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Abstract

Single crystals of BisTizO;, and BisTiz97Mng 030125 (Mn-BiT) were grown in air by a self-flux method, and the leakage current and polarization
properties at 25 °C have been investigated along the a axis direction. The substitution of Mn at the Ti site is shown to be effective for suppressing
leakage current. Mn-BiT crystals exhibits a leakage current density (~10~% A/cm?) by about two orders of magnitude lower than that of BiT
crystals. Electron spin resonance measurements demonstrate that valence increase of Mn during the subsequent annealing in air plays an essential
role in the low leakage current property. A superior polarization property (remanent polarization of 38 wC/cm? and coercive field of 25 kV/cm)

was obtained for Mn-BiT crystals.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Since ferroelectric bismuth titanate (BigTizO1,, BiT) has
been demonstrated to show a high Curie temperature of
675 °C, alarge spontaneous polarization and a large electrooptic
coefficient,’"? BiT has attracted a great deal of attention for its
potential applications to non-volatile memories, piezoelectric
devices and uncooled infrared detectors.>* However, leakage
current arising from defects often interferes with polarization
switching and poling process of the BiT-based materials,>%.
The control of polarization states is the underlying basis of
these functional devices, and domain switching by applying an
electric field can only be achieved with a high insulating prop-
erty. Poor insulating property makes BiT unsuitable for these
practical applications.

It is well recognized that defects strongly affect the
ferroelectric-related properties such as leakage current and
polarization switching.~1¢ Takahashi et al.!” have revealed the
conduction mechanism of BiT single crystals and polycrystalline
ceramics at high temperatures. The electrical conductivity along
the a axis is higher by several orders of magnitude than that along
the ¢ axis. Oxide-ion conduction originating from a large num-
ber of oxygen vacancies in the perovskite layers gives rise to
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the high electrical conduction along the a axis at around 700 °C.
Recently, Noguchi et al.!® have proposed the defect structure
in BiT through the study by ab initio electronic structure calcu-
lations in addition to high-temperature neutron diffraction. The
calculations show that the vacancy formation of Bi preferentially
proceeds at the perovskite A site rather than in the Bio O3 layers,
yielding oxygen vacancies in the perovskite layers.

In this paper, we have shown that Mn doping is effective for
reducing leakage current of BiT single crystals. BiT crystals
indicated a relatively high leakage current density (J), while
Mn-doped BiT crystals exhibited a J by about two orders of
magnitude lower than that of undoped crystals.

2. Experiments

Powder samples of BisTi3012 and Big Tiz_ Mn,O12_5 (Mn-
BiT, x=0.1) were prepared by a solid-state reaction. The raw
materials of BipO3 (99.9999%), TiO, and MnO with 99.99%
purity were mixed and sintered at 800 °C for several times.
Powder X-ray diffraction (XRD) data were analyzed by the
Rietveld method using the program RIETAN-2000'® based on
B2c¢b orthorhombic symmetry.

Single crystals of BiT and Mn-BiT were grown by a
self-flux method. The crystals of BiT were obtained from
the raw powders of Bi»O3 (99.9999%) and TiO» (99.99%).1
Mn-doped powder prepared by a solid-state reaction was used
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for the crystal growth of Mn-BiT. The crystals were grown in
air (oxygen partial pressure of 0.02 MPa) The mixed materials
in Pt crucible were soaked at 1200 °C for 10 h, slowly cooled to
1000 °C for 40 h and then furnace cooled to room temperature.
The crystals were annealed at 700 °C for 5h in air. The com-
position of Mn-BiT crystals determined by inductively coupled
plasma emission spectroscopy was BigTiz.97Mng 3012—s.
Leakage current and polarization properties were measured at
a frequency of 1 Hz at 25 °C along the a axis (the major polar
direction). X-band electron spin resonance (ESR) spectroscopy
was employed to study the valence state of Mn in the crystals.

3. Results and discussion

Fig. 1 shows the fitting profile of the Rietveld analysis
of the XRD data for Mn-BiT (x=0.1) powder. The resul-
tant R-weighted pattern (Ryp) was 17.03% and the goodness
of fit (§=1.28) was close to 1.0. A satisfactory profile fit-
ting was obtained. The refined lattice parameters of Mn-BiT
were a=0.5451(1) nm, »=0.5413(1) nm and ¢ =3.2854(4) nm,
which were smaller than those of BiT [a=0.5457(2) nm,
b=0.5419(2) nm and ¢ =3.2891(1) nm]. While the ionic radii of
Mn?* (low spin: 0.0605 nm) and Mn** (0.0530 nm) at the six-
fold coordinated site are smaller than that of Ti** (0.0605 nm),
the radius of Mn?* (high spin: 0.083 nm, low spin: 0.067 nm)
is larger. The shrinkage of the lattice volume by Mn substitu-
tion and ionic-size consideration suggest that the majority of Mn
ions for the powder at 25 °C (calcined at 800 °C in air) are sub-
stituted at the Ti** site as Mn3* with the low-spin configuration,
as expressed by,

2TiO, ’ " .o
Mn;03 —"2MnT; + 303 + Vo *°, @))
where Mn/; denotes Mn3* at the Ti** site, O{ is oxide ion at the
02~ site and Vo** indicates oxygen vacancy.

Fig. 2 shows the leakage current density (J) along the a axis of
BiT and Mn-doped crystals at 25 °C. The data of BiT crystals!?
are plotted for comparison. BiT crystals exhibited a relatively
high J of the order of ~10~% A/cm?. Note that Mn doping led
to a marked decrease in J to ~1078 A/em?. Mn-BiT crystals
showed a J by about two orders of magnitude lower than BiT
crystals.
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Fig. 1. Fitting profile of the Rietveld analysis of the XRD data for Mn-BiT
(x=0.1) powder.
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Fig. 2. Leakage current density along the a axis of the crystals annealed in air
at 700 °C for 5 h. The data of BiT crystals (Ref. '0) are plotted for comparison.

Noguchi et al. have proposed the defect formation mecha-

nism in BiT at high temperatures that the vacancy formation of
. " . . . . .

Bi (Vy;) at the perovskite A site is the trigger for generating

oxygen vacancy (Vo**®) near Vgi.lo It has been reported that the
electrical conduction along the a axis at 700 °C is governed by
oxide-ion conduction through Vo**.!” The vacancy formation
in the perovskite layers of BiT is expressed as

2Bi}; + 30§ — 2Vp; +3Vo"* + B3 (gas), )

and electronic defects play a minor role for charge compensation
at high temperatures. During cooling, the influence of oxide-ion
conduction is suppressed, while the electrical conduction aris-
ing from electron hole (h*) becomes dominant.!” In the cooling
process to room temperature, the crystals absorb oxygen, and
the oxide ion occupies Vo *® with the formation of h*® according
to the reaction

1
502+ Vo' — 0p +2h* 3)

The higher J caused by high-pressure O; annealing is direct
evidence that h® conduction plays a detrimental role in leakage
current at room temperature in the BiT system.'?

In order to investigate the effects of Mn doping, the valence
state of Mn was analyzed by ESR study for crushed powders of
Mn-BiT crystals. Fig. 3 shows the X-band ESR spectra observed
at —170°C. The crystals annealed in air (Fig. 3(a)) exhibited a
broad signal at around 300 mT, while the crystals quenched from
900 °C to room temperature (Fig. 3(b)) showed the hyperfine
structure probably originating from typical isolated Mn?*.!® The
structural analysis of the powder annealed in air by the Rietveld
method has indicated that the majority of Mn ions occupies the
Ti** site with Mn>*. Our ESR study on the crystals annealed
in air did not provide the hyperfine structure ascribed to Mn>*
or Mn** (Mn?* is silent in X-band ESR measurements). These
results demonstrate that Mn in the BiT powder annealed in air
is present as Mn>*. For the quenched crystals, apparent hyper-
fine structure was observed at around 300 mT. It is reasonable
to consider that the ESR signals of the quenched crystals are
attributed to Mn”*. The presence of Mn”* at the perovskite B
site has been observed also for PbTiO320 and KNbO3.2! When
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Fig. 3. X-band ESR spectra of the crushed powder of Mn-BiT (x=0.03) crys-
tals observed at —170°C: (a) the crystals annealed in air and (b) the crystals
quenched from 900 °C to room temperature. The measurements were performed
for crushed powder of the crystals.

Mn-BiT is maintained at 900 °C in air, the crystals are likely
to be in a relatively reduced state. During cooling, the crystals
absorb oxygen into lattice and then the average valence of Mn
increases due to oxidation. In contrast, for the crystals quenched
from 900 °C, the oxygen content at 900 °C in air is frozen and
the partially reduced state at high temperatures is maintained at
room temperature for the quenched crystals. Namely, the oxy-
gen content of the quenched crystals is lower than that of the
air-annealed ones. ESR investigations indicate that Mn>* occu-
pies the B site at high temperatures above 900 °C, and that Mn>*
is oxidized during cooling in air due to the absorption of oxygen
from the ambient into the lattice.

Here, we discuss the role of Mn on the leakage current prop-
erties of BiT crystals. When BiT crystals are slowly cooled to
room temperature in air, the crystals are gradually oxidized and
a concentration of Vo*® decreases. This oxidation reaction leads
to the formation of h*® according to Eq. (3). It has been demon-
strated that h® acts as a detrimental carrier for room temperature
leakage current for the crystals of BiT and La-substituted BiT.!!
During the oxidation process of Mn-BiT, Mn?* at the Ti** site
can absorb h® by the valence increase of Mn, as expressed by

Mng, +h® — Mnfg,  (Mn?* to M), 4

where Mny; indicates Mn?* at the Ti** site. This reaction indi-
cates that Mn acts as a buffering species for suppressing h®
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Fig. 4. Polarization hysteresis loops along the a axis of the crystals a annealed in
air at 700 °C for 5 h. The data of BiT crystals (Ref. !°) are plotted for comparison.

generation by oxidation during cooling in air. The oxidation
in the annealing process forces BiT crystals to accommodate
h®, resulting in a higher J. For Mn-BiT crystals, a low J is
achieved even though the oxidation occurs during cooling. The
h*®-absorbing function originating from the valence increase of
Mn is a possible origin of the lower J observed for Mn-BiT
crystals.

Fig. 4 shows the polarization hysteresis loops measured at
25 °C for the crystals annealed at 700 °C in air. The rectangular-
ity of the hysteresis was improved by Mn doping. BiT crystals
had a remanent polarization (Py) of 37 wC/cm? and a coercive
field (E¢) of 35-40kV/cm. Mn-BiT crystals showed a larger P,
of 38 wC/cm?. It is interesting to note that Mn-BiT exhibited
a low E; of 25kV/cm compared with BiT. The doping of Mn
induces Vp** at high temperatures, as expressed by Eq. (1),
and the following oxidation process (annealing in air) decreases
Vo*® accompanied by an increase in average Mn valence (see
Eq. (4)). The lower E. observed for Mn-BiT crystals suggests
that Mn doping does not deteriorate polarization switching
properties.

4. Conclusions

The effects of Mn substitution on the leakage current and
polarization properties of BiT crystals at 25°C were investi-
gated through Rietveld structural analysis and ESR study. The
substitution of Mn is demonstrated to be effective for suppress-
ing leakage current. ESR investigations show that the valence
increase of Mn absorbs electron-hole (carrier) caused by oxi-
dation during cooling in air, leading to the low leakage current
for Mn-BiT crystals. It is concluded that Mn doping improves
polarization-switching properties (lower E;) as well as insulat-
ing property of BiT crystals.

Acknowledgement

This study was supported by Industrial Technology Research
Grant Program in 2006 from New Energy and Industrial Tech-
nology Development organization (NEDO) of Japan.



4084

References

10.

. Cummins, S. E. and Cross, L. E., Electrical and optical properties of fer-

roelectric BisTizOj, single crystals. J. Appl. Phys., 1968, 39(5), 2268—
2274.

. Joshi, P. C., Mansingh, A., Kamalasanan, M. N. and Chandra, S., Struc-

tural and optical-properties of ferroelectric BisTi3O1, thin-films by sol-gel
technique. Appl. Phys. Lett., 1991, 59(19), 2389-2390.

. Wu, S. Y., Francombe, M. H. and Takei, W. J., Domain switching effects

in epitaxial-films of ferroelectric bismuth titanate. Thin Solid Films, 1976,
36(2), 509-512.

. Wu, S. Y., Takei, W. J. and Francombe, M. H., Optical switching charac-

teristics of epitaxial bismuth titanate films for matrix-addressed displays.
Ferroelectrics, 1976, 10(1-4), 209-213.

. Watanabe, T., Funakubo, H., Osada, M., Noguchi, Y. and Miyayama,

M., Effect of cosubstitution of La and V in BisTi3Oq, thin films on
the low-temperature deposition. Appl. Phys. Lett., 2002, 80(1), 100-
102.

. Irie, H., Saito, H., Ohkoshi, S. and Hashimoto, K., Enhanced ferroelectric

properties of nitrogen-doped Bis Ti3 O, thin films. Adv. Mater., 2005, 17(4),
491-494.

. Takenaka, T. and Sakata, K., Electrical-properties of grain-oriented fer-

roelectric ceramics in some lanthanum modified layer-structure oxides.
Ferroelectrics, 1981, 38(1-4), 769-772.

. Park,B.H.,Kang,B.S.,Bu,S.D.,Noh, T.W., Lee, J. and Jo, W., Lanthanum-

substituted bismuth titanate for use in non-volatile memories. Nature, 1999,
401(6754), 682-684.

. Snedden, A., Lightfoot, P., Dinges, T. and Islam, M. S., Defect and dopant

properties of the Aurivillius phase BiyTizO12. J. Solid State Chem., 2004,
177(10), 3660-3665.

Noguchi, Y., Matsumoto, T. and Miyayama, M., Impact of defect control on
the polarization properties in Bis Tiz Oy, ferroelectric single crystals. Jpn. J.
Appl. Phys., 2005, 44(16-19), L570-L572.

11.

12.

14.

15.

16.

17.

18.
19.

20.

21.

Y. Noguchi et al. / Journal of the European Ceramic Society 27 (2007) 4081—4084

Noguchi, Y., Soga, M., Takahashi, M. and Miyayama, M., Oxygen stability
and leakage current mechanism in ferroelectric La-substituted BigTizO12
single crystals. Jpn. J. Appl. Phys., 2005, 44(9B), 6998-7002.

Miyayama, M. and Noguchi, Y., Polarization properties and oxygen-vacancy
distribution of SrBi;TaxOg ceramics modified by Ce and Pr. J. Eur. Ceram.
Soc., 2005, 25(12), 2477-2482.

. Chu, M. W,, Ganne, M., Caldes, M. T., Gautier, E. and Brohan, L., X-ray

photoemission spectroscopy characterization of the electrode-ferroelectric
interfaces in Pt/BisTi3O12/Pt and Pt/Bi3 25Lag 75 Ti3O12/Pt capacitors: pos-
sible influence of defect structure on fatigue properties. Phys. Rev. B, 2003,
68(1), 014102.

Jimenez, B., Jimenez, R., Castro, A., Millan, P. and Pardo, L., Dielectric and
mechanoelastic relaxations due to point defects in layered bismuth titanate
ceramics. J. Phys. Conds. Matter, 2001, 13(33), 7315-7326.

Noguchi, Y., Miwa, I., Goshima, Y. and Miyayama, M., Defect control for
large remanent polarization in bismuth titanate ferroelectrics doping effect
of higher-valent cations. Jpn. J. Appl. Phys., 2000, 39(12B), L1259-1.1262.
Jiang, B., Peng, J. L., Bursill, L. A. and Wang, H., Microstructure and prop-
erties of ferroelectric BigTiz Oy, thin films. Mod. Phys. Lett. B, 1999, 13(26),
933-945.

Takahashi, M., Noguchi, Y. and Miyayama, M., Electrical conduction mech-
anism in BisTizO, single crystal. Jpn. J. Appl. Phys., 2002, 41(11B),
7053-7056.

Izumi, F. and Ikeda, T., Mater. Sci. Forum, 2000, 321-324, 198-203.

Yu, I. . and Senna, M., Effects of Mn?* distribution in Cu-modified ZnS on
the concentration quenching of electroluminescence brightness. Appl. Phys.
Lett., 1995, 66(4), 424-426.

Hayashi, K., Ando, A., Hamaji, Y. and Sakabe, Y., Study of the valence state
of the manganese ions in PbTiO3 ceramics by means of ESR. Jpn. J. Appl.
Phys., 1998, 37(9B), 5237-5240.

Kakimoto, K., Masuda, I. and Ohsato, H., Solid-solution structure and piezo-
electric property of KNbOj3 ceramics doped with small amounts of elements.
Jpn. J. Appl. Phys., 2004, 43(9B), 6706-6710.



	Effects of Mn doping on the polarization and leakage current properties in Bi4Ti3O12 single crystals
	Introduction
	Experiments
	Results and discussion
	Conclusions
	Acknowledgement
	References


