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Abstract

The exploration of the Hg—Sr/Ca—Co—O system using EDS and electron microscopy has shown the possibility to incorporate
mercury and excess cobalt in the middle rock salt layer of the misfit cobaltite structure, leading to the new series
[Hgl,xCoxSrz,yCayO3]RS[COOQ]Z,1/1,2 with 0.6<x<0.90, 0<y<2, and b,/b, ranging from 1.63 to 1.79. These new composite
oxides, built up from [CoO,], layers of the CdI,-type stacked with triple [Hg,_,Co.Sr,_,Ca,O3]. rock salt layers are remarkable by
their large thermopower S values similarly to the thallium and lead misfit cobaltites. More importantly, the S value is sensitive to the
composition of the triple rock salt layer, increasing as the calcium content increases, so that an enhancement of the figure of merit of

the pure calcium compound is expected.
© 2002 Elsevier Science (USA). All rights reserved.

1. Introduction

Oxides represent a huge source for the generation of
new properties as shown with the discovery of super-
conductivity at high temperature in cuprates and more
recently of colossal magnetoresistance in manganites. In
this respect cobalt-based oxides are also promising
candidates as thermoelectric materials as shown by the
report of a large thermopower value in the metallic
oxide NaCo,Oy4 [1]. More recently, very similar thermo-
electric properties were found in the metallic misfit
cobaltite Ca3Co409 [2-4]. The latter, stable in air at high
temperature, has been used in an all-oxide thermo-
electric power generator operating at 773°C [5], demon-
strating the potentiality of metal oxides as
thermoelectric materials for high-temperature applica-
tions. The Ca;Co409 compound, also formulated
[CoCarO;]R[Co0,]; 4> to show the misfit character of
its structure, can be described as a 2D triangular Co
sheets of the CdI,-type containing edge-shared CoOg
octahedra, separated by triple rock salt-type [CoCa»O5] .,
layers [3,4,6]. The large thermopower Seebeck (S) values
of NaCo,04 and Ca3;Co0409, ranging from S = 100 to
120 uVK ™', might be ascribed to the low spin state
configurations of trivalent and tetravalent cobalt cations
that form the 2D triangular lattice [7]. Such results have
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intensified the research in cobaltites in order to improve
their thermoelectric properties and realize some devices
operating at 7>300K. In parallel to the compounds
derived from Ca;Co40, other systems associated with
the substitution of calcium for strontium have been
investigated and some misfit stackings have been
observed in the TIl-Sr/Ca—Co-O [8,9] and Pb-Sr/Ca—
Co—O [10,11] systems. In those systems, the influence of
the composition of the rock salt-type layers on the
thermopower is emphasized by the significant enhance-
ment of the RT thermopower with the highest value of
1651V K" in [Pby 4Coy ¢Ca,05]*°[C00,]; 6 [11] and by
the regular increase of the S value, from 120 to
165uV K ™! as the calcium content increases, observed
in the lead-based misfit cobaltites.

Considering the similarity of the [AO] layers belong-
ing to the rock salt-type block, in the 2D structures of
both cuprate and misfit cobaltite, it turns out that
mercury is also a potential candidate to build new
cobaltites by introducing Hg at the level of rock salt-
type layers as in superconducting cuprates [12]. We
report herein on a new series of misfit cobaltites with
nominal compositions Hg;_,Sr,_,Ca,Co; g, with
0.60<x<0.90 and 0<y<2. From electron microscopy
and EDS observations we determine the actual formula
and structural parameters of these oxides. We show that
these misfit oxides exhibit high thermopower values but,
more importantly, that the substitution of calcium for
strontium increases the thermopower while resistivity
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only slightly increases, suggesting an enhancement of the
figure of merit for the pure calcium phase compared to
strontium.

2. Experimental

The synthesis of polycrystalline samples is derived
from the method used in the case of Pb-based misfit
cobaltites [10,11]. Stoichiometric amounts of oxides and
peroxides, HgO, SrO,, CaO and Cos;0,4 are weighted
according to the nominal cation composition
Hg;, ,Sr,_,Ca,Co,4 with y varying from 0 to 2. A
large oxygen partial pressure is necessary to obtain
nearly pure samples. So an excess of mercury oxide
with regard to the generic misfit formula
[(Hg1,xCox)(Srz,yCay)OﬂRS[COOQ]1_g is intentionally
introduced to keep a nominal oxygen stoichiometry
close to 8. Then the oxides are mixed and pressed in the
form of bars. The samples are placed in silica tubes
sealed under vacuum with approximately 0.8 g of sample
for a volume of 3cm® in the tube. The samples are
heated up to 900°C with a heating rate of 150°Ch™",
maintained at this temperature for 12h and cooled
down to room temperature at the same cooling rate.
Black ceramic bars are obtained and some mercury
metal droplets are systematically observed in the tubes.

The electron diffraction (ED) studies are carried out
using a JEOL 200CX microscope fitted with an
eucentric goniometer (+60°) while the high-resolution
electron microscopy (HREM) images are recorded with
a TOPCON 02B operating at 200 kV and having a point
resolution of 1.8 A (Cs=0.4 mm). Both microscopes are
equipped with KEVEX EDS analyzers. The interpreta-
tion of experimental images is performed from HREM
image simulations calculated with the Mac-Tempas
multislice software. The actual cation ratio is deter-
mined from energy dispersive spectroscopy (EDS)
analyses carried out on numerous crystallites.

X-ray diffraction data are collected at room tempera-
ture using a XpertPro Philips vertical diffractometer
working with the CuKo radiation and equipped with a
secondary graphite monochromator. Data collection is
carried out by continuous scanning (step=0.02° (20),
preset=10s) over an angular range 10°<20<80°.
Lattice constants and structural calculations were
refined by the Rietveld method using the computer
program JANA2000 [13].

The magnetic properties are studied using a SQUID
magnetometer (ac and dc; 0-5T; 1.8-400 K). Resistance
data as a function of temperature (1.8-400K) or
magnetic field (0-7T) are collected with a quantum
design physical properties measurement system (PPMS)
by the four-probe technique. Current and voltage
indium contacts are ultrasonically deposited on the
sintered bars (typically 2 x 2 x 10mm?). A steady-state

method is used to measure the Seebeck effect (S) in the
PPMS with high-temperature limit fixed at 320 K by the
calibration range of the temperature sensors.

3. Results and discussion
3.1. Composition and structural characteristics

Due to the thermal decomposition of HgO and
mercury volatilization, the actual composition of the
different samples is systematically different from the
nominal one, and depends on the synthesis conditions,
especially on the partial oxygen pressure and the
temperature. For these reasons, a systematic cationic
analysis by EDS, coupled with an electron diffraction
(ED) characterization is absolutely necessary for each
sample and must be carried out each time on numerous
microcrystals (i.e. about 20 for each sample) in order to
test the homogeneity. From these observations we have
determined that the misfit-type structure is obtained as a
nearly pure phase (minor phases, such as SrHgO, or
HgO, have also been detected) in the powder samples
for the global compositions Hg,_,Sr,_,Ca,Co, g1 , with
x ranging from 0.6 to 0.9 as y increases from y = 0 to 2.
The corresponding actual cationic compositions ob-
tained by EDS for four significant samples—pure
strontium, pure calcium, and two intermediate composi-
tions—are given in Table 1. They show that the actual
mercury content is much smaller than the nominal one,
as expected, but the content of other cations (Co, Ca, Sr)
is preserved.

The powder X-ray diffraction data of these oxides
confirms the analogy of those samples with the T1-Sr/
Ca—Co-0O and Pb—Sr/Ca—Co—O misfit cobaltites [8—11].
The lattice parameters of the four above compositions
are listed in Table 1. They have been obtained from
profile refinements performed in a 4D formalism, taking
into account the composite character of the misfit
structure. The original structural model, derived
from the homologous misfit cobaltites [CoCa,O5]RS
[CoOalpi/pa=-1.62 [3.4.6] and  [(Pbg;Coq3)Sr205]"
[CoOslp1/p2=1.5 [10] is indeed composed of two subcells—
the first one S| related to triple [AO] rock salt layers and
the second one S, related to a Cdl,-type structure. These
two subcells coexist through a common monoclinic
plane (a, ¢, f) and the C2/m (1d0)s0 super space group
whereas the misfit component is ascribed to the ratio b/b-.
A view of this structural model is shown in Fig. I.

The evolution of the cell parameters (Fig. 2) evidences
a continuous decrease of the b,/b, ratio as calcium
substitutes for strontium while the mercury content and
the ¢ stacking parameter decrease. This evolution
corroborates the analysis of ED[001] oriented patterns
in which a decrease of the b;/b, ratio can also be
observed and is in agreement with the isovalent
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Table 1

Hgl_xsrlfycaycobl/b2+x

Nominal compositions Cationic compositions (EDS) x » a(A) b (A) c(A) B (deg) b1/bs
Hgy 6Sr2Co5 4 Hg 30S1r,Co05.37 0.61 0 4.936(1) 5.019(1) 11.425(2) 97.93(1) 1.791(1)
Hg; (SrCaCo, 3 Hgp 37S10.93Ca; 07C02.67 0.63 1.07 4.882(3) 4.791(2) 11.183(7) 97.94(4) 1.699(3)
ngilsro_SCal _5C0243 HgO.Qqu().GCa]ACOZAZ 0.71 1.4 4873(2) 4686(2) 11 026(6) 9807(3) 1 670(2)
Hg, CarCoy 3 Hgp.09Ca>Cos 5 0.91 2 4.842(1) 4.595(1) 10.904(2) 98.08(3) 1.632(1)
Ref. [3] Ca3C04=Ca,Co5 47 1 2 4.837(1) 4.556(1) 10.833(1) 98.06(1) 1.616(1)

triple RS layer

CoO, layer

Fig. 1. Structural model of the [AO];{S[COOZ]Z,I/Z,2 misfit cobaltite.

substitution of strontium for smaller alkaline earth.
Note that the same behavior has been observed in the
TI-Sr/Ca—Co-O [8] and Pb-Sr/Ca—Co-O [10,11] misfit
cobaltites with the decrease of the thallium or lead
content as calcium is introduced. In the case of lead-
based misfit cobaltites the proposed model, namely
[Pbo.7«C0g .3+ «(S1,Ca)203]%[C00,]1 2, includes co-
balt species in the S; rock salt-type subcell. Moreover
the lead and cobalt contents in the latter subcell seem to
be related. This is shown in Table 2 where the analytical
results obtained for Tlyg_ (Sr,Ca),Co,O¢+s [8] and
Hgg 4 (Sr,Ca),Co,40¢+ s misfit series are also re-
ported. Taking into account the global cationic compo-
sitions deduced from the EDS analyses and considering
the same model for the three studied systems, the
experimental b;/b, ratio indeed tends to decrease as
cobalt species replaces thallium or lead or mercury.
Nevertheless, no general trend can be proposed be-
tween the evolution of this misfit b;/b, ratio, the
lattice parameters and the excess of cobalt sitting in S|
subcell. This can be illustrated by the structural be-
havior reported for the misfit TI,Sr,CosO¢4 ;s
cobaltites, which formula can be rewritten as
[T1,Co,Sr3_, ,03]"[C0O0,]s1 /2 [9]. For the latter, the
Co content y decreases from 0.33 to 0.03 as the TI
content x increases from 0.76 to 1.18. In contrast to the
behavior observed in the case of Hg-series, the c-axis
increases from 11.6 to 11.7 A as the b1/b, ratio decreases
from 1.8 to 1.76. Thus the various mismatches between
the two sublattices, S; and S,, in these misfit cobaltites
cannot be simply ascribed to the content of either post-
transition or cobalt species inside the rock salt-type
sublattice. By considering the synthesis conditions

(oxygen pressure in the tube), it is also unlikely that
an oxygen defiency is responsible for this structural
evolution. It turns out that the different mismatch
values, characterized by the b,/b, ratios, are governed by
the whole cationic composition and average steric
environment of the rock salt-type sublattice. This
feature is perfectly illustrated by the comparison of
the [Pbg4C006Car05]**[C00,]; 61 and [Hgo39C0gs7
S1,0;]R%[C00,], 79 oxides. They exhibit some different
experimental b;/b, ratios whereas the same excess of
cobalt sitting in rock salt subcell can be deduced from
EDS analyses (Table 2). It is clearly the very different
jonic radii of Sr*" and Ca®" that makes the variation of
the b,/b, ratio.

3.2. HREM investigations

In order to understand the cationic distribution inside
the rock salt layers, and especially to evidence the
possible location of mercury and cobalt excess in the
middle layer, a HREM study has been carried out in
the pure strontium [Hg0,4C00_6Sr203]RS[Cooz]1_8 misfit
cobaltite.

As previously reported in [CoCa>O5]R5[C00,]; ¢ [3.6]
and the lead-based misfit cobaltites [10,11], the experi-
mental [100] or [010] oriented images clearly show a
periodic stacking of four specific layers along the c-axis.
The analysis of the contrasts shows a stacking of a block
of three similar rows of dots interleaved by a single row
of more and less diffuse spots. The HREM images,
shown in Fig. 3 illustrate these observations which allow
to correlate the contrasts to a regular stacking of triple
rock salt-type layers with single [CoO»] layers.
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Table 2
Cationic compositions (EDS) by/by x M (Pb,T1,Hg) y Co [AO]?S[COOZ]bI,/bz

Refs. [10,11] Pbg ;Sr,Co; 4 1.79 0.69 0.31 [Pbo_(,gCO()_g,1Sf203]RS[C002]1_79
Pbo.63(Sr1.47Ca0.53)C02.37 1.75 0.6 0.50 [Pbo.6Coo.55r .4C30.503]RS[C002]1.75
Pbo.74(Sr1.05Ca0.95)C02.22 1.71 0.7 0.40 [Pbo.7C00.4srC’do.9O3]RS[Cooz]1.71
Pbo.66(Sr0.67Ca1.33)C02.52 1.67 0.6 0.60 [Pb046C00.6sr0.6C31.203]RS[COOZ]1.67
Pbg.4CayCos» 1.61 0.4 0.59 [Pb0_4C00_6Ca203]RS[Cooz]1_61

This work Hg 3081,C05 37 1.79 0.39 0.57 [Hgo.30C00.5751205]*5[C00,] 79
Hego.37570.93Ca1.07C02.67 1.70 0.35 0.77 [Hgo_35C00_77Sr0_87Ca0_9903]RS[COOZ]1_70
Hgp.20510.6Ca1.4C02.42 1.67 0.29 0.72 [Hgo.29C00.725T0.59C31.3803]RS[C002]1A66
Hgp.00CaxCoy 51 1.63 0.09 0.88 [Hgo.09C00.xxC32.0303]RS[COOZ]1.63

Ref. [8] TlotgzsI‘zCOz 1.79 0.81 0.20 [TIOOg]COO.QSI‘].9903]RS[C002]].79
Tlo.60(Sr1.45Ca0.52)C02.09 1.76 0.69 0.34 [T10.69C00.34sr1.45C30.5203]RS[C002] 1.76
Tlo.63(Sr0.99Ca0.99)C0s.1 1.72 0.62 0.37 [T10A62C00A37STC303]RS[C002]1A72
Tlo.50(Sto.49Ca1.50)C02.19 1.69 0.5 0.50 [Tlp.5Coq 581 5Ca; .503]RS[C002]1.69
Tlp.33CaxCo3.25 1.64 0.38 0.61 [T10.38C00.61CaZOB]RS[COOZ]1.64

Ref. [9] T]()_7(,SI'2C02_12 1.79 0.76 0.33 [T10_7(,C00_335r203]RS[COOQ]|_7g
Tl; 08S12C02.02 1.78 1.01 0.11 [T11.01Cop.1 1SY1A8803]RS[C002]1A78
Tl.328r2Co2, 1.76 1.18 0.03 [T11.18C00.03sr1.7803]RS[C002]1.76

Refs. [3,4,6] Ca;C0,=Ca,Co,¢7 1.62 - 1.0 [CoCa,y04]*%[C00,], 6
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Fig. 3. Experimental [100] oriented HREM images of [Hgg4Coq¢
S1,05]%5[C00,]; 7 misfit cobaltite recorded with a defocus value close

o

to 50 A. Corresponding electron diffraction pattern is inserted.

The rock salt nature of the [Hgg 4Cog ¢Sr,03],, layers
is also confirmed by the [110];; HREM image (Fig. 4) in
which the defocus value, close to —500 A, images the
zones of high electron densities as bright dots. One
indeed observes triple rows of staggered bright dots
spaced by 3.6 A along [110],,, corresponding to the triple
rock salt layers, separated along ¢ by single rows of
diffuse gray dots corresponding to the [CoO»]., layers.
From the HREM observations and experimental
defocus values studied, the image contrasts of each rock
salt-type layers are rather homogeneous suggesting a
random distribution of cations within these layers. This
great ability of rock salt layers to accommodate
simultaneously numerous cations is not particular to
the misfit cobaltites. It has indeed been observed in the
cuprates and cobaltites forming intergrowths between
the rock salt and the perovskite structures with a
random or ordered cation distribution as shown in the
1201-type cobaltite (T1,Sr)-1201 [14] or ordered (Bi,Sr)-
1201 [15]. However, the comparison of contrasts
ascribed to triple rock salt-type layers (Figs. 3 and 4)
versus the defocus value allows to foresee a preferential
occupation of the middle rock salt layer also suggested
by the different cationic compositions, especially the
sum x+y (Table 2). To confirm this structural feature,
the same [110];; oriented crystal (Fig.4) has been
recorded with different focus values. These successive
HREM images are shown in Fig. 5. The image contrasts
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Fig. 4. Experimental [110],; oriented HREM image of [Hgy4Cog¢
S1,05]%5[C00,]; 79 misfit cobaltite. Corresponding electron diffraction
pattern is inserted.

are interpreted by comparing these experimental images
with those previously reported in mixed layered cobalt-
based oxides and those simulated from atomic positions
and occupancy sites refined in a 3D commensurate Cm
supercell (b/b, = 1.8 =9/5) [3,6]. This work allows
again to observe without ambiguity the triple rock salt-
type layers regularly spaced by a [CoO;] layer. Although
the strong lamellar character of these materials disturbs
the comparison between the three [AO] layers, for small
areas the middle [AO] layer exhibits a different contrast
from the two others. This observation, illustrated by the
enlarged Fig. 5a in which cationic rows are imaged as
bright dots (the defocus value is estimated close to 50 A),
suggests a preferential filling of this layer by mercury
and cobalt species. The structural refinements consider-
ing such a cation distribution, i.e. close to 40% Hg
and 60% Co in the middle layer, lead to a reliability
factor Ripgensity close to 0.09. This distribution is
compatible with the mercury (II) which adopts
usually a dumb-bell coordination (two short apical
distances close to 21&) like observed, from neutron
diffraction data, in the homologous mixed rock salt-
type [(Hgo.sMy 5)O] (M = Cr) layers of the supercon-
ducting cuprates [12]. Next, simulated images have
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Fig. 5. Focus values series recorded on the same [1 10],; oriented zone: Aﬂf =50A (a), —250A (b), —350A (c), and —500A (d), respectively. The
corresponding simulated contrasts calculated with a thickness close to 36 A are inserted.

been calculated from these positions and occupations
considering a crystal thickness of 36 A with a defocus
value ranging from 100 to —900 A. The calculated
contrasts inserted in Fig.5 fit well our different
experimental HREM images and validate the structural
model.

In contrast to the HREM images reported in the other
layered cobalt-based oxides, such as (Bi,Sr)-1201-type
cobaltites [15], few ordering mechanisms or extended
stacking faults have been detected. However, some tiny
disordered zones (about 200A%) are locally observed
(labelled 1 and 2 in Fig. 5). From the Fourier calcula-
tions (FFT) of these zones, most of the resulting
patterns appear slightly disoriented (label 1) in agree-
ment with the strong lamellar character of these layered
structures. In places these defects can be ascribed to a
stacking fault (label 2).

3.3. Transport properties

The resistivity curves of the four investigated samples
are displayed in Fig. 6. The Ca free sample (curve a)
exhibits a metallic behavior for 7>30K and the room
temperature resistivity is small, close to 50 mQ cm, as for
the Tl family or Pb family of misfits. At low
temperature, p increases as 7" decreases but the increase
is very small as psk is only 30 mQcm. The influence of
Ca 1is first to increase p in the whole range of
temperature: for example, p3gox 1S close to 100 mQcm
for Hgp29Sr9.6Ca; 4Cos4> (curve c¢) and a strong
localization is observed in this sample for T<140K,
psk reaching 40 Q cm. When Sr is completely substituted
by Ca, the resistivity (curve d) decreases again in the
whole temperature range, with a smaller localized
behavior below 100K as pskx increases only to
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Fig. 7. T dependence of the thermopower (Seebeck S) for the pure
Sr (Hg/Sr/Co/O) and pure Ca (Hg/Ca/Co/O) misfit cobaltites.

0.7Qcm, and with the smallest room temperature
resistivity of the whole family p3gox =40mQcm for
Hgp 00CaxCoy 51.

The thermopower S of the end members
([Hgo.30C00 5781,05]%*[C005]1 70 and  [Hgg.00Cop 55
Ca, 0305]%5[C00,]; 3 oxides) is shown in Fig. 7. The
room temperature S value increases from + 115V K™
for the Ca free sample to + 130V K™ for the Sr free
sample.

The Ca substitution is thus an effective method to
improve the thermopower of these Hg-based misfits.
Similar results were obtained in the Pb family [11]: S can
be increased from +120puVK ™" for [Pby-Cog3Sr,05]
[C002]1A79 to +165 ]ylV K71 for [Pb0A4C00_6C3203]
[CoOs]i 1. For this family, it has been shown that the

Ca substitution is not the only factor responsible for the
improvement of S, and that the presence of Pb in the
RS-type layers was necessary to reach large S value. In
the Hg family, the substitution of Sr by Ca is also not
the only parameter which governs S and p. Indeed, as
Ca is introduced, the Hg content simultaneously
decreases in the RS-type layer and is drastically reduced
to 0.09 for the Sr free sample. This can explain the only
moderate impact on the S value and the non-monotonic
evolution of p with Ca content: p first continuously
increases as the Sr content decreases (curves a—c in
Fig. 6) with an almost constant Hg content, then p
decreases again for the Sr free compound (curve d in
Fig. 6).

This suggests that the Ca substitution is beneficial for
the power factor S?/p: first S increases when going from
the Sr sample to the Ca sample, and second the
detrimental increase of p when Ca is partially sub-
stituted for Sr is completely suppressed for the Sr free
sample Hgj y9Ca»Co5 51, the room temperature resistiv-
ity being the smallest for this compound. At the present
time, there exists only one quantitative and single model
to correlate the S variation to the oxidation state of the
cobalt species lying in the [CoO,] conducting layer [16].
This model, based on the generalized Heikes formula,
leads to the following expression:

1 1 1
S= 86.21n{61 _X}(MVK ),
where x is the fraction of holes, x=Co*" /Co, sitting on
the cobalt sites.

By using this formula with the S values found for
the pure Sr and Ca mercury-based cobaltites,
Syox=+115pVK ™! and Sypox=+130pVK™!, the
average Co oxidation state values are obtained,

co=3.61 and V,=3.57, respectively. This demon-
strates that only a small change of the cobalt mixed
valence can be responsible for a significant S increase.
This shows also that a decrease of the formal valence of
cobalt in the [CoO,] layer is beneficial to the thermo-
power.

4. Conclusion

Introducing Hg cations in the form of a mixed
[(Hg,Co)OJ®® layer sandwiched between two [SrO]RS
has allowed us to prepare a new series of the misfit
cobaltites [Hgl_xCoxSrz_yCayOﬂRS[COOZ],,1/,,2 charac-
terized by the intergrowth of three rock salt-type layers
with one CdI,-type [CoO,] layer. Furthemore, the
complete substitution of Ca for Sr in the cobaltite is
found to affect significantly the mismatch b,/b, between
the two sublattices. Compared to the Tl- and Pb-based
isostructural cobaltites, the Hg content cannot exceed
40% of the middle rock salt-type layer whereas it can
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reach 70% and 100% for Pb- and TIl-misfit cobaltites,
respectively. This outlines the mixed nature of the
mercury-based layer that was previously found in the
superconducting cuprates. These new cobaltites exhibit
large thermopower values at room temperature together
with low resistivity values. These compounds would
certainly deserve further measurements at higher tem-
peratures to check their stability in air and measure their
figure of merit.
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