
simultaneously the c-axis structural parameter dc, MIT tem-
perature Tmin, room-temperature resistivity q300K and ther-
mopower S300K will decrease in both polycrystalline and
single-crystal Ca3Co4O9 samples.18,19 However, in our pres-
ent samples, n300K decreases, dc, Tmin, q300K, and S300K

increase as Ir ions are doped into the system as discussed
below. The obtained results show that the role of the varia-
tion in oxygen content in the determination of physical prop-
erties is weaker compared with that of Ir doping and the
variation in the relative physical properties is mainly induced
by the substitution effect of Ir ions for Co in the Ca3Co4O9

lattice.

(a) (b)

(d) (c)

Fig. 1. (a) X-ray diffraction (XRD) patterns of Ca3Co4�xIrxO9 (x = 0, 0.1, 0.2, 0.3, and 0.4); (b) the X-ray photoelectron spectroscopy result
for Ir ions; (c) the enlarged (002) peaks for all samples; (d) Rietveld refinement of XRD data on Ca3Co3.6Ir0.4O9, the observed (cross), calculated
(solid red line), and difference (bottom black line) profiles are shown, the bars show the peak positions of reflections common to both subsystems
(1) and satellite reflections (2).

Table I. Lattice Parameters a, b1, b2, c, and b for the
Ca3Co4 – xIrxO9 (x = 0, 0.1, 0.2, 0.3, and 0.4) Samples. Here,

b1 and b2 are the b-axis lengths for [Ca2CoO3] and [CoO2]

Subsystems, Respectively

x a(�A) b1(�A) b2(�A) c(�A) b(°)

0 4.8260(5) 4.5309(7) 2.8101(2) 10.8243(2) 97.7862(1)
0.1 4.8266(1) 4.5323(4) 2.8110(3) 10.8308(6) 98.0169(2)
0.2 4.8339(0) 4.5549(5) 2.8268(6) 10.8365(7) 98.2671(1)
0.3 4.4446(6) 4.5631(3) 2.8402(0) 10.8379(2) 98.3078(2)
0.4 4.8502(1) 4.5740(6) 2.8472(1) 10.8394(1) 98.3221(2)
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Combining with the results of XPS, XRD, EDS and con-
sidering the standard ionic radius of Ir4+ (0.625 �A), which is
closer to that of Co3+ (0.545 �A) and is larger than it, we
speculate that Ir ions may mostly enter into Co3+ sites of
both subsystems in Ca3Co4O9 lattice and the corresponding
lattice parameters a, b1, b2, and c are expanded systemati-
cally.

Figures 2(a)–(c) illustrate the SEM images of the surfaces
for the Ca3Co4�xIrxO9 samples with x = 0, 0.2, and 0.4,
respectively, as examples. Plate-like crystal grains can be
observed clearly in the figures, which is the nature of the lay-
ered crystal structure for Ca3Co4O9 system.7 Such a nature is
exhibited more clearly in Fig. 2(d), where the enlarged SEM
image of the surface for the x = 0.2 sample is shown. With
increasing x, the crystal grains become smaller and more
homogeneous gradually. The smaller grain size and lower
textured structure will suppress the carrier transport due to
the increased grain boundary and thus will decrease carrier
mobility l as shown in the inset of Fig. 4.

The bulk density was measured by applying Archimedes
principle at room temperature. The obtained density values
are 3.75, 3.83, 3.94, 3.92, and 4.08 g/cm3 for the samples
with x = 0, 0.1, 0.2, 0.3, and 0.4, respectively, which are
about 76%–82% of that of theoretical fully dense material
(4.94 g/cm3). These values are mainly in agreement with an
earlier report.10 Wang et al.10 have reported that the bulk
density of samples is in the range ~3.8–3.9 g/cm3, this value

is 78% of theoretical density. Moreover, we could see that
the bulk density of the studied samples almost increases
monotonously with increases x.

(2) Electrical Transport Properties
The temperature dependence of resistivity q(T) for
Ca3Co4�xIrxO9 (x = 0, 0.1, 0.2, 0.3, and 0.4) samples is
shown in the main panel of Fig. 3. All samples with x ≤ 0.3
show a similar transport behavior: semiconducting behavior
below Tmin and metallic behavior above Tmin. That is to say,
there exists a minimum around Tmin in q(T) curves for these
samples, which is suggested to originate from the formation
of the IC-SDW state.25 The charge carriers will be localized
by the emergence of IC-SDW ordering, giving rise to the
MIT.10 As x increases, the MIT temperature Tmin shifts to
the higher temperatures as shown in the inset of Fig. 3, indi-
cating that the SDW state becomes more stable in these
Ir-doped samples. Such a phenomenon may originate from
the enhanced random Coulomb potential, which is caused by
the disorder effect due to the introduction of Ir ions with a
larger ionic radius into Ca3Co4O9 lattice. For the sample
with x = 0.4, no MIT exists in q(T) curve and it behaves as a
semiconductor in the whole measured-temperature range.

To understand the effect of Ir doping on the variation in
electrical transport properties, the semiconducting q(T) data
below Tmin are fitted by the thermally activated conduc-
tion model10,14,26: q�1(T) = l(T)exp(�E0/kBT) as shown in
the main panel of Fig. 4. Here, l is the carrier mobility, E0

is the energy gap resulting from the SDW at the Fermi sur-
face, and kB is the Boltzmann constant. The obtained ther-
mally active energy E0 are 0.7, 1.2, 2.0, 5.9, and 16.1 meV
for the samples with x = 0, 0.1, 0.2, 0.3, and 0.4, respectively.
The monotonously increased E0 with increasing x indicates
that the carriers need more energy to be excited due to the
more stable SDW state induced by Ir doping. The results are
in good coherence with the increased Tmin for the samples
with x ≤ 0.3 as discussed above. When x reaches 0.4, E0

becomes so large and the carrier localization becomes so
strong that the MIT is suppressed completely.

Table II. Nominal and Real Composition of the
Ca3Co4 – xIrxO9 (x = 0, 0.1, 0.2, 0.3, and 0.4) Samples

Determined by EDS Analysis

Samples Ca/f.u. Co/f.u. Ir/f.u.

Ca3Co4O9�d 2.989 4.011 0
Ca3Co3.9Ir0.1O9�d 3.009 3.896 0.095
Ca3Co3.8Ir0.2O9�d 2.983 3.822 0.185
Ca3Co3.7Ir0.3O9�d 3.019 3.702 0.279
Ca3Co3.6Ir0.4O9�d 3.013 3.607 0.380

(a) (b)

(c) (d)

Fig. 2. (a)–(c) Scanning electron microscope (SEM) micrographs for the Ca3Co4�xIrxO9 samples with x = 0, 0.2, and 0.4, respectively; (d)
enlarged SEM micrograph for the x = 0.2 sample.
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From the main panel of Fig. 3, we can also see that the
magnitude of the resistivity increases monotonously with
increasing x in the full investigated temperature range. The
quantitative description of the resistivity change can be seen
clearly in the inset of Fig. 3, where the Ir-doping content
dependence of the room-temperature resistivity q300K is plot-
ted as an example. To study the physical origin of the resis-
tivity variation, we performed Hall resistivity qxy(H)
measurement at room temperature for all samples. The
room-temperature carrier concentration n300K calculated
from the measured qxy(H) is shown in the inset of Fig. 4. It
is well-known that, in Ca3Co4O9 system, majority of carriers
are hole, and the average valence of Co ions is about +3
depending on the oxygen content.10 By doping, the carriers
can vary over a remarkably wide range so that the effective
valence of Co ions changes from Co4+ to Co2+ in this mate-
rial.10 As the change in oxygen content is slight, the valence
of Ir4+ is higher than the average valence of Co ions in
Ca3Co4O9 system.27 Consequently, the substitution of Ir4+

for Co ions in both subsystems can be considered as “elec-
tron-doping” like and can introduce additional electrons into
the system, which will decrease the relative concentration of

Co4+ ions and increase that of Co2+. Thus, n300K decreases
monotonously with increasing x as shown in the inset of
Fig. 4. Moreover, the scattering for carriers enhances due to
the enhanced disorder effect induced by Ir doping with a lar-
ger ionic radius in the conductive CoO2 layers, which leads
to the decrease in the room-temperature carrier mobility
l300K, especially for the x = 0.4 sample as plotted in the inset
of Fig. 4. The combined effect of the decreased n300K and
l300K results in the gradual increase in q300K according to
equation28: q�1 = nel via Ir doping.

(3) Thermoelectric Properties
The main panel of Fig. 5 shows the temperature dependence
of the thermopower S(T) for Ca3Co4�xIrxO9 (x = 0, 0.1, 0.2,
0.3, and 0.4) samples. The positive value of S demonstrates
the majority of the charge carriers are hole-type. In addition,
all S(T) curves strongly depend on T below 150 K, while
they exhibit a almost T-independent behavior above 200 K.
The Ir doping can boost S considerably in the full investi-
gated-temperature region, especially for the heavy Ir-doping
content. To describe such a phenomenon clearly, the room-
temperature thermopower S300K is plotted in the inset of
Fig. 5 as an example. As x increases, the value of S300K

increases monotonously from 122.6 lV/K (x = 0) to
166.2 lV/K (x = 0.4).

It is well-known that, in the strongly correlated Ca3Co4O9

system, the almost T-independent larger thermopower
at high temperatures can be expressed using the modified
Heikes formula29:

S ¼ � kB
e
ln½g3

g4
ð y

1� y
Þ� (1)

where y is the Co4+ concentration, g3 and g4 are the spin-orbi-
tal degeneracy for Co3+ and Co4+ ions in CoO2 layers. The
X-ray absorption and photoemission spectroscopy studies have
already shown that, in an undoped Ca3Co4O9 sample, both
Co3+ and Co4+ ions are in the low-spin (LS) states below
~350 K, g3 and g4 are 1 and 6, respectively.30,31 From the
analysis of both the resistive and magnetic data, the spin-state
transition may not occur in the temperature range below
~350 K for these Ir-doped samples. Thus, for all studied
samples, the LS states of both Co3+ and Co4+ ions are
considered to be stable, and the spin-orbital degeneracy g3
and g4 keep 1 and 6 in these Ir-doped samples, respectively.
Accordingly, the enhanced S is driven by the variation in the

Fig. 3. Temperature dependence of resistivity q(T) for
Ca3Co4�xIrxO9 (x = 0, 0.1, 0.2, 0.3, and 0.4), here the arrow denotes
the metal-insulator transition temperature Tmin, the inset shows the
Tmin and the room-temperature resistivity q300K as functions of
Ir-doping content x.

Fig. 4. Plots of lnq against T�1 with the fitted lines for
Ca3Co4�xIrxO9 (x = 0, 0.1, 0.2, 0.3, and 0.4), the inset shows the
room-temperature carrier concentration n300K and mobility l300K as
functions of Ir-doping content x.

Fig. 5. Temperature dependences of thermopower S(T) for
Ca3Co4�xIrxO9 (x = 0, 0.1, 0.2, 0.3, and 0.4), the inset shows the
room-temperature thermopower S300K and the calculated Co4+

concentration y as functions of Ir-doping level x.

March 2014 Thermoelectric Performance 801



concentration of Co4+ ions y according to Heikes formula.
Based on the measured S, the value of y can be calculated and
the results are shown in the inset of Fig. 5 as a function of Ir-
doping level x. As x increases, the magnitude of y decreases
monotonously, which are in agreement with the analysis of the
carrier concentration estimated by Hall measurements.

Figure 6(a) shows the temperature dependence of the ther-
mal conductivity j for Ca3Co4�xIrxO9 (x = 0, 0.1, 0.2, 0.3,
and 0.4) samples. All samples show a similar j(T) behavior
while j decreases obviously via Ir doping. In general, the
thermal conductivity in a material can be expressed by the
sum of the phonon thermal conductivity jph and the carrier
thermal conductivity jch as32:j = jph + jch. The doped Ir
ions with a larger ionic radius in the conductive CoO2 layers
can cause the disorder and the structural distortion as a
point defect, and the induced lattice disharmony will scatter
phonons and carriers. So the phonon and carrier transports
will be suppressed and thus j decrease obviously for the
Ir-doped samples. The quantitative description of the thermal
conductivity change can be seen clearly in Fig. 6(c), where
the Ir-doping content dependence of the room-temperature
thermal conductivity j300K is plotted as an example.

Using the measured q, S, and j, we can calculate the
dimensionless TE figure of merit ZT (=S2T/qj). The ZT
value as a function of temperature for Ca3Co4�xIrxO9

(x = 0, 0.1, 0.2, 0.3, and 0.4) samples is shown in Fig. 6(b).
It can be seen that the value of ZT increases first and then
decreases with increasing x. The ZT value of Ca3Co3.9Ir0.1O9

at room temperature reaches 0.0086, which is about 37%
larger than that of Ca3Co4O9 as shown in Fig. 6(d). The
result shows that a proper Ir doping may be an effective
route to improve the TE performance of Ca3Co4O9 system.

(4) Magnetic Properties
The magnetic measurements of Ca3Co4�xIrxO9 (x = 0, 0.1,
0.2, 0.3, and 0.4) samples were performed under zero-

field-cooling (ZFC) and field-cooling (FC) modes at an
applied magnetic field of 0.1 T. Both ZFC and FC suscepti-
bility curves v(T) for the x = 0.2 sample are shown in the
main panel of Fig. 7(b) as an example. The FC v(T) of all
samples shows a Curie–Weiss paramagnetic behavior in the
high-temperature range. As temperature decreases to ~19 K,
FC v(T) increases sharply, which is suggested to originate
from the formation of the FIM state.4,33 The ZFC v(T)
curves are more complicated. In the high-temperature range,
Ir doping does not change the Curie–Weiss-like magnetic
behavior of v(T). However, as temperature decreases, there
exists a distinctive separation between FC and ZFC v(T)
curves. ZFC v(T) increases continually and reaches a maxi-
mum at a certain temperature (defined as the freezing tem-
perature Tf), and then decreases rapidly in a limited
temperature range of Td < T < Tf. As the temperature
decreases further, ZFC v(T) increases again. That is to say,
there exist a cusp at Tf and a valley at Td in the ZFC v(T)
curves for all samples. Similar magnetic behavior is also
observed in Ca3Co4�xTixO9

15 and Ca3Co4�xCuxO9
17 single

crystals, which is usually considered to originate from the
appearance of the spin-glass (SG) or cluster-glass state
due to the competition between ferromagnetic (FM) and
antiferromagnetic (AFM) exchange interactions.

Indeed, in Ca3Co4O9 system, FIM interaction is the inter-
layer coupling interaction between Ca2CoO3 and CoO2 lay-
ers, and both AFM and FM interactions are found within
CoO2 layers.11 The glass state may be related to be the com-
petition between FM and AFM exchange interactions within
CoO2 layers. As shown in the left insets of Fig. 7(b), FC sus-
ceptibility v5K at 5 K decreases obviously with increasing x,
indicating the low-temperature FIM state can be well sup-
pressed by Ir doping, which can also be further proved by
the result of the magnetic-field-dependent magnetization M
(H) curves as shown in Fig. 7(a), where the data of the x = 0
and 0.3 samples are shown for examples. For the undoped
sample, its M(H) curve exhibits a clear hysteresis loop,

(a) (b)

(c) (d)

Fig. 6. Temperature dependences of (a) the thermal conductivity j(T) and (b) the dimensionless TE figure of merit ZT(T) for Ca3Co4-xIrxO9

(x = 0, 0.1, 0.2, 0.3, and 0.4); the room temperature (c) thermal conductivity j300K and (d) thermoelectric figure of merit ZT300K as functions of
Ir-doping level x.
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whereas the hysteresis phenomenon is weakened obviously
for all Ir-doped samples. The coercive field Hc decreases
monotonously from 10.76 kOe for the x = 0 sample to
0.07 kOe for the x = 0.4 sample, indicating that the FIM
interaction in this system has indeed been well suppressed by
Ir doping. From the left inset of Fig. 7(b), one can also see
that the value of Tf increases with increasing x. We per-
formed the ZFC and FC v(T) curves under the higher mag-
netic field H of 0.5, 1, 3, and 4.5 T for Ca3Co3.7Ir0.3O9 and
the result is shown in the right inset of Fig. 7(b). With
increasing H, the cusp around Tf in the ZFC v(T) curve
diminishes gradually and the value of Tf decreases monoto-
nously, indicating the melting of the glass state.

To analyze quantitatively the effect of Ir doping on the
magnetic properties, we try to fit the temperature dependence
of the inverse FC susceptibility v, i.e., v�1(T) according to
the Curie–Weiss law: v�1(T) = 3kB(T � h)N0

�1leff
�2, where

h, N0, and leff are Weiss temperature, Avogadro’s constant,
and effective magnetic moment, respectively.14,15 The
obtained fitting parameters h and leff are also plotted in the
left inset of Fig. 7(b) against Ir-doping level x. In general,
both Co3+ (LS, s = 0, leff = 0 lB) and Co4+ (LS, s = 1/2,
leff = 1.73 lB) ions are in the LS state and Co2+ (HS, s = 3/
2, leff = 3.87 lB) ions are in the high-spin (HS) state in
Ca3Co4O9 system at low temperatures.34 Here, s is the quan-
tum number of spin. The substitution of magnetic Ir4+ (LS,
s = 1/2, leff = 1.73 lB) may decrease the relative concentra-
tion of Co4+ ions and increase that of Co2+ as discussed
above. As a result, the average s and leff increase as shown
in the left inset of Fig. 7(b). As reported previously, superex-
change and double exchange interactions coexist between

Co3+ and Co4+ ions in Ca3Co4O9 system.14 The existence of
AFM superexchange interaction at low temperatures in
CoO2 layers can be testified by the negative of h in all stud-
ied samples. When partial Co ions are doped by Ir4+, the
absolute value of h increases, indicating the reinforcement of
the AFM superexchange interaction, which may lead to the
enhancement of competition between FM and AFM
exchanges within CoO2 layers. It may be the reason that
glass state appears at low temperatures and Tf increases with
increasing x.

IV. Conclusion

In summary, the effects of Ir doping on the structural, elec-
trical transport, thermal transport, and magnetic properties
of Ca3Co4�xIrxO9 (x = 0, 0.1, 0.2, 0.3, and 0.4) samples have
been investigated systematically. Based on the analysis of
XPS data, the valence state of the doped Ir ions is suggested
to be +4. As Ir ions are doped into system, the resistivity and
the MIT temperature increase monotonously with increasing
x till to 0.3. The results indicate that Ir substitution with a
larger ionic radius can enhance the carrier localization and
result in more stable SDW state. For the x = 0.4 sample, the
MIT disappears. The thermopower increases monotonously
with increasing x due to the considerably decreased concen-
tration of Co4+ ions. The room-temperature thermopower
S300K for the x = 0.4 sample reaches 166.2 lV/K, which is
36% larger than that of the undoped sample. The ZT value
increases first and then decreases monotonously with increas-
ing x. The maximal room-temperature ZT value for
Ca3Co3.9Ir0.1O9 reaches 0.0086, which is about 37% larger

(a)

(b)

Fig. 7. (a) Relationship between M and H at 5 K for the x = 0 and 0.3 samples. (b) zero-field-cooling and field-cooling (FC) magnetic
susceptibilities v(T) as functions of temperature for the x = 0.2 sample, the left insets show the FC susceptibility at 5 K v5K, the freezing
temperature Tf, the effective magnetic moment leff, and the Weiss temperature h as functions of Ir-doping content x, the right inset shows the
freezing temperature Tf as a function of the applied magnetic field H for Ca3Co3.7Ir0.3O9.
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than that of Ca3Co4O9. At the same time, Ir doping sup-
presses the low-temperature FIM state and also introduces a
SG behavior at low temperatures.
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