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We report the ferroelectricity and ferromagnetism coexistence in the Fe-doped BaTiO3. Our first-principles
calculation based on the density-functional theory predicted a magnetic moment of 3.05�B per Fe atom when
Fe substitutes Ti in BaTiO3, and a ferromagnetic coupling among the magnetic moments of the Fe dopants by
using LSDA+U method. The theoretical prediction was confirmed experimentally. The Fe-doped BaTiO3

ceramics prepared by the solid-state-reaction method show simultaneously the ferromagnetic order with the
magnetic transition temperature over 680 K and the ferroelectric order with the dielectric transition temperature
about 365 K, respectively. The measured magnetic moment about 0.75�B /Fe atom was smaller than that of the
theoretical prediction, and the remnant polarization 2 Pr is about 22.2 �C /cm2.
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The preparation of a material with simultaneous ferroelec-
tricity and ferromagnetism would be a milestone for modern
electronics and functionalized materials. The magnetoelectric
multiferroic �MF� materials provide the opportunity to en-
code information in electric polarization and magnetization
to obtain four logic states.1,2 Until now, many MF materials,
such as boracites,3 BiFeO3,4 CdCr2S4,5 LuFe2O4,6 RMnO3,
and RMn2O5 �R=rare earth, Y, and Bi�,7–11 have been re-
ported. At room temperature, however, the candidate of MF
materials is very limited because most of the currently
known materials exhibit a low magnetic transition tempera-
ture in contrast to a high ferroelectric transition
temperature.12–14 To find other new MF materials with the
magnetic and ferroelectric transition temperatures above the
room temperature is of both fundamental and technological
importance.

We design the room-temperature MF materials by doping
the ferroelectric oxide with transition-metal ions as it has
been done in the diluted magnetic semiconductors �DMS�. It
is recently known that DMS, which are the wide-band-gap
semiconductors doped with transition-metal ions,
such as Zn1−xCoxO, Sn1−xCoxO2−�, Ti1−xCoxO2−�, and
�Ga,Mn�As,15–18 are very “hot” magnetic materials with the
room-temperature ferromagnetism. Most of the perovskite
ferroelectrics are usually wide-band-gap semiconductors,
such as BaTiO3, PbTiO3, SrBi2Ta2O9, and Pb�Zr,Ti�O3.
Therefore, we may develop room-temperature MF materials
by doping the ferroelectric materials with transition-metal
ions.

BaTiO3 is an important and typical ferroelectric material
with the band gap about 3.8 eV and the ferroelectric-
paraelectric transition temperature above 400 K, and it has
been an active subject of research for many years due to its
ferroelectricity. Chao et al.19 presented the electronic prop-
erty of Fe-doped BaTiO3 by the LDA method but they did
not consider the magnetic property. In this work, we report
our computational and experimental studies on the Fe-doped
BaTiO3 ceramics, and it shows both ferroelectricity and fer-
romagnetism at room temperature.

The first-principles calculation based on the density-

functional theory were carried out to investigate the elec-
tronic and magnetic properties in the Fe-doped BaTiO3. The
calculations were performed by using projector augmented
wave �PAW� potentials20 as implemented in the Vienna
ab initio simulation package.21–23 We approximated the
exchange-correlation functional with the fully localized limit
of the LSDA+U method.24 Here we use the typical values of
U=4.5 and J=0.5 eV on Fe atom. The system was modeled
with a periodic supercell of 2�2�4 with 16 formal units
�f.u.� of BaTiO3, to form BaTi09375Fe0.0625O3. The Brillouin-
zone integrations are performed on a well converged grid of
8�8�8 k points. An energy cutoff of 450 eV was used for
the plane-wave expansion of the electronic wave function.
Good convergence was obtained with these parameters, with
the total energy converged to 1�10−5 eV /atom. Density of
states �DOS� was calculated by using the linear tetrahedron
method with Blöchl corrections. The structure of Fe-doped
BaTiO3 was fully relaxed in our LSDA+U calculation by
using the conjugate gradient method until the Hellman-
Feynman force was smaller than 0.01 eV/Å.

We present the LSDA+U results about the BaTi1−xFexO3.
We began by calculating the total energies of BaTi1−xFexO3
with x=0.125 with the LSDA+U approximation by using
typical values of U=4.5 and J=0.5 eV on Fe atom. By
keeping the volume of BaTi0.875Fe0.125O3 fixed at the experi-
mental volume of BaTiO3, we first relaxed all internal coor-
dinates for the nearest, the second-nearest, and the farthest
arrangements of the Fe atom, and for both the ferromagnetic
and antiferromagnetic orderings. To investigate the interac-
tion between the magnetic moments, we carried out the cal-
culations with two Ti atoms substituted by Fe atoms in the
supercell, corresponding to a doping concentration of 12.5%.
It was found that the ferromagnetic ordering is the ground
state and its energy is 62.9 meV lower than that of the anti-
ferromagnetic ordering in the case of the farthest configura-
tion, 119.5 meV lower than that of the antiferromagnetic
ordering in the case of the second-nearest configuration, and
126.4 meV lower than that of the antiferromagnetic ordering
in the case of the nearest configuration, respectively. So the
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ferromagnetic state should be the ground state for all con-
figurations.

Next we presented our calculated DOS of the
BaTi0.9375Fe0.0625O3 with the LSDA+U method. Figure 1
shows the total DOS and the projected local densities of
states �PDOS� for the dopant Fe and the neighboring Ti and
O atoms with the LSDA+U method. The majority �↑� spin
states are plotted along the positive y direction, and the mi-
nority �↓� states are plotted along the negative y direction.
The energies are plotted relative to the Fermi energy �Ef
=0�. Based on the LSDA+U method, we get a more reason-
able result from the Fe-doped BaTiO3 system which is a
ferromagnetic semiconductor with the band gap of about
0.41 eV. The blue dotted lines show the d states, and the red
dashed lines show the p states. The strong coupling between
the Fe 3d orbitals and the O 2p orbitals can be observed at
the top of the valence band and the bottom of the conduction
band. The Ti 3d orbitals hybridize with the O 2p orbitals
near the Fermi surface, as well. The magnetic moment is
mainly contributed by the Fe 3d orbitals �3.05�B� while each
of the nearest O and Ti atoms also contributes a little to the
magnetic moment �0.17�B and 0.1�B, respectively�, indicat-
ing that the hybridization between the Fe 3d orbitals and the
O 2p orbitals is the origin of magnetism in the
BaTi0.9375Fe0.0625O3.

To verify our theoretical prediction, BaTi0.95Fe0.05O3−�

�BTFO� ceramics were prepared by using the solid-state-
reaction method with the starting materials of high purity,
including Ba�NO3�2, TiO2, and Fe2O3. The ground and well

mixed powder in chemical stoichiometry was preheated at
1000 K for 8 h. The reground powder was sintered at 1200 K
for 12 h. The powder sample was then ground, pressed into
pellet, heated at 1300 K for 24 h, and cooled to the room
temperature with a cooling rate of 5 K/min. Powder x-ray
diffraction �XRD� with Cu K� radiation was employed to
characterize the crystal structure of the sample. The micro-
structure of the BTFO ceramics was studied by using a trans-
mission electron microscope �TEM� �Tecinai F20� with an
operating voltage of 200 kV. Detailed high-resolution TEM
�HRTEM�, the selected area electron-diffraction �SAED�,
and energy dispersive x-ray �EDX� studies were conducted
to investigate the microstructure, respectively. The magnetic
properties of the sample were characterized by using a
vibrating-sample magnetometer system. The magnetization
measurements were taken both as a function of temperature
at a fixed field and as a function of the applied magnetic field
at the room temperature. The ceramic samples were cut and
polished for the measurement of the ferroelectric and dielec-
tric properties. Silver paste was used on both surfaces of the
specimen as electrodes. The ferroelectric hysteresis loop was
measured by using a RT6000A standardized ferroelectric
tester �Radiant Technologies�. The dielectric permittivity as a
function of temperature was measured with an Agilent
4294A impedance analyzer to determine their ferroelectric-
paraelectric transition temperatures.

XRD pattern of BTFO ceramics is shown in Fig. 2. All
the diffraction peaks can be indexed, and the phase of tetrag-
onal BTFO is identified by the magnification of diffraction
peaks in the interval between 44° and 46° in 2� as exhibited
in inset of Fig. 2. The diffraction peaks �002� and �200� split
apparently. The lattice parameters of the BTFO ceramics are
determined to be a=b=4.0138�5� Å and c=4.0331�3� Å,
respectively. The values of a and b for the BTFO ceramics
exceed those of the pure BaTiO3 �a=b=3.992 Å� while the
value of c for BTFO ceramics is smaller that that of BaTiO3
�c=4.036 Å�. The c /a ratio �1.0048� of the BTFO ceramics
is a little smaller than that of the pure BaTiO3 �1.0107�.

The detailed TEM, SAED, and EDX studies were applied
to investigate the microstructure of BTFO ceramics and dif-
ferent phases that might have formed in the nanosize range,

FIG. 1. �Color online� Calculated total �bottom panel� and local
density of states for the Fe dopant and the neighboring O and Ti
atoms. The Fermi surface is located at Ef =0. The blue dotted lines
show the d states, and the red dashed lines show the p states.
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FIG. 2. X-ray diffraction pattern of the BaTi0.95Fe0.05O3−� ce-
ramics; the magnification of diffraction peaks in the interval be-
tween 44° and 46° in 2� by the inset.
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and to determine the fate of Fe atom which could not be
detected by x-ray analysis. The SAED patterns as an inset of
Fig. 3�a� as well as the high-resolution micrograph, confirm
the high crystalline quality of the BTFO ceramics. The ab-
sence of any superstructure reflection in the SAED pattern or
defects in HRTEM image indicates the absence of iron ox-
ides or clusters in the sample. Figure 3�b� is the low magni-
fication TEM image of the BTFO ceramic sample. The EDX
were both performed at several random points and along a
straight line. The EDX data taken at a number of random
points throughout the specimens reveal that the concentration
of Fe ranges from 4.3–5.4 at. %. As shown in Fig. 3�c�, the
EDX data shows that Fe is uniformly distributed in a scale of
410 nm with an average concentration of 4.5 at. % along the
line in Fig. 3�b�. Because of the large difference in the ionic
radii between Ba and Fe, Ba prefers to occupy the center of
dodecahedron in the perovskite, Fe should occupy the Ti site
in BaTiO3 with a coordination number 6.

Ferroelectric property was investigated on the ceramic
sample with a thickness of 0.5 mm. Figure 4 exhibits the
ferroelectric hysteresis loop measured at a frequency of 2
KHz for the capacitors with the diameter of 0.2 cm at the
room temperature, indicating the ferroelectric behavior of the
BTFO ceramics. Although the slightly distorted hysteresis
loop as observed includes an effect of leakage current, the
saturation polarization �Ps� of the ceramic sample at an ap-
plied electric field of 125 kV/cm reaches 22 �C /cm2, with
the remnant polarization �Pr� of 11.1 �C /cm2 and the coer-
cive field �Ec� of 37 kV/cm. The discontinuity of the ferro-
electric hysteresis loop in Fig. 4 should be ascribed to the
special set of the testing voltage pulse in the instrument.

The temperature dependence of the dielectric constant and
the loss for the BTFO ceramic sample at different frequen-
cies, ranging from 100 Hz to 1 MHz, are shown in Figs. 5�a�
and 5�b�, respectively. The peaks were found at 365 K in the
curve of both the dielectric constant versus temperature and
the dielectric loss curves at all frequencies. It means that the

ferroelectric-paraelectric transition �TFE� occurs at 365 K.
The ferroelectric transition temperature of the BTFO ceram-
ics is lower than that of the BaTiO3 ceramics, consistent with
the result of the Fe-doped BaTiO3 nanoparticles reported by
Jana et al.25 The dielectric constant maximum of the BTFO
ceramics is much smaller than that of the pure BaTiO3.26 The
response of the dipoles in the sample decreases as the fre-
quency increases because some of the dipoles in the sample
are incapable of polarization, following the fast electric-field
variations at the high frequency.

As given in Fig. 6, the magnetization-temperature �M-T�
curve from 300 to 800 K of the BTFO ceramic sample was
measured at an applied field of 1 T. The M-T curve, which is
the characteristic of ferromagnetism, shows a magnetic tran-
sition temperature �TFM� around 680 K, which is higher than
most of the current MF materials. The magnetization gradu-
ally drops as the temperature increases from 300 to 600 K.
The inverse magnetization-temperature �1 /M-T� curve is

FIG. 3. �Color online� �a�
High-resolution transmission elec-
tron microscopy of the
BaTi0.95Fe0.05O3−� ceramics, and
selected area electron diffraction
in the inset; �b� transmission elec-
tron microscopy the
BaTi0.95Fe0.05O3−� ceramics; �c�
energy dispersive x-ray data of
each atom along the line in �b�.

FIG. 4. The ferroelectric hysteresis loop of the
BaTi0.95Fe0.05O3−� ceramics.
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also shown in the inset of Fig. 6. The high-temperature data,
from 690 to 740 K, were fitted to the Curie-Weiss law from
which �p was determined as 670 K. The �p obtained from the
present Curie-Weiss fit should only be taken as an approxi-
mation because the small temperature range used is very
close to the magnetic-ordering temperature.

At the ferroelectric transition temperature �365 K�, the
M-T curve shows no changes as shown in Fig. 6. The cou-
pling between the ferromagnetism and ferroelectricity should
be weak; otherwise there would be some change around the
ferroelectric transition temperature.

The field dependence of the magnetization of the BTFO
ceramics with a maximum magnetic field of 1.7 T is also

shown in the inset of Fig. 6. The plot of M versus H shows
a rather large magnetic hysteresis loop at the room tempera-
ture, indicating a ferromagnetic behavior. Above the mag-
netic transition temperature of 680 K, however, the M-H
curve shows linear paramagnetic behavior. In this research,
the highest saturated magnetization �Ms� is calculated to be
as large as 0.75�B /Fe atom, assuming that all the Fe atoms
contribute to the magnetization. This experimental value is
much smaller than our calculated magnetic moment. The
conflict between the magnetic moments obtained from the
experiment and the calculation may be explained as follows.
One of the possible reasons is that the calculations are car-
ried out at T=0 K with Fe3+ ions distributed orderly, and
that the Fe3+ ions distributed disorderly should be another
possible reason.

Gemming and Schreiber27 showed the effect of the geom-
etry with the Fe at the SrTiO3 boundaries. But the formation
of significant amounts of iron oxides is ruled out by consid-
ering the structure determined by the XRD, HRTEM, and the
magnetic properties in our results. Iron oxide peaks are not
observed in the BTFO ceramics from XRD, and there are no
detectable traces of any secondary phase or cluster of any
oxide of iron by the HRTEM image and the EDX analysis
taken from several arbitrary regions of the ceramic sample.
The possible magnetic impurity phases in the system are
�-Fe2O3 and Fe3O4. The well-defined TFM can be observed
from the M-T curve as shown in Fig. 6 with TFM=680 K for
BTFO. The TFM of BTFO is clearly different from those of
two most likely impurity phases, �-Fe2O3 �900 K� and Fe3O4
�850 K�. The coercive field �HC=4100 Oe� of the sample
measured at the room temperature is much larger than those
of �-Fe2O3 �about 450 Oe� and Fe3O4 �about 25 Oe�. If
impurity phases of �-Fe2O3 and Fe3O4 are responsible for
the observed magnetism in the sample, one would have to
assume that almost 50% of the doped Fe ions should be
employed to form �-Fe2O3 or Fe3O4 since the saturated mag-
netic moment of �-Fe2O3 and Fe3O4 are reported to be
1.25�B /Fe and 1.3�B /Fe,28 respectively. If such a large
amount of iron oxides were present, the significant XRD
peaks or the secondary phase or cluster in HRTEM image of
the �-Fe2O3 or F3O4 would appear. These facts together sys-
tematically rule out the possibility that the observed ferro-
magnetism in the Fe-doped BaTiO3 comes from the ferro-
magnetic �-Fe2O3 and Fe3O4.

It is reasonable that the BaTiO3 doped with Fe ions
should be n-type semiconductor with the oxygen vacancy in
the ceramics. The n-type carriers in the ceramic sample sug-
gest that the mechanism responsible for the ferromagnetism
should be related to electron-mediated Zener-type
Ruderman-Kittel-Kasuya-Yosida interaction.29 The substitu-
tion of Fe atom at Ti site in BaTiO3 introduces the hybrid-
ization between the p orbital of O atom and the d orbital of
the Fe atom in BTFO ceramics, similar to the p-d hybridiza-
tion in DMS. This p-d interaction leads to the appearance of
the additional mixed band levels derived from the BaTiO3
valence band. According to such a model, electrons are in
favor of mediating the exchange interaction between local
moments and inducing the ferromagnetism, and the carriers
in the BTFO ceramic result in the leakage current.

In summary, we designed a ferromagnetic and ferroelec-

FIG. 5. The temperature dependence of dielectric constant and
dielectric loss of the BaTi0.95Fe0.05O3−� ceramics at different fre-
quencies, ranging from 100 Hz to 1 MHz.

FIG. 6. The temperature dependence of the magnetization for
BaTi0.95Fe0.05O3−� ceramics; the insets show a plot of 1 /M versus
temperature and the magnetic hysteresis loop of the
BaTi0.95Fe0.05O3−� ceramics at room temperature.
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tric material Fe-doped BaTiO3, and investigated its magnetic
and dielectric properties. The ferromagnetic and ferroelectric
transition temperatures are identified at about 670 and 365 K,
respectively. We get reasonable large saturated magnetization
and considerable remnant polarization. The appearance of
both the ferromagnetism and the ferroelectricity in the Fe-
doped BaTiO3 ceramics at the room temperature implies that
the Fe-doped BaTiO3 may have potential application as MF
materials in the future, and doping transition-metal ions into
the wide-band-gap perovskite ferroelectrics, such as PbTiO3

and PZT �PbZrxTi1–xO3�, may be a new way to develop the
MF materials.
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