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We report thermoelectric (TE) properties of Sr and Mn co-substituted LaCoO3 system from room tem-
perature to 700 K. Sr-substitutions at La and Mn at Co site in LaCoO3 improves the electrical conductivity
(o). Thermal conductivity (k) of all the samples increases with the increase in temperature but decreases
with the substitution in LaCoOs. An estimation of the electronic thermal conductivity (k) suggests a
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1. Introduction

The tremendous increase in the global energy consumption has
a negative environmental baggage associated with exploiting en-
ergy resources. There is a significant interest to develop conversion
technologies which can harvest the waste heat generated during
generation, transmission, storage and use of energy [1,2]. Ther-
moelectric (TE) materials convert heat energy into electrical energy
and vice versa via TE phenomenon in semiconductors/semi-metals
[3—17]. In particular, power generators at a high temperature
capable of working in ambient air are highly desirable for har-
vesting waste heat from vehicle engines and industrial chimneys.
For such demands, oxide ceramics are highly promising, but the
corresponding TE conversion efficiencies are poor at present.

The figure of merit (ZT) given by zT = o®6 T/« (¢, 6, Tand « are the
Seebeck coefficient, electrical conductivity, absolute temperature
and thermal conductivity respectively) is an important parameter
which determines the utility of a material for use in TE generators
[19]. Thermal conductivity (k) consists of charge carrier (x.) and
lattice part (kpp) [20] i.e, K = ke + kpp. An efficient TE material should
have low «, high « as well as a high ¢. It is difficult to improve ZT as
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these TE parameters are correlated with each other i.e, increasing
Seebeck coefficient of a material leads to decrease in the values of
electrical conductivity. Also, enhancement in electrical conductivity
leads to a corresponding increase in the electronic part of thermal
conductivity according to Wiedemann-Franz law.

One of the best TE materials, Bi;Tes, which is commercially
available for small-scale energy harvesting is not environmentally
attractive due to its toxicity and alternative thermoelectric mate-
rials made up of non-toxic elements having a relatively lesser
impact on the environment is desirable. Transition metal oxides
(TMO) are attractive materials [5—8] to replace BiyTes since they are
less toxic, more stable across multiple thermal cycling and there-
fore have a weaker environmental impact. Among transition metal
oxides, Co-based compounds are of interest due to the possibility of
accessing different spin states [9]. The layered cobalt oxide [10],
NayCoO,, with substitution at Na site has a very high value of ¢, and
a low value of « with a large «. The combination of a large ¢, a small
k, and a large « is required for an effective TE cooling [11,12]. For an
effective cooling, ZT > 1 and has been found in alloys based on
bismuth, quantum dot super-lattices and thin-film devices [13,14].
A large value of Seebeck coefficient («) also occurs in Laj_,SryCoO3
up to room temperature [15,16] and the nature of temperature
dependence of Seebeck coefficient in this system is very sensitive to
Sr concentration as reported elsewhere [17,23,24]. However, most
of the research work is focused on single site substitution either at
La/Nd site or Co site in rare earth cobaltates [31—-33]. The effect of
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each of the substitution is different and aids in improving the
physical parameter required for a good TE materials. The idea of
double substitutions was introduced with a view that substitution
at La site will increase the electrical conductivity and that at Co site
enhances Seebeck coefficient [38]. There have also been attempts to
investigate the effect of single-site substitution and co-substitution
on TE properties in rare earth manganite systems [34—37]. Studies
on thermal transport behavior at high temperatures is worth
exploring in samples with co-substitution. In this report, we have
investigated the thermal transport behavior of polycrystalline La;_
xS1xC01.yMny03 (0.00 < x < 0.10, 0.00 < y < 0.10) samples in the
temperature range 300—700 K.

2. Experimental

Polycrystalline Laj4SryCoi.yMn,O3 (0.00 < x < 0.0,
0.00 < y < 0.10) samples were synthesized using standard solid-
state reaction technique. Stoichiometric amounts of the pre-
cursors Lay03, SrCOs3, Co304 and Mny0s3 (Sigma Aldrich, 99.99%)
were mixed thoroughly with acetone. The dried mixture was kept
in alumina crucibles and calcined at 1273 K for 12 h in a muffle
furnace with 3°/min heating and cooling rate. The calcined powder
was ground for 30 min to make it more homogenous. Crystallo-
graphic structure and phase identification were done using X-ray
diffraction (XRD) using a Rigaku TTRX-III diffractometer with Cu-K,
radiation (A = 1.5406 A) with a scan rate of 1°/min and a step size of
0.02°. The powder samples were consolidated into sets of pellets of
20 mm diameter each and were sintered at 1373 K for 12 h with
slow heating and cooling rates (2°/min). These pellets were cut into
rectangular bars with dimensions 12 mm x 4 mm x 4 mm using a
diamond cutter (IsoMet® Low-Speed Saw) and iso-cut oil (Buehler).
They were then ultra-sonicated for 30 min to remove any dirt that
adhered during cutting of the samples. Rectangular bar-shaped
samples were used to measure Seebeck coefficient and electrical
resistivity using Seebsys™ (NorECs AS, Norway) with conventional
four-probe geometry in the temperature range 300—700 K. For
measurement of «, a temperature difference of 10 K was main-
tained between both ends of the sample using an auxiliary heater at
one end of the sample. Electrical conductivity (¢) was observed by
taking the inverse of the electrical resistivity data in the entire
temperature range. The remaining two pellets of 20 mm diameter
from each set were used for thermal conductivity measurement
using non-steady state, transient plane source (TPS) technique
which utilizes a sensor element, made of 10 um thick Nickel-metal
in the shape of a double spiral [26]. The sensor is sandwiched be-
tween the two pellets, in which room temperature thermal con-
ductivity measurements were obtained by supplying 100 mW
power for 10 s. The room temperature optimized values of pa-
rameters including laser power and measurement time were used
to measure the high-temperature thermal conductivity of all the
samples. The measurement errors for Seebeck coefficient, electrical
conductivity, and thermal conductivity were about 3%, however,
the corresponding error in the measurement of power factor could
be about 10% [39—41].

3. Results and discussion

Crystal structure and phase information of all the polycrystalline
La_xSrxCo1.yMnyO3 (0.00 < x < 0.10, 0.00 < y < 0.10) samples have
been investigated using XRD followed by Rietveld refinement [18]
of all the samples using FullProf™ software. As expected, the XRD
pattern of LaCoO3; compound show single phase within the sensi-
tivity of XRD (reference standard data JCPDS 028-1229) indexed as
R3c space group with reasonable refinement agreement factor
(%2 = 1.64) with the characteristic doublet highest intensity peaks

at 260 = 32.98° (104) and 33.40° (110) respectively. Sr and Mn
substitutions at La and Co site respectively in LaCoOs also show the
same nature of diffraction pattern as shown in Fig. 1. Substitution at
La site leads to shifting of 26 to lower values while Mn site at Co
leads to a shifting to higher values of 26. Rietveld refinement were
done for all the samples and refinement parameters Rexp, Rwp, Rp, Xz,
¢/a ratio, the volume of the unit cell and lattice constants are pro-
vided in Table 1. Atomic positions with their occupancies are
summarized in Table 2 and the corresponding refinement pattern
for Lag 95510.05C00.95Mng 0503 is shown in Fig. 2.

The high-temperature thermoelectric properties of Sr and Mn
co-substituted LaCoO3 has been studied in the temperature range
300—700 K. In Fig. 2 (a), temperature variation of ¢ is plotted for
La_xSrxCo1.yMny03 (0.00 < x < 0.10, 0.00 < y < 0.10) measured
using DC four-probe technique. In the temperature range specified,
we observe the increase in the values of electrical conductivity with
the Sr-substitution at La site and Mn-substitution at Co site. This
may be attributed to the increase in carrier concentration (hole in
this case) with Sr- and Mn-substitutions. The increase in electrical
conductivity with the increase in temperature shows the semi-
conducting nature of the samples. In order to estimate the activa-
tion energy in these compositions, we have made the Arrhenius
plot (Inc vs 1/T) for the polycrystalline samples of Laj_4SrxCoq-
yMnyO3 (0.00 < x < 0.10, 0.00 < y < 0.10) as shown in Fig. 3.
From the plot, we have clearly identified two regions for all the
samples and linear fitted data corresponding to these regions are
shown in Fig. 3 [27]. The activation energy of all the samples in
different regions is obtained from the slope of these linear fitted
curves and their values with temperature range are shown in
Table 3.

In Fig. 2(b), we plot Seebeck coefficients («) as a function of
temperature (300—700 K) for Laj_4SrxCoq.yMnyO3 (0.00 < x < 0.10,
0.00 <y < 0.10). The positive values of Seebeck coefficient of all the
samples indicate the p-type nature of conduction in these oxides.
At room temperature, we did not get negative values of Seebeck
coefficients which occasionally is the case due to oxygen deficiency
for LaCoOs3 [29]. The Seebeck coefficient («) of Laj_xSrxCo1.yMnyO3
(0.00 <x<0.10,0.00 <y < 0.10) changes from 336 pV/K for LaCoO3
(x = 0.00, y = 0.00) to 220 pV/K for LaggsSrg05C003 (x = 0.05,
y = 0.00) and 258 pV/K for Lagg5Srp.05C00.95Mng o503 (x = 0.05,
y = 0.05). This shows that simultaneous substitution of Sr and Mn
at La and Co site respectively enhances the Seebeck coefficient
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Fig. 1. X-ray diffraction pattern of La;SrxCo;yMnyO; (0.00 < x < 0.0,
0.00 < y < 0.10). Indexing of peaks has been done as per ICDD file no. 028-1229.



A. Kumar et al. / Journal of Alloys and Compounds 735 (2018) 1787—1791 1789

Table 1

Refinement parameters Ry, Rexp, Ry, 2, Lattice parameters a, ¢ and c¢/a ratio of Laj_xSrxCo1yMny03 (0 < x < 0.10, 0 <y < 0.10) calculated from the Rietveld refinement of the

XRD patterns.

System Under Study La; 4SrxCo; yMn,O3 a(A) c(A) cla V(A3) Rup Rexp Ry %2

X = 0.00,y = 0.00 5.439(5) 13.084(6) 2.405 335.28 233 18.19 193 1.64
x = 0.05, y = 0.00 5.440(5) 13.115(5) 2410 336.20 21.6 17.51 18.4 1.52
x =0.10, y = 0.00 5.447(3) 13.155(8) 2.418 338.00 233 18.60 14.8 1.56
X = 0.05,y = 0.05 5.443(3) 13.154(8) 2.416 337.48 20.8 16.84 14.7 1.53
x =0.05,y =0.10 5.446(3) 13.157(4) 2.416 337.93 19.7 16.20 14.2 1.48

Table 2
Atomic position and their occupancy as a function of Sr and Mn co-substitution in
La;xSrxCo;.yMny03 (0 < x < 0.10, 0 <y < 0.10).

Site X Y 4 Biso Occupancy

R3c (x = 0.00, y = 0.00)

La 6a 0.000 0.000 0.250 0.00 0.1655

Co 6b 0.000 0.000 0.000 0.00 0.1855

(0] 18c 0.453 0.000 0.250 0.00 0.5126

R3c (x = 0.05, y = 0.00)

La/Sr 6a 0.000 0.000 0.250 0.00 0.1441/0.0249
Co 6b 0.000 0.000 0.000 0.00 0.1726

(6] 18c 0.467 0.000 0.250 0.00 0.4591

R3¢ (x = 0.10, y = 0.00)

La/Sr 6a 0.000 0.000 0.250 0.00 0.1424/0.0251
Co 6b 0.000 0.000 0.000 0.00 0.1712

(6] 18c 0.459 0.000 0.250 0.00 0.4951

R3¢ (x = 0.05, y = 0.05)

La/Sr 6a 0.000 0.000 0.250 0.00 0.1437/0.0241
Co/Mn 6b 0.000 0.000 0.000 0.00 0.1487/0.0258
(0] 18c 0.461 0.000 0.250 0.00 0.4861

R3c (x = 0.05,y = 0.10)

La/Sr 6a 0.000 0.000 0.250 0.00 0.1424/0.0251
Co/Mn 6b 0.000 0.000 0.000 0.00 0.1387/0.0341
o 18c 0.447 0.000 0.250 0.00 0.4951

—— Observed
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— Difference
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Fig. 2. Rietveld refinement pattern of LaggsSro05C00.95Mngos03. The refinement
parameter and corresponding results are prescribed in Tables 1 and 2.

value. Koshibae et al. [9] showed that the strong correlation of 3d
electrons and characteristic spin degeneracy in cobalt oxide caused
the large value of Seebeck coefficient. We could not obtain a large
value of a (~700 pV/K for x = 0.05 around 300 K) as reported by
Androulakis et al. [15] however the behavior of Seebeck coefficient
of Sr-substituted LaCoOs samples is similar to that reported by
Sehlin et al. [23] and Ohtani et al. [28]. It has also been observed
that, below 550 K, a decreases with increasing temperature. This
remarkable decrease in @ with increase in temperature below 550 K

w

(=

o
T

o (uV/K))
s 8
o o
T ¥ T

800 -
600 -

400 -

o (S/cm))

200 -

300 400 500 600 700
Temperature (K)

Fig. 3. Electrical conductivity (¢) and Seebeck coefficient («) are plotted as a function
of temperature in La;_xSryxCo;,Mny0O3 (0.00 < x < 0.10, 0.00 < y < 0.10).

Table 3
Activation energy (E,) as a function of Sr and Mn co-substitution in La;_4SrxCo;-
yMny03 (0 < x < 0.10,0 <y < 0.10).

La;xSrxCo;.yMnyO3 Region Temperature Range (K) Activation energy (eV)

x=0.00,y=000 I 320-560 0.49
Il 560—-700 0.32
x=0.05y=0.00 I 320-480 0.18
Il 480—-700 0.08
x=0.10,y=0.00 I 320-560 0.07
Il 560—700 0.03
x=0.05y=005 1 320-480 0.21
Il 480—-700 0.14
x=0.05y=010 I 320-480 0.10
Il 480-700 0.21

is attributed due to the spin state transitions [22,25]. As Sr is
substituted at La sites, holes are introduced into the system which
suppresses the spin state transition and values of « decrease
dramatically. Further Mn-substitution at Co sites leads to an in-
crease in the value of Seebeck coefficient. In the high-temperature
region, the Seebeck coefficient of substituted cobaltates can be
determined by Heikes formula [9,17,21]

«==()n @) @)

e c4) \(1—n)
where, kg is Boltzmann's constant, e is electronic charge, n is the
concentration fraction of Co*" ions, and, c3 and c4 represents
respectively the number of possible configuration of Co®* and Co**
[9,17]. Values of c3 and c4 can be determined using Hund's rule

coupling, stal fie sp tting energy and temperature. The two
fractions 2} and determine not only the magnitude but
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also the sign of a. At high temperatures, the holes generated due to
the thermally activated low-spin Co** from low-spin Co3* saturate
and approaches a constant value. Therefore at high temperatures, o
tends to be independent of temperature [17] for all the samples of
La;xSrxCo1.yMny03 (0.00 < x < 0.10,0.00 <y < 0.10) as observed in
the top panel of Fig. 3. Also an increase in the substitution content
leads to a decrease in Seebeck coefficient for all the substituted
samples. It has been observed that hole doping is useful in reducing
the electrical resistivity of the samples, however it also leads to a
decrease in Seebeck coefficient which shows that these two pa-
rameters are strongly correlated [30]. Substitution with other cat-
ions Ba [31] and Ca [32] also increase the electrical conductivity and
decrease the Seebeck coefficient, however with co-substitution the
decrease in Seebeck coefficient is less.

As discussed, total thermal conductivity () consists of phonon
thermal conductivity (kpn) and electronic thermal conductivity (Ke)
calculated using k. = LypaT, where Ly is Lorentz number (1.50 x 1078
V2/K?) for non-degenerate semiconductors [42]. The kpy can be
calculated by subtracting the k. part from total thermal conduc-
tivity . In Fig. 3 (a) total thermal conductivity k as a function of
temperature for LajxSrxCoiyMnyO3 (0.00 < x < 0.0,
0.00 <y < 0.10) is plotted. Decrease in the value of total thermal
conductivity (k) has been observed at room temperature with Sr
and Mn substitution as it enhances the phonon-phonon scattering.
Total thermal conductivity has been found to increase with increase
in temperature for LajxSrxCoiyMnyO3 which may be due to a
dramatic increase in the k. (shown in Fig. 3 (b)). Temperature
variation of phonon thermal conductivity (k,p) is shown in Fig. 3
(c). This shows that «p, varies differently with parent compound
and substituted samples. For LaCoOs, kp, increases almost linearly
up to 500 K and above this temperature the «,, starts saturating,
this behavior may be due to the fact that at high temperatures
where the atomic displacements are large, more number of pho-
nons participate in the collision leading to a decrease in the phonon
mean free path and hence reduces the thermal conductivity.

It has been observed that total thermal conductivity « is domi-
nated by phonon thermal conductivity kpn Although electronic
thermal conductivity is enhanced due to high value of electrical
conductivity, however phonon contribution of total thermal con-
ductivity is 50—70% of the total thermal conductivity, suggesting
that ZT can be enhanced by reducing the lattice part of thermal
conductivity by either proper substitutions or optimized
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Fig. 4. Arrhenius plot: variation of electrical conductivity (Ing) as a function of inverse
of temperature (1/T) for the sample of La;_xSrxCo;.yMny03 (0 < x < 0.10,0 <y < 0.10).
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Fig. 5. (a) Total thermal conductivity («), (b) electronic thermal conductivity (x.) and
(c) phonon thermal conductivity (pp) as a function of temperature measured using TPS
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microstructure to enhance phonon boundary scattering. Based on
the values of o 6, and k, power factor (o%¢) and figure of merit (ZT)
are calculated. In Fig. 4 power factor as a function of temperature is
shown and ZT as a function of temperature is shown in Fig. 5 for
polycrystalline  La;xSrCo1yMnyO3 (0.00 < x < 010,
0.00 <y < 0.10). A noticeable enhancement in the power factor and
figure of merit has been observed for x = 0.05, y = 0.05 substitution
in the Laj«SrxCoq1.yMnyO3 system (see Fig. 6).

The figure of merit for LaCoOs increases from the room tem-
perature and reaches a maximum at 560 K (ZT;;qx = 0.03) and then
started decreasing as the thermopower decreases at high temper-
atures. Similarly ZT = 0.082 at 300 K and reaches a maximum at
480 K, ZTjngx = 0.104 and then decreases for Lagg5Srg95C00s. The
maximum value of ZT;,qx = 0.14 was observed for the sample with
x = 0.05, y = 0.05 at 480 K. It can be seen from the present studies
that the Sr and Mn co-substitution leads to an improvement in
thermoelectric properties of LaCoOs.
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4. Conclusions

Sr and Mn co-substituted LaCoOs3 polycrystalline samples have
been prepared using the standard solid-state method. Structural
properties were studied extensively using XRD followed by Riet-
veld analysis and their thermoelectric properties were measured.
The Seebeck coefficients of Laj_xSrxCo;yMnyO3 (0.00 < x < 0.10,
0.00 <y < 0.10) were found to decrease with increasing temper-
atures in the entire temperature range studied. The increase in
electrical conductivity was also observed with increasing temper-
ature and its value reached ~700 S/cm (x = 0.05, y = 0.05) indicating
the metallic nature of the samples at high temperatures. The
decrease in Seebeck coefficient and an increase in electrical con-
ductivity of all the samples are strongly affected by the spin-state
transitions. The total thermal conductivities of these oxides in-
crease with increasing temperature and it has been observed that
the phonon thermal conductivity dominates over total thermal
conductivity over the entire temperature range studied. The ob-
tained maximum ZT wvalue is 014 at 480 K for
Lap.95510.05C00.95Mng 0503.

Acknowledgements

AK and ADT would like to acknowledge Ministry of Human
Resources and Development (MHRD), Government of India for
financial support.

References

[1] T.M. Tritt, M.A. Subramanian, MRS Bull. 31 (2006) 188—198.

[2] C. Wood, Rep. Prog. Phys. 51 (1988) 459—539.

[3] X. Zhang, L.D. Zhao, J. Mater. 1 (2015) 92—105.

[4] G.M. Mahan, Solid State Phys. 51 (1998) 81—-157.

[5] S. Walia, S. Balendhran, H. Nili, S. Zhuiykov, G. Rosengarten, Q.H. Wang,
M. Bhaskaran, S. Sriram, M.S. Strano, K.K. Zadeh, Prog. Mater. Sci. 58 (2013)
1443—-1489.

[6] J.W. Fergus, ]. Eur. Cer. Soc. 32 (2012) 525—540.

[7] K. Koumoto, Y. Wang, R. Zhang, A. Kosuga, R. Funahashi, Annu. Rev. Mater.
Res. 40 (2010) 363—394.

[8] K. Koumoto, I. Terasaki, R. Funahashi, MRS Bull. 31 (2006) 206—210.

[9] W. Koshibae, K. Tsutsui, S. Maekawa, Phys. Rev. B 62 (2000) 6869—6872.

[10] T. Kawata, Y. Iguchi, T. Itoh, K. Takahata, I. Terasaki, Phys. Rev. B 60 (1999)
10584—10587.

[11] G.J. Snyder, E.S. Toberer, Nat. Mater. 7 (2008) 105—114.

[12] FJ. DiSalvo, Science 285 (1999) 703—706.

[13] R. Venkatasubramanian, E. Siivola, T. Colpitts, B. 0'Quinn, Nature London 413
(2001) 597—602.

[14] T.C. Harman, P)J. Taylor, M.P. Walsh, B.E. LaForge, Science 297 (2002)
2229-2232.

[15] J. Androulakis, P. Migiakis, ]. Giapintzakis, Appl. Phys. Lett. 84 (2004)
1099—-1101.

[16] K. Berggold, M. Kriener, C. Zobel, A. Reichl, M. Reuther, R. Miiller, A. Freimuth,
T. Lorenz, Phys. Rev. B 72 (2005), 155116 (1-7).

[17] AJ. Zhou, TJ. Zhu, X.B. Zhao, J. Mater. Sci. 43 (2008) 1520—1524.

[18] H.M. Rietveld, ]J. Appl. Cryst. 2 (1969) 65—71.

[19] T. Caillat, J.P. Fleurial, A. Borshchevsky, J. Phys. Chem. Solids 58 (1997)
1119-1125.

[20] ]. Ranninger, Phys. Rev. 140 (1965) A2031—A2046.

[21] P.M. Chaikin, G. Beni, Phys. Rev. B 13 (1976) 647—651.

[22] R. Mahendiran, A.K. Raychaudhuri, Phys. Rev. B 54 (1996) 16044—16052.

[23] S.R.Sehlin, H.U. Anderson, D.M. Sparlin, Phys. Rev. B 52 (1995) 11681—11689.

[24] AJ. Zhou, T,J. Zhu, X.B. Zhao, Mater. Sci. Eng. B 128 (2006) 174—178.

[25] K. Mydeen, P. Mandal, D. Prabhakaran, C.Q. Jin, Phys. Rev. B 80 (2009),
014421(1-6).

[26] S.E. Gustafsson, Rev. Sci. Instrum. 62 (1991) 797—804.

[27] A. Sanchela, A.D. Thakur, C.V. Tomy, ]. Materiomics 1 (3) (2015) 205—212.

[28] T. Ohtani, K. Kuroda, L. Mastsugami, D. Katoh, ]. Eur. Ceram. Soc. 20 (2000)
2721-2726.

[29] K. Iwasaki, T. Ito, T. Nagasaki, Y. Arita, M. Yoshino, T. Matsui, J. Solid State
Chem. 181 (2008) 3145—3150.

[30] M. Ohtani, J. Ceram. Soc. Jpn. 119 (2011) 770—775.

[31] P. Mandal, P. Choudhury, S.K. Biswas, B. Ghosh, Phys. Rev. B 70 (2004),
104407-1 —; 104407—104408.

[32] J. Hejtmanek, Z. Jirak, K. Knizek, K. Marysko, M. Veverka, H. Fujishiro, ]. Magn.
Magn. Mater. 272—276 (2004) e283—e284.

[33] V. Morchshakov, L. Haupt, K. Barner, 1.0. Troyanchuk, G.H. Rao, A. Ghoshray,
E. Gmelin, ]J. Alloys. Compd. 37 (2004) 17—24.

[34] ].S. Kim, D.C. Kim, G.C. McIntosh, SW. Chu, Y.W. Park, BJ. Kim, Y.C. Kim,
A. Maigan, B. Raveau, Phys. Rev. B 66 (2002), 224427.

[35] P. Mandal, Phys. Rev. B 61 (2000) 14675.

[36] A.E.A. Mohamed, B. Hernado, A.M. Ahmed, ]. Alloys. Compd. 692 (2017)
381-387.

[37] L Mansuri, D. Varshney, N. Kaurav, C.L. Ly, Y.K. Kuo, ]. Magn. Magn. Mater. 323
(2011) 316.

[38] K. Suzuki, H. Fuzishiro, Y. Kashiwada, Y. Fuzine, M. Ikebe, Physica B 329—333
(2003) 922—923.

[39] J. Martin, Meas. Sci. Technol. 24 (2013), 085601.

[40] J. Martin, T. Tritt, C. Uher, ]J. App. Phys. 108 (2010), 121101-1 —;
121101-121112.

[41] RS. Figliola, D.E. Beasley, Theory and Design of Mechanical Measurements,
fifth ed., Wiley, 2010.

[42] H.-S. Kim, Z.M. Gibbs, Y. Tang, H. Wang, GJ. Snyder, APL Mater. 3 (2015),
041506.


http://refhub.elsevier.com/S0925-8388(17)34116-6/sref1
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref1
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref2
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref2
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref3
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref3
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref4
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref4
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref5
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref5
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref5
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref5
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref6
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref6
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref7
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref7
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref7
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref8
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref8
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref9
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref9
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref10
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref10
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref10
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref11
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref11
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref12
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref12
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref13
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref13
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref13
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref14
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref14
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref14
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref15
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref15
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref15
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref16
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref16
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref17
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref17
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref18
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref18
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref19
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref19
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref19
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref20
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref20
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref21
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref21
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref22
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref22
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref23
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref23
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref24
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref24
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref25
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref25
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref26
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref26
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref27
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref27
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref28
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref28
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref28
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref29
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref29
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref29
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref30
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref30
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref31
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref31
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref31
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref31
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref32
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref32
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref32
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref32
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref33
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref33
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref33
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref34
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref34
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref35
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref36
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref36
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref36
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref37
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref37
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref38
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref38
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref38
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref38
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref39
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref40
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref40
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref40
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref40
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref41
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref41
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref42
http://refhub.elsevier.com/S0925-8388(17)34116-6/sref42

	Improvement of thermoelectric properties of lanthanum cobaltate by Sr and Mn co-substitution
	1. Introduction
	2. Experimental
	3. Results and discussion
	4. Conclusions
	Acknowledgements
	References


