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Abstract: To make the ferroelectric BaTiO3 possess ferromagnetism simultaneously, magnetic Fe was doped into BaTiO3 ceramics at 
doping levels up to 10% (molar fraction). Both tetragonal and hexagonal phases coexisted in the Fe-doped BaTiO3 ceramics except at 
1% doping level. X-ray diffraction analysis indicated that higher doping level of Fe, higher sintering temperature and longer sintering 
time promoted the formation of hexagonal phases in Fe-doped BaTiO3 ceramics. Ferroelectricity was observed in all samples at room 
temperature, but it was greatly depressed by Fe doping. Except at doping level of 1%, room-temperature ferromagnetism was 
observed in the BaTiO3 ceramics. The dependence of the saturation magnetization and coercivities of the Fe-doped BaTiO3 ceramics 
on doping level was systematically studied. Both the saturation magnetization and magnetic coercivities were found to be dependent 
on the doping level as well as the fraction of the hexagonal phase in the ceramics. 
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1 Introduction 
 

Multiferroic materials have received intensive 
attention in recent years[1−5]. This is mainly due to their 
potential applications based on the magnetoelectric 
coupling effect. A multiferroic material possesses two or 
more ferroic properties, which usually refer to 
ferroelectricity and ferromagnetism (or antiferro- 
magnetism)[5]. To introduce a ferromagnetic property 
into a ferroelectric material originally with no 
ferromagnetism by itself, one of the common approaches 
is to dope magnetic impurities into the ferroelectric host 
material[4]. The other approach is to combine a 
ferroelectric material and a ferromagnetic material 
together into a composite material, which subsequently 
shows multiferroic properties. Tetragonal BaTiO3, a 
well-known ferroelectric material with a perovskite 
structure[6−10], is a good candidate for this purpose. 
This is because the B-site Ti can be easily substituted by 
other transition metal ions including the magnetic ions, 
such as Fe ions[11−14]. 

In recent years, phase transformations of Fe-doped 

BaTiO3 ceramics were studied[11−15], and it was found 
that the B-site Ti can be substituted by Fe up to 70% 
(molar fraction) or higher. At high doping levels, such as 
20% and up to 70% (molar fraction), it has been 
generally agreed[11−12] that the phase structure of 
Fe-doped BaTiO3 ceramics is hexagonal when it is 
sintered at 1 200 °C. However, for doping levels less 
than 10% (molar fraction), there existed some conflicting 
reports in the literature. Pure hexagonal structure was 
reported for Fe-doped BaTiO3 single crystals grown by 
the floating zone technique[13] with a doping level of 
7% (molar fraction). On the contrary, pure tetragonal 
phase of Fe-doped BaTiO3 ceramics with doping level up 
to 2% (molar fraction) when sintered at 1 200 °C was 
reported by other researchers[14]. It is well-known that 
tetragonal BaTiO3 ceramics possesses good 
ferroelectricty, and this suggests that the Fe-doped 
BaTiO3 ceramics would be expected to have multiferroic 
properties if the Fe dopants can introduce 
ferromagnetism into the ferroelectric ceramics. 

Ferromagnetism has been observed in hexagonal 
Fe-doped BaTiO3 ceramics at low doping levels[13]. For 
the doping levels at 0.5% and 1% (molar fraction), it has  
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been shown that the hexagonal Fe-doped BaTiO3 single 
crystal does not show room-temperature ferromagnetism 
except at low temperatures around 2 K[13], while 
room-temperature ferromagnetism has been observed for 
other doping levels up to 7% (molar fraction) in 
Fe-doped BaTiO3 ceramics with pure hexagonal 
structure[13]. 

It is the motivation of this work to investigate the 
ferroelectric and ferromagnetic properties of the 
Fe-doped BaTiO3 ceramics at room temperature. To our 
knowledge, there is few research on the ferroelectric 
properties of Fe-doped BaTiO3 ceramics[15]. This could 
be due to the fact that hexagonal structure of Fe-doped 
BaTiO3 ceramics has been mainly reported in 
Refs.[11−13], while the typical ferroelectric BaTiO3 
ceramic is of tetragonal structure. In addition, the 
room-temperature ferromagnetism of Fe-doped BaTiO3 
ceramics at low doping levels has hardly been 
investigated systematically[13]. In this work, the 
solid-state reaction method was used to investigate the 
phase evolution of Fe-doped BaTiO3 ceramics at doping 
levels from 1% to 10% (molar fraction). The influence of 
the doping level of Fe on the evolution of tetragonal and 
hexagonal phases in Fe-doped BaTiO3 ceramics was 
studied. 
 
2 Experimental 
 

High-purity BaCO3 (99.99%), TiO2 (99.99%), and 
Fe2O3 (99.99%) powders were used as the source 
materials for synthesizing Fe-doped BaTiO3 ceramics. 
Appropriate amounts of BaCO3, TiO2 and Fe2O3 powders 
were weighed and mixed according to the formulae of 
BaTi1−xFexO3, where the doping level x = 0, 1%, 2%, 3%, 
4%, 5%, 6%, 7%, 8% and 10% (molar fraction). The 
mixed powders were thoroughly ground in an agate 
mortar, and were then placed in a box furnace for 
calcination in air at 1 200 °C. Two cycles of calcination 
(each cycle in a period of 10 h) were conducted for each 
sample, and powders were ground once more between 
the two cycles of calcination processes. The calcined 
powders were pressed into pellets (two pellets for each 
sample) with a diameter of 10 mm and a thickness of 
2−3 mm, which were then sintered in air for 2 h at 1 250 
°C. Samples processed under different conditions were 
specified in the corresponding context of the next section. 
The phase structures of the sintered Fe-doped BaTiO3 
ceramics were analyzed with the X-ray diffraction (XRD, 
Bruker D8 Focus) method. The ferroelectric properties 
were tested with TF Analyzer 2000, while the 
ferromagnetic properties were measured with a vibrating 
sample magnetometer (VSM, LakeShore Model 7404). 

 
3 Results and discussion 
 
3.1 Phase evolution 

Figure 1 shows the XRD patterns of the Fe-doped 
BaTiO3 ceramics at doping levels of x= 0, 1%, 2%, 3%, 
4%, 5%, 6%, 7%, 8%, and 10%. As expected, the 
BaTiO3 ceramics without Fe doping showed only 
tetragonal structure. At doping level of 1%, only 
tetragonal structure was observed, without detectable 
presence of any other phases. As the Fe doping level was 
increased from 2% up to 10%, the presence of hexagonal 
phases was clearly observed, and the XRD diffraction 
peaks for the hexagonal phases became more significant 
with the increase of doping level (Fig.1). To have a better 
view on the evolution behaviors of the tetragonal and 
hexagonal phases in the Fe-doped BaTiO3 ceramics, the 
strongest XRD peaks (101) for the tetragonal phase and 
(104) for the hexagonal phase are shown in the inset of 
Fig.1. At doping levels larger than 6%, the hexagonal 
phases became dominant in the Fe-doped BaTiO3 
ceramics. The diffraction peaks for the hexagonal phases 
became stronger with the increase of Fe doping levels, 
and this indicates that Fe doping promotes the formation 
of hexagonal phase in Fe-doped BaTiO3 ceramics. 
 

 

Fig.1 XRD patterns of BaTi1−xFexO3 ceramics 
 

The presence of mixed phases (tetragonal and 
hexagonal) in Fe-doped BaTiO3 ceramics at doping 
levels from 2% to 10% (Fig.1) is different from the 
results reported in Refs.[13−14], in which either pure 
hexagonal phases or tetragonal phases were observed. 
This could be due to different processing conditions used 
in Refs.[13−15]. In order to verify this point, the effects 
of temperature and processing time on the phase 
structures in Fe-doped BaTiO3 ceramics were studied. It 
was found that higher temperature promoted the 
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formation of the hexagonal phases in Fe-doped BaTiO3 
ceramics. Fig.2(a) shows that for x = 10%, the XRD peak 
(104) of the hexagonal phases became stronger compared 
with the peak (101) of the tetragonal phases as the 
sintering temperatures were increased from 1 250 °C to 1 
400 °C, each for a sintering time of 10 h. At 1 400℃, the 
Fe-doped BaTiO3 at 10% doping level was mostly 
hexagonal with very little tetragonal phases (Fig.2(a)). At 
the same temperature, longer processing time was found 
to promote the formation of hexagonal phases in 
Fe-doped BaTiO3 ceramics (Fig.2(b)). In Fig.2(b), for 
5% Fe-doped BaTiO3 processed at 1 400 °C for 20 h, the 
tetragonal phase can hardly be detected by XRD. Thus, 
higher temperature and longer processing time will be 
necessary to synthesis of Fe-doped BaTiO3 ceramics 
with hexagonal structure, while lower temperature will 
be required to obtain Fe-doped BaTiO3 ceramics with 
tetragonal phases. 
 

 
Fig.2 XRD patterns of BaTi1−xFexO3 ceramics: (a) x = 10%, 
sintered at different temperatures for 10 h; (b) x = 5%, sintered 
at 1 400 °C for 10 and 20 h 
 
3.2 Ferroelectric and magnetic properties 

The room-temperature ferroelectric and 
ferromagnetic properties of the Fe-doped BaTiO3 
ceramics are shown in Fig.3. Compared with the 
undoped BaTiO3 ceramics, the ferroelectricity of the 
Fe-doped BaTiO3 ceramics was greatly suppressed by Fe 

doping (Fig.3(a)). At 1% Fe doping level, the remanent 
polarization (Pr) is 1.4 μC/cm2, which is about 1/6 that of 
the undoped BaTiO3 ceramics (8.2 μC/cm2, see Fig.3(a)). 
This indicates that impurities like Fe can be highly 
detrimental to the ferroelectric properties of BaTiO3 
ceramics even at low doping levels. On the other hand, 
the strong suppression of ferroelectricity at 1% Fe 
doping level also implies that Fe ions were uniformly 
distributed in the BaTiO3 host. 

With the increase of Fe doping level, the 
ferroelectricity of the Fe-doped BaTiO3 ceramics was 

 

 

Fig.3 Room-temperature ferroelectric hysteresis loops of 
BaTi1−xFexO3 ceramics (a), room-temperature M−H curves of 
BaTi1−xFexO3 ceramics (b) and dependence of MS and HC on Fe 
doping level (c) 
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further reduced (Fig.3(a)). This is understandable 
because Fe doping promotes the formation of hexagonal 
phases (see Fig.1) that are not ferroelectric. 

Room-temperature ferromagnetism was observed in 
the Fe-doped BaTiO3 ceramics at doping levels of 
2%−10% (Fig.3(b)). However, as shown in the upper left 
inset of Fig.3(b), the 1% Fe-doped BaTiO3 ceramic did 
not show ferromagnetic behavior at room temperature, 
but rather paramagnetic. The undoped BaTiO3 ceramic 
also exhibited paramagnetic behavior (not shown here). 
The paramagnetic behavior of the 1% Fe-doped BaTiO3 
ceramic in this work is consistent with the Ref.[8] which 
showed that 1% Fe-doped BaTiO3 single crystal was 
paramagnetic at room temperature. The reason for this 
similarity is probably because, at low doping level such 
as 1%, the average distance between neighboring Fe ions 
within the BaTiO3 matrix is so large that they are not be 
able to establish magnetic exchange interactions. On the 
other hand, the crystal structure for the 1% Fe-doped 
BaTiO3 ceramic was tetragonal in the current work (see 
Fig.1), while the 1% Fe-doped BaTiO3 single crystal was 
hexagonal in Ref.[13]. It is noted in Ref.[13] that the 
Fe-doped BaTiO3 single crystal was grown from molten 
Fe-doped BaTiO3. The higher temperature used in 
Ref.[13] is believed to be the reason why the 1% 
Fe-doped BaTiO3 single crystal in their work was 
hexagonal. This, in fact, is supported by the results (see 
Fig.2(a)) presented in previous paragraphs. When 
measured at 100 K, however, ferromagnetism exhibited 
in the 1% Fe-doped BaTiO3 ceramics (see the lower right 
inset of Fig.3(b)). It is noted that BaTiO3 changes from 
tetragonal to orthorhombic crystal structures at about 0 
°C. However, the average distance between neighboring 
Fe ions should be little changed, and the chemical states 
should remain to be the same. This indicates that at low 
temperatures there existed magnetic exchange 
interactions among Fe ions distributed within the BaTiO3 
host lattice at a doping level as low as 1%. 

It is noted in Fig.3(b) that the magnetization M of 
the Fe-doped BaTiO3 ceramics at doping levels of 2% − 
10% did not reach a complete saturation at room 
temperature. This suggests that there exist some 
paramagnetic and/or antiferromagnetic components 
within the ceramics. The presence of paramagnetic 
components in Fe-doped BaTiO3 ceramics was also 
reported in Ref.[13]. The magnetic coercivities (HC) 
remained very low and almost unchanged at about 
1×10−2 T from x = 2% to 6%, and then suddenly jumped 
much higher to about 0.1 T at x = 7% and over 0.3 T at  
x = 10% (Fig.3(c)). It is known that HC has a large 
dependence on the microstructure of materials. Thus, we 
suppose that the dependence behavior of HC on the 
doping content should be a result of the changes in the 
microstructures of the Fe-doped BaTiO3 ceramics for  

different x values. As shown in Fig.3(c), the saturation 
magnetization (MS) increased with x increasing to reach a 
maximum value at about 8.2×10−31Wb·m per Fe atom 
when x = 4%, followed by a decrease, and then increased 
again. It is noted that Fe3+ ions substituting for Ti4+ ions 
will introduce oxygen vacancies into BaTiO3. Such 
oxygen vacancies may act as a kind of medium through 
which superexchange interactions between neighboring 
Fe3+ ions occur. This explains the increasing behavior of 
MS with x until x = 4%. As x increases, some portion of 
Fe3+ ions may start to substitute for Ba2+ ions, and this 
will decrease the concentration of oxygen vacancies, i.e. 
MS will decrease. As x further increases, the average 
distance between neighboring Fe ions will decrease, and 
in the meantime, some small clusters of Fe ions may start 
to be present. This explains why MS increases again with 
x. 

As shown in Fig.1, the Fe-doped BaTiO3 ceramics 
at doping levels of 2%−10% consisted of two phase 
components, tetragonal and hexagonal. Hexagonal phase 
component was shown by other researchers[13] to be 
ferromagnetic. It is, however, not possible in this work to 
individually measure the ferromagnetism originated from 
either of the two phase components, because they 
basically formed a composite material. But, as shown in 
Fig.2(b), it is possible to increase the volume fraction of 
the hexagonal phase component in the Fe-doped BaTiO3 
ceramics by prolonging the sintering time, and then 
monitor the variation in ferromagnetism. 

Figure 4 shows the room-temperature M−H curves 
of the 10% Fe-doped BaTiO3 ceramics sintered at 1 250 
°C for a duration of 5, 10 and 15 h, respectively, while 
the upper left inset is the corresponding normalized XRD 
patterns, and the lower right inset is the dependence of 
MS and HC on the sintering time. With the increase of the 
sintering time, MS became greater in a monotonic manner, 
but HC loops decreased consistently. From the XRD 
pattern, it is clear that the intensity of the strongest XRD 
peak for tetragonal phase decreased consistently as the 
sintering duration was prolonged from 5 to 15 h, 
suggesting that the volume fraction of hexagonal phase 
component increased. This indicates that, at a fixed 
doping level of Fe, higher volume fraction of hexagonal 
phase component in the Fe-doped BaTiO3 ceramics will 
lead to greater MS and smaller HC. The decrease of HC 
with the increase of the hexagonal phase component 
could be due to less tetragonal/hexagonal phase 
interfaces, which may act as pinning centers for magnetic 
domains. The increase of MS may imply that the 
exchange interaction within the hexagonal phase 
component was stronger than that in the tetragonal phase 
component, but further evidence will be necessary. 
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Fig.4 Room-temperature M−H hysteresis loops for x = 10% 
sintered at 1 250 °C for 5, 10, and 15 h (Upper left inset: 
normalized XRD patterns; lower right inset: dependence of MS 
and HC on sintering time) 
 
4 Conclusions 
 

Fe-doped BaTiO3 ceramics with low doping levels 
of 1%−10% (molar fraction) were fabricated by the 
conventional solid state reaction method. Both tetragonal 
and hexagonal phases coexisted in the Fe-doped BaTiO3 
ceramics except at doping level of 1%, at which 
hexagonal phase was not detected by XRD. The 
formation of hexagonal phases in the Fe-doped BaTiO3 
ceramics was promoted by higher doping levels of Fe, 
higher sintering temperature, and longer sintering time. 
Room-temperature ferroelectricity was exhibited in all 
Fe-doped BaTiO3 ceramic samples, but it was greatly 
depressed by Fe doping. The ferroelectricity decreased 
with the increase of Fe doping level. Except at doping 
level of 1%, room-temperature ferromagnetism exhibited 
in the Fe-doped BaTiO3 ceramics. The saturation 
magnetization MS did not show a monotonic trend with 
the Fe doping level increasing. MS increased with doping 
level to reach a maximum value at 8.2×10−31Wb·m per 
Fe atom at doping level of 4%, followed by a decrease, 
and then increased again. The magnetic coercivities HC 
remained very low and almost unchanged at about 0.01 T 
at doping levels of 2%−6%, and then suddenly jumped 
much higher to about 0.1 T at doping level of 7% and 
over 0.3 T at doping level of 10%. At the same doping 
level, the increase of hexagonal phase component 
resulted in a higher MS and lower HC. 
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