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Abstract – Based on first-principles calculations on BaTcO3, we explored a route to promoting
ferroelectricity by non-d0 cation B in magnetic perovskites, leading to the co-existence of magnetic
and dielectric ordering in a single phase. The ground state of the perovskite BaTcO3 was found to
be an insulator with G-type antiferromagnetic order. A tensile strain in BaTcO3 not only inverted
the lowest unoccupied states dominated from t2g to eg, driving the ferroelectric distortion, but
also enlarged this driven force due to the induced narrower gap as its divisor. The tensile strain
simultaneously weakened the repulsive force when Tc distorted to one apex of the O-octahedron
in BaTcO3. Most importantly, since the physics of our finding is not Tc specific, the route is
generally applicable to other magnetic perovskites.

Copyright c© EPLA, 2011

Materials with spontaneous magnetic and dielectric
order (magnetoelectric multiferroics) are greatly attrac-
tive both for basic physics and for technological applica-
tions based on the magnetoelectric effect. However, both
ferromagnetism (FM) and ferroelectricity (FE) rarely co-
exist in nature in a single homogeneous phase [1]. Possi-
ble reasons include the so-called d0 rule [2,3], which states
that empty d-shells favor a ferroelectric distortion, but
contradict a magnetic ordering associated with partially
filled d-shells. In other words, the FE and FM were previ-
ously considered to be mutually excluded in a single phase.
With the development of synthesis techniques such as thin-
film and single-crystal growth methods, layered multifer-
roic heterostructures can now be artificially grown, see,
e.g., refs. [4,5]. Another route to the coupling between FE
and FM has been found in some ABO3 perovskites such as
BiMnO3 and BiFeO3. For these materials, the FE can be
induced by cation A, while the FM can be driven by cation
B [6,7]. The coupling between ferroelectric and magnetic
ordering in both the layered multiferroics and the multi-
ferroics induced by two different cations does not break
the d0 rule. However, it is too weak for applications such
as the mutual controlling between magnetic and electric
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ordering, such as inducing a magnetization by means of
an electric field and inducing a polarization by means of a
magnetic field [1,2,4]. For technological applications, it is
crucial to have a strong coupling between electric polar-
ization and magnetization driven by the same cation B in
a single phase.
Many efforts have been made to achieve this strong

magnetoelectric coupling. Spaldin et al. predicted [3] that
FE and antiferromagnetism (AFM) could be driven by
the same cation Mn in BaMnO3, a non-d

0 B perovskite.
They suggested that the d0 rule could be broken if the
competition between the first and second term of the
second-order Jahn-Teller effect (SOJT) favored the FE
transition, although the d-shell of cation B is partially
filled [3]. CaMnO3 and SrMnO3 also belong to this kind
of material [8,9]. The FE transition could be driven at
the ground state for BaMnO3 while it is promoted under
the +1% and +2% strain for SrMnO3 and CaMnO3,
respectively [8,9]. The physics behind the controllable
factors and the origins favoring the coupling for non-d0

cation B in ABO3 perovskites have yet to be identified and
explained. On the other hand, most magnetic perovskites
are 3d transition metal (TM) based materials. However, 4d
TM Tc-based perovskites, RTcO3 (R=Ca, Sr, Ba), were
recently found to have G-type antiferromagnetic ordering
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Fig. 1: (Color online) Schematic description for the t2g-eg order
involving on-site exchange splitting (OES) and crystal field
splitting (CFS). A tensile strain reduces CFS (dotted lines) but
keeps OES unchanged, inverting the lowest unoccupied states
from t2g to eg dominated. The vertical dashed line indicates
the Fermi level.

with a high Néel temperature [10–12]. As neighbors of Mn
and the lightest radioactive element, the coupling between
FE and magnetic ordering in Tc-based perovskites as
RTcO3 (R=Ca, Sr, Ba) is of great interest to physicists.
Based on first-principles calculations on BaTcO3, we

demonstrated in the present work that a tensile strain can
always favor a FE distortion in magnetic perovskites. The
findings are illustrated in fig. 1. The figure schematically
describes an on-site exchange splitting (OES) and a crystal
field splitting (CFS) for fivefold-degenerated d orbitals
under an O-octahedral field. The Fermi level was found to
be at the top of the valence band, indicating its insulating
character. A tensile strain reduced the CFS but barely
affected the OES, thus inverting the lowest unoccupied
states dominated from the spindown t2g to the spinup eg
states and causing the second term of SOJT to favor the
FE transition. The tensile strain enhanced the second term
because the CFS-reduced gap served as the divisor of the
second term. At the same time, the tensile strain weakened
the first repulsive term of SOJT due to the enlarged
distance between the concerned ions. Because the FE
distortion was governed by competition between the two
terms of SOJT, we concluded that although the d-shell of
the magnetic cation Tc was not zero, but partially filled,
a tensile strain may have caused the first and second term
of SOJT to favor an off-centering distortion in BaTcO3.
These results were obtained using the framework of spin

density functional theory as implemented in the VASP
package [13]. Electron-ion interactions were described by
the projector augmented-plane-wave method [14], and the
wave functions were expanded in a plane-wave basis set
with an energy cutoff of 500 eV. The exchange-correlation
potentials were described by the generalized gradient
approximation (GGA) in the Perdew-Burke-Ernzerhof
form [15]. The k-points in the Brillouin zone (BZ), corre-
sponding to the primitive unit cell with five atoms, were
sampled on an 8× 8× 8 mesh for optimizing structures
and a 16× 16× 16 mesh for calculating density of states.
The equilibrium structures were obtained by optimizing
atomic positions until the Hellmann-Feynman forces on
the atoms were less than 1meV/Å. Electronic polariza-
tions were determined by calculating Berry’s phase [16].

The density functional perturbation theory [17] was used
to calculate Born effective charge (BEC), dielectric tensor,
and force constants, of which the concerned derivatives
were determined by linear response with respect to
changes in the ionic positions. For the considered cubic
perovskites, a 2× 2× 2 (40 atoms) supercell was used
directly to obtain the phonon frequencies at the specific
q-points Γ, R, X, and M . A 3

√
2× 3√2× 3√2 (270

atoms) supercell was used to obtain the force constants,
which were adopted to construct the dynamical matrix.
The complete phonon dispersions were determined by
interpolating the dynamical matrix from the q-points in
the BZ associated with the supercell to the whole BZ,
using the Fourier-interpolation method [18].
To check our calculation setup, the properties of the

ground state of BaTcO3 were calculated and compared
with corresponding available data. Franchini et al.
predicted [11] that the ground state of BaTcO3 is a
G-type AFM insulator under an antiferroelectric distor-
tion (AFD) with Pnma symmetry. In fact, their calculated
distortion is quite small, very close to a Pm3̄m cubic
with the lattice constant a= 4.022 Å. We took the AFD
into account by using an initial configuration in the
Pnma symmetry with an average Tc-O-Tc angle of
approximately 162◦. The calculated stable structure
indicated that BaTcO3 tends to be cubic in structure,
with the average angle being 179.99◦ (180◦ for cubic one)
and with a lattice constant of 4.073 Å; the total energy is
the same as that of the cubic structure within calculation
accuracy. The agreement with the results obtained by
Franchini et al. [11] is fairly good. Our calculated phonon
modes at Γ, M and R points further confirmed the lack
of imaginary frequencies associated with the AFD. The
slight AFD may be traced to the calculation accuracy:
the atomic positions were optimized until the Hellmann-
Feynman forces on atoms were less than 1meV/Å. The
ground state of cubic BaTcO3 was G-type insulating with
a local magnetic moment of 1.74µB at Tc. It was 252,
229, and 131meV per formula unit lower in energy than
that of paramagnetic, ferromagnetism, and C-type AFM,
respectively. Therefore, in the following we consider only
the G-type AFM structure without AFD.
We now focus on the FE instability in BaTcO3.

A strong coupling between strain and ferroelectricity has
been observed. A famous sample was SrTiO3 [19], whose
unstrained state was not ferroelectric at any temperature.
However, an epitaxial strain could promote room temp-
erature ferroelectricity and increase its Curie temperature
by hundreds of degrees. In order to determine the strain
effects on instabilities in BaTcO3, we introduced an
isotropic strain to the BaTcO3 with G-type AFM and
calculated the phonon frequencies at the Γ point as a func-
tion of an isotropic strain defined as (a− a0)/a0, where
a0 denotes the lattice constant of the cubic perovskite.
In fig. 2 we show the variation of the phonon frequencies
with the strain for two kinds of polar vibration modes,
which are indicated by arrows. The figure clearly shows
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Fig. 2: (Color online) Phonon frequencies for the strained
BaTcO3 at the Γ point as a function of strain. Frequencies
below zero (i cm−1) for unstable phonons. Squares and circles
represent the frequencies of the Tc- and Ba-dominated vibra-
tional modes, which are indicated by the bottom left and the
top right inset, respectively.

Fig. 3: Phonon frequencies for the +4.5% strained BaTcO3
along the high-symmetry axis in BZ. Frequencies below zero
(i cm−1) for unstable phonons.

that the Tc-dominated mode was strongly sensitive to the
isotropic strain and softened to imaginary frequency from
the beginning of +4% strain, while the Ba-dominated
mode remained stable up to +8% isotropic strain.
In order to identify the unstable vibrational modes, the

phonon dispersion of BaTcO3 under the +4.5% isotropic
strain was calculated and depicted in fig. 3. In the calcula-
tions, the LO-TO splitting was taken into account by using
the calculated BECs (Tc = 7.36, Ba= 2.76, O‖ =−6.64,
O⊥ =−1.74, in e) and optical dielectric constant (13.12)
for the +4.5% strained BaTcO3. As shown in fig. 3, the

Fig. 4: (Color online) Orbital-resolved density of states of t2g,
eg and p for the unstrained BaTcO3 (a) and the +4.5% strained
BaTcO3 (b). The lowest unoccupied states turn from the t2g
dominated in (a) to the eg dominated in (b) with a change of
the energy gap from 0.72 in (a) to 0.48 eV in (b). The Fermi
energy is set at zero.

only unstable mode with a frequency of 127 i cm−1 at the
Γ point was the Tc-dominated polar mode associated with
Tc displacement towards one apex of the O-octahedron.
This mode, which was unstable along Γ-X-M -Γ direction,
increased sharply from the Γ to the R point, indicating
a chainlike unstable localized distortion found also for
phonons in BaTiO3 [20], a typical ferroelectric perovskite.
Therefore, a ferroelectric phase likely exists at this volume
with a calculated polarization of 30.7µC/cm

2
. From fig. 3,

we could not find any imaginary frequency associated with
AFD at the BZ boundary, implying that a rotation distor-
tion of the O-octahedron probably did not occur in the
+4.5% strained BaTcO3. Based on the LDA+U method,
Rondinelli et al. considered the correlation effects on the
non-d0 Mn-driven ferroelectricity in BaMnO3 and verified
that the phonon modes are robust to the effects [3]. Hence,
the correlation effects were not taken into account in the
present work.
In order to capture the physics behind the FE transition

in BaTcO3 with a strain as great as +4%, we calculated
orbital-resolved density of states (DOS) of the unstrained
and the +4.5% strained BaTcO3 and plotted them in
figs. 4(a) and (b), respectively. Both the unstrained and
the strained BaTcO3 were insulators. For spinup electrons,
t2g states mixed with some O p states were fully occupied
by the three remaining d electrons of Tc+4, leaving the eg
states empty with an energy gap. For spindown electrons,
the d states (t2g and eg) were fully separated from the
O p-bands due to the on-site exchange interactions of Tc
and were shifted up above the Fermi level. Furthermore,
because of less hybridization with the O p states, the t2g
states for spindown electrons were much narrower and
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sharper compared with those of the occupied t2g states
for spinup electrons (fig. 4).
The striking difference in DOS between the unstrained

and strained BaTcO3 involving our topic was the energy
order of the t2g and eg in the unoccupied states: for
unstrained BaTcO3, the lowest unoccupied states were
the t2g of spindown electrons dominated. However, for
the +4.5% strained BaTcO3, the lowest unoccupied
states turned from the t2g to the eg of spinup electrons
dominated. Similar electronic features were found for
BaMnO3 [3], a typical perovskite with both the ferroelec-
tricity and magnetism driven by the same non-d0 cation
(Mn) on the perovskite site B. This difference was mainly
induced by eg low-shifting, which is understandable [21]
given that the O-octahedral crystal field was weakened
by +4.5% tensile strain (fig. 1), while the energy position
of t2g was largely unchanged (change less than 0.03 eV).
Thus, the energy gap was reduced from 0.72 eV for
unstrained to 0.48 eV for the +4.5% strained BaTcO3.

The strain-induced change in the energy order of the
t2g-eg and in the energy gap are crucial for the FE tran-
sition in BaTcO3. Keeping these two facts in mind, the
FE transition of the strained BaTcO3 can be now under-
stood. Rondinelli et al., in analyzing the FE transition
of BaMnO3, suggested that the competition between the
first and the second term of SOJT would determine the
stability of an off-centering of cation B in a perovskite [3].
We found that the contribution of the second term to the
FE transition was mainly governed by the energy gap and
the orbital parity. The hybridization may not have contri-
bution to the second term of SOJT due to the orbital
parity. On the other hand, the second term was inversely
proportional to the energy gap between the lowest unoc-
cupied states and the topmost occupied states: the smaller
the gap, the larger the second term. Therefore, the tensile
strain favored the FE distortion due to the second term of
SOJT in two ways: first, it led to the inversion of the lowest
unoccupied states dominated by eg, resulting in a nonzero
contribution to the second term; second, it enhanced this
contribution by reducing the gap to a smaller divisor in
the second term.

As discussed above, the condition of the FE distortion
was eg low-lying for nonzero contribution to the second
term of SOJT. BaMnO3 satisfies the condition in the
ground state [3]. In contrast, BaTcO3, a perovskite similar
to BaMnO3, with Mn replaced by Tc, needed to apply a
tensile strain as large as +4% for the FE transition. The
reason may be traced to different behaviors of 3d (Mn) and
4d (Tc) electrons of non-d0 cation on the perovskite B site.
Owing to more delocalization, the exchange splitting of 4d
electrons was smaller than that of 3d electrons [22]. The
unoccupied 4d t2g states of spindown electron could not be
shifted up over the unoccupied eg states of spinup electron,
as shown in fig. 1. This situation could be changed by
applying a tensile strain; increasing the O-Tc distance
could effectively decrease its CFS under the O-octahedral
field, thereby low-shifting the eg states of spinup states,

while the OES would remain nearly unchanged. The
reduction of the CFS by the tensile strain compensated
for the shortage of the small OES of 4d electrons and
favored the FE transition in BaTcO3. This argument can
be also used to explain why SrMnO3 and CaMnO3 could
be ferroelectric with a tensile strain as large as +1% and
+2% [8]. The reason may be the same: the atomic radius
of Sr and Ca were smaller than that of Ba, leading to
the smaller lattice constants of a0 = 3.67 and 3.845 Å [8,9],
respectively. Increasing their lattice parameters artificially
stabilizes their FE phase.
The first term of SOJT, a short-range repulsive term

between the displaced cation B and oxygen, is a domi-
nantly unfavorable factor for the FE transition. The
smaller the first term, the more favorable the FE tran-
sition. Therefore, it does also favor the FE transition for
BaTcO3 under the tensile strain, since increasing the Tc-
O distance due to the tensile strain directly reduces the
first term of SOJT.
In order to support the argument about the role of

two terms of SOJT in the FE transition, we decom-
posed the first and second term of SOJT from a double-
well potential of an isotropic strained BaTcO3. We then
recombined them to a double-well potential of a biax-
ial strained BaTcO3 and compared it with the directly
calculated corresponding one. We first calculated the total
energy variations as a function of Tc off-centering in the
unstrained BaTcO3. Assuming that the energy variation
was induced only by the first term, we fit it to the Lennard-
Jones potential (L-J), p/r12. The fitted parameter was

obtained as p= 933.81493 eVÅ
12
. We note here that in

this fitting process, only one parameter was used to fit the
energy change with the Tc-displacement (11 points rang-
ing from 1.96–2.04 Å). The maximum error was as small as
0.15meV, implying that our assumption about the energy
change in the L-J type associated with the repulsive term
was fairly reasonable.
Then we calculated the double-well potential for the

+8% isotropic strained BaTcO3, from which we decom-
posed the second term by reducing the fitted L-J potential.
Then, for a +8% biaxial strained BaTcO3 with the third
axis unstrained, the double-well potential was recombined
using the L-J potential and the decomposed second term
with a 2/3 factor. The 2/3 factor assumed that the eg
orbitals were equivalent in the xyz directions. The results
are plotted as a solid curve in fig. 5. By comparison,
the directly calculated corresponding double-well poten-
tial is shown as circles in the same figure. The agree-
ment between the recombined and the directly calculated
double-well potential in both the depth and the position
of the lowest potential indicates that the second term of
SOJT, which led the nonzero contribution to favor the
FE transition, was governed by whether or not the lowest
unoccupied states were eg dominated.
In summary, based on first-principles calculations, we

demonstrated that the ground state of cubic BaTcO3 was
a G-type AFM insulator with a local magnetic moment
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Fig. 5: Comparison between the model and the direct calcu-
lated double-well potential. The solid line and circles were
obtained by the model and the direct calculations, respectively.

of 1.74µB at Tc. There were no imaginary frequencies
associated with AFD. The calculated results showed that
the phonon and electronic properties of BaTcO3 were
strongly sensitive to strain. A tensile strain in BaTcO3
may induce the FE instability because a tensile strain
can invert the lowest unoccupied state character from t2g
to eg and reduce the repulsive forces between Tc and
O, resulting in two deciding factors of SOJT favoring
the phase transition. The numerical experiment for the
double-well potential confirmed the key contribution of
two terms of SOJT on the FE transition under a tensile
strain. Therefore, our finding prescribes a way to break
the d0 rule and to induce the ferroelectric and magnetic
order by the same cation on the perovskite B site. Most
importantly, we emphasize that this conclusion may be
valid for other perovskites with the features shown in fig. 1,
since that figure is not specifically associated with Tc.
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