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a  b  s  t  r  a  c  t

Single  phase  Ca1−xSrxRuO3 (x  =  0–1.0)  powders  were  synthesized  by  a  solid-state  reaction  and  compacted
by  spark  plasma  sintering.  The  a-length  of the  lattice  parameter  showed  a slight  minimum  around  x  =  0.6,
whereas  the  b-length,  c-length  and  the  unit  cell volume  increased  continuously  with  increasing  x from  0  to
1.0,  indicating  a solid  solution  in the  whole  range.  The  relative  density  of  Ca1−xSrxRuO3 compacted  bodies
increased  from  75  to 95%  with  increasing  x from  0 to 1.0.  The  electrical  conductivity  (�)  at  x =  0.1–0.9  was
eywords:
hermoelectric material
trontium ruthenate
alcium ruthenate
olid solution

higher  than  those  of the  end  members  (CaRuO3 and  SrRuO3) except  for that  at x =  0.5,  and  showed  metal-
lic  conduction  at all  compositions.  The  Seebeck  coefficient  (S) was  30–40  �V K−1,  almost  independent
of  composition  and  temperature.  The  thermal  conductivity  (�)  was  2–3  W  m−1 K−1 at  room  temperature
and  increased  with  increasing  temperature.  The  �  showed  the  lowest  values  at  x  =  0.2  in  the  whole  tem-
perature  range.  The  dimensionless  figure-of-merit  (ZT)  at  x =  0.1–0.9  was  higher  than  those  of  the  end

 was  
park plasma sintering members.  The  highest  ZT

. Introduction

Perovskite-type alkaline-earth metal ruthenium oxides, ARuO3
A = Ca, Sr and Ba) compounds, show high metallic electrical con-
uctivity associated with d-electrons from the three-dimensional
etwork corner-sharing RuO6 octahedra [1].  CaRuO3 and SrRuO3
re known to be excellent electrical conductors and have been
pplied as buffer layers in a superconductor-normal metals-
uperconductor (SNS) Josephson junction [2] and as electrical
onducting pastes [3].  Many efforts have been made to reveal the
hermodynamic stability [4–6] and magnetic properties [7,8] of
aRuO3 and SrRuO3. Recently, we have prepared CaRuO3 [9–11]
nd SrRuO3 [12] compacted bodies by spark plasma sintering
SPS) and reported their structural and thermoelectric properties.
able 1 shows comparison of CaRuO3 and SrRuO3 in crystal struc-
ure and thermal, electrical and thermoelectric properties [9–12].
aRuO3 and SrRuO3 have the same crystal structure, i.e., a dis-
orted orthorhombic GdFeO3 type, and the same space group, i.e.,
nma [13], and were found to show similar behavior of electrical
onductivity (�), thermal conductivity (�) and Seebeck coefficient
S). In both CaRuO3 and SrRuO3, the � decreased with increasing
emperature, showing metallic behavior. The � slightly increased

ith increasing temperature. The S was almost independent of

emperature and composition, around 25–35 �V K−1. However, the
tructure of CaRuO3 is much more distorted than that of SrRuO3
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[13,14],  which may result in the difference of properties. In our pre-
vious study, the lattice parameters of CaRuO3 changed continuously
at RRu/Ca = 0.7–1.0, implying a non-stoichiometric range, whereas
no solid solution was observed in SrRuO3 [10]. Comparison of �
and � values at room temperature showed the � of SrRuO3 single
crystals (5 × 105 S m−1 at room temperature) [15] to be higher than
that of CaRuO3 single crystals (4 × 105 S m−1) [16,17]. The � of an
SPS-compacted SrRuO3 polycrystalline body (3.0 × 105 S m−1) [12]
was  also higher than that of CaRuO3 (2.0 × 105 S m−1) [9].  The � of an
SPS-compacted CaRuO3 polycrystalline body (3.5–4.0 W m−1 K−1)
was  slightly lower than that of SrRuO3 (4.5–6 W m−1 K−1). The high-
est dimensionless figure-of-merit (ZT) of SPS-compacted CaRuO3
and SrRuO3 polycrystalline body showed almost the same value of
0.025 at 1023 and 600 K, respectively.

In order to improve the thermoelectric properties of CaRuO3
and SrRuO3, � should be decreased and � should be increased
simultaneously. Kobayashi et al. have reported that the electrical
conductivity of the substitution at the Sr2+ site by Ca2+ ion, i.e.,
Ca1−xSrxRuO3, was higher than those of the end members (CaRuO3
and SrRuO3). The � of solid solutions is commonly lower than that
of the end members. The magnetic properties of Ca1−xSrxRuO3
solid solution have been investigated so far, showing that SrRuO3
is a ferromagnet with the critical temperature, Tc ∼ 160 K. Upon
(Sr, Ca) substitution, Tc decreases monotonically with increas-
ing Ca concentration and the ferromagnetic order disappears

around Ca0.7Sr0.3RuO3 [18,19].  However, no study on the ther-
mal  conductivity and thermoelectric properties of Ca1−xSrxRuO3
solid solutions has been published so far. In the present study,
Ca1−xSrxRuO3 compounds were synthesized by a solid-state
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Table 1
Comparison of CaRuO3 and SrRuO3 in crystal structure, electrical, thermal and thermoelectric properties.

Crystal structure Lattice parameter (nm) � (S m−1),
300–1100 K

� (W m−1 K−1),
300–1100 K

S (mV K−1),
300–1100 K

ZT,  300–1100 K

CaRuO3 Orthorhombic
Pnma

a = 0.5536 2 × 105–1 × 105 3.5–4.0 30–35 0.015–0.03
b  = 0.7673
c = 0.5364

5–2 × 5
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SrRuO3 Orthorhombic
Pnma

a = 0.5573 3 × 10
b  = 0.7856
c = 0.5538

eaction and compacted by SPS, and the effect of the composi-
ion on the crystal structure, electrical conductivity (�), thermal
onductivity (�), Seebeck coefficient (S) and dimensionless
gure-of-merit (ZT) was investigated.

. Experimental procedures

Ca1−xSrxRuO3 compounds were synthesized by a solid-state reaction using
aCO3 (99.5%), SrCO3 (99.5%) and RuO2 (99.99%) in various molar ratios of x = 0–1.0.
he  powders were pressed into pellets and calcined at 1273 K for 43.2 ks in air by a
onventional electric furnace. After the calcined pellets were crushed, the result-
ng  powder was  compacted by SPS at 1523 K for 0.18 ks in a vacuum at a load
f  80 MPa. The compacted body was cut to 2 mm × 2 mm × 10 mm  for measure-
ent of electrical conductivity and Seebeck coefficient by a d.c. 4-probe method

nd a thermoelectric power (�E)–temperature difference (�T) method, respec-
ively. A disk-shaped specimen 10 mm in diameter and 1 mm in thickness was
mployed to measure thermal conductivity by a laser flash method (ULVAC TC-
000). All measurements were conducted from room temperature (RT) to 1023 K.
he crystal phases were identified by X-ray diffraction (XRD, Rigaku Geigerflex). The
attice parameters were calculated by a least-squares method in which the standard
eviation of d-values was  less than 0.02%. The composition of the specimens was
xamined by electron probe microanalysis (EPMA, JEOL JXA-8621MX). The density
d) was determined by the Archimedes’ method.

. Results and discussion
Fig. 1 shows XRD patterns of SPS-compacted Ca1−xSrxRuO3 bod-
es at x = 0–1.0. CaRuO3 and SrRuO3 in a single phase were obtained
t x = 0 and 1.0, respectively. All specimens at x = 0.1–0.9 were a

Fig. 1. XRD patterns of SPS-compacted Ca1−xSrxRuO3 bodie
10 4.5–6.0 30–35 0.02–0.03

single phase of the solid solution of CaRuO3 and SrRuO3. With
increasing x, the peaks of CaRuO3 shifted continuously to low
angles. Peaks of (2 0 0) and (0 0 2) around 2� = 32◦ of Ca1−xSrxRuO3
disappeared at x > 0.6 since the composition is close to that of
SrRuO3. The experimental results were coincident with the JCPDS
cards of CaRuO3 and SrRuO3.

The composition dependence of the lattice parameters of
Ca1−xSrxRuO3 compacted bodies in the present study was almost
the same as those reported in the literature [14]. With increasing
x, the length of b and c axes increased from 0.7714 to 0.7828 nm
and from 0.5403 to 0.5543 nm,  respectively. However, the length
of the a axis slightly decreased with increasing x up to 0.6 and
then slightly increased. The unit cell volume increased continu-
ously with increasing x. Kobayashi et al. have also reported the same
dependence of lattice parameters vs. x. The continuous change of
the lattice parameters from x = 0 to 1.0 indicated the whole solid
solution range between CaRuO3 and SrRuO3.

Fig. 2 shows the relative densities of Ca1−xSrxRuO3 compacted
bodies. The densities at x < 0.4 were less than 80% of the theoretical
density and increased with increasing x, being 95% at x = 0.9. In our
previous studies, CaRuO3 (about 80% at 1523 K) showed poor sin-
terability as compared with that of SrRuO3 (about 95% at 1523 K)

[20].

Fig. 3 demonstrates the fracture microstructure of Ca1−xSrxRuO3
compacted bodies at x = 0.2, 0.4, 0.6 and 0.9. At x = 0.2–0.6, many
pores were observed (Fig. 3(a)–(c)), whereas the specimen at x = 0.9

s at x = (a) 0, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8 and (f) 1.0.
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Fig. 2. Relative densities of Ca1−xSrxRuO3 compacted bodies by SPS.

ad a dense microstructure (Fig. 3(d)). Grain size increased with
ncreasing x from less than 1 �m at x = 0.2 to 1–2 �m at x = 0.4–0.6

o 1–3 �m at x = 0.9.

Fig. 4(a) presents the temperature dependence of electrical
onductivity (�) of Ca1−xSrxRuO3 compacted bodies. The � at
ll compositions decreased with increasing temperature, showing

Fig. 3. Fracture microstructure of Ca1−xSrxRuO3 compac
 Compounds 523 (2012) 182– 187

metallic conduction [14]. Since the � of CaRuO3 is lower than that
of SrRuO3 due to the more greatly distorted orthorhombic struc-
ture, the � of Ca1−xSrxRuO3 compacted bodies might have been
expected to increase with increasing x. However, the � at x = 0.2 was
the highest and that at x = 0 (CaRuO3) was the lowest. Furthermore,
the � is depended on the relative density, which increased with
increasing x as shown in Fig. 2. The electrical conductivity of fully
dense Ca1−xSrxRuO3 (�c) is compensated by the Maxwell–Eucken’s
equation (1) [21,22],  as shown in Fig. 4(b).

� = �c × 1 − p

1 + ˇp
(1)

where p is the porosity, � the measured electrical conductivity with
porosity (p), and  ̌ the constant number determined by the condi-
tions of the pores. According to the researches by Asamoto et al.
[23] and Biancheria [24], the value of  ̌ is 0.5 for relative density
of 90–100%, 1.0 for 85–90%, 1.4 for 80–85% and 1.6 for 75–80%.
The compensated electrical conductivity of the Ca1−xSrxRuO3 solid
solution is higher than that of CaRuO3 and SrRuO3. The �c of SrRuO3
showed almost the same values with those reported by Maekawa
et al. [25], which decreased from 3 × 105 to 1.4 × 105 S m−1 at
300–1000 K. The �c at x = 0.2 showed the highest values. According
to the study by Kobayashi [14], the average inter-atomic distance
of Ru–O is 0.19905, 0.19892, 0.19913, 0.19964, 0.19920, 0.19936
and 0.19841 nm at x = 0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1.0, respectively.

The Ru–O distance at x = 0.2 is the shortest, except at x = 1.0. Since
the electrical conduct in Ca1−xSrxRuO3 is mainly contributed by the
RuO6 octahedra, the high �c at x = 0.2 might have been caused by
the short Ru–O distance.

ted bodies at x = (a) 0.2, (b) 0.4, (c) 0.6 and (d) 0.9.
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those of the end members in the whole temperature ranges. The
lowest � was  observed at x = 0.2, may  be caused by the highest
porosity. In order to eliminate the effect of porosity on the thermal
conductivity, Maxwell–Eucken’s equation (1),  where � is replaced
ig. 4. Temperature dependence of (a) measured and (b) Maxwell–Eucken’s equa-
ion compensated electrical conductivity of Ca1−xSrxRuO3 compacted bodies.

Fig. 5 depicts the composition dependence of electrical conduc-
ivity of polycrystalline Ca1−xSrxRuO3 compacted bodies at room
emperature in the present study and that reported by Kobayashi
t al. [14] The � at x = 0.1 to 0.4 and 0.6 to 0.9 were higher than
hose of CaRuO3 and SrRuO3. However, the � at x = 0.5 was  interme-
iate between those of CaRuO3 and SrRuO3. This trend was  almost
he same as that reported by Kobayashi et al. [14]; however, the
alues in the present study were 3 to 4 times greater than those
f Kobayashi et al., probably due to higher density by SPS. The

 at x = 0.2 showed the highest values, i.e., 4.7 × 105 S m−1 at RT.
obayashi et al. suggested that the change of � of Ca1−xSrxRuO3
ith x may  be closely related to the crystal structure [14]. In the
nit cell of CaRuO3 and SrRuO3, there are 8 short bonds and 4 long
onds of Ca(Sr) O. Kobayashi et al. reported that the length of the 8
hort bonds may  slightly increase and those of the 4 long bonds may
ignificantly decrease with increasing x. Furthermore, the angle of

u O Ru may  increase with increasing x, indicating that the length
f the Ru O Ru bond may  decrease with increasing x [14]. Such
omplicated behavior of crystal distortion by substitution might
ave caused the non-monotonous change of �.
Fig. 5. Composition dependence of electrical conductivity of Ca1−xSrxRuO3 com-
pacted bodies at room temperature in the present study and that reported by
Kobayashi et al. [14].

Fig. 6 shows the temperature dependence of Seebeck coefficient
(S) of Ca1−xSrxRuO3 compacted bodies. The S for any composition
showed positive values, exhibiting a p-type. The S was  almost inde-
pendent of composition and temperature, around 30–40 �V K−1. In
the literature, the S of CaRuO3 and SrRuO3 was around 35 �V K−1

reported by Annamalai et al. [26] and Maekawa et al. [25], respec-
tively, which is consistent with our results.

Fig. 7(a) shows the temperature dependence of thermal con-
ductivity (�) of Ca1−xSrxRuO3 compacted bodies. The � at any
composition increased from 2.0 to 6.0 W m−1 K−1 with increas-
ing temperature from RT to 1000 K. The � at x = 1.0 (SrRuO3) was
the highest, which is lower than that reported by Maekawa et al.
(6–8 W m−1 K−1 at 300–1200 K) [25]. The � at x = 0.2 was lower than
Fig. 6. Temperature dependence of Seebeck coefficient of Ca1−xSrxRuO3 compacted
bodies.
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ig. 7. Temperature dependence of (a) measured and (b) Maxwell–Eucken’s equa-
ion compensated thermal conductivity of Ca1−xSrxRuO3 compacted bodies.

y �, was applied to calculate the thermal conductivity of fully
ense Ca1−xSrxRuO3 (�c), which is shown in Fig. 7(b). Different from
he lowest � at x = 0.2 in Fig. 7(a), �c shows the lowest value at x = 0.8.
he average inter-atomic distance of Ru–O at x = 0.8 is the largest,
xcept at x = 0.5 [14]. The large inter-atomic distance might have
een related to the lowest �c at x = 0.8.

Fig. 8 shows the temperature dependence of the dimensionless
gure-of-merit (ZT)  of Ca1−xSrxRuO3 compacted bodies calculated

rom equation (2)

T = S2�T

�
(2)

The ZT was almost independent of temperature and compo-
ition. The ZT at all compositions was higher than those of end
embers due to the combination of higher electrical conductiv-

ty and lower thermal conductivity. Due to the highest electrical
onductivity and the lowest thermal conductivity at x = 0.2, fur-

hermore the composition independence of Seebeck coefficient,
he highest ZT was 0.07 at x = 0.2 and 600 K. This value was twice
hose of the end members, i.e., 0.025. Kawano et al. prepared
olid solution of Co3−xRuxOy (0.5 ≤ x ≤ 0.7, y = 3.8–3.9) from Co3O4

[
[
[

Fig. 8. Temperature dependence of dimensionless figure-of-merit (ZT) of
Ca1−xSrxRuO3 compacted bodies.

and RuO2 powders by solid-state reaction at 1173–1273 K in air
[27]. Comparing to Ca1−xSrxRuO3, Co3−xRuxOy had higher Seebeck
coefficient (200 �V K−1 at 300 K) and lower thermal conductivity
(1.0 W K−1 m−1 at 300 K). However, as the electrical conductivity
of Co3−xRuxOy was  1 order lower than that of Ca1−xSrxRuO3, the
highest ZT was  0.024 at 973 K, which is much lower than that of
Ca1−xSrxRuO3.

4. Conclusions

Ca1−xSrxRuO3 solid solution bodies were prepared by SPS. The
lattice parameters changed continuously in the whole range of x.
The relative densities increased from 75 to 95% with increasing x.
The � of all compositions showed metallic conduction and was
mostly higher than those of the end members. The � at x = 0.2
showed the highest value, i.e., 4.7 × 105 S m−1 at room tempera-
ture. The S of all specimens showed positive values, exhibiting a
p-type. The S was almost independent of composition and temper-
ature, around 30–40 �V K−1. The � at x = 0.2 was lower than those
of the end members in the whole temperature range. The lowest �
was  observed at x = 0.2. The highest ZT was 0.07 at x = 0.2 and 600 K.
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