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Abstract 

Triple doping of CaMnO3 in different stoichiometric proportions has been 

studied in bulk sintered materials. They were prepared through the classical 

ceramic route using planetary milling to decrease the precursors particle sizes. 

It has been found that particle sizes decrease with the amount of dopant, both 

in the precursors and in the sintered bodies. XRD patterns showed that all 

samples were nearly single phase, with small amounts of CaMn2O4 phase. SEM 

and TEM observations revealed a homogeneous distribution of dopants in the 

CaMnO3 phase, while EDX showed a composition close to the nominal one. 

However, HREM imaging has shown some dark regions in the crystallites, with 

different Ca(Y,La,Yb)/Mn ratios found through STEM image-chemical mapping, 

which points out to the coexistence of CaMnO3 and CaMn2O4–type domains in 

the crystallites. Electrical resistivity, absolute Seebeck coefficient and thermal 

conductivity have been drastically decreased with doping. The highest PF 
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values at 800 ºC have been achieved in 0.02(Y,La,Yb) doped samples ( 0.37 

mW/K2m), which is among the best reported values in literature. On the other 

hand, lattice thermal conductivity is dramatically decreased with doping due to 

the phonon scattering produced by the dopants, the decrease in the grain sizes, 

and the strains present inside the crystallites, reaching the minimum values at 

800 ºC in 0.03(Y,La,Yb) doped samples (~ 0.8 W/K m). Consequently, ZT 

reaches the maximum values ( 0.29) in 0.03(Y,La,Yb) doped samples due to 

their very low thermal conductivity, being higher than the best ZT reported 

values in the literature. 
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1. Introduction 

In the present world situation, with fossil fuels and energy costs increasing day-

by-day, the relatively low energy conversion efficiency of classical systems is an 

important drawback. Consequently, the search for new renewable energy 

generation systems, as well as the increase of efficiency of classical systems 

should be a priority for all countries. In this situation, thermoelectric (TE) 

technology can be regarded as one of the most promising methods to produce 

useful energy from wasted and/or renewable heat sources [1]. Furthermore, this 

technology can play an important role in fighting against global warming by 

decreasing CO2 emissions and reducing the fossil fuel consumption. For this 

purpose, it is necessary to have TE materials with high performances, 

determined through the dimensionless figure of merit, ZT (= TS2/; T absolute 

temperature, S Seebeck coefficient,  electrical resistivity, and  thermal 

conductivity) [2]. 

High performance state-of-the-art materials are mainly semiconducting and 

intermetallic compounds, which are used to fabricate commercial TE modules. 

On the other hand, these materials are composed of scarce, expensive, heavy 

and/or toxic elements [3-7]. Moreover, they can melt, evaporate or oxidize at 

high temperatures under air, drastically limiting their range of applications. 

However, the discovery of relatively high thermoelectric performances in 

NaxCoO2 [8], provided a solution for some of those problems. This material is 

composed of non-toxic, more abundant, and cheaper elements than the 

classical ones [6,7]. Furthermore, it can operate at high temperatures for a long 

time under air without degradation. These characteristics led to an intense 

research on these ceramic materials, allowing identifying other promising CoO-
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based compounds [9,10], which showed p-type conduction. Moreover, these 

works also allowed identifying other ceramic compounds with n-type conduction 

[11,12]. However, their thermoelectric performances should still be increased for 

practical and massive applications [13]. 

Among n-type compounds, one of the most promising for practical applications 

is CaMnO3 due to its high thermal stability, and the relatively high abundance of 

Ca and Mn in the earth crust. However, they are typically electronically doped to 

increase their electrical conductivity to achieve optimal thermoelectric properties 

[14-16]. Besides, it is also possible to achieve high electrical conductivity 

through alternative synthesis methods [17-19], and/or processing techniques 

[20-22], which can affect the initial particle sizes and/or the final sample density. 

On the other hand, it is well known that increasing electrical conductivity leads 

to the increase in thermal conductivity, which can also be affected by the 

substitutional defects and nanograins formation due to phonon scattering [23]. 

Consequently, the objective of this work is enhancing the thermoelectric 

performances of CaMnO3 by increasing its electrical conductivity by Y, La, and 

Yb triple doping in the Ca-site, and planetary milling to decrease initial particle 

size. The fact of selecting these elements as dopants is due to their different 

atomic weight, which could scatter different wavelength phonons, increasing 

their effect on the lattice thermal conductivity. The thermoelectric properties of 

the final sintered materials will be evaluated and related to their structural and 

microstructural features. 

 

2. Experimental 
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The initial Ca1-3xYxLaxYbxMnO3 mixtures, with x= 0, 0.01, 0.02, and 0.03 used in 

this work were prepared from CaCO3 ( 99%, Aldrich), Y2O3 (99.99%, Aldrich), 

La2O3 ( 99.9%, Aldrich),Yb2O3 (99.9%, Aldrich), and Mn2O3 (99%, Aldrich) 

commercial precursors. The powders were weighed in appropriate proportions, 

thoroughly mixed and milled in a planetary mill in water, using ZrO2 balls as 

milling media, at 400 rpm for 4 h. The homogeneous mixture was dried in an 

oven at 60 ºC, and the dry powder was calcined in two steps, at 950, and 1050 

ºC for 12 h, being intermediately manual milled. These pre-reacted materials 

were subsequently subjected to planetary milling, in the same conditions 

previously described and dried. The resulting powder was finally cold uniaxially 

pressed at about 400 MPa in form of pellets (~ 3 x 3 x 14 mm3) and sintered at 

1300 ºC for 12 h with a final furnace cooling. 

Powder particle size was determined in samples before uniaxial pressing in a 

Zetasizer nano (Malvern Panalytical). Phase identification in the sintered 

materials has been performed from powder X-ray diffraction (XRD) data 

collected with a Rigaku Ru300 X-ray powder diffractometer working with copper 

anticathode (=1.5406Å) with 2 ranging between 5 to 60 º. Moreover, these 

data have been used to perform Rietveld analyses with Fullprof Suite software 

distributed by Roisnel et al. [24]. Microstructural observations were performed 

on the samples surfaces in a field emission scanning electron microscope 

(FESEM Zeiss Merlin), fitted with an energy-dispersive X-ray spectrometer 

(EDX) used to determine the elemental composition of grains. Moreover, grain 

size has been evaluated using the line intercept method [25] in several 

micrographs for each composition. A transmission electronic microscopy study 

has been performed on the Ca1-3xYxLaxYbxMnO3 series to probe the doping 
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homogeneity, the purity and quality of the stacking at the crystalline scale. 

Firstly, the samples were ground in a mortar with a butanol solution. A fine 

droplet of this mixture was picked up and deposited on a nickel grid. The TEM 

observations were carried out with a F200 JEOL cold FEG microscope with a 

resolution point of 2.3Å equipped with a Centurio EDX analyser and a digital 

RIO16 camera. The raw data were treated and formatted with the Digital 

Micrograph (GATAN) and Analysis Station (JEOL) softwares. For each sample, 

the images were recorded with different magnifications in order to judge the 

whole shape and the distribution of the cristallites and their average size. The 

higher magnification TEM images and their corresponding Fourier Form 

Transformation (FFT) were used to identify the zone axes and the potential 

defects illustrating these (Y,La,Yb)-doped CaMnO3 manganites. Moreover, the 

most doped sample, Ca0.91Y0.03La0.03Yb0.03MnO3, was also analysed by STEM 

(Scanning transmission electron microscopy) techniques. Especially, the 

chemical distribution was probed owing to the coupled atomic STEM imaging-

EDX mapping experiments to reveal the local cation distribution at the level of 

strains. 

Density of samples has been determined through the well-known Archimedes’ 

method in several samples for each composition. Electrical resistivity and 

Seebeck coefficient were simultaneously determined for all samples, in steady 

state mode, by the standard dc four-probe technique in a LSR-3 apparatus 

(Linseis GmbH) between 50 and 800 ºC under He atmosphere. With the 

electrical resistivity and Seebeck coefficient values, PF (= S2/) has been 

calculated to determine the electrical performances. 
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The thermal diffusivity (α) has been determined in all samples in a laser-flash 

system (Linseis LFA 1000). The thermal conductivity (κ) was obtained using the 

formula: 

 ൌ  𝐶𝜌 

where Cp is the specific heat, calculated through the well-known Dulong-Petit 

law, and ρ is the sample density. Finally, using PF and thermal conductivity 

values, ZT has been calculated to evaluate the TE performances of these 

materials. 

In order to simplify the samples nomenclature, they will be named as 

x(Y,La,Yb), being x the value in Ca1-3xYxLaxYbxMnO3 formula (x = 0.0, 0.01, 

0.02, and 0.03). 

 

3. Results and discussion 

The powder microstructure, before the cold uniaxial pressing procedure, has 

been observed through SEM microscopy. In Fig. 1, representative micrographs 

of the different powders are displayed. As it can be seen, all samples present 

very similar grain aspect. Moreover, they are formed by a mixture of relatively 

large and small grains, and the proportion of small ones seems to be enhanced 

when the dopant content is increased. This fact points out to the capability of 

the rare earth dopants to inhibit grain growth. In order to confirm this result, 

particle size measurements have been performed through Z-potential 

technique, and the results are shown in Table 1. These results clearly show that 

the increase of the dopant amount leads to an important decrease of the 

starting particle sizes of precursors. 
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After sintering, the materials were studied through powder XRD, and the results 

are illustrated in Fig. 2, for 2 ranging from 20 to 50 º. As it can be seen in the 

graph, all samples present the same diffraction data set that can be identified in 

a Pnma space group, in agreement with the reported results [26]. This result 

clearly shows that the CaMnO3 samples are almost single phase provided by 

the high reactivity of precursor powders due to their small mean sizes. In order 

to judge the actual doping and its impact on the cell parameters evolution, a 

Rietveld analysis has been carried out for each composition considering the 

Pnma settings reported for the pristine CaMnO3 [26]. This work is summarized 

in Table 2, where it can be observed that the parameters gradually increase 

with the x value, in agreement with the ionic radii of dopants (La3+ = 1.17 Å > 

Y3+ = 1.04 Å > Yb3+ = 1.008 Å) compared to Ca2+ (1.00 Å). More instructive, 

these analyses have pointed out some unindexed small peaks (red arrows) as 

illustrated by the enlarged part of difference spectrum shown in Fig. 2b. Some 

complementary experiments have been performed by electron microscopy, 

especially from EDX experiments at the crystallite scale, to identify these extra 

peaks. The spectroscopic approach coupled to the electron diffraction study has 

allowed confirming the Pnma setting related to the CaMnO3-type structure and 

that the doping levels are close to the nominal ones. For instance, the average 

(Ca0.83Y0.04La0.04Yb0.02)0.94MnO3 composition has been obtained from 10 

analyzed crystallites for the nominal Ca1-3xYxLaxYbxMnO3 composition. Except 

to the lower Yb content compared to La and Y species and a slight Ca deficit, 

the chemical mappings are rather homogeneous, as illustrated in Fig. 3a, 

suggesting a regular stacking mode. On the other hand, the Ca deficit can 

suggest the existence of local stacking faults or the presence of Mn rich 
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inclusions. The first hypothesis has been invalidated through atomic TEM 

observations, where no evident defects have been identified, as it can be 

observed in Fig. 3b. Only some darker regions can be observed in the HREM 

imaging suggesting the coexistence of extended domains. Complementary 

coupled atomic STEM image-chemical mapping performed on such zones have 

not highlighted some local changes of dopants concentration (Fig. 3c). 

However, it revealed that the ratio (Ca,Y,La,Yb)/Mn varies from 0.85 to 0.94 

from side to side of this peculiar contrast, as illustrated by the elemental line 

profiles shown in Fig. 3d. Such an evolution suggests the presence of a Mn 

richer domain that could be related to the CaMn2O4 marokite-type phase [27]. 

This hypothesis is validated by the Rietveld analysis introducing the Pbcm 

secondary phase related to the marokite structure. The reliability Rbragg factors 

are noticely decreased and all extra small unknown peaks are indexed (Fig. 2b). 

According to the final Rietveld refinements, the amount of secondary phase 

ranges from 1.35 to 3.47% in volume, as listed in Table 2. The coexistence of 

both structures, namely perovskite and CaMn2O4-type structures would lead to 

internal stresses in the crystal matrix. Consequently, when re-evaluating the 

results of EDX experiments leading to the mean (Ca0.83Y0.04La0.04Yb0.02)0.94MnO3 

composition, the coexistence of (Ca,Y,La,Yb)Mn2O4 extended domains inside 

(Ca,Y,La,Yb)MnO3 as main matrix, could be advanced. 

Representative SEM micrographs of the samples surfaces, taken using 

backscattered electrons, are displayed in Fig. 4. These images illustrate the 

very high density achieved after sintering. In order to confirm these 

observations, Archimedes’ method has been used to determine the samples 

density. The obtained values, together with their standard error, are displayed in 
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Table 3. These data clearly show that the absolute density increases with the 

amount of dopants, and it is ranging between 89 and 94 % of the theoretical 

one of CaMnO3 (4.705 g/cm3) [28], which are very high when compared to 

classically sintered materials ( 75 %) [29]. 

Other important features that can be seen in these images is that grain sizes 

decrease when the amount of dopants is increased, as it is displayed in Fig. 4. 

These images illustrate the drastic grain size reduction by comparing the 

undoped samples (Fig. 4a) to the 0.03-doped ones (Fig. 4b). The mean grain 

sizes, together with their standard error, determined in several micrographs by 

the line intercept method are shown in Table 3. These data clearly point out to 

the effect of dopants on the grain size, which are acting as grain growth 

inhibitors. On the other hand, EDX analysis performed on these samples (not 

shown) has only identified the Ca1-3xYxLaxYbxMnO3 phase, with a slight 

deficiency in Ca, in agreement with the TEM-EDX results. 

Fig. 5 shows the temperature dependence of the electrical resistivity, as a 

function of the samples composition. At first sight, it is easy to observe that the 

undoped sample possesses a marked semiconducting-like character (dρ/dT < 

0), in agreement with previously reported data in this system [30,31]. On the 

other hand, doping leads to a drastic reduction of electrical resistivity, due to the 

slight enhancement of density, and the increase of charge carrier concentration 

by the substitution of Ca+2 by Y3+, La3+, and Yb3+. Moreover, there are also 

differences between the doped samples, as it is illustrated in the insert, where it 

can be observed that electrical resistivity is decreased with the dopants content 

in the whole measured temperature range, due to the increase of density and 

charge carrier concentration. However, the differences between doped samples 
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are decreased when the doping content is increased due to the grain size 

reduction. Consequently, the number of grain boundaries, usually more resistive 

than the intragrain regions, are increased and tend to increase electrical 

resistivity, counter balancing the effect of electron doping. The minimum values 

at 800 ºC have been reached in 0.03(Y,La,Yb)-substituted samples (5.8 m 

cm), which is similar to the reported in Pr and Sr co-doped CaMnO3 prepared 

by sol-gel method ( 5.5 m cm) [32]. Moreover, it is much lower than the best 

reported in the literature for laser grown samples (9 m cm) [21], or in 

electronic doped materials (10-12 m cm) [16,33,34]. 

The evolution of Seebeck coefficient with temperature, as a function of the 

dopants content is presented in Fig. 6. All samples exhibit negative Seebeck 

values in the whole studied temperature range, confirming a dominating 

electronic conduction mechanism. As it can be observed in the graph, absolute 

S values are decreased when the amount of dopants is increased, clearly 

reflecting the effect of these elements on the charge carrier concentration, as 

already mentioned in the electrical resistivity discussion. Moreover, rare earth 

doping drastically changes the S behaviour with temperature. In the undoped 

samples S values are decreasing when the temperature is raised, while it 

increases with temperature in all doped samples. The behaviour of these doped 

materials can be associated to that of a metal or degenerated semiconductor 

when the variation of carrier concentration, effective mass, and Fermi level with 

temperature are negligible [35]. Furthermore, it can be deduced that the 

undoped samples increase their charge carrier concentration with temperature, 

being reflected in the drastic decrease of electrical resistivity, as well as the rise 

of S, with temperature. The highest S value at 800 ºC in 0.03(Y,La,Yb)-doped 
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samples (140 V/K) is similar to those reported in the literature for similarly 

doped materials (120-160 V/K) [16,32-34]. 

The electrical performances of these samples have been determined through 

the PF values obtained from the electrical resistivity and Seebeck coefficient 

data. These data are presented in Fig. 7 as a function of temperature and 

dopants content. As it can be observed in the graph, PF increases with the 

dopants content up to 0.02(Y,La,Yb), decreasing for higher amount, in the 

whole measured temperature range. Moreover, it is regularly increased when 

the temperature is raised, mainly reflecting the increase of absolute Seebeck 

coefficient with temperature. Consequently, the highest value has been 

obtained at 800 ºC for the 0.02(Y,La,Yb) samples ( 0.37 mW/K2m), which is 

much higher than the reported in similarly doped materials (0.17-0.25 mW/K2m) 

[16,33,34], and in the order of best reported in co-doped CaMnO3 (0.095-0.38 

mW/K2m) [32,36-38]. 

In Fig. 8, the total thermal conductivity is presented for all samples. As it can be 

observed, the thermal conductivity is drastically decreased by doping, and 

further decreased with the dopants content. The minimum values at 800 ºC are 

observed in the 003(Y,La,Yb) doped samples (1.24 W/K m), which is nearly 3 

times lower than the measured in undoped ones (3.33 W/K m). Moreover, it is 

much lower than the reported in electronically doped CaMnO3 materials (1.40-

3.60 W/K m) [11,14,15,32,39,40]. The large decrease of thermal conductivity 

with doping is associated with the introduction of much higher atomic weight 

cations than Ca2+ which can effectively increase phonon scattering. 

Furthermore, another important effect induced by doping is the decrease of the 

mean grain sizes, which can further decrease this phonon scattering. As it is 
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well known, total thermal conductivity can be divided into two contributions  = 

ph + e, where ph, and e are the phononic (lattice), and electronic contribution, 

respectively. These contributions are shown separately in Fig. 9. As it can be 

observed in the graph, electronic contribution is increased with the amount of 

dopant and temperature, in agreement with the observed behaviour of electrical 

resistivity. On the other hand, the lattice contribution to thermal conductivity is 

drastically reduced with doping. This effect is associated to phonon scattering at 

different frequencies produced by the introduction of dopants with different 

atomic weight. Additionally, it has to be also considered the effect, on the lattice 

thermal conductivity, the presence of previously mentioned stresses on the 

crystal structure found through the TEM image (see Fig. 3). 

This evolution of lattice thermal conductivity has been analysed in terms of the 

Callaway’s model [41] to validate it by using the parameters obtained in this 

work. Therefore, the model includes the boundary scattering, the Umklapp 

phonon-phonon scattering, and the point defects scattering [42]. The results of 

the analysis are shown in Fig. 10, where it can be observed that they perfectly 

reproduce the thermal evolution of ph for all samples. From these fittings, the 

point defects and the phonon-phonon interactions have been compared, and 

the results are displayed in Table 4. As it can be observed in these data, the 

effect due to the point defects are increased when the amount of dopant is 

raised, whereas a similar trend can be seen in the phonon-phonon interactions, 

even if the result obtained for the 0.01(Y,La,Yb) sample is lower than the 

expected. 

Finally, using PF and  data, ZT has been calculated for all samples. The 

obtained graph is presented in Fig. 11 as a function of temperature and dopants 
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content. As it can be easily seen in the plot, the highest ZT values have been 

obtained for the 0.03(Y,La,Yb)-doped sample ( 0.29 at 800 ºC), mainly due to 

its very low thermal conductivity. These values are more than three times higher 

than the obtained in undoped samples in this work ( 0.09 at 800 ºC). Moreover, 

it is higher than the best reported for doped CaMnO3 (0.08-0.25 at similar 

temperatures) [11,14,39,40,43-46]. 

The high ZT values obtained in CaMnO3 samples using Y, La, and Yb co-

doping, combined with the decrease of the starting particle sizes make these 

sintered materials very promising candidates to be used in high temperature 

thermoelectric devices for practical applications in waste heat harvesting. 

 

4. Conclusions 

In this work, the effect of a triple substitution (Y, La, and Yb) in the A-site of 

CaMnO3 has been studied. Samples were prepared through the solid-state 

reaction using planetary milled precursors to reduce starting particle sizes. It 

has been found that particle sizes are decreased when the dopant content is 

increased, both in the milled and sintered materials. XRD has shown that all 

samples are nearly single phase, with small amounts of CaMn2O4 secondary 

phase found through Rietveld analysis. Moreover, it has been found that cell 

parameters are increased with the amount of dopants due to their larger ionic 

radii, when compared to that of Ca. SEM and TEM observations showed that 

dopants are well distributed in the CaMnO3 crystal structure, and that their 

overall composition is very close to the nominal one, with no evidence of 

secondary phase. However, HREM imaging has shown some dark regions in 

the crystallites. STEM image-chemical mapping performed in these zones has 
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found that Ca(Y,La,Yb)/Mn ratio varies across the dark area, pointing out to the 

coexistence of CaMnO3 and CaMn2O4 structures in the crystallites. Electrical 

resistivity is drastically decreased with doping, as well as the absolute Seebeck 

coefficient due to the increase of charge carrier concentration. The highest PF 

at 800 ºC has been obtained in 0.02(Y,La,Yb) doped samples (0.37 mW/K2m), 

which is in the order of the best reported in the literature. Lattice and total 

thermal conductivity have been dramatically reduced by doping, reaching the 

minimum values at 800 ºC in 003(Y,La,Yb) doped samples (0.80, and 1.24 W/K 

m, respectively), which are the lowest value reported in the literature for bulk 

sintered materials, in the best of our knowledge. Moreover, the thermal 

evolution of lattice thermal conductivity is in agreement with the 

Debye/Callaway model, using the parameters obtained in this work. Finally, the 

highest ZT values have been reached in the 003(Y,La,Yb) doped samples ( 

0.29 at 800 ºC) provided by their very low electrical resistivity and thermal 

conductivity. Furthermore, this value is the highest obtained in bulk CaMnO3 

ceramics in the best of our knowledge. 
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Figure captions 

Figure 1. SEM micrographs of milled Ca1-x(Y,La,Yb)xMnO3 powders before cold 

uniaxial pressing, for x: a) 0.0; b) 0.01; c) 0.02; and d) 0.03. 

Figure 2. (a) Powder XRD patterns of the Ca1-3xYxLaxYbxMnO3 samples for x = 

a) 0.0; b) 0.01; c) 0.02, and d) 0.03. Diffracted peaks are indexed considering 

the Pnam setting expected for the CaMnO3 phase; (b) Enlarged observed (red) 

and calculated (black) XRD spectra considering CaMnO3 (first line green index) 

and CaMn2O4 (second line green index) structures. 

Figure 3. (a) Typical crystallite TEM micrograph recorded on 

Ca0.91Y0.03La0.03Yb0.03MnO3 sample and corresponding elemental cation 

distribution; (b) Experimental HREM image collected on a part of a crystallite; 

(c) atomic STEM imaging; and (d) corresponding elemental cation profile. 

Figure 4. Representative SEM micrographs obtained on the surface of Ca1-

3xYxLaxYbxMnO3 samples for x = a) 0.0; b) 0.03. 

Figure 5. Variation of electrical resistivity with temperature in Ca1-

3xYxLaxYbxMnO3 samples, as a function of dopant content. 

Figure 6. Temperature dependence of Seebeck coefficient in Ca1-

3xYxLaxYbxMnO3 samples, as a function of dopant content. 

Figure 7. Temperature dependence of the power factor in Ca1-3xYxLaxYbxMnO3 

samples, as a function of dopant content. 

Figure 8. Temperature dependence of the total thermal conductivity in Ca1-

3xYxLaxYbxMnO3 samples, as a function of dopant content. 

Figure 9. Temperature dependence of the lattice and electronic thermal 

conductivity in Ca1-3xYxLaxYbxMnO3 samples, as a function of dopant content. 

Figure 10. Fitting of ph thermal evolution using the Callaway’s model for all 

samples. 
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Figure 11. Temperature dependence of ZT in Ca1-3xYxLaxYbxMnO3 samples, as 

a function of dopant content. 
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Table 1. Mean grain sizes, together with their standard error, determined in the 

different samples through the Z-potential technique. 

Composition Mean grain size (nm) Error (nm) 

CaMnO3 578 35 

Ca0.97Y0.01La0.01Yb0.01MnO3 504 30 

Ca0.94Y0.02La0.02Yb0.02MnO3 412 37 

Ca0.91Y0.03La0.03Yb0.03MnO3 394 28 
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Table 2. Cell parameters evolution versus x in Ca1-3xYxLaxYbxMnO3 samples 

Composition a (Å) b (Å) c (Å) CaMn2O4 

phase content 

(vol.%) 

x=0 5.2861(3) 7.4572(5) 5.2682(3) 1.97 

x=0.01 5.2942(4) 7.4648(5) 5.2728(5) 3.47 

x=0.02 5.3005(4) 7.4699(6) 5.2786(5) 2.56 

x=0.03 5.3045(4) 7.4736(7) 5.2814(5) 1.35 
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Table 3. Mean grain sizes, together with their standard error, determined on 

sintered materials through the line-intercept method, and absolute density 

values, with their standard error determined by the Archimedes’ method. 

Composition 

Ca1-3xYxLaxYbxMnO3 

Mean grain 

size (m) 

Error 

(m) 

Density 

(g/cm3) 

Error 

(g/cm3) 

x = 0 14.6 1.5 4.16 0.07 

x = 0.01 8.8 0.3 4.27 0.06 

x = 0.02 8.2 0.3 4.36 0.07 

x = 0.03 7.5 0.3 4.44 0.05 
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Table 4. Point defect and phonon-phonon scattering parameters obtained from 

the fitting of ph thermal evolution using the Callaway’s model for all samples. 

Composition A (point defects) B (phonon-phonon) 

CaMnO3 6.61 10-19 5.07 10-19 

Ca0.97Y0.01La0.01Yb0.01MnO3 1.37 10-18 1.01 10-20 

Ca0.94Y0.02La0.02Yb0.02MnO3 1.67 10-18 2.27 10-18 

Ca0.91Y0.03La0.03Yb0.03MnO3 2.08 10-18 7.49 10-18 
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