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The change of ferroelectric, dielectric, and piezoelectric properties with time, the ferroelectric aging phe-
nomena, has been observed in most ferroelectrics. Phenomenologically, aging can be attributed to the gradual
stabilization of ferroelectric domains by defects, but the microscopic origin of the domain stabilization has
remained controversial. It is unclear whether the domain stabilization is a boundary effect �caused by domain-
wall-pinning� or a volume effect �stabilization of the whole domain�. In the present paper, we made a single-
domain �domain-wall-free� Mn-doped BaTiO3 single crystal and studied the aging behavior of its hysteresis
loop. We found that after aging, the single-domain sample shows a significant increase in the coercive field,
clearly indicating a strong stabilization of the single domain. Furthermore, the sample exhibits an abnormal
double hysteresis loop, which corresponds to an interesting reversible domain switching process. These are
direct evidence for the stabilization of single domain by aging. Our results preclude any explanation by the
domain-wall-pinning effect and strongly suggest that the volume effect is the governing mechanism for the
aging in hysteresis loop. We further show that the microscopic origin of the volume effect comes naturally
from a general symmetry-conforming property of point defects. Such a microscopic mechanism can explain not
only the aging in hysteresis loop �large signal aging� but also the aging in dielectric and piezoelectric constants
�small signal aging�, thus providing a unified microscopic explanation for all kinds of ferroelectric aging.
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I. INTRODUCTION

Aging phenomena, the time-dependent changing of mate-
rial properties, are well observed in almost all
ferroelectrics.1,2 It usually manifests itself in large signal
properties as the appearance of a constricted or double
polarization–electric field �P-E� hysteresis loop in unpoled
samples, and in small signal properties as the decrease of the
dielectric constant �at a small ac electric field� and piezoelec-
tric constant �at small mechanical stress�, etc., with time.3–16

Ferroelectric aging cannot be understood by basic theory of
ferroelectricity, as such theory does not expect any change in
property with time. Furthermore, aging strongly affects the
application of ferroelectrics, especially the reliability of
ferroelectric and dielectric devices. Therefore, ferroelectric
aging is an issue of both fundamental and practical impor-
tance, and has received much attention over the past
decades.1–16

It is natural to speculate that ferroelectric aging is caused
by a certain relaxation process, but a convincing explanation
must answer two key questions: �1� Why does an “equilib-
rium” ferroelectric phase need to change with time? �2� What
is the microscopic process of the relaxation? Historically,
quite a number of models have been proposed to explain the
origin of aging.3–16 Generally, it is agreed that aging can be
phenomenologically attributed to a gradual “stabilization” of
domain pattern by defects �dopant, vacancy, or
impurity�.4,12,13 However, a unified microscopic explanation
for aging remains unclear up to now.3,4 The central contro-
versy is whether the domain stabilization stems from a
boundary effect or a volume effect. For boundary effect, it is

believed that defects migrate to the domain walls during ag-
ing and consequently pin the domain walls.5,6 As to volume
effect, it is considered that polar lattice defects align along
spontaneous-polarization �PS� orientation over the whole do-
main during aging and thus make domain switching
difficult.7,8 Thus, it seems that both types of models can give
a self-consistent explanation for the gradual domain stabili-
zation �or the aging effect�, but the microscopic picture is
completely different. In the present study, we designed a
critical experiment to determine which type of mechanism
plays a central role in ferroelectric aging, and also further
explore the microscopic origin of the aging effect.

We notice that in the domain-wall-pinning model, the ex-
istence of domain walls is the necessary condition for aging.
Thus it naturally follows that there should be no aging in
domain-wall-free �single-domain� sample. However, in the
volume effect model, aging is expected to exist even in a
single-domain sample. This is a critical point to distinguish
the boundary effect from the volume effect. Therefore, in the
present study we made a single-domain sample and studied
its aging behavior by measuring the hysteresis loop �large
signal property� and simultaneously performing an in situ
observation of domain pattern evolution during field cycling
on the aged single-domain sample. This critical experiment
enables us to identify unambiguously the governing mecha-
nism for large signal aging. We further explored the micro-
scopic origin of aging from a universal defect-symmetry
principle.9–11,17–19 As will be discussed later, the model based
on this principle can also explain aging in the dielectric and
piezoelectric constant �small signal properties�, thus provid-
ing a unified microscopic explanation for all ferroelectric
aging.
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II. EXPERIMENT

The sample we used was Mn-doped BaTiO3 single crystal
�denoted as Mn-BaTiO3�. It was grown by BaCl2 flux in Ar
atmosphere7 at about 1300 °C and followed by furnace cool-
ing to room temperature. The concentration of Mn relative to
the Ti site is about 0.3 mol % as determined by electron
probe microanalysis �EPMA�. TC �during cooling� of this
sample is about 123 °C �determined by differential scanning
calorimeter �DSC��, which is slightly lower than that of pure
BaTiO3 crystals �about 128 °C�.The Mn-BaTiO3 crystal was
polished to less than 100 �m thick, and then deaged �i.e.,
removing aging effect� by heating to above TC and keeping
for 4–5 hours. It was cooled with electric field along �001�
�thickness� direction to 80 °C �this is the so-called “poling”
process�. After we removed the electric field, the sample be-
came a single domain.The single-domain sample was kept at
80 °C for two weeks to establish a fully aged state. The
poling and aging process is schematically shown in bottom-
right inset of Fig. 1.

The aged single-domain sample was electroded by silver
on two lateral sides; the electric field was thus applied in
�100� �transverse� direction, which is vertical to the preced-
ing poling direction. With such an electrode configuration,
the single-domain sample undergoes a 90° switching. The
hysteresis loop of such a single-domain sample was mea-
sured by a ferroelectric tester �Radiant Workstation�. Then,
we performed in situ domain observation of the same aged
sample during electric field cycling by using the polarizing

microscope in transmission mode. Detailed setup was de-
scribed in our previous study.11

III. RESULTS

Figure 1 shows the hysteresis loop of the aged single-
domain sample. It can be seen that, when the electric field is
applied, the polarization increases with the electric field in-
creasing. Interestingly, when the electric field decreases to
zero, polarization does not show remanence as that of the
unaged sample �shown in upper-left inset of Fig. 1� but re-
covers the original value. The same is true for the reverse
electric field except that the polarization changes to negative.
Thus, we observed a peculiar double P-E hysteresis loop in
the aged single-domain sample, which is contrasting with the
normal P-E hysteresis loop in the unaged state. This experi-
ment confirmed that the hysteresis loop aging effect exists
even in the single-domain sample, being the same as in the
multidomain sample.11 It is also noticed that the coercive
field EC of the aged sample �about 1.0 kV/mm� is five times
larger than that of the unaged sample �about 0.2 kV/mm�,
which indicates that domain switching becomes very difficult
after aging. The above results clearly demonstrate that even
in domain-wall-free samples, there exists a strong stabiliza-
tion effect that tries to stabilize the existing domain configu-
ration.

We also did an in situ observation of the domain pattern
evolution during field cycling for the same sample. A video
for the domain switching process can be found at our
website.26 Here in Fig. 2, we show only a series of domain
patterns corresponding to different electric fields. The sample
was in a single-domain state before the field application �Fig.
2�a��. When the electric field increases, some domain switch-
ing occurs; we observe a multidomain configuration �Fig.
2�b�, at 1.5 kV/mm field�. With further increasing of the
applied electric field, all domains are switched, and a single-

FIG. 1. A Mn-doped BaTiO3 single crystal is poled with an
applied electric field E along �001� �thickness direction� �a�. As the
result the sample became a single domain �b�. Then it was aged for
two weeks without E. When E is applied along �100� �transverse
direction, perpendicular to PS� to the aged single-domain sample
�c�, it shows a double hysteresis loop with a large coercive field EC,
which is contrasting with the normal hysteresis loop in the unaged
state �left-top inset�.

FIG. 2. Interesting reversible domain switching behavior during
electric field cycling in an aged single-domain Mn-BaTiO3 crystal.
The crystal was poled to the single-domain state along �001� �thick-
ness direction, along which microscopy observation was made�.
The typical micrographs correspond to forward electric field �along
�100� direction� of E=0, 1.5, 3 kV/mm and reverse field E=1.5,
0 kV/mm, respectively. For the whole process, see video at our
website �Ref. 26�.

LIXUE ZHANG AND XIAOBING REN PHYSICAL REVIEW B 73, 094121 �2006�

094121-2



domain state is obtained �Fig. 2�c�, at 3 kV/mm field�. Inter-
estingly, when the electric field decreases, the single-domain
state pattern switched back through the multidomain state
�Fig. 2�d�, 1.5 kV/mm field� to the original single-domain
pattern �Fig. 2�e�, at zero field, being the same as Fig. 2�a��.
Such a reversible domain switching during electric field cy-
cling as observed with a microscope �domain-level� corre-
sponds well to the macroscopic double hysteresis loop �see
Fig. 1�, giving direct evidence for the stabilization of the
initial single-domain state after aging.

IV. DISCUSSION

A. Volume effect rather than boundary effect as the primary
origin of aging

This single-domain stabilization is difficult to explain by
the domain-wall-pinning effect because there are no domain
walls to be pinned in single-domain sample. Furthermore,
there are also two other important facts that disprove the
domain-wall-pinning effect as a primary origin of aging ef-
fect. First, as shown in our recent work11 on aging of multi-
domain Mn-doped BaTiO3 crystals, a large field can switch
all the aged multidomains into a single-domain state; yet the
initial multidomain pattern is still restored from this single
domain state after removing the external field. This impor-
tant result cannot be explained by any domain-wall-pinning
effect, because no domain walls exist in the single-domain
state to be dragged back. Besides, the pinning force is known
to be of very short range in nature, therefore, it is impossible
to rationalize the restoration of macroscopically displaced
�and ultimately eliminated� domain walls. Second, we have
found that a difference exists in the “strength” of the aging
effect between A-site and B-site acceptor-doped BaTiO3
samples.20 This difference in the aging effect also cannot be
explained by the domain-wall-pinning effect, because both
cases give rise to the same oxygen vacancy concentration,
and thus it is naturally expected that the aging effect should
be the same in both cases. Therefore, the so-called domain-
wall-pinning effect, which is a well-known speculation, can-
not be a primary reason for the aging effect.

For a single-domain sample �i.e., free of domain walls�,
there might be another possible cause of aging due to a dif-
ferent boundary effect. That is, interfaces between the
sample and electrodes or surface layer of the sample may be
of a different state from that of the sample interior; such
interface �surface� may collect charged defects as a function
of time and thus may induce aging.4 Lambeck and Jonker7

showed that, when a well-aged single-domain sample is
etched to half its thickness �so that the charge defects are
removed�, it still reveals almost the same internal bias field
in the hysteresis loop as that before etching. This clearly
shows that the above interface �surface� effect is not the pri-
mary origin of the aging effect.

Consequently, the aging of the single-domain sample can
be explained only by a “volume effect,” where the stabiliza-
tion of PS or the domain is achieved by a certain distribution
of defects over the whole domain volume; such a volume
effect ensures the restoration of the original single-domain
state during field cycling. Thus, it is clear that the volume

effect rather than domain-wall-pinning effect is the govern-
ing mechanism for ferroelectric hysteresis loop aging.

In this respect, the previous volume-effect model pro-
posed by Lambeck et al.7,8 seems most relevant and it can
overcome the difficulty of boundary effect model. Their
model is based on a key assumption that defect dipoles have
a tendency to follow PS after aging, but this assumption,
although reasonable, is not verified within their model. With-
out giving the clear microscopic picture on why defect di-
poles should follow PS and to what extent that they do fol-
low, this model has difficulty explaining the following
important facts: �1� the well-known contrasting behavior be-
tween the acceptor and donor doping effects on aging �only
the former causes aging�,21 and �2� even in the acceptor-
doped case, there exists a difference in the strength of aging
between A-site and B-site doped BaTiO3 crystals.20 In the
following, we shall explain the observed aging effect by a
new microscopic volume-effect model, which is based on a
general symmetry property of point defects �called “defect
symmetry principle” 9–11�. Our model can provide a natural
and general explanation to the observed aging effect, but also
can answer the above two questions �the latter will be pub-
lished elsewhere20,21�.

B. Volume-effect model based on defect-symmetry principle
and its explanation of large signal aging in a single-

domain sample

The defect-symmetry principle describes a short-range-
order symmetry of point defects and states that this defect
symmetry will conform to crystal symmetry when in
equilibrium.9–11,17–19 Here we only give an explanation of the
ferroelectric state; for details see Refs. 9–11. For Mn-
BaTiO3 sample �Fig. 3�, it is known that the Mn dopant �with
a valence of 3+ under its growth condition22� will occupy the
Ti4+ site �denoted as MnTi� and is charge neutralized by oxy-
gen vacancy �denoted as VO�.23 We define defect probability
Pi

V �for a schematic two-dimensional structure, i=1−4� as
the conditional probability of finding VO at one of the O2−

sites i next to a given MnTi dopant. In a tetragonal ferroelec-
tric structure, the neighboring O2− sites are not equivalent for
the MnTi dopant. It is natural that the closer oxygen site
should have larger probability due to a Coulomb attractive
force between an effectively negative charged dopant and a
positive charged vacancy. Therefore, the defect probability
should be P1

V� P2
V= P3

V� P4
V when in equilibrium. This

means the short-range-order distribution of defects has a te-
tragonal symmetry, which follows the tetragonal crystal
symmetry.9–11 The noncentric distribution of charged defects
�MnTi and VO� forms a defect polarization PD along the di-
rection of PS �Fig. 3�. This is the symmetry-conforming prin-
ciple in the ferroelectric state case. For simplicity, the tetrag-
onal crystal �defect� symmetry is represented by large �small�
rectangle, while PS�PD� is represented by the thick �thin�
arrow.

For the ferroelectric crystal, it is well known that on cool-
ing, a symmetry-lowering phase transition takes place at TC.
According to the basic theory of ferroelectricity, after phase
transition, the system becomes a stable state; there is no rea-
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son to undergo any change of property with time �aging ef-
fect�. However, when the system contains defects, the defect
state will not be stable just after the phase transition accord-
ing to the defect symmetry principle.9–11,17–19 The reason is
that in the paraelectric phase �taking BaTiO3 as an example�,
the defect symmetry is cubic following the cubic crystal
symmetry.9–11 On cooling, crystal symmetry change abruptly
at TC to tetragonal, defect symmetry also should change to
tetragonal. However, the change of defect symmetry from
cubic to tetragonal requires some time to finish as it involves
the short-range migration of oxygen vacancies. This is the
microscopic origin of aging. Such a microscopic explanation
answers the two key questions raised in the introduction: the
reason for property changing with time �aging effect� is that
crystal symmetry can have a sudden �diffusionless� change,
while defect symmetry cannot follow immediately after the
transition; as a result, the unaged ferroelectric phase is not
the most stable state for point defects, so it tends to relax into
a more stable state. The microscopic process of this relax-
ation �aging� is that the defect symmetry gradually follows
crystal symmetry through the short-range migration of de-
fects. Thus, after aging, defect symmetry conforms to crystal
symmetry and PD naturally follows PS.

Based on this understanding, we explain the hysteresis
loop aging in a single-domain sample as follows. When an
electric field is applied �Fig. 3�a��, PS will be switched to the
field direction. As domain switching involves nucleation and
growth, a multidomain state is observed at the intermediate
field �Fig. 3�b�� before a new single-domain state �with PS
perpendicular to the initial direction� appears at a sufficiently
high field �Fig. 3�c��. Such domain switching leads to the
increase of polarization. However, defect symmetry and the

associated PD cannot change during the diffusionless domain
switching process. The unchanged PD thus favors a reverse
domain switching. After removing the external field, the new
single domain restores the original single-domain orientation
by the force provided by PD. As the result, the averaged
polarization restores the original value. We consequently ob-
served a double P-E hysteresis loop and a corresponding
reversible domain switching in the aged single-domain
sample during the electric field cycling �see hysteresis loop
and domain micrographs in Figs. 1 and 2�. The reason for
higher EC in the P-E hysteresis loop curve in the aged
sample �see Fig. 1� is that the applied external field has to
overcome an “internal field” produced by PD before a mac-
roscopic domain switching can happen. This makes domain
switching in an aged single-domain sample more difficult
compared with the unaged sample. In other words, the initial
single domain is stabilized by PD after aging. Furthermore,
our mechanism can also explain a previous observation7 that
a poled �aged� single-domain sample showed a displaced
hysteresis loop when measuring along PS. According to our
mechanism, the displaced loop simply comes from a revers-
ible 180° domain switching; while in our present study, we
observed a reversible 90° domain switching that gives rise to
a double hysteresis loop. Both kinds of reversible domain
switching are due to the domain stabilization by PD, which
comes from the defect-symmetry principle.

C. Explanation of small signal aging by defect-symmetry
principle based model

Now, we have identified that the aging of the hysteresis
loop is due to domain stabilization by a volume effect based
on the defect-symmetry principle. As mentioned in the intro-
duction, small signal properties also have aging effects,
showing a decrease with time.3,12–16 Then, it is natural to
consider whether such small signal aging can also be ex-
plained by the same mechanism. If the mechanism can also
explain the small signal aging effect, it is likely to be a
unified microscopic mechanism for all ferroelectric aging.
Now we discuss this possibility.

As we know, the standard definition of dielectric ��� and
piezoelectric constant �d� �in cgs units, �=1+4�P /E, P
=Zd�24 shows that they are proportional to the small linear
polarization change �arising from ionic displacement� caused
by a small electric field or mechanical stress �E or Z�. It thus
seems that the aging of these properties should have nothing
to do with domain walls. However, many studies have shown
that besides intrinsic ionic contribution, there have been con-
siderable extrinsic contributions from domain-wall motion to
� and d.12–16 The � or d is the sum of these two parts �in cgs
units�25

� = �in + �ex = 1 + 4���Pion/�E + �Pdw/�E� , �1�

d = din + dex = �Pion/�Z + �Pdw/�Z , �2�

where �Pion and �Pdw means the change of polarization in-
duced by intrinsic ionic displacement and extrinsic domain-
wall motion, respectively. In some ferroelectrics, the extrin-
sic domain-wall motion contributes up to 60% of the � or

FIG. 3. Schematic explanation for defect-symmetry principle in
single-domain Mn-BaTiO3 crystals �a� and its explanation on aging
induced reversible domain switching �a�–�c�. As shown in �a�, the
short-range-order distribution of oxygen vacancies next to a given
dopant Mn3+ ion shows tetragonal symmetry after aging at the
ferroelectric state, conforming to tetragonal crystal symmetry. De-
fect �crystal� symmetry is represented by a large �small� rectangle,
respectively. PS and defect polarization PD are represented by a
thick and thin arrow, respectively. When electric field E is applied
�a�, PS is switched �see the multidomain at intermediate E �b� and
single domain at high E �c��, while PD cannot be rotated and thus
favored a reverse domain switching. This causes the stabilization of
the original single domain �see Fig. 2�, and thus generating a double
hysteresis loop as shown in Fig. 1.
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d.16 As domain walls contribute such a significant part to the
� and d, it is generally agreed that the aging of them is due to
the decrease of the domain-wall mobility �mainly the non-
180° domain wall� with time.12,13 Most of the previous work
has ascribed this domain stability to a pinning effect by point
defects �i.e., a boundary effect�.

Now we show that the seemingly “boundary effect” in the
small signal aging can have a simple volume-effect explana-
tion, and thus makes it possible to provide a unified expla-
nation for both large signal and small signal aging effects. As
is known to all, large signal properties �hysteresis loop� cor-
respond to a large-scale domain-wall motions �or domain
switching� under an electric field, while small signal proper-
ties �� and d� correspond to the local domain-wall motion
under a small ac field. In the above-mentioned hysteresis
loop aging, we had already found the increase of EC after
aging that indicates the large-scale domain-wall motion be-
comes difficult. This has been proved to be the result of
domain stabilization by volume effect rather than boundary
effect. Thus analogous to the difficulty of large-scale
domain-wall motion, the local domain-wall motion can also
be restricted by a volume effect and causes the decrease of
small signal properties with time. Then it is possible to use
our volume effect mechanism to explain such a small signal
aging effect.

In Fig. 4, we schematically explain the restriction of the
local 90° domain-wall motion by our mechanism. It is
known that without aging, defect symmetry is cubic �repre-
sented by a small square in Fig. 4�a��; it has no restriction to
domain-wall motion. Therefore, the domain wall moves
freely under a small external ac electric or mechanical field
�see enlarged circle in Fig. 4�a��. This induces a large change
of polarization, �Pdw, which gives much contribution to �
and d.

However, after aging, according to the defect-symmetry
principle, PD conforms to PS within each domain �Fig. 4�b��
and stabilizes the residing domain configuration. When an ac
electric or mechanical field is applied, domain-wall motion
becomes difficult, as any change of polarization near the
domain-wall region encountered a resistance from the PD
which stabilized their original orientation �see enlarged circle
in Fig. 4�b��. Therefore, �Pdw becomes smaller compared
with the case of an unaged sample �Fig. 4�a��. This makes �
and d become smaller. We consequently observed that the
aging induced the decrease of � and d with time. Up to this
point, we have proposed a unified microscopic explanation
for both large and small signal aging: all aging stems from a
gradual domain stabilization effect due to a symmetry-
conforming tendency of defects.

V. CONCLUSION

In conclusion, we performed hysteresis loop measurement
and in situ domain observation during electric field cycling

for an aged single-domain Mn-doped BaTiO3 single crystals.
We found that a single domain crystal also has a significant
aging effect. It showed a double hysteresis loop, which cor-
responds to a reversible 90° domain switching process. The
stabilization of the single domain after aging unambiguously
concludes that volume effect rather than domain-wall-
pinning effect is the primary origin of large signal hysteresis
loop aging. It is further shown that the microscopic origin of
volume effect comes from the symmetry-conforming ten-
dency of point defects, which stabilizes the existing domain
configurations and consequently induces aging in large sig-
nal properties. Such a defect-symmetry related microscopic
mechanism also naturally explains the hindrance of domain-
wall motion by defect effect under weak field, thus giving a
natural explanation to small signal aging of the dielectric and
piezoelectric constant as well. The present study suggests
that there exists a unified microscopic explanation for all
ferroelectric aging.
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