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In this letter the authors report on the aging effect on the phase transitions and dielectric properties
of 1 mol % Mn-doped BaTiO; ceramics. Aging the ceramics in the ferroelectric state stimulates a
resistance for the orthorhombic-tetragonal and tetragonal-cubic phase transitions, which leads to
stabilization of the tetragonal phase over a wider temperature range. The dielectric constant of the
aged sample shows dispersion, associated with a dielectric loss relaxation peak near the 100 kHz
frequency region, in contrast to the unaged one. The present results are discussed in light of the
existing models for ferroelectric domain stabilization. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2713178]

Ferroelectric materials with perovskite structure have
found wide applications in the electronic industry for the
fabrication of multilayer ceramic capacitors and ferroelectric
memories.' However, in these materials a wide variety of
point defects can be formed, which play a vital role in tai-
loring ferroelectrics to their many important applications.
Accordingly, aging phenomena, a time-dependent changing
of material properties, occur in ferroelectrics and the reliabil-
ity and lifetime of electronic components and devices based
on them are greatly reduced.” In this regard, the role of oxy-
gen vacancies is often the proposed culprits in various reli-
ability limiting processes in ferroelectrics. Therefore, inten-
sive investigations on the complex motion and the relaxation
processes of oxygen vacancies are required to solve the deg-
radation issue in ferroelectrics based devices.

Aging effect in ferroelectrics usually manifests itself by
a gradual decrease of the small signal dielectric and piezo-
electric parameters, as well as the appearance of a shift of the
large signal polarization—electric field hysteresis loop along
the axis of electric field.”™ It is generally accepted that aging
effect is originated from a gradual stabilization of the exist-
ing ferroelectric domains by defects.”™ However, various
theoretical models, suggesting boundaryﬁ’7 or volume®™ ef-
fects as origins of the ferroelectric domains stabilization,
have been proposed in the literature. The aging behavior of
the small signal dielectric properties in bulk acceptor-doped
ferroelectric materials is attributed to a reduction of the do-
main wall contributions to the dielectric properties. This re-
duction was suggested to come from the stabilization of the
domain walls in their positions either by diffusion of oxygen
vacancies into and pinning of domain walls (boundary
effect)®” or by clamping of domain walls (volume effect).*’
In their model, Robels and Arlt explained the clamping of
domain walls as a result of time-dependent orientation of
defect dipoles (formed by oxygen vacancies and defect cen-
ters in Ti positions) parallel to the polarization within the
ferroelectric domains.” The aligned defect dipoles, associated
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with defect dipole polarization, produce electric internal
field, which stabilizes the ferroelectric domains. In the
equilibrated aged ferroelectric state, when applying small
signal ac field, as in the dielectric measurements, the domain
wall motion encounters a resistance from the defect polariza-
tion that keeps its orientation.” This leads to a reduction of
domain wall mobility compared to the unaged state, and
hence a decrease in the dielectric properties. In this letter,
based on dielectric measurements, we report interesting re-
sults regarding the stabilization of the ferroelectric tetragonal
phase and the aging-induced low frequency dielectric relax-
ation behavior in 1 mol % Mn-doped BaTiO; (BTO-1Mn
hereafter) ceramics.

In BTO-1Mn samples, Mn was added as acceptor
dopant, where its valence state is 3+ after sintering at high
temperatures in air.’ Oxygen vacancies are simultaneously
created by charge compensation. Before the dielectric mea-
surements, BTO-1Mn sample was cooled through its cubic-
tetragonal transition temperature and followed by aging at
90 °C for five weeks. Dielectric measurements of the aged
sample were performed in the —13-200 °C temperature
range at a heating rate of 0.2 °C/min. The sample is then
refreshed at 250 °C for 5 h followed by fast cooling at a rate
of 15-20 °C/min. Dielectric measurements of the refreshed
sample were performed under the same conditions as the
aged one. Dielectric measurements were carried out in the
frequency range of 50 Hz—5 MHz using HIOKI 3532 meter.

Figures 1(a) and 1(b) present the temperature depen-
dence of the real part of the dielectric constant &' at selected
frequencies in the vicinity of the tetragonal-cubic and the
orthorhombic-tetragonal phase transitions, respectively, for
the aged and refreshed samples. Interesting features can be
observed in this figure; (i) in Fig. 1(a) one notices that the
temperature of the tetragonal-cubic transition of the aged
sample is shifted about 1.5 °C higher than the refreshed
sample, whereas in Fig. 1(b) the orthorhombic-tetragonal
transition temperature of the aged sample is shifted about
4 °C lower than the refreshed sample. These results indicate
that aging BTO-1Mn in the ferroelectric state stabilizes the
tetragonal ferroelectric phase by not only shifting the high
temperature transition (reported previously by Sun et al)"

© 2007 American Institute of Physics
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FIG. 1. (Color online) Temperature dependence of &’ for the aged (solid
lines) and refreshed (broken lines) samples (at 0.096, 0.96, 9.65, and
96.5 kHz from top to bottom) in the vicinity of (a) the tetragonal-cubic and
(b) orthorhombic-tetragonal phase transitions. The inset in (a) shows the
temperature dependence of &’ in the tetragonal phase at 9.65 kHz.

but also by shifting the room temperature phase transition to
lower temperature, which was not reported previously. (ii)
The values of &’ for the aged sample in the tetragonal phase
are reduced compared to the unaged one [inset of Fig. 1(a)].
(iii) The values of &’ for the aged sample at the transition
peaks and in the high temperature paraelectric phase are
higher than those of the refreshed one. Dielectric dispersion
of the aged sample, where its &' values decrease with in-
creasing frequency, is also observed in the paraelectric phase.

The results in Fig. 1 can be explained by the volume
effect model of ferroelectric domain stabilization,’ supported
by the microscopic picture g)roduced by Zhang and Ren for
the aging in ferroelectrics.” For single-domain Mn-doped
BaTiO; single crystal, Zhang and Ren presented a clear evi-
dence that aging of polarization hysteresis loop stems only
from volume effect due to the stabilization of ferroelectric
domains by defect dipoles.3 According to these models, im-
mediately after cooling the fresh sample through its ferro-
electric phase the crystal symmetry changes to the polar te-
tragonal symmetry while oxygen vacancies surrounding a
central Mn®* defect in the distorted oxygen octahedron retain
their cubic symmetry, which represents unstable configura-
tion. During aging (which requires time), oxygen vacancies
diffuse and rearrange to create defect dipoles with Mn** de-
fects, whose symmetry follows the crystal symmetry. This
stable configuration stabilizes the ferroelectric domains in
their current positions and exhibits a resistance to both the
room and high temperature transitions, leading to expansion
of the tetragonal ferroelectric range. It is noteworthy men-
tioning that theoretical calculations by Park and Chadi on
PbTiO; indicated that oxygen vacancies in the Ti—O-Ti
chains along the polarization axis are more stable than those
in Ti—O-Ti planes normal to the axis by 0.3 eV."" Conse-
quently, oxygen vacancies in the ab plane have tendency to
migrate to the more favorable sites in the Ti—-O-Ti chains
along ¢ axis in the course of aging.

The reduction of &’ after aging can be simply explained
as a result of domain walls stabilization, as discussed above.
Additionally, the large values of &’ at the transition peaks

Appl. Phys. Lett. 90, 112902 (2007)

600 —— 0.96 kHz (@

400

.
.
-
o
I
It
.
.
.

.
)

200

= . :
100 —— 0.96 kHz H (b)

| == 9.65kHz

B i 96.5 kHz

0 50 100 150 200
Temperature (°C)

FIG. 2. (Color online) Temperature dependence of &” at selected frequencies
for the (a) aged and (b) refreshed samples.

and in the paraelectric phase of the aged sample compared to
the refreshed one may be a result of some memory effect.
Immediately after passing the tetragonal-cubic transition dur-
ing heating, the crystal symmetry changes to cubic by diffu-
sionless transformation, where no more ferroelectric domains
exit. On the other hand, defect dipoles created during aging
cannot follow the crystal symmetry, and they retain their
tetragonal symmetry.3’10 These dipoles can rotate easily with
the frequency of the applied ac field resulting in an enhance-
ment of &’. After some time in the paraelectric state, how-
ever, the sample is deaged and oxygen vacancies redistribute
between the equivalent six sites around the defect center in
the cubic lattice.

The temperature dependence of the imaginary part of the
dielectric constant, ", at different frequencies is shown in
Figs. 2(a) and 2(b) for the aged and refreshed samples, re-
spectively. Again, the stabilization of the tetragonal ferro-
electric phase is manifested by the shifts in the peak tempera-
ture of the room temperature and the high temperature phase
transitions. Interestingly, we notice in Fig. 2 that the value of
g” at the peaks of the aged sample, at low frequencies, is
roughly three times larger than the refreshed sample. This
high value of &” in the aged sample is clearly related to the
diffusion of oxygen vacancies during aging process. More-
over, anomalous increase in &” of the aged sample is ob-
served at low temperatures and high frequencies.

For exploring the origin of the high frequency anomaly
in &”, we present the frequency dependence of &’ for the
aged and refreshed samples in Figs. 3(a) and 3(b), respec-
tively. It is well known that BaTiO;, both in the polycrystal-
line ceramic or polydomain single crystal forms, exhibits a
large dielectric relaxation in the low gigahertz frequency
region.]2 It was urged that the dielectric dispersion is a result
of a relaxation of domain walls that exist in ferroelectric
materials.' For the refreshed sample, Fig. 3(b), no dielectric
dispersion was observed in the frequency range studied. On
the other hand, the aged sample reveals a large dielectric
dispersion at low temperatures for frequencies >100 kHz.
Clearly, this dispersion occurs at frequencies much lower
than the gigahertz regime. Additionally, since the refreshed
sample did not show dispersion in the same frequency range,
it could be concluded that the observed dielectric dispersion
in the aged sample is not due to domain walls relaxation.
Therefore, the dielectric dispersion in the aged sample could
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FIG. 3. (Color online) Frequency dependence of &' at selected temperatures
for the (a) aged and (b) refreshed samples.

be explained as a result of the diffusion and redistribution of
oxygen vacancies during aging, which is the only difference
between the refreshed and aged samples. Figure 4 shows the
frequency dependence of &” at low temperatures for the aged
sample, where a clear dielectric loss peak is observed at high
frequencies, representing dielectric relaxation phenomena.
The loss peak shifts to higher frequencies with increasing
temperature, indicating a thermally activated relaxation pro-
cess. The relaxation time 7 is extracted from the peak maxi-
mum at different temperatures. The temperature dependence
of 7 can be represented by the Arrhenius relation:
7=1y exp(E/kT), where k is Boltzmann constant, 7, the pre-
exponential factor, and E the activation energy. The obtained
value of 7,=5.2X 107! s agrees with that obtained for oxy-
gen vacancies relaxation in BaTiO5 ceramics studied by me-
chanical loss."* However, the value of the activation energy
E=0.22+0.01 eV is smaller than that proposed for oxygen
vacancy diffusion process in the range of 0.4—0.68 eV."
However, the low value of E in the present study may be due
to the short-range diffusion and rearrangement of oxygen
vacancies in the vicinity of Mn3* defects within the distorted
oxygen octahedron for the formation of defect dipoles.
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FIG. 4. (Color online) Frequency dependence of &” for the aged sample at
different temperatures.

In summary, we have shown that aging BTO-1Mn ce-
ramics in the ferroelectric state affects both the room tem-
perature and high temperature ferroelectric phase transitions
so that the tetragonal ferroelectric phase is extended over a
wider temperature range, due to the stabilization of the ferro-
electric domains by the reorientation and alignment of the
defect dipole polarization along the polarization axis of the
lattice. The diffusion of oxygen vacancies during aging in-
duces a dielectric dispersion associated with a dielectric loss
relaxation peak. The dielectric dispersion phenomena could
be attributed to the relaxation of oxygen vacancies in the
aged sample.
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