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The electronic and magnetic properties of Ce doped SrMnO3 have been investigated using the pseudo-potential plane wave method within the generalized gradient approximation
method by first principles. The different Mn−O bond lengths indicate that there is a strong
Jahn-Teller distortion of the MnO6 octahedron, which associates with a structural phase
transition from cubic symmetry (Pm3m) to tetragonal symmetry (I4/mcm), and the JahnTeller ordering stabilizes a chain like (C-type) antiferromagnetic ground state. The electronic
structures indicate that SrMnO3 and Sr1−x Cex MnO3 (x=0.125 and 0.25) are semiconductor
and metallic, respectively. The doping of SrMnO3 with cerium induces simultaneously a
decrease in the electrical resistivity, which can be attributed to the formation of Mn3+ as a
result of charge compensation. The density of states and charge density map present that
hybridization exists between some of O bands with those of Mn and Ce bands, the bonding
between Sr and O is mainly ionic. Density of states and magnetic moment calculations show
that the formal valence state of the Ce ion is trivalence.
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ble exchange interaction between Mn4+ and Mn3+ ions
which has attracted much attention. Sr1−x Cex MnO3
is typical electron-doped manganites, which had been
successfully applied and got satisfied results in some
works. Mandal et al. investigated the structural, magnetic, and transport properties of the Sr1−x Cex MnO3
(0≤x≤0.35) system as a function of temperature and
magnetic field [6]. He had proposed doping with Ce
introduces Mn3+ , which in turn enhanced the double
exchange interaction. This affects both magnetic and
transport properties dramatically. Zhang et al. reported transition from coherent to incoherent static
Jahn-Teller distortions of Sr1−x Cex MnO3 by X-ray absorption and neutron diffraction [7]. Wu et al. measured the structural, magnetic, electronic, and elastic
properties of Sr0.95 Ce0.05 MnO3 [8]. The results show
that doping with Ce instead of Sr in SrMnO3 could
stabilize the ideal cubic perovskite structure. The experimental results show the coexistence of ferromagnetic (FM) clusters and an anti-ferromagnetic (AFM)
charge ordering (CO) phase in the sample. However,
for the Sr1−x Cex MnO3 compound, there has been some
debate as to the oxidation state of Ce, whereas Sundaresan et al. reported the formal oxidation state of
cerium is Ce3+ [9], Mandal et al. assumed Ce4+ in
their Sr1−x Cex MnO3 samples [6]. To the best of our
knowledge, there are very few theoretical reports on the
substitutional doping of Ce in SrMnO3 , although first
principles calculations offer one of the most powerful
tools for theoretical studies of structural and electronic

I. INTRODUCTION

The perovskite structure has occupied a central position in solid state chemistry for many years. This can
be attributed, in part, to ability of the structure to accommodate a wide range of metallic elements in a wide
range of oxidation state [1]. The flexibility in the cation
content stems from the abilities of the structure to exist in both cubic and hexagonal forms, the ABO3 -type
perovskite manganites have been termed an inorganic
chameleon due to the large flexibility of the structure.
Many different compounds take this or a related structure since the mother structure easily distorts or adapts
to the relative sizes of the ions forming the compound.
They have been under intensive study because of their
attractive electronic and magnetic properties such as
colossal magnetoresistance (GMR) [2], metal-insulator
transition [3, 4], and magnetic phase transition [5].
Doping with electrons or holes of perovskite manganites are the canonical method to explore the intermediate regime, the Mn valence is formally intermediate
3+x, affecting the electrical conductivity and leading
to a complex properties. Especially, as in the case of
Sr1−x Rx MnO3 (R=rare earth), doping SrMnO3 with
R3+ will create Mn3+ and eventually introduce a dou-
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FIG. 1 The modeling supercell of the ideal cubic SrMnO3 .
Red spheres are O, gray spheres are Sr, and purple spheres
are Mn. For interpretation of the color in this figure legend,
the reader can refer to the web version of this article.
(c)

properties [10].
It is apparent that the underlying structural and
electronic properties of transition metal oxides at the
atomic level can be very complex, but are crucial to the
complete understanding of this behavior. In order to
fully take advantage of the properties of Sr1−x Cex MnO3
for eventual technological applications, in the present
work, the structural, electronic, and magnetic properties of Sr1−x Cex MnO3 (x=0, 0.125, and 0.25) are investigated by means of first principles density functional
calculations. The results provide information for the
discussion of the behavior in the conduction mechanism
of this perovskite-type oxide system.

II. COMPUTATIONAL METHODOLOGY

Recent developments have made computational techniques a powerful tool for the accurate prediction of
the structural and electronic properties. The present
electronic structure calculations are within the framework of density functional theory (DFT) with exchange
correlation energy. The particular implementation of
DFT used here combines a plane-wave basis set with the
total energy pseudo-potential method, as embodied in
the Cambridge serial total energy program (CASTEP)
of material studio [11], it employs plane-wave basis
sets to treat valence electrons and pseudo-potentials
to approximate the potential field of ionic cores [12].
The methodology includes the use of pseudo-potential,
which is used effectively to design new materials and
probe new properties of materials [13−16]. Such computational techniques have been applied successfully to
numerous studies of manganese materials [17, 18]. In
the present study, the 2s, 2p states of O, 3d, 4s states of
Mn, 4s, 5s, 4p states of Sr, 5s, 6s, 5d, 5p, 4f states of Ce
are treated as atomic valence configurations, the other
states are treated as core and semi-core states. The
localization effect of the d and f electrons of the transition metal and rare earth ions are taken into account,
the present structural, electronic and magnetic propDOI:10.1088/1674-0068/24/06/697-702
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FIG. 2 Four magnetic configurations of SrMnO3 . All the
blue spheres refer to the Mn atoms and the spin direction
of Mn atoms are marked in figure.

erties are investigated within the framework of density
functional theory with the exchange-correlation energy
being treated using the spin-polarized version of the
generalized-gradient approximation GGA+U method
[19] with the Perdew-Burke-Ernzerhof parameterization
[20]. The Ud,Mn =1.2 eV and Uf,Ce =4.5 eV are selected
to calculate the serial properties of Sr1−x Cex MnO3
(x=0, 0.125, and 0.25).
The calculations are based on ultrasoft pseudopotentials with a plane-wave cutoff of 450 eV and a
4×4×4 grid of Monkhorst-Pack points to ensure good
convergence of the total energy differences and forces.
Geometry optimizations are performed using the BFGS
minimization technique.
III. RESULTS AND DISCUSSION
A. Structural parameters

The 2×2×2 supercell of the ideal cubic perovskite of
SrMnO3 (space group Pm3m) is shown in Fig.1. The
structure of SrMnO3 has full cubic symmetry in which
the body center position is occupied by Mn atom, the
edges by Sr atoms and the face centers by O atoms. The
Sr1−x Cex MnO3 (x=0.125 and 0.25) system is built by
replacing Sr2+ with Ce3+ at the symmetric coordinates.
Each possible magnetic configuration for cubic SrMnO3
is shown in Fig.2. The FM structure results when
both interplane and intraplane interactions are ferromagnetic. While antiferromagnetic interplanar and ferromagnetic intraplanar couping lead to A-type AFM
order, the opposite situation (AF intraplanar and F interplanar coupling) gives C-type AFM, in cases where
both interactions are antiferromagnetic, G-AFM order
result [21].
To probe the validity of computational approach,
c
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TABLE I Calculational and experimental total energy and
structural parameters for SrMnO3 .
Configuration
FM
A-AFM
C-AFM
G-AFM
Calc. [21]
Calc. [23]
Exp. [24]

E/eV
0.73
0.37
0.13
0.00

a/Å
3.90
3.91
3.87
3.88
3.82
3.85
3.80

c/Å
3.86
3.92

V /Å3
59.45
59.14
58.85
58.66

structural optimizations of Sr1−x Cex MnO3 (x=0,
0.125, and 0.25) are first performed. Calculations of
Sr1−x Cex MnO3 (x=0, 0.125, and 0.25) crystals with
full optimization of both the lattice parameters and
the coordinates of all atoms based on the experimentally confirmed structure. The structural parameters
of SrMnO3 and Sr1−x Cex MnO3 (x=0.125 and x=0.25)
are listed in Table I and Table II, respectively. Since
the effect of spin polarization is found to be essential,
any non-spin-polarized results are not considered. The
results show that the G-AFM configuration has the
lowest energy and is assumed to be the ground state
for SrMnO3 , which is in agreement with the previous
experimental study [22]. C-AFM configuration being
considerably less stable than the G-AFM being around
0.13 eV higher in energy, the A-AFM/FM states have
0.37 eV/0.73 eV per formula unit higher energy than
the ground state. The following discussions for cubic
SrMnO3 will focus on this ground state (G-AFM configuration). The theoretical lattice constants obtained in
our calculations for cubic SrMnO3 : a=3.88 Å, which is
no more than 2.1% large compared with the corresponding available previous calculational [21, 23] and experimental data [24]. The overestimation in the lattice
constant is typical with generalized gradient approximation (GGA) calculation because of the zero pressure
[25].
As Sr2+ is partially substituted by Ce3+ (or Ce4+ ),
the structure transforms from cubic (Pm3m) to tetragonal (I4/mcm). The observed evolution of the structure should be associated with the average ionic radius
of the A-site cations, which is related to the tolerance
factor ft ,
ft = √

rA + rO
2(rB + rO )

(1)

where ri (i=A, B, or O) represents the average ionic
sizes of the elements. As ft is close to 1, the structure is expected to adopt the ideal cubic symmetry.
As ri decreases with Ce doping, so does ft ; the lattice structure transforms to tetragonal symmetry. On
energetic ground state, the C-AFM configuration has
the lowest energy, which accords well with the available experimental study [9] where C-AFM configuraDOI:10.1088/1674-0068/24/06/697-702
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TABLE II Calculational crystal structures and structural
parameters for Sr1−x Cex MnO3 , space group are I4/mcm.
Configuration
Sr0.875 Ce0.125 MnO3
Sr0.75 Ce0.25 MnO3

a/Å
3.87
3.89

c/Å
3.95
3.95

V /Å3
59.25
59.64

TABLE III The bond length of Mn−O (in Å), bond
angle of ∠O−Mn−O (in (◦ )), and magnetic moment of
Sr1−x Cex MnO3 .
Configuration
Bond length
SrMnO3
1.94
Sr0.875 Ce0.125 MnO3
1.93
1.97
Sr0.75 Ce0.25 MnO3
1.95
1.98

Bong angle
180.00
175.54
175.19
176.05
173.78

MMn /µB
2.64
3.06
3.16

tion is considered to be the ground state due to JahnTeller ordering. The result is also in agreement with
the recent theoretical calculations [26], which predict
that the C-type structure in the electrons doped region
has lower energy compared to other magnetic configurations. The lattice constants obtained in our calculations for Sr0.875 Ce0.125 MnO3 (C-AFM configuration): a=3.87 Å, c=3.95 Å, which are slightly bigger
than the experimental result [24] of Sr0.9 Ce0.1 MnO3−α :
a=3.798 Å, c=3.87 Å, and they reported that the lattice
parameter of Sr1−x Cex MnO3−α continuously increased
with x. As x=0.25, the lattice constants got in our
calculations for Sr0.75 Ce0.25 MnO3 (C-AFM configuration): a=3.88 Å, c=3.95 Å. From Table I and Table II,
it can be seen that the unit cell volume shows a expansion along with the increase of the content of Ce, the
observed increase of lattice volume is due to the larger
difference in the ionic radii between the Mn3+ (0.645 Å)
and Mn4+ (0.530 Å) than between Sr2+ (1.44 Å) and
Ce3+ (1.34 Å). The increase of the mean ionic radius of
the B site is higher than the decrease of the mean ionic
radius of the A site.
The bond length of Mn−O and bond angle of
∠O−Mn−O of Sr1−x Cex MnO3 (x=0, 0.125, and 0.25)
are presented in Table III. For SrMnO3 , the octahedral coordination of manganese with oxygen is undistorted, with six equal Mn−O bond lengths (1.943 Å).
For x=0.125 and x=0.25, there are two longer and
four shorter bonds, the bond angle of the ∠O−Mn−O
is smaller than 180◦ , which indicates that there is a
strong Jahn-Teller distortion of the MnO6 octahedron.
For Sr0.875 Ce0.125 MnO3 and Sr0.75 Ce0.25 MnO3 , there
is one additional electron on Mn3+ to populate the
eg orbitals, leading to a Jahn-Teller (JT) distortions
[27] of the MnO6 octahedron, and the structures of
Sr0.875 Ce0.125 MnO3 and Sr0.75 Ce0.25 MnO3 are found to
be strongly distorted.
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FIG. 4 Charge density map of Sr0.875 Ce0.125 MnO3 in the
(110) plane.

FIG. 3 Band structures of SrMnO3 (a), Sr0.875 Ce0.125 MnO3
(b), and Sr0.75 Ce0.25 MnO3 (c). The dashed line indicates
the Fermi energy.

B. Electronic properties

The calculated band structures of SrMnO3 and
Sr1−x Cex MnO3 (x=0.125 and 0.25) are presented in
Fig.3, it has been omitted in the low-lying states and
high-lying states for clarity. The Fermi level is set to
zero energy. The most significance is that the former
material is semiconductor with a fairly substantial band
gap of 0.35 eV while the latter is a metal. Søndenå
et al. reported the band gap of cubic SrMnO3 using
GGA is 0.30 eV [21]. It should be mentioned that
the calculated data of band gap with GGA is smaller
than the experimental data, which is well-known that
GGA method will underestimate band gap value, because the electrons correlation effect for Mn3d electrons
are not taken into account. More accurate treatment of
the Coulomb correlations through GGA+U yield larger
band gap than GGA [28]. As Sr2+ is partially substituted by Ce3+ , the Sr1−x Cex MnO3 (x=0.125 and 0.25)
has the higher conductivity and the behavior is metallic.
The structural analysis shows that ∠O−Mn−O decreased for Ce doped SrMnO3 , because of Jahn-Teller
DOI:10.1088/1674-0068/24/06/697-702

distortion of the MnO6 octahedron. In the perovskite
type manganese AMnO3 (A=Ca, Sr, Ba), it is clearly
that as the bond angle of ∠Mn−O−Mn comes closer
to 180◦ , the overlap between the O2p orbital and the
Mn3d orbital become greater. As a result, improvement in the symmetry may make the conductivity increase. Ce doping enhanced the electrical conductivity
of SrMnO3 , this is conflict with the Jahn-Teller distortion. The electron behavior can be explained by the
so called “double exchange” mechanism [29]. The basic
process in this mechanism is the hopping of a d hole
from Mn4+ (d3 , t32g , e0g ) to Mn3+ (d4 , t32g , e1g ) via the
oxygen. The eg level, in which the charge carriers move
are orbitally degenerate. So the presence of an appreciable concentration of Mn3+ introduces a large number
of charge carriers and facilitates the movement of those
charge carriers by hopping mechanism.
Charge density map serves as a complementary tool
for achieving a proper understanding of the electronic
structure of the study system. To visualize the nature
of chemical bonding, the distribution of charge density
of Sr0.875 Ce0.125 MnO3 in the (110) plane is shown in
Fig.4. It is obvious that there exist hybridization between some of O bands with those of Mn and Ce bands,
the bonding between Sr and O is mainly ionic. The
charge distribution around the Sr indicates that bonding between Sr and O is ionic. The result is also confirmed by the density of states.
The total density of states (TDOS) and atomic projected density of states (PDOS) of Sr1−x Cex MnO3
(x=0, 0.125, and 0.25) are shown in Fig.5. The Fermi
level is set to zero energy. Since our interest here is
Ce doped SrMnO3 , the DOS of SrMnO3 have not been
discussed. In Fig.5(b), it can be seen that the structure
is located in the range from −33.57 eV to −33.08 eV,
originating from Sr4s, Sr5s, Ce5s, and Ce6s electrons.
The structure located from −18.72 eV to −17.11 eV,
is mainly due to O2s electrons. Furthermore, the Sr2p
and Ce5p states are also discovered with a minor contributing to the valence bands. The bands ranging from
−15.72 eV to −14.88 eV is presented related to Sr4p
and Ce5p states. The bands ranging from −6.73 eV to
−0.38 eV and −0.32 eV to 1.78 eV are composed prec
°2011
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FIG. 6 The spin projected DOS for Mn3d electrons of
Sr0.875 Ce0.125 MnO3 . The Fermi level is set to zero energy.

FIG. 7 The projected DOS for Ce4f of Sr0.875 Ce0.125 MnO3
(a) and Sr0.75 Ce0.25 MnO3 (b). The Fermi level is set to zero
energy.

bands with those of Mn3d and Ce4f bands. The results
are in agreement with that of analysis of DOS.
C. Magnetic properties

FIG. 5 The total DOS and projected DOS of SrMnO3 (a),
Sr0.875 Ce0.125 MnO3 (b), and Sr0.75 Ce0.25 MnO3 (c). The
Fermi level is set to zero energy.

dominantly of O2p and Mn3d electrons. The O2p electrons show a hybridization character with Mn3d electrons. Compared to Sr0.875 Ce0.125 MnO3 , the PDOS for
O2p, Mn3d, and Ce4f of Sr0.75 Ce0.25 MnO3 have wider
energy region near the Fermi level. Apparently, there
must exist stronger hybridization between some of O2p
DOI:10.1088/1674-0068/24/06/697-702

Figure 6 presents the spin projected density of
states range from −20 eV to 10 eV for Mn3d electrons of Sr0.875 Ce0.125 MnO3 . The PDOS for Mn3d
electrons of Sr0.75 Ce0.25 MnO3 is not presented because of the essential similarity compared with that
of Sr0.875 Ce0.125 MnO3 . The upper plot shows the
up-spin and down-spin Mn density of states above
and below the x-axis, respectively. The different spin
state is contributed to the peculiar magnetic properties. To ascertain formal oxidation state of cerium,
the PDOS for Ce4f electrons of Sr0.875 Ce0.125 MnO3 and
Sr0.75 Ce0.25 MnO3 are presented in Fig.7. It can be seen
that the Ce4f orbital is not empty. The calculated spin
magnetic moment of Ce is 1.02 µB , which just corresponds to the 4f1 configuration of Ce3+ . The result
indicates that the valence state of Ce ions is trivalence.
Table III also presents the magnetic moment on Mn
of Sr1−x Cex MnO3 (x=0, 0.125, 0.25). The calculated
c
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magnetic moment, 2.64 µB per Mn, for SrMnO3 in the
G-AFM agrees reasonably well with the magnetic moment for Mn in the SrMnO3 , 2.6±0.2 µB [19]. For Ce
doped SrMnO3 , the average magnetic moment on Mn
is found to be equal 3.06 µB (x=0.125) and 3.16 µB
(x=0.25), respectively. To maintain charge neutrality upon partial replacement of the Sr by Ce, some of
the Mn4+ are reduced to Mn3+ , introducing JT-active
Mn3+ (d4 ). The result corresponds to the Jahn-Teller
distortion.
IV. CONCLUSION

Computational studies based upon density functional theory have been investigated on the structural,
electronic, and magnetic properties of Sr1−x Cex MnO3
(x=0, 0.125, and 0.25). The cubic Pm3m structure
transforms to tetragonal (I4/mcm) as Sr2+ is partly
substituted by Ce3+ . The band gap and DOS show
that Ce doping enhances the electrical conductivity of
SrMnO3 . The electronic structures demonstrate that
SrMnO3 and Sr1−x Cex MnO3 (x=0.125 and 0.25) are
semiconductor and metallic, respectively. The results
show that between some of O bands with those of Mn
and Ce bands, some hybridization exist, the bonding
between Sr and O is mainly ionic. The magnetic properties for each configuration are investigated, the results
indicate that SrMnO3 and Sr1−x Cex MnO3 (x=0.125
and 0.25) have the ground state configuration of GAFM and C-AFM, respectively. The magnetic moments of Ce4f show that the formal valence state of
the Ce ion is trivalence. The spin magnetic moments of
Mn for the compounds have computed and get different
results obviously.
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