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Theoretical Analysis of the Substitutable Metal
on the Thermoelectric Performance of CaMnO3

TOSAWAT SEETAWAN∗

Thermoelectrics Research Center and Department of Physics, Faculty of Science
and Technology, Sakon Nakhon Rajabhat University, 680 Nittayo Rd., Sakon
Nakhon, 47000, Thailand

The crystal structure and electronic structure of Ca0.8M0.2MnO3 (M = Cu, Ag, and Bi)
materials were simulated by DV-Xα method and Maxwell-Boltzmann distribution to
evaluate the electrical resistivity and Seebeck coefficient. The lattice thermal conduc-
tivity was calculated by the classical molecular dynamics (MD) method. I was found
that the crystal structure of these materials based on a framework of corner-sharing
orthorhombic system. The Seebeck coefficient of materials increases with tempera-
ture. The electrical resistivity and thermal conductivity decreases with temperature and
substituted metal for Ca site. The Ca0.8Bi0.2MnO3 exhibited better thermoelectric perfor-
mance and clearly showed concurrence between theoretical analysis and experimental
data.

Keywords Theoretical analysis thermoelectric properties; Ca0.8M0.2MnO3 (M = Cu;
Ag; and Bi) materials; thermoelectric properties calculation

I. Introduction

Good thermoelectric materials have a potential for use in thermoelectric generator in which
thermal energy is converted directly into electrical energy. Theoretically, the performance of
thermoelectric materials are estimated by the dimensionless figure of merit, ZT = S2T/ρκ ,
where S, ρ, and κare the Seebeck coefficient, the electrical resistivity, and the thermal
conductivity, respectively. The largest values of ZT obtained up to order 2.4 for thermo-
electric semiconductors and suitable for thermoelectric application such as Bi2Te3/Sb2T3

(ZT ≈ 2.4) [1], AgPb18SbTe20 (ZT ≈ 2.2) [2], and PbSeTe/PbTe (ZT ≈ 2.0) [3]. How-
ever, these materials are easily oxidized and decomposed at high temperature on air, low
performance at high temperature, and toxicity. The advantages of metal oxides are promoted
for their excellent stability to high temperature on air, and nontoxicity composed of n–type
thermoelectric materials such as CaMnO3 [4], SrTiO3 [5], and ZnO [6], p–type thermoelec-
tric materials such as Ca3Co4O9 [7], Na0.7CoO2 [8], CaxCoO2 (0.15 ≤ x ≤ 0.40) [9], and
Ca3Co2O6 [10]. However, the previous guiding principles indicated that the metal oxides
are not suitable for thermoelectric application due to their high electrical resistivity, lowest
value of ZT , and low mobility. Currently, much attention is being completed to the new
thermoelectric oxide materials, and enhanced thermoelectric performance. Perovskite–type
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(a)            (b)                (c)                  (d)
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O M = Cu, Ag, and Bi

Figure 1. Cluster atoms of (a) CaMnO3, (b) Ca0.8M0.2MnO3 (M = Cu, Ag, and Bi), (c) 3 × 3 × 3
super cell of CaMnO3 and (d) 3 × 3 × 3 super cell of Ca0.8M0.2MnO3 (M = Cu, Ag, and Bi).

oxide thermoelectric materials are being studied extensively for their various mechanical
properties, electronic properties, ferroelectric, anti–ferromagnetic, thermal properties, and
thermoelectric properties. One of these perovskite–type oxides is CaMnO3, promising
n–type oxide for thermoelectric application [11–12]. In CaMnO3, there are enhanced two
ways to adjust the carrier density in order to obtain a higher ZT value; one way is the
substitution at Ca site such as Ca1−xNaxMnO3 (0.0 ≤ x ≤ 0.025) [13], Ca1−xSmxMnO3

(x = 0.00, 0.01, 0.02, 0.03, 0.04, 0.05) [14], and Ca1−xSrxMnO3 (0.0 ≤ x ≤ 0.30) [15].
The other way is the substitution at Mn site such as CaMn1−xNbxO3 (x = 0.02, 0.05, 0.08,
0.10) [16], CaMn1−xMxO3 (M = Nb, and Ta) (0.0 ≤ x ≤ 0.30) [17], and CaMn1−xRuxO3−δ

(x = 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.15, 0.18) [18]. I explain simulation process and
choose the way of a possible substitution at Ca site to analyze the thermoelectric properties
of Ca0.8M0.2MnO3 (M = Cu, Ag, and Bi) by statistical mechanics simulation to find a good
thermoelectric performance.

II. Computational Detail

Atomic Cluster Model

The crystal structure of CaMnO3 orthorhombic system was described the atomic fractional
coordinates which also determined in several reports lattice constants and atomic occupation
site for CaMnO3 [19]. The CaMnO3 and Ca0.8M0.2MnO3 (M = Cu, Ag, and Bi) unit cells
were selected from cluster atoms of Ca10Mn12O20 and Ca8M2Mn12O20 (M = Cu, Ag, and
Bi) have volume of 207.75 Å3 as shown in Figures 1(a)–1(b), respectively.

Electrical Properties Calculation

The energy level, density of state, and band gap were calculated by the DV-Xα method
[20] based on density functional theory. Recently, I evaluated the electrical resistivity and
Seebeck coefficient of NaxCoO2 by the DV-Xα method [21]. The electronic structure
calculation was used pseudo atomic calculation of Ca (3s2 3p6 4s2), Mn (3p6 3d5 4s2), O
(2s2 2p4), Cu (3p6 3d10 4s1), Ag (4p6 4d10 5s1), and Bi (5d10 6s2 6p3), sample point of
100000, orthorhombic system, lattice constants (experimental value) a = 5.28 Å, b = 7.46
Å, c = 5.28 Å, α = β = γ = 90◦, space number of 62, space group symbol of Pnma, and
number of atoms in unit cell of 20.
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Thermoelectric Properties Calculation 11

Figure 2. Calculated (a) electrical resistivity and (b) Seebeck coefficient of Ca0.8M0.2MnO3 (M =
Cu, Ag, and Bi).

Thermal Properties Calculation

The lattice thermal conductivity was calculated by MXDORTO program [22] based on
classical MD method. Recently, I reported the lattice thermal conductivity of SrTiO3 by
MD method [23]. Thermal properties calculation was used the 3 × 3 × 3 super cell of 320
ions (Ca = 64, Mn = 64, and O = 192) for CaMnO3 and 320 ions (Ca = 45, M = 19, Mn =
64, and O = 192) for Ca0.8M0.2MnO3 (M = Cu, Ag, and Bi) as shown in Figure 1(c)–1(d).

III. Results and Discussion

I tried recently with thermoelectric properties calculation for two or three years.

Electrical Resistivity

The calculated energy band structure revealed its indirect band gap of 0.68 eV which
corresponded with the report by F.P. Zhang et al. [19] after substitution decreased to
0.18 eV for Cu, 0.11 eV for Ag, and 0.42 eV for Bi. Ca2+, Cu+1, Ag+1, Bi+1, Mn4+, and O−2

where the dominant manganese species in cluster atoms, and the difference in the oxygen
deficiency was negligible. The substitutions of Cu, Ag, and Bi at the Ca site cause a marked
decrease in the electrical resistivity. The electrical resistivity calculated the relationship of
carrier concentration such as electron or hole in CaMnO3 and Ca0.8M0.2MnO3 materials as
shown in Fig. 2(a), it was defined as follows:

ρ = 1

neμ
= 1

nea2

(
T

A

)
exp

(
Eh

kBT

)
; ρoxide ≈ 1

nea2

(
T

A

)
exp

(
T0

T

) 1
4

where n, e, μ, a, T ,A,Eh, T0, and kB are carrier concentration, electrical charge of carrier,
the carrier mobility, inter–site distance of hopping, absolute temperature, carrier scattering
mechanism, activation energy of hopping, initial absolute temperature, and Boltzmann
constant, respectively.
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12 Tosawat Seetawan

Seebeck Coefficient

The calculated Seebeck coefficient depended on the relationship of density of state (DOS),
it was defined as follows:

Soxide = −π2kBT

3e

(
N

n + C

)
= −π2k2

BT

3e

d ln σ (E)

dE

∣∣∣∣
E=EF

= −1

e

(
E)2

T

d ln N (EF )

dEF

where N,C, σ (E), E,
E, and EF are the density of state, constant related to the
materials, electron correlation effects, kinetic energy, energy range near Fermi level:


E ≈ kBT0

(
T
T0

) 3
4
, and Fermi energy, respectively. All materials showed negative val-

ues of Seebeck coefficient, indicating n–type conduction. The absolute value of Seebeck
coefficient of CaMnO3 and Ca0.8M0.2MnO3 materials was decreased with temperature
range 300 K to 700 K and decreased with the substitution of Cu, Ag, and Bi at the Ca site
of CaMnO3 material in good agreement with the experimental data as shown in Fig. 2(b).

Thermal Conductivity

Theoretically, the total thermal conductivity κtotal was evaluated from the relationship:

κtotal = κel + κlat + κbi + κother ; κmetal ≈ κel ; κsemi/insu ≈ κlat

where κel, κlat , [24], κbi and κother are electrical contribution to the thermal conductivity,
lattice contribution to the thermal conductivity, bipolar electronic thermal conductivity,
and other contribution to the thermal conductivity, respectively. The calculated results of
molecular dynamics simulation represent κlat only in good agreement with the experimental
result of oxide thermoelectric materials. The κlatwas related proportional to T −1 above
Debye temperature which corresponded with the behavior of oxide thermoelectric materials
and κel was related proportional to σT (σ : electrical conductivity) which corresponded with
the behavior of metal thermoelectric materials [22, 25].

κoxide = V

3kBT 2

∞∫
0

1

V
S(t)dt = 1

3
CV vT l = 108

3
CV

√
G

d
exp

(
�

ηT

)

where V, S(t), CV , vT , l,G, d,�, and η are volume of unit cell, heat flux autocorrela-
tion function (ACF), lattice specific heat at volume, transverse sound velocity, phonon
mean free path, shear modulus, density, Debye temperature and constant, respectively. The
thermal conductivity of CaMnO3 and Ca0.8M0.2MnO3 materials was decreased with tem-
perature range 300 K to 700 K in good agreement with the experimental data as shown in
Fig. 3(a).

Dimensionless Figure of Merit

Dimensionless figure of merit was significantly estimated from the relationship of the
Seebeck coefficient, electrical resistivity and thermal conductivity dependence on material
properties as shown in Fig. 3(b), which was defined as follows:

ZT = S2T

ρκ
= S2T

ρ(κel + κlat + κbi + κother )
; ZToxide ≈ S2T

ρ(κlat )
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Thermoelectric Properties Calculation 13

Figure 3. Calculated (a) lattice thermal conductivity and (b) dimensionless figure of merit of
Ca0.8M0.2MnO3 (M = Cu, Ag and Bi).

The Ca0.8Bi0.2MnO3 thermoelectric material was believed to have higher ZT than their
Cu and Ag substitution in good agreement with reported by M. Ohtaki et al. [11].

IV. Conclusions

The electronic structure of Ca0.8M0.2MnO3 (M = Cu, Ag, and Bi) materials has been
obtained an indirect band gap of 0.68 eV which decreases after substitution by Cu, Ag,
and Bi and indicated semimetal behavior. The electron density of states near Fermi level
was responsible for the electron carrier transport. The thermal properties of the materials
composed the compressibility, linear thermal expansion, specific heat capacity simulated
from 3 × 3 × 3 super cell to calculate lattice thermal conductivity. In this work it has
been calculated that the relationships among temperature, electrical resistivity, Seebeck
coefficient, and thermal conductivity of the materials by Maxwell–Boltzmann distribution
in statistical mechanics. It has been shown that the results in good concurrence with the
literature data and the experimental data.
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