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We report on the observations of room-temperature ferromagnetism and ferroelectricity in the epitaxial thin
film of BaTi0.98Co0.02O3 �CBTO� with detailed structural and magnetic analyses. The films are single phase
with an inhomogeneous distribution of Co2+ dopants in the structure. Room-temperature ferromagnetic hys-
teresis and ferroelectric loop were observed. Remarkably, the hysteresis loops for field cooling show the
exchange bias and training effects. The complex magnetic behavior of CBTO was interpreted in the frame of
bound magnetic polaron formation with inhomogeneity of dopant distribution. This work also demonstrated
that exchange bias can be a helpful technique in exploring the mechanism of dopant-induced ferromagnetism.
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I. INTRODUCTION

Currently, ferromagnetism in diluted magnetic oxides
�DMOs� is one of the most interesting new problems in mag-
netism and it is also a challenge to our understandings of the
origin of magnetism. Besides the importance for fundamen-
tal issues in magnetism, DMOs with ferromagnetic ordering
at room temperature are also favorable for applications in
spintronics.1,2 Up to now, the magnetism in DMOs has not
been well understood although great effort has been made. It
was proposed that the ferromagnetism may originate from
the impurity cluster formation in certain growth conditions;3

however, the observed magnetic signal cannot be simply ex-
plained as the extrinsic effect4–6 and the interpretation of
these experimental phenomena remains as an open issue.
Among these DMOs, the ferromagnetism observed in insu-
lating oxides is especially interesting7–9 since the carrier-
mediated exchange mechanism, widely accepted in
�III, Mn�V semiconductors, does not apply here.10 Recently,
Coey et al.11 proposed that magnetic exchange in the insu-
lating DMOs can be mediated by the bound magnetic po-
larons �BMPs�,12 and the magnetic phase diagram includes
ferromagnetism �FM�, antiferromagnetism �AFM�, spin glass
�SG�, etc., depending on the cation and donor polaron con-
centration. While calculations were based on random distri-
butions of dopant ions, some experiments on DMOs �Refs. 7
and 13� and other semiconductors14 indicated a remarkable
fluctuation of the dopant concentration in the nanometer
scale. In this case, there will be regions with different mag-
netic properties, and the coupling between these regions
within the DMO is conceivable. However, magnetic behavior
supporting this scenario has not been reported yet.

In this paper, we examine the case of cobalt doping in a
highly insulating and ferroelectric oxide of BaTiO3. The se-
lection of BaTiO3 �BTO� is guided by its well-known ferro-
electric properties. The Co dopants have been used in several
magnetic-doped ferroelectric oxides, indicating the existence
of ferromagnetism in this system.9 We performed detailed
investigations on the structure and magnetic properties of
epitaxial thin films of Co-doped BaTiO3 �CBTO� and found

that this system shows a complex magnetic behavior, which
is consistent with the BMP model with microscopic dopant
nonuniformity.

II. EXPERIMENT

The CBTO films were grown on �001�-oriented SrTiO3
�STO� substrates by pulsed laser deposition from a target
with a nominal composition of BaTi0.98Co0.02O3. The depo-
sition temperature was 770 °C and the oxygen partial pres-
sure was 0.1 Pa for deposition and 0.8 atm for cooling down.
A Rigaku diffractometer and a Tecnai-F20 �200 kV� trans-
mission electron microscope �TEM� with energy dispersive
spectroscopy �EDS� were used in the structure analysis.
X-ray-absorption near-edge spectrum �XANES� at the Co K
edge was measured at the U7C �XAFS� end station of NSRL
to determine the oxidation state of the Co dopants in the
BaTiO3 lattice. The magnetic measurements were carried out
using a Quantum Design MPMS XL7. Ferroelectric polariza-
tion was investigated using a Radiant Premier II, with an
Au /CBTO /YBa2Cu3O7 /STO structure.

III. RESULTS AND DISCUSSION

Figure 1�a� shows x-ray-diffraction patterns of the CBTO
thin film, indicating single-phase characteristics with c axis
normal to the STO surface. The TEM observation was car-
ried out on a well-characterized sample, and the result shows
a clear interface and epitaxial growth of the film �Figs. 1�b�
and 1�c��. The high quality of the film is obvious from the
high-resolution TEM observation �Fig. 1�c��. There are some
structural defects in the regions near the interface �Fig. 1�b��,
owing to the lattice mismatch between the film and the sub-
strate �indicated by spot splitting in the high-index electron
diffraction�. We have performed FFTs for the film on local
areas. The insets of Fig. 1�b� show the FFT patterns of area
with visible structural defects and invisible defects, and the
results are quite similar. Our careful examinations in both the
CBTO film and the interfacial region indicate the high qual-
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ity of our sample and demonstrate that Co nanoclusters do
not exist in it.

To find out the fine structure of the Co dopants, we per-
formed the XANES measurement to characterize their va-
lence and spatially resolved EDS to probe their distributions.
Figure 2�a� shows Co K-edge absorption of the CBTO thin
film, in which the onset and the shape are quite different
from that of Co metal. In contrast, the onset of the absorption
spectra of CBTO has a close match to that of CoO with an
oxidation state of +2. So the Co dopants are expected to be
in the +2 state in CBTO. It is noted that the spectra of CoO
shows an absorption peak at 34 eV, which is absent in the
spectra of CBTO. This is possibly due to a distorted octahe-
dral coordination of Co atoms in the BTO lattice as proposed
for Co-doped TiO2.7 During the EDS measurements, line
scans of the Co distributions �with resolution of about 3–4
nm� in the interface regions and within the film were per-
formed. Typical scanning TEM �STEM� image and line scan
of Co K� intensity distributions are presented in Fig. 2�b�
and the right panel. Line scan along lines A and B exhibits a
sharp increase across the interface, confirming the existence
of Co ions in the film, while the Co intensity distributions in
the film along the directions both perpendicular �line C� and
parallel to the interface �line D� show remarkable fluctua-
tions, revealing a nonuniform distribution of Co ions. Fur-
thermore, there are no evidences of Co congregations in the
interface, near the film surface. Similar dopant inhomogene-
ity was also reported in Co-doped TiO2,7 and it is even more
prominent in the thin films grown on high-quality
substrates,13 suggesting it as an intrinsic property. For Cr-
doped ZnTe,14 spindoal decomposition-induced regions with
low and high concentrations of the magnetic dopants were

also observed in the EDS experiments14 and were explained
by the chemical pair interaction between dopant ions.15

The CBTO thin films are highly insulating with a resis-
tivity of about 1013 � cm at 300 K. Quasistatic ferroelectric
measurements with various frequencies �Fig. 3�a�� at 300 K
indicate a well-defined ferroelectric hysteresis of the film,
demonstrating room-temperature ferroelectricity. The mag-
netizations of the CBTO film �Fig. 3�b�� also show a remark-
able hysteresis, suggesting ferromagnetism in it. The satura-
tion moment per Co ion is 0.39�B and the coercivity �Hc� is
153 Oe at 300 K. For comparison, the undoped BTO film
was also grown under the same conditions and it exhibits
only diamagnetism �not shown here� without hysteresis. In
addition, the CBTO films show a significant remnant magne-
tization �RM�, while the BTO film only exhibits a constant
background signal �Fig. 3�c��. Figure 3�d� shows the magne-
tization as a function of temperature under zero-field cooled
�ZFC� and field cooled �FC�. The ZFC and FC curves exhibit
divergences at low temperatures, and the splitting is smaller
under larger fields. This result will be discussed later.

In order to investigate possible magnetic coupling within
the film, we measured the M-H curves of the film after ZFC
and FC processes �Fig. 4�a��. The FC loop at 10 K exhibits a
negative shift with respect to the cooling field, while the ZFC
loop lies symmetrically about the origin. Such a negative
shift is the hallmark of exchange bias �EB�, which was ob-
served in systems containing FM-AFM or FM-SG
interface.16 In addition, the magnitude of the shift decreases
when the loop measurements were repeated, consistent with
the well-known training effect in the EB system.16 To in-
crease the precision, the FC loops measurements were per-

FIG. 1. �a� X-ray-diffraction �XRD� pattern of the CBTO film
on STO. �b� High-resolution TEM image of the cross-sectional
specimen of CBTO film in the �001� zone. The insets show the fast
Fourier transform �FFT� images of typical areas with visible defects
and that without visible defects, respectively. �c� High-resolution
TEM image of the CBTO films far from the interface. The insets are
the selected area diffraction pattern and the low magnification im-
age of the interface of the sample.

FIG. 2. �Color online� �a� Co K-edge XANES spectra for CBTO
film with reference samples of Co metal and CoO. �b� Scanning
TEM image of the CBTO film on STO and typical line scan image
across the interface �A,B�, �c� perpendicular to the interface, and �d�
parallel to the interface, indicating the Co distributions. The dashed
lines of A and B indicate the estimated background signals and the
arrows indicate the interface. The error bars are shown below the
labels.
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formed at 2 K, where HEB, defined as the transverse shift of
the gravity center of the loop, is much larger. The cycle �n�
dependence of HEB of the film at 2 K follows a simple power
law for n�1:HEB−HEB�=H0 /�n �Ref. 17� with HEB�

=20.6 Oe and H0=31.8 Oe. According to the nonequilib-
rium thermodynamics theory,18 the training effect is caused
by the spin configurational relaxation in the FM-AFM inter-
face. The HEB�n� in the CBTO film is described by a recur-
sive formula HEB�n+1�−HEB�n�=−��HEB�n�−HEB��3,18

where the sample-dependent constant �=1.8�10−4 Oe−2.
Moreover, the EB magnetization for n�1 �MEB, defined as
the vertical shift of the RM�, the average measure of the RM
�Mr�, and the coercivity �Hc� all can be fitted by the simple
power-law formula.

To further characterize the magnetic coupling within the
film, the cooling-field �Hcooled� dependence of the EB effect
of the CBTO film at 10 K was investigated. Figure 5�a�
shows that HEB increases with increasing Hcooled when Hcooled
is small, then reaches a maximum at about Hcooled=500 Oe,
and finally reduces to zero at Hcooled=5000 Oe. Similar be-
havior of HEB has also been reported in perovskite cobaltite
La1−xSrxCoO3 with phase separation, and it was interpreted
in terms of spin disorder in the interfaces and the growth of
the FM clusters.19 In the CBTO film, the increasing cooling
field always enhances the alignment degree of the moment of
FM regions.19,20 When Hcooled is small, the spin disorder at
the interface is reduced with increasing Hcooled as shown by
the increase in MEB, Hc, and Mr, leading to the enhancement
of FM-AFM or FM-SG coupling and the resultant increase in
HEB. When Hcooled is larger than 500 Oe, the sizes of the FM
regions are also increased, leading to larger FM/AFM �or
FM/SG� proportion. In this case, it is more difficult for the
spins of AFM or SG region around to bias that of FM re-
gions. It should be pointed out that the exchange bias field is
usually smaller when FM layer is thicker in FM-AFM
systems.16,19

FIG. 3. �Color online� �a� Ferroelectric hysteresis loops of
CBTO thin film at 300 K. �b� Magnetic hysteresis loops of the
CBTO thin film at 300 and 10 K. �c� Remnant magnetizations as a
function of temperature of CBTO film and the undoped BTO film.
�d� ZFC �open symbols� and FC �solid symbols� M-T curves mea-
sured at different fields.

FIG. 4. �Color online� Top panel: �a� hysteresis loops of the
CBTO film at 10 K after ZFC and FC processes. The upper inset
and the lower inset display the enlarged view of loops after ZFC
and FC process, the first, and the fifth field cycles after FC process.
Bottom panel: �b� HEB and Hc and �c� MEB and Mr as functions of
the field cycle number after field cooling �500 Oe� measured at 2 K.
The open symbols show the data obtained from the recursive
formula.

FIG. 5. �Color online� Cooling-field dependence of �a� HEB and
Hc and �b� MEB and Mr of CBTO film at 10 K. �c� Temperature
dependence of HEB and normalized MEB of CBTO film after FC at
500 Oe. The inset shows the coercive field as a function of tem-
perature �Hc vs T1/2�. �d� Magnetization relaxations are measured at
5, 10, 20, 30, 50, 100, 200, 300, and 400 K with the magnetic field
of 1.3Hc�T� after ZFC processes.
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Figure 5�c� display the temperature variations of the HE
and ME, measured at the cooling field of 500 Oe. It clearly
shows that the EB effect disappears at about 100 K. The inset
of Fig. 5�c� shows that the coercive field exhibits as Hc
�T1/2 above 100 K, indicating a single-domain behavior.21 A
transition temperature of 700 K is estimated from the ex-
trapolation of Hc-T relation. The ZFC magnetization relax-
ation was measured at different temperatures, with a fixed
measuring field of 1.3Hc�T�. The magnetization below 100 K
does not display any sign of saturation even after 5000 s,
indicating that the system is far from the equilibrium. In
contrast, the magnetization above 100 K only shows fluctua-
tions after 2000 s. Such a long-time magnetization relaxation
was also observed in the glassy compound when the field is
larger than the coercive field.22

To understand the magnetism in the CBTO film, one of
the crucial questions is where the FM signals come from. It
can be concluded from the Hc�T1/2 relation that the FM
regions are single domains, and what is the nature of these
FM regions? If the FM regions are Co metal nanoclusters,
the coercivity for the noninteracting single-domain particles

with a uniaxial anisotropy follows Hc=Hc,0�1−�25kBT

KV �,
where K is the anisotropy energy density and V is the particle
volume.21 Using K=4.5�106 erg /cm3 for Co metal,3,21 and
the Hc-T curve, the diameter of the particles was estimated to
be 10 nm. However, as mentioned previously, the XANES
results show that Co dopants in CTBO films are in the +2
state, and the careful TEM investigation also rules out the
possibility of Co metal nanocluster formation.

As the EB effect is frequently observed in the systems
with FM-AFM interface, another possibility that should be
considered is the formation of CoO �well known as an AFM
compound� nanocluster in the present film. When the size of
the CoO cluster is reduced to several nanometers, uncompen-
sated spins on the surface may reach an appreciable net mag-
netic moment at low temperatures. The strong coupling be-
tween the uncompensated spins and the CoO nanocluster is
expected to result in large Hc and HEB.23 For example,
Gruyters24 showed that granular CoO films display hysteresis
loops below 250 K and Hc and HEB are 3.35 kOe and 5.15
kOe at 10 K, respectively. In contrast, the CBTO films ex-
hibit ferromagnetic hysteresis at and above room tempera-
ture, and both Hc �440 Oe at 10 K� and HEB �41 Oe at 10 K�
are much smaller than that reported by Gruyters,24 indicating
that the observed magnetic signals are not likely to originate
from CoO nanocluster. It is noted that there are also some
reports about monodispersed CoO nanoparticles, but such
nanoparticles are not expected to form in thin films.

The above analysis indicates that Co or CoO nanocluster
cannot account for the magnetism of CBTO films, and the
BMP model proposed by Coey et al.11 seems applicable here.
In CTBO thin film, the Co distribution mapping confirmed
that Co ions decomposed into dopant-rich and dopant-poor
regions. The oxygen vacancies in the film tend to appear in
the proximity of Co ions to keep charge neutrality, leading to
the formation of BMP. With a proper polaron concentration,
the neighboring BMPs are likely to overlap and interact to

create ferromagnetism. Meanwhile, other regions with differ-
ent concentrations of Co ions may be AFM or SG. The EB
effect can be interpreted as the consequence of the interac-
tion of FM regions with the AFM �or SG� regions. Consid-
ering the EDS scan results and the coercivity behavior of
CBTO, we estimated that the size of FM regions is from
several nanometers to a few dozen nanometers. Finally, we
tried to analyze the dopant inhomogeneity from the transition
temperature. In the BMP model,11 the transition temperature
is described by

Tc = ��S + 1�s2x	/3�1/2Jsdfo�rc
eff/ro�3/kB,

where S and s are the spin of the Co2+ dopant and the donor
electron, respectively, x is the doping concentration, 	 is the
donor concentration, Jsd is the s-d exchange parameter, fo is
the oxygen packing fraction of BaTiO3, rc

eff is the effective
cation radius, ro is the oxygen radius, and kB is the Boltz-
mann constant. Using Tc=700 K, fo=0.54 �calculated�, Jsd
=3.15 eV �Ref. 25� for CBTO, and S=3 /2, s=1 /2, 	
=0.01, rc

eff=0.20 nm, and ro=0.14 nm in typical cases,9,11

the doping concentration is estimated to be x=7.1%, which
is larger than the nominal value of 2%. This is consistent
with the interpretation that the ferromagnetism originates
from the regions with higher Co dopant concentrations. It is
noted that in the case of Mn-doped InAs, the extended x-ray-
absorption fine-structure technique also indicated that Mn
impurity ions are not randomly distributed but form their
local structure.26 This short-range order26 and the local fluc-
tuation in dopant density27 are expected to enhance the Curie
temperature in Mn-doped InAs and other similar system.

It can also be concluded that the single-phase CBTO films
are simultaneously ferroelectric and ferromagnetic at room
temperature, manifesting itself as a multiferroic material.28,29

Multiferroic materials that exhibit simultaneous ferroelectric
and ferromagnetic orderings are of great interest for potential
applications, but those are very limited in single-phase
compounds.30 Since the oxygen vacancies play a central role
in the ferromagnetism, the modulation of magnetism by elec-
tric field as demonstrated in Co-doped TiO2 �Ref. 31� is con-
ceivable. Further study of the possible magnetoelectric cou-
pling in CBTO film is deserved.

In summary, room-temperature ferromagnetism and ferro-
electricity were observed in CBTO. CBTO also shows com-
plex magnetic behaviors including the EB and training ef-
fects, as well as the glassy behavior, which was interpreted in
the BMP model with the inhomogeneity of dopant distribu-
tion. This work could be helpful for shedding light on the
mechanism of dopant-induced ferromagnetism in insulators
and exploring multiferroics via doping of ferroelectric com-
pounds.
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