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a b s t r a c t

The electronic and thermal properties of hole (Na) and electron (Ga) doped CaMnO3 systems are inves-
tigated based on the first principle density functional theory calculations using plane wave basis and
pseudo-potential method. A semiconductor-to-conductor transition and a distorted band structure are
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found for the doped systems; enhanced density of states near Fermi level is observed. The phonon transfer
speed and the phonon mean free path are lowered; meanwhile, the phonon specific heat is heightened
in comparison with that of the undoped CaMnO3 system, resulting in enhanced phonon thermal con-
duction. The calculation results indicate that the doped systems should have improved thermoelectric
performance.
lectronic properties
hermal properties

. Introduction

The AMnO3 oxides (A = Ca, La, Sr, Ba) with perovskite type struc-
ure have attracted much attention due to their variety of physical
roperties [1–4]. The AMnO3 structure can be described with cor-
er sharing octahedra, in which Mn is surrounded by six oxygens
nd A locates in cavities. Dopants can be incorporated into the
MnO3 structure [5,6], leading to extensive variation of chemi-
al and physical properties. Understanding the doping behavior is
ignificative for the optimization of electronic materials [4,7,8].

As one of these type oxides, the CaMnO3 based manganite has
enewed interest within solid state fields in terms of their structural
7,8], electrical [9], magnetic [10] and thermoelectric (TE) proper-
ies [11,12]. The physical behavior of carrier doped CaMnO3 has
een widely studied in an attempt to understand the rich varia-
ions of physical properties. It is true that the physical properties
an be sensitively influenced by donor doping, the dopants include
ain group elements, transitional metal elements and rare earth

lements [13–16]. The CaMnO3 manganite shows n-type semi-
onductor transportation up to room temperature, electron donor
oping is thought to be applicable for increasing the carrier concen-
ration, tuning the mobility, effective mass and mean free path and
he conduction behavior thereby. Meanwhile, structural distortion

ould be induced by dopants; the electronic structure as well as the
honon mode could be changed consequently. There were a large
umber of experimental investigations on doped CaMnO3 with
rivalent or tetravalent ions substitution (La, Ce, Nd, Sm and Yb) for
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Ca site [11,17]. The carrier concentration modification, structural
variation, orbital coupling change and ion electronic configura-
tion modulation was thought to be responsible for the physical
property fluctuations. It was reported [18] that the carrier concen-
tration can be adjusted by electron donor dopants; the inter-site
distance for carriers to conduct can be modified and the carrier
conduction capability can thus be tuned by dopants. Funahashi
and co-workers [17,19] investigated the Seebeck signals of doped
CaMnO3 systems, they believed that the Mn 3d electron orbital and
the symmetry of Mn–O–Mn octahedron were affected by donor
dopants. Those meaningful physical variations are deeply compli-
cated; they deserve further detailed investigation.

The electrical properties of solid state materials are determined
by their electronic structures; however, there were few reports on
the detailed electronic structure study of doped CaMnO3 systems.
Zampieri et al. [20] investigated the electronic structure of hole
doped CaMnO3 systems and they found that the ground state of
the manganite was highly covalent, the main separation between
Mn 3d bands closest to Fermi level was of the order of 3 eV. Briático
[21] measured conductivity and magnetic properties of electron
doped CaMnO3 system and they found that the Curie constant
was dependent on doped electron concentration; they believed
that the formed Mn3+–Mn4+ spin clusters were responsible for the
large Curie constant. A few theoretical works in terms of CaMnO3
system had been reported. Yang et al. [22] studied electronic struc-
ture of anti-feromagnetic CaMnO3 using the first principle discrete

variational cluster method based on ab initio local-spin-density
approximations, a band gap of 0.005–0.1 eV for the titled system
was found. Recently, we carried out density functional theory study
on anti-ferromagnetic CaMnO3 and an indirect band gap of 0.7 eV
was revealed [23]. Nevertheless, detailed investigations are needed
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Table 1
Lattice parameters of undoped, Na and Ga doped CaMnO3.

Parameters Na doped CaMnO3 CaMnO3 Ga doped CaMnO3

a 10.1594 10.6386 10.6116
b 7.3265 7.4148 7.1845
c 5.0782 5.2093 5.3922
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Bond lengths
Mn–O1 1.802 1.926 2.083

1.799 1.918 1.687
Mn–O2 1.828 1.916 1.798

o understand the doping properties of CaMnO3 system. In this
aper, we report the systematical density functional theory (DFT)
alculation results for both hole and electron doped CaMnO3 sys-
ems; the electrical properties as well as the thermal properties are
nalyzed. In the end, the TE properties are prospected.

. Computational details

The crystal structure of CaMnO3 in our calculations can be found
n Refs. [23,24]. Na as hole and Ga as electron donor dopants were
hosen to investigate the electronic state evolution. Super cells with
size of 40-atom corresponding to the formula Ca0.875M0.125MnO3

M = Na, Ga) were considered in this study. Calculations on large
upercell were beyond computing capability.

Our calculations were performed with the ultra-soft pseudo-
otential plane wave method and generalized gradient approxi-
ations (GGA) based on DFT theory using the Cambridge Serial

otal Energy Package (CASTEP, Cerius2, Molecular Simulation,
nc.) ab Initio Total Energy Program [25,26]. Energy cutoffs of
40 eV and 220 eV were used for the geometric optimization,
and structure and phonon calculations, respectively. The wave
unctions sample the irreducible part of the Brillion zone with
ets including 15 points (Monkhorst-Pack grid 2 × 3 × 5), the band
nergy tolerance was set as 0.01 meV. The electronic structure
as analyzed in terms of the band structure, density of states

nd charge distribution. The high symmetry k-points within our
alculated band structure in the Brillouin zone were G(0.000,
.000, 0.000), F(0.000, 0.500, 0.000), Q(0.000, 0.500, 0.500), Z(0.000,
.000, 0.500). The thermodynamic parameters, Debye tempera-
ure � and thermal capacity c as a function of temperature were
btained from phonon dispersion calculations. The phonon den-
ity of states was obtained from phonon calculations. Then the
hermal property was analyzed in terms of the phonon calculation
esults.

. Results and discussion

.1. Geometric structure

Table 1 shows the geometrically optimized structure param-
ters of the undoped CaMnO3 and doped CaMnO3 systems. The
attice parameters a, b and c are changed due to the introducing of
opants with different ionic radii. The main conduction path Mn–O

ength turns out to be changed too, indicating the modified elec-
ronic properties; i.e. the Mn–O1 length is reduced to be 1.802 Å
nd 1.799 Å of Na doped CaMnO3 system from 1.926 Å and 1.918 Å
f undoped CaMnO3 system, respectively.

.2. Electronic properties
Fig. 1 shows the band structures of the undoped CaMnO3 and
oped CaMnO3 systems. The Fermi level is set to be 0 eV and other
nergy levels are determined by comparing with Fermi level. The
ermi levels of the doped systems shift upwards into the conduc-
ion bands due to the carriers arising from doping, indicating a
Fig. 1. Calculated energy band structures of undoped (b), Na (a) and Ga (c) doped
CaMnO3.

semiconductor-to-conductor transition. Thus the doped systems
become metallic. Fig. 2 shows the total density of states (TDOS)
and partial density of states for species within each system. It is
inferred that the energy for carriers to hop would be reduced in the
doped systems.

As can be seen for doped CaMnO3 systems, our calculation also
indicates that the Mnd and Op orbitals mainly contribute to the
energy states near Fermi level (see Fig. 2) [23]. The Mnd and Op
electrons and their couplings are responsible for electronic pro-
cess for doped CaMnO3 systems [13–19]. Moreover, an enhanced
hybridization between the Mnd and Op electrons is observed for
the doped systems, enhanced electron conduction can be expected,
since the Mn–O path is the main conduction path.

3.3. Thermal properties

The Debye temperature � and specific heat c characterize the
thermodynamic property of the crystalloid phase materials. The
Debye temperature � is associated with phonon transfer speed v
as:
� = h̄�

kB
(6�2N)

1/3
(1)

where N is the number of atoms per unit cell [27]. Fig. 3 presents
the calculated Debye temperature � of all systems, the calculation
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ues. Fig. 5 presents the calculated lattice specific heat c and phonon
thermal conductivities kp of all systems. It could be seen that both
the lattice specific heat c and the phonon thermal conductivity kp

are increased. The temperature dependence of kp is in good agree-
Fig. 2. Density of states of undoped (b), Na (a) and Ga (c) doped CaMnO3.

etail could be found elsewhere [28]. Within very low temperature
egion (<50 K), the Debye temperature of the undoped system is
ower than that of the doped systems; then the Debye temperature

of doped systems gets lower than that of the undoped system.

ince the phonon transfer speed v correlates positively with Debye
emperature �, the phonon transfer speed v for doped systems is
nferred to be heightened at low temperature and is lowered at high
emperature.

Fig. 3. Calculated Debye temperature � of all systems.
Fig. 4. Calculated phonon mean free path lp of all systems.

The phonon mean free path lp can be figured out by associating
with Debye temperature:

lp = 108 exp

(
�

�T

)
(2)

where � is a constant and T is absolute temperature [29]. Fig. 4
presents the calculated mean free path lp of all systems. It is
observed that the phonon mean free path lp is lowered.

Within the low-order approximation, the phonon thermal con-
ductivity kp could be expressed as a function of specific heat c,
phonon transfer speed � and phonon mean free path lp [27]:

kp = 1
3

c�lp (3)

The k could be obtained based on the calculated c, � and l val-
Fig. 5. Calculated lattice specific heat c (a) and phonon thermal conductivity (b) of
all systems.
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Fig. 6. Calculated phonon density of states of all systems.

ent with experimental results of CaMnO3-based materials [30].
econdly, the phonon thermal conductivity of Na doped CaMnO3
xide is increased, which is also in good agreement with exper-
mental results of Na doped oxides [31]. These results verify the
pplicability of the calculation models. Furthermore, the phonon
hermal conductivity of Na doped system is higher than that of
he Ga doped system. To further understand the phonon states,
ig. 6 shows the calculated phonon density of states of all systems.
t could be easily seen that the states of the frequency for the doped
ystem are densely distributed in the whole frequency region, and
he density of phonon states of Na doped system is higher than that
f the Ga doped system. The dopant Na(Ga) coordinates with twelve
nions within the system, the much more intensive combination
nd shorter bond length [29] of Na doped system is estimated to
e responsible for its higher phonon specific heat and the phonon
hermal conductivity.

.4. Prospects of TE properties

The performance of a TE material is determined by the dimen-
ionless figure of merit ZT:

T = ˛2T

�k
(4)

In which the ˛, �, T and k characterizes the Seebeck coefficient,
arrier conduction capability, absolute temperature and thermal
onduction capability, respectively [1]. The CaMnO3-based systems
re potential n-type TE materials [11,12]. Here we discuss the TE
roperties of the two light elements doped systems. According to
oltzman transport theory [32], the absolute Seebeck coefficient ˛
f CaMnO3 system could be deduced as:

∝ c
k2

B

e

(
1
n

)2/3
Tm∗ (5)

here ˛ is Seebeck coefficient, kB is Boltzmann constant, e is ele-
entary charge, n is carrier density, m* is carrier effective mass,
is an integrated constant and T is absolute temperature [33,34].
t certain temperatures, the Seebeck coefficient should be a func-

ion of carrier density n and carrier effective mass m*. As shown
n the band structures, the bands near Fermi level are distorted.
t could be observed that the effective mass m* is enhanced. It
an be deduced that the Seebeck coefficient of Na doped system
hould be enhanced; while the Seebeck coefficient of the Ga doped
ystem would be a compromise of carrier density n and effective

ass m*. Within the low doping concentration, the carrier density n
ould not be changed intensively (Ga1.39+). The Seebeck coefficient

f Ga doped system should be hopefully maintained. In addition, the
ombinations of heavy and light carriers for doped CaMnO3 systems
hould also contribute to TE properties [35]. Although experiment

[

[

[

ompounds 509 (2011) 4171–4175

should be done to evaluate the TE properties of the doped systems,
the Ga doped CaMnO3 system is expected to have improved TE
performance due to enhanced carrier conduction capability, hope-
fully maintained Seebeck coefficient and slightly increased phonon
thermal conductivity.

4. Conclusions

In the present work, we have performed the first principle cal-
culations for light elements doped CaMnO3 perovkite systems in
terms of their electronic structures and thermal properties. Both
the hole and electron doped systems undergo a semiconductor-to-
conductor transition and a band structure distortion. The density
of states near Fermi level is increased, the carrier conduction capa-
bility is observed to be enhanced; the phonon mean free path and
the phonon transfer speed are decreased, while the phonon spe-
cific heat and the phonon thermal conductivity are increased for
both doped systems. Improved thermoelectric performances are
indicated for the doped systems.
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