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Abstract 

CaMnO3–based materials represent a promising family of n-type oxide 

thermoelectrics. The objective of the present work is assessing the impacts on 

relevant structural, microstructural and thermoelectric properties of manganites 

when they are processed by the laser floating zone technique. For this purpose, 

donor-doped Ca0.9La0.1MnO3, CaMn0.95Nb0.05O3 and undoped CaMnO3 were 

used. Different growth conditions have been evaluated through combined studies 

of structural, microstructural, and thermoelectric characteristics. Despite the 

presence of secondary phases, electrical resistivity is among the best reported in 

the literature (9 mΩ.cm at 800ºC for La-doped materials grown at 200 mm/h). 

Essentially high absolute Seebeck coefficient of 320 µV/K at 800ºC was observed 

for undoped samples grown at 10 mm/h. Power factor is significantly affected by 

the growth conditions, reaching the highest values when using the lowest pulling 

rates. Exceptionally high PF (0.39 mW/K2m at 800ºC) was obtained for undoped 

CaMnO3 samples grown at 10 mm/h. 
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Introduction 

Nowadays most of the world electricity production implies the use of fossil fuels, 

characterized by the relatively low efficiencies of these systems (about 30-35 %) 

[1]. Consequently, there are large energy losses in form of heat, and enormous 

greenhouse gas generation. Moreover, the combustion engines used in the 

automotive sector also operate with low efficiency (~ 20-25 %) [2], leading to the 

same drawbacks. With the objective of decreasing the use of fossil fuels and 

corresponding negative impacts on the society and environment, the research in 

thermoelectric materials (TE) can lead, at least, to a partial solution of this 

problematic issue. TE devices represent an alternative to produce low-cost 

energy from the wasted heat. Furthermore, they have a long useful life and, in 

most of cases, they are environmentally friendly. Thermoelectric modules for 

energy harvesting have good prospects for the applications in military sector, 

automotive and aerospace industry, mostly for specific purposes. However, these 

modules are typically based on Bi2Te3 and Sb2Te3 compounds, with efficiencies 

of 4-5% [3], and composed of toxic and rare elements. Moreover, their chemical 

stability impedes the operation in air at even moderately elevated temperatures.  

Due to these constraints, the scientific community emphasized its efforts in 

searching for alternative materials, as oxides [3,4]. These materials are 

chemically more stable, possess considerably lower toxicity, are cheaper, and 

can be used at high temperatures, increasing the Carnot efficiency. 

Consequently, they are very favourable for practical applications, when 

harvesting heat from high temperature sources [5,6]. Among these oxides, 

perovskite-type calcium manganite, CaMnO3, represents a very promising n-type 

thermoelectric material [4,7]. On the other hand, CaMnO3 possesses the main 

drawback of all oxide materials, namely, relatively low conversion efficiency. As 

a result, many research works have been performed to improve the 

thermoelectric properties of this compound, through doping [6], and/or different 

processing techniques [8-10]. Specific challenges related to calcium manganite 

include low mechanical strength, possibility of phase modifications occurring at 

around 900 ºC, and the appearance of oxygen-rich areas when the precursors 

are not homogeneous [11]. 



3 

 

The main studies performed on this compound are essentially focused on the 

improvement of its electrical conductivity (σ), which is usually very low in the pure 

compound, without drastic modifications of Seebeck coefficient (S) or thermal 

conductivity (κ). Electron doping has demonstrated its suitability to increase 

electrical conductivity and, simultaneously, reduce thermal conductivity through 

lattice defects promoted by the dopant [12-14]. The final objective is, evidently, 

raising the thermoelectric performance of these materials, which is usually 

evaluated through the so-called dimensionless Figure-of-Merit (ZT): ZT = 

σ*S2*T/κ. Most of the available works in the literature are focused on single-

doping approaches to improve the thermoelectric performance of CaMnO3. 

However, other promising approaches should be considered, as co-doping, 

nanostructuring, and/or nanocomposite fabrication, which also represent 

promising pathways to dramatically enhance ZT [5,7,14,15]. 

This work explores the possibility to process calcium manganite-based 

thermoelectric materials through the laser floating zone (LFZ) method. To the 

best of our knowledge, this is the first attempt to apply this technique for 

processing thermoelectric manganites. For this purpose, lanthanum and niobium 

oxides have been used as dopants due to their different substitution mechanism 

in the CaMnO3 network [16]. Lanthanum is known to replace some of the A-site 

calcium ions, while niobium replaces B-site manganese ions [16]. Besides their 

donor effects, the induced structure modification is known to decrease thermal 

conductivity [16]. Moreover, undoped CaMnO3 has also been prepared in the 

same conditions to be used as a reference. The samples were processed using 

the LFZ method at different pulling rates, from 10 to 200 mm/h. Structural, 

microstructural, and thermoelectric characterization (evaluated through the 

power factor, PF=S2/ρ; ρ: electrical resistivity) have been performed in order to 

understand the effect produced by the pulling rates and dopants. 

 

Experimental procedure 

CaCO3 (Merck, 99%), MnO2 (Aldrich, 99%), La2O3 (Aldrich, 99.99%), and Nb2O5 

(Aldrich, 99%) commercial powders were weighed in stoichiometric proportions 

to prepare the following compounds: CaMnO3 (CMO), Ca0.9La0.1MnO3 (CLMO), 
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and CaMn0.95Nb0.05O3 (CMNO). These powders were then milled and mixed with 

polyvinyl alcohol (PVA), used as an organic binder to produce 150 mm long and 

3 mm diameter cylindrical bars through extrusion [17,18] which were 

subsequently dried under air. After drying, the rods were used as feed and seed 

in a LFZ system described elsewhere [19]. The samples were processed using a 

continuous CO2 Spectron SLC laser (λ = 10.6 μm, and power up to 200 W) under 

air at 10, 50, 100 and 200 mm/h growth rates to understand their effect on the 

structural, microstructural, and thermoelectric behaviour of these compounds. 

Structural analysis has been performed using powder X-ray diffraction (XRD) in 

a Panalytical X'pert PRO3 diffractometer (CuKα1 radiation). The obtained 

spectra were analyzed using the JCPDS database. Microstructure has been 

studied on polished longitudinal sections of samples through scanning electron 

microscopy (SEM) in a Vega 3 from Tescan with an EDS Bruker system to 

determine the qualitative composition of the different phases. Samples density 

was measured by the Archimedes method at room temperature, using 4.71 g/cm3 

as the theoretical one for CaMnO3 [20]. 

Thermoelectric behaviour of samples has been studied by simultaneous 

measurement of electrical resistivity and Seebeck coefficient, using the four point 

method, between 50 and 800 ºC in a LSR-3 device (Linseis GmbH). Power factor 

was then calculated using these data to determine the samples performances. 

Results 

Representative powder XRD patterns of samples after LFZ processing are 

displayed in Fig. 1. The orthorhombic perovskite-type phase CaMnO3 (00-050-

1746) can be observed in all samples as the major one. However, CaMn2O4 (01-

074-2293, marokite) and tetragonal Ca3Mn2O7 (00-041-0421) secondary phases 

have also been detected, in agreement with previous observations for this system 

[8,10,16,21-23]. On the other hand, the amount of secondary phases in CLMO 

and CMNO decreases when lower growth rates are used, since slower growth 

facilitates the formation of the thermodynamically-favoured phases.  
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Figure 1 – Powder X-Ray diffractograms of the samples grown at different pulling 

rates. Diffraction planes identify the diffraction maxima associated to the CaMnO3 

phase. Peaks corresponding to the CaMn2O4 and Ca3Mn2O7 secondary phases 

are also shown by symbols. 

On the other hand, undoped samples show the opposite behaviour with the 

growth rate. This observation suggests that the presence of redox-stable cations 

like La3+ and Nb5+ may significantly affect the formation of the thermoelectric 

perovskite-type phase from the melt during the LFZ process. The reduction of 

manganese cations, further promoted by dopant cations in high oxidation states, 

results in coexistence of Mn4+ and Mn3+ species [24,25], which is crucial for the 

electronic transport. An excessive reduction leading to highly oxygen-deficient 
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structure in CMO samples results in structural distortions (transition from 

orthorhombic Pnma to Pbam space group), and the appearance of additional 

peaks, in excellent agreement with the literature data [23]. Such structure is 

apparently frozen down to ambient conditions, when high growth rate is used. On 

the other hand, slower growth rates lead to progressive reoxidation of the sample, 

resulting in subsequent phase separation, as observed in the XRD patterns. On 

the contrary, the presence of redox stable cations partially compensates the 

excessive reduction and stabilizes less-distorted Pnma structure. Altogether, 

these observations indicate a significant oxygen deficiency in the solidified 

materials [16,23], which is a typical consequence of the LFZ process as reported 

in previous works [26,27]. Furthermore, when doping with La3+ or Nb5+, a 

noticeable peaks shift to lower angles in the XRD diffractograms can be 

observed, indicating an increase in the unit cell volume. The effect of substitution 

of Ca2+ (1.34 Å) with larger La3+ (1.36 Å) ions [28] is further promoted by the 

modification of Mn3+/Mn4+ ratio as a charge compensation mechanism, since the 

ionic radius of 6-fold coordinated Mn3+ in both high-spin (0.645 Å) and low-spin 

(0.58 Å) configuration is larger than that for Mn4+ (0.53 Å) [28]. The same changes 

take place with Nb5+ (0.64 Å), which is larger than both Mn3+ and Mn4+ [28]. 

The results of morphological and chemical analysis performed by combined SEM 

observations and EDS mapping are shown in Fig. 2. As it can be observed from 

the representative micrograph taken in a longitudinal polished section, displayed 

in Fig. 2a (CLMO sample grown at 50 mm/h), apart from some porosity induced 

by the grinding procedure, no grain sizes or orientation can be determined. On 

the other hand, EDS maps suggest the trends in the grain orientation with respect 

to the growth axis, which increases when the pulling rate is raised. The above-

identified phases have different Ca:Mn ratios, and are displayed as orange 

(CaMnO3), green (CaMn2O4), and red (Ca3Mn2O7), being in agreement with the 

X-ray diffraction data.  
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Figure 2 – a) Representative SEM micrograph of CLMO sample grown at 50 
mm/h; b) and C) EDS maps of CLMO samples grown at 50 and 200 mm/h, 

respectively. The colors correspond to: Ca; Mn and La). 

When considering the effect of the growth rate on the elements distribution, CMO 

and CMNO samples grown at low pulling rates show a rather uniform dispersion. 

a) 
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However, it is more heterogeneous when the growth rate is increased. On the 

other hand, CLMO samples do not show a regular evolution with the pulling rate. 

In these samples, the amount of Ca is lower than in the other ones (due to the 

partial Ca substitution by La) and the presence of CaMn2O5 phase still decreases 

the amount of manganese to produce the thermoelectric phase. Another effect of 

the pulling rate on these samples is that porosity tends to decrease by reducing 

the growth rate. 

This evolution has been confirmed through density measurements, presented in 

Fig. 3. In the graph, the density evolution from the initial rods (as-extruded, 

indicated as 0 mm/h) to those processed by LFZ at different growth rates, is 

plotted, together with their measurement errors. These results are in a good 

agreement with the fact that LFZ process results in highly-dense materials [27]. 

The obtained values are close to the CaMnO3 theoretical density, 4.58 g/cm3, and 

to those reported in the literature [15,20]. On the other hand, the multiphasic 

nature of samples produced in this work complicates the estimation of the 

theoretical density. Moreover, doping also affects the density of the samples, 

increasing with La and decreasing with Nb. 
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Figure 3 – Relative densities of the samples, together with their measurement 
error, compared to the theoretical value of CaMnO3, as a function of pulling rate 

(0 - 200 mm/h). 

 

Electrical resistivity as a function of temperature and growth rate is displayed in 

Fig. 4, together with its 4% error bars [29-31] (they are not easily seen as they 

are of the order of symbols size). The resistivity data do not include several 

samples, for which it was impossible to produce appropriate ceramics for 

electrical measurements due to their poor mechanical characteristics [11]. It is 

well-known that the charge transport in calcium manganite-based materials is 

generally well described by the small polaron hopping model [32]. The data show 

that all samples present semiconducting behaviour (dρ/dT < 0) in the whole 

measured temperature range, which is much more evident for CMO, and CMNO 

samples grown at high rates. Moreover, the growth rate plays an important role 

on the electrical resistivity values, being lower when the growth rate is decreased, 

independently of the samples composition. This effect can be explained by the 

lower cooling rate in these samples, which allows reaching a condition closer to 

the equilibrium. On the other hand, La-doping drastically diminishes the effect of 

the growth rate on the electrical resistivity, probably due to the increase of charge 

carrier concentration. The minimum value at 800 ºC (9 mΩ.cm) has been 

determined in CLMO samples grown at 200 mm/h, which is of the order of the 

one obtained in electron-doped materials (10-12 mΩ.cm) [12,33,34], prepared 

using much longer processing time. 
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Figure 4 – Electrical resistivity evolution with temperature, together with its 

error, as a function of the growth rate and composition.  
 

Evolution of the Seebeck coefficient with temperature for all samples, together 

with corresponding 4 % uncertainty [29-31], is presented in Fig. 5. As it can be 

observed from the graph, the values of S are negative in the whole measured 

temperature range, indicating that the main transport charge carriers are 

electrons. Undoped CaMnO3 samples show very high |S| values, which are 

decreasing when the temperature is raised. This behaviour can be associated to 

their low carrier concentration, reflected in the semiconducting behaviour 

observed for the electrical resistivity. Moreover, doped materials possess lower 

|S| values at room temperature, which are increasing on heating. These results 

are in agreement with those obtained in other works studying the effect of 

transition metal substitutions on the thermoelectric properties of CaMnO3 

[7,22,35]. The highest |S| values at 800 ºC, for the doped materials, have been 

measured in CMNO samples grown at 50 mm/h (∼ 190 µV/K), which are around 

the best obtained in electron doped materials prepared through different 

techniques (140-250 µV/K) [6,12,32-34]. 
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Figure 5 –Evolution of the Seebeck coeficient with temperature, together with its 

corresponding error, as a function of the growth rate and composition. 
 

Fig. 6 shows the thermoelectric performance (power factor) of all fibers, together 

with the corresponding uncertainty (10 %) [36]. Lower growth rates lead to the 

highest PF values, independently of the samples composition. This effect, as 

mentioned in the electrical resistivity discussion, is due to the lower cooling rate 

these samples during the growth process. On the other hand, La-doped samples 

show better performances than the Nb-containing materials, due to their most 

effective electron doping. Surprisingly, the highest PF values have been obtained 

in undoped samples grown at 10 mm/h in the whole measured temperature 

range. These results clearly point out to even rather important effect of the growth 

rates on the performances than the doping itself. The maximum value at 800 ºC 

(0.39 mW/K2m), obtained in undoped samples, is higher than the reported in the 

literature for doped materials 0.17-0.37 mW/K2m [6,33,34,37]. 
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Figure 6 –Power factor evolution with temperature, together with its 

corresponding error, as a function of the growth rate and composition. 
 

The effect of doping on the PF values at high temperatures (800 ºC) can be 

clearly observed when presenting these data as a function of the growth rate (Fig. 

7). In general, CLMO samples show the highest thermoelectric performances, 

when compared to the samples grown at the same rates. Moreover, the lowest 

performances are obtained, as expected, in undoped samples. On the other 

hand, when considering the effect of the pulling rate on the samples 

performances, it is clear that they are slightly increased when the growth rate is 

decreasing from 200 to 100 mm/h. This evolution is maintained for the lower 

pulling rates, but the raise in performances is nearly exponential for very low 

growth rates (10 mm/h). The reasons for this behaviour are still not clear. In 

particular, it might be related to a favourable interplay between charge and 

electron spin states in these samples. In any case, further detailed studies are 

necessary in order to clarify the mechanism behind these properties. 
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Figure 7 – Evolution of the power factor with the pulling rate at 800ºC, together 

with its uncertainty, as a function of composition. 
 

 

Conclusions 

In the scope of this work, pure and electron-doped CaMnO3 samples were 

processed through the LFZ technique using different pulling rates from 10 to 200 

mm/h. XRD analysis showed the presence of perovskite-type phase as the major 

one in all samples. The appearance of secondary CaMn2O4 and Ca3Mn2O7 

phases has been partially suppressed by using slower pulling rates. The 

presence of redox-stable cations like La3+ and Nb5+ appears to stabilize the Pnma 

orthorhombic perovskite phase, while highly oxygen-deficient Pbam structure is 

formed in the case of undoped CaMnO3. The lowest resistivity at 800ºC was 

obtained for La-doped samples grown at 200 mm/h (9 mΩ.cm). On the other 

hand, the highest Seebeck coefficient (320 µV/K at 800 ºC) has been determined 

in undoped samples grown at 10 mm/h. This value, combined with relatively low 

electrical resistivity, resulted in exceptionally high PF (~0.39 mW/K2m at 800ºC), 

one of the highest reported so far in the literature. However, further improvements 

can be achieved if successful growth of doped samples at very low pulling rates 

can be performed. Moreover, evaluation of the thermal conductivity should 
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provide a real assessment of the thermoelectric performances of these samples. 

In any case, the LFZ technique can be regarded as a very useful process to 

produce thermoelectric legs for power generation modules in just one step. 
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