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BiFeOs;, BiFe(Tij 03, and BiFe(¢Ti((sO5 ceramics of relatively high perovskite phase content
were prepared for a comparison study. While both BiFe(qTij ;O3 and BiFe(qTij ;05 exhibit
similarly improved weak ferromagnetism over BiFeO;, there exists a major difference in the x-ray
diffraction patterns of BiFe(¢Tij ;05 and BiFe( ¢Ti (503, and the leakage current of BiFe ¢Ti( (505
is decreased by five orders of magnitude from that of BiFe¢Tij;0O5. With an ultrahigh electrical
resistivity, over 1 X 10" € cm, BiFe ¢Ti( (sO; ceramic displays an especially low dielectric loss,
0.015 at 100 Hz, a remanent polarization P, of 0.23 uC/cm? and a remanent magnetization M, of
0.13 emu/g at room temperature. It is proposed that the Fe-deficiency in BiFe(¢Ti( (505 decreases
the amount of Fe?* and leads to the ultrahigh electrical resistivity. Nonstoichiometric compositions
should receive more attention for developing high quality BiFeO; multiferroic materials. © 2010

American Institute of Physics. [doi:10.1063/1.3506526]

I. INTRODUCTION

With a high Curie temperature (810-830 °C) and a high
Neel temperature (370 °C), BiFeO5; shows both ferroelectric
and magnetic orderings above room temperature and is of
great attraction for multiferroic exploring and applications.l’2
However, BiFeO; usually exhibits a relatively high leakage
current that is detrimental to ferroelectric performance and
often makes BiFeO; practically unusable.>* As a matter of
fact, Fe* tends to be partially reduced to Fe?* and electronic
conduction occurs through electron hopping between Fe’*
and Fe?* in most ferrites, including BiFeOs, and it is difficult
to obtain a really high electrical resistivity in them. The elec-
trical resistivity of BiFeOj is usually much lower than that of
perovskite type titanates, which are typical ferroelectric ma-
terials. It is also difficult to derive weak ferromagnetism in
pure BiFeO3,5 whose space-modulated spin structure may
lead to a cancellation of the possible nonzero remnant mag-
netization permitted by the canted G-type antiferromagnetic
order.®’ These problems have to be satisfactorily overcome
before BiFeO; can be regarded as an ideal multiferroic ma-
terial. Upon extensive investigations in the past decade, it is
quite encouraging to find that BiFeO5 can be greatly tailored
toward an ideal multiferroic material through dopingg_10
and/or forming solid-state-solution with other perovskite
type oxides,"" and through epitaxial strain and interfacial
coupling for BiFeO; thin films in addition."?

Among various kinds of doping reported, Ti substitution
for Fe, which can be expressed as BiFe;_,Ti,O3, seems es-
pecially attractive. It could not only decrease the leakage
current but also induce a remanent magnetization in
BiFe:O3.13’14 In other words, Ti substitution is promising for
simultaneously solving two main problems of BiFeO; as a
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multiferroic material. However, the decrease in leakage cur-
rent varies quite significantly among different reports, some
of which are listed here: a decrease by three orders of mag-
nitude upon 2% Ti substitution in thin films prepared through
pulsed laser deposition,8 a decrease by two orders of magni-
tude upon 5% Ti substitution in thin films prepared through
sol-gel spin-coating te(:hnique,]5 a decrease by approxi-
mately six orders of magnitude upon 25% Ti substitution in
bulk ceramics,” a decrease by only a factor of three upon
5% Ti substitution in thin films prepared through chemical
solution deposition.16 The leakage current was even in-
creased upon Ti substitution in a couple of other cases.'®!
Perhaps such a great variety suggests that the influence of Ti
substitution is sensitive to some additional factors. Obvi-
ously, more studies are highly desirable to obtain a clear
understanding and make the influence of Ti substitution more
reliable or even further optimized. In all these previous in-
vestigations, a fraction of Fe was substituted by the same
amount of Ti to maintain stoichiometry. Presently, we have
extended the study on Ti substitution to some nonstoichio-
metric formulas and observed an ultrahigh electrical resistiv-
ity, over 1 X 10* Q cm at room temperature, in nonstoichio-
metric BiFe( ¢Tij(s03. As far as we know, this is by far the
highest electrical resistivity obtained for BiFeO; ceramics
and thin films. It demonstrates the great extent to which the
properties of BiFeO; can be tailored and should highlight the
importance of defect subsystem associated with nonstoichio-
metric compositions in developing high quality BiFeO; mul-
tiferroic materials.

Il. EXPERIMENTAL

Analytical grade Bi,03, Fe,03, and TiO, powders were
used as the starting precursors. The powders were carefully
weighed and mixed to obtain compositions of BiFeOs;,
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FIG. 1. XRD patterns taken on the surface of BiFeOs, BiFeoTi, 03, and
BiFe ¢Ti; (505 ceramics.

BiFe( ¢Tij 03, and BiFeg¢Ti; 5053, and ball-milled for 24 h
using deionized water as medium and then dehydrated in an
oven at 120 °C for 12 h. The powders were granulated and
uniaxially pressed into pellets of 10 mm in diameter and 1
mm thick by applying a pressure of 7 MPa. In order to obtain
samples with high perovskite phase content and possibly
high electrical resistivity, for every composition, a series of
sintering systems were tested and then an optimum sintering
system was chosen. The optimum sintering system adopted
for BiFeO; was heating at 850 °C for 30 min and then an-
nealing in air to room temperature, for BiFe( ¢Ti( ;05 it was
heating at 900 °C for 30 min and annealing in air to room
temperature, and for BiFe( ¢Ti( ;05 it was heating at 810 °C
for 120 min and furnace-cooling to room temperature.

The crystal structure and phase content of the sintered
samples were examined by x-ray diffraction (XRD) on an
x-ray diffractometer (Brucker D8 Discover) using Cu Ka ra-
diation. The microstructure of the samples was observed us-
ing scanning electron microscopy (SEM). I-V characteristics
of the samples were recorded through a Keithley
electrometer/high resistance meter (6517A). The dielectric
constant and dielectric loss were measured using an imped-
ance analyzer (Agilent 4294A). The ferroelectric hysteresis
loop was characterized by a ferroelectric tester (Precision
Premier Workstation Radiant Technology, USA). The mag-
netization hysteresis (M-H) loop was evaluated using a
physical properties measurement system (Quantum Design
PPMS-9).

lll. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns taken on the surfaces
of three ceramic pellets we prepared according to nominal
compositions of BiFeOs, BiFe ¢Ti, 03, and BiFe ¢Tig (505.
It can be seen that they are all of relatively high perovskite
phase content and the content of secondary phases in them is
small. It is interesting to note that there are some noticeable
differences among their perovskite phases. On one hand,
some similar changes can be observed in the perovskite
phases of BiFe¢Tiy;0; and BiFe,Tij(s03, e.g., their
(006), (116), and (018) peaks are dramatically depressed
upon Ti substitution. On the other hand, there is a major

J. Appl. Phys. 108, 094112 (2010)

11 30 SEI

20kV  X2,500 10um

11 30 SEI

20kV  X5,000  5pm

20kV  X5,000 5pm 11 30 SEI

FIG. 2. SEM micrographs taken on the as-sintered ceramic surface of (a)
BiFeO;, (b) BiFe(oTiy 03, and (c) BiFe(¢Tij50;.

difference between the perovskite phases of BiFe(oTij 03
and BiFe(¢Tij(sO3. For BiFeOs, the peaks of (104) and
(110) are clearly split; while for BiFeq¢Tij;03, this peak
splitting almost cannot be observed. This disappearance of
peak splitting [(104)/(110)] in the XRD pattern has been
commonly observed for Ti substitution.*'*'*!" While for
BiFe ¢Tij o503, this peak splitting remains upon Ti substitu-
tion. It implies that Ti substitution leads to some changes in
the crystal structure of BiFeO; and there exist some subtle
differences in those of BiFe(qTiy ;O3 and BiFeg¢Ti( o505,
representative of stoichiometric and nonstoichiometric for-
mulas with Ti substitution, respectively.

As shown in Fig. 2, these three kinds of ceramics exhibit
quite different surface morphologies. A rapid liquid phase
sintering has been proved effective for preparing undoped
BiFeOj; ceramics of high phase purity.18 Liquid phase sinter-
ing should also have occurred in the BiFeO; ceramics here
and some features of melt, including unclear grain bound-
aries, can be obviously observed in Fig. 2(a). On the other
hand, for the other two ceramics with Ti substitution, their
grain boundaries are relatively clear and very fine grains are
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FIG. 3. J-E characteristics measured for BiFeOs;, BiFe;qTi, 03, and
BiFe( 9Tij (05 ceramics.

observed. Ti substitution should be very effective to suppress
the appearance of liquid phases so the BiFe ¢Ti, ;O ceramic
has clearer grain boundaries than the BiFeO; ceramic even
though it was sintered at a temperature 50 °C higher. Similar
images have been observed by other researchers.'!” The
sintering shrinkage of diameter is 7%, 8.4%, and 10% for the
ceramics of BiFeO;, BiFe( ¢Ti, 03, and BiFeg¢Ti( 0505, re-
spectively. Less pores can be observed in the ceramic of
BiFe( ¢Ti (505 than BiFe¢Tij ;05 from the surface mor-
phologies.

Figure 3 shows the current density versus electric field
(J-E) characteristics of the ceramics measured at room tem-
perature. As expected for Ti substitution, the leakage current
density of BiFe( ¢Ti, ;05 is decreased from that of BiFeO5 by
more than three orders of magnitude in our study. It is quite
surprising that BiFe(¢Tij(s0; exhibits an extremely small
leakage current, which actually cannot be detected in our
measurement. It is decreased from that of BiFeO; by about
nine orders of magnitude, from that of BiFe¢Tij ;05 by
more than five orders of magnitude. An ultrahigh electrical
resistivity, over 1 X 10" Q cm at room temperature, was
calculated out for BiFe ¢Ti( (503 ceramic, using the data ob-
tained at an electric field of 500 V/cm. Such a high electrical
resistivity has been quite unexpected for BiFeO; as a ferrite.
As pointed out by Qi et al..} the charge compensation re-
quired by substitution of Ti** for Fe’* can be achieved
through three mechanisms: filling of oxygen vacancies, de-
crease in cation valence, and creation of cation vacancies.
Decrease in cation valence, namely, Fe** is partially reduced
to FeZ*, will result in electronic conduction and should not be
considered for the case of decreased leakage current. As for
the other two mechanisms, each of them has been proposed
to be the dominant charge compensation mechanism for Ti
substitutions by some researchers.*'*!> Our results here
clearly show that the leakage current can be further greatly
deceased in nonstoichiometric BiFe( ¢Ti( (503 with some Fe-
deficiency, or V.. The difference in crystal structure be-
tween BiFe¢Tij ;O3 and BiFe,¢Tij 505 revealed through
XRD analyses may be regarded as a sign for the difference in
their defect subsystems. Supposed that 5% Tig, and 5% V.,
are formed in BiFe;oTij 503, the negative charge from Vy,
is more than the positive charge from Ti;e, which will de-
crease other negative charge already present, including Fer,,,
to reach electric neutrality. In this way the amount of Fe?* is
decreased and electron hopping between Fe’* and Fe?* is
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FIG. 4. Frequency spectra of dielectric properties measured for
BiFe ¢Ti, 05 and BiFe¢Ti( (503 ceramics.

therefore suppressed and an ultrahigh electrical resistivity is
observed. So the Fe-deficiency in BiFe( ¢Tij (05 is the main
reason responsible for the ultrahigh electrical resistivity. Fur-
ther investigations on the defect subsystem in Ti-substituted
nonstoichiometric formulas, especially the relationship be-
tween Tip, and Vi, are being conducted.

The dielectric constant and dielectric loss as a function
of frequency at room temperature for BiFej(Tiy ;O; and
BiFe ¢Tij (505 ceramics are shown in Fig. 4. The dielectric
loss of BiFeO; ceramic is too high so the data for BiFeO; are
not included. The dielectric loss of BiFe ¢Tij ;05 ceramic is
0.30 at 100 Hz and decreases quickly with increasing fre-
quency. Similar values of dielectric loss have been reported
for Ti-substituted BiFeO; ceramics prepared by other
researchers.”>  In contrast, the dielectric loss of
BiFe( ¢Ti( 0503 ceramic is only 0.015 at 100 Hz and almost
remains unchanged with increasing frequency. Such a low
dielectric loss is in agreement with the ultrahigh electrical
resistivity observed and is attractive to most ferroelectric ma-
terials. Both the dielectric constant and dielectric loss of
BiFe( ¢Ti)(sO; show a much weaker dependence on fre-
quency than those of BiFe Tij 03, indicating that the leak-
age current has obviously influenced the dielectric properties
of BiFe(¢Ti 05 at low frequencies. Figure 5 plots the po-
larization hysteresis (P-E) loops of BiFe¢Ti; ;05 and
BiFe Tij (sO; ceramics at room temperature. Due to the
high leakage current, the ferroelectric hysteresis loop of
BiFeO; ceramics has not been achieved. As shown in Fig.
5(a), the unsaturated loose P-E loop of BiFe,Tij ;05 ce-
ramic has rounded corners, which indicates a significant con-
ductive loss and is consistent with the previous electric (J-E)
properties. It is obvious that a much improved polarization
hysteresis loop is observed for BiFejqTij ;05 ceramic,
showing a saturation polarization Pg of 0.61 uC/cm? and a
remanent polarization P, of 0.23 uC/cm?. Its P, is almost
equal to that of BiFe 3Ti;,05 ceramic prepared by Kumar et
al.,zo whereas is about one third of that of a
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FIG. 5. Polarization hysteresis P-E loops of (a) BiFe(4Ti,;05 and (b)
BiFe( ¢Tij 0505 ceramics.

(PLZT), 5(BiFeO;),; solid solution,'" whose ferroelectricity
should have been enhanced through introducing PLZT.

The magnetization hysteresis (M-H) loops of the ceram-
ics for the maximum magnetic field (H,,) of 60 kOe at room
temperature are shown in Fig. 6. No hysteresis loop is ob-
served for BiFeO; ceramic, which is common for undoped
BiFeO; ceramics as we have mentioned before. It is evident
that BiFej¢Ti, ;O3 and BiFe(oTij ;05 ceramics both show
improved weak ferromagnetism with remanent magnetiza-
tion (M,) of 0.11 emu/g and 0.13 emu/g, respectively. As a
matter of fact, weak ferromagnetism has been observed in
Ti-substituted BiFeO; ceramic samples prepared by different
groups.ls’14 Some possible mechanisms, including destruc-
tion of the space-modulated antiferromagnetic state through
structural distortion,21’22 breakdown of the balance between
the antiparallel sublattices due to substitutions with ions of
different valences,” have been proposed. It should be
pointed out that the M-H loops of BiFej¢Tiy;O; and
BiFe( ¢Tiy 0505 ceramics are actually very close to each
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FIG. 6. (Color online) Magnetization hysteresis M-H loops of BiFeO;,
BiFe( ¢Tij 03, and BiFe ¢Ti( ;05 ceramics.
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other, indicating that they should have a quite similar spin
ordering despite of the great difference in electronic conduc-
tion. It is interesting to note that the magnetic behavior is not
degraded when the electrical resistivity is so greatly in-
creased through introduction of some Fe-deficiency. So for
those BiFeO; materials whose weak ferromagnetism has
been much enhanced,9 their overall multiferroic behavior
should be further improved when their electrical resistivity is
greatly increased through similarly adopting some nonsto-
ichiometric compositions.

IV. CONCLUSION

We have achieved an ultrahigh electrical resistivity, over
1X 10" Q cm at room temperature, and an especially low
dielectric loss, 0.015 at 100 Hz, in nonstoichiometric
BiFe ¢Tij 1sO; ceramics, which also exhibit a polarization
hysteresis P-E loop with a remanent polarization P, of
0.23 w«C/cm? and a magnetization hysteresis M-H loop with
a remanent magnetization M, of 0.13 emu/g at room tem-
perature. With BiFeO; and BiFe( ¢Tij ;05 ceramics as refer-
ences, Ti substitution is proved effective to induce weak fer-
romagnetism and Fe vacancies play a vital role in
suppressing electronic conduction in BiFeO;. The small
amount of Ti-substitution and Fe-deficiency in
BiFe ¢Tij (sO; may reveal a great potential of tailoring the
defect subsystem in BiFeO; for developing high-
performance BiFeO; multiferroic materials.
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