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Influence of pinning effects on the ferroelectric hysteresis in cerium-doped Sr0.61Ba0.39Nb2O6
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The temporal behavior of ferroelectric domains under external electric field is investigated in cerium-doped
strontium-barium-niobate crystals using quasistatic surface-charge detection. The polarization reversal depends
strongly on frequency, temperature, dark conductivity, and doping concentration. This so-calledelectrical
aging is attributed to electric pinning centers that hinder the domain-wall motion. We discuss the existence of
pinning centers on the basis of the quenched random-field model.
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I. INTRODUCTION

The relaxor ferroelectric strontium-barium-nioba
SrxBa12xNb2O6 ~SBN! is a nearly ideal material for funda
mental research of relaxor-type phase transitions, ferroe
tric domains, and their dynamical behavior. This is due
physical effects with large parameters such as pyro- and
ezoelectric coefficients,1 spontaneous polarization,2 and lin-
ear electro-optical constants.3 Furthermore, striation-free
crystals of the congruently melting composition withx
50.61 ~SBN61! can be grown with high purity.

SBN61 is a typical representative of tetragonal unfill
tungsten-bronze-type compounds. Within the tetragonal
tem it undergoes a relaxor phase transition from the fe
electric low-temperature phase~point group 4mm) into the
para-electric high-temperature phase (4/mmm).4–6 In the
ferroelectric phase, the crystal contains needlelike 180°
mains parallel to the crystallographicc axis, allowing only
two equivalent polarization directions.7 This system of polar
symmetry can best be described by an Ising-like model.8 Due
to the incommensurate structure the local site symmetr
lowered to orthorhombic.9 The transition temperatureTM
~defined as the temperature maximum of the low-freque
dielectric constant! of pure SBN61 isTM5350 K, while the
maximum temperatureTM of doped SBN61 is significantly
lower. When doped with Ce31 it decreases linearly with the
doping concentration, and for concentrations of abou
mol % and more the transition temperature drops be
room temperature. The ferroelectric hysteresis of SBN61
measured by Maciolek and Liu10 using a Sawyer-Towe
bridge. They found a serious recession of the ferroelec
hysteresis loop after switching several times. Aging of
polarization in SBN75, wherex50.75, was evidenced b
Jimenezet al.,11 and Xia et al. found that Cu doping of
SBN61 prevents aging behavior.12

The phase transition in SBN is of relaxor-type, i.e., it
‘‘smeared’’ or ‘‘diffused.’’ The order parameter, the spont
neous polarization, and all other physical parameters cha
teristic for crystals with no inversion center do not vani
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spontaneously atTM . They can still be evidenced on
nanoscale in the para-electric regime. To explain this bre
down of the conventional transitional behavior a ‘‘random
field Ising model’’ as a consequence of structural or com
sitional inhomogeneity was introduced.13 This model is
based on the assumption of charge disorders giving ris
random fluctuations of the crystalline internal electric fie
At high temperatures these fluctuations stabilize dyna
nanodomains, which lead to a nonzero spontaneous pola
tion in the para-electric phase. When the temperature is l
ered below the transition temperature the domains bec
more and more cooperative, until a ferroelectric state
reached. The interaction between the domains leads
characteristic dynamic behavior that influences the reac
of the system to an external electric field. The temporal
havior of the ferroelectric domains therefore gives import
insight into the phase-transition process.

The purpose of this study is the investigation of the el
tric polarization by detecting charge carriers on the crys
surface to examine the dynamical behavior of the ferroe
tric domains in the low-temperature phase. In this report
discuss investigations on the temporal behavior of the e
tric polarization in cerium-doped SBN61 under a const
external electric field as well as the ferroelectric hystere
and its development measured with very low frequenc
(,1023 Hz). These results prove the existence of an ag
effect that depends on doping, temperature, and the mea
ing frequency. We explain this effect on the basis of rand
local electric fields that influence the dynamics of the dom
walls.

II. EXPERIMENTAL SETUP

Single crystals of tetragonal Sr0.61Ba0.39Nb2O6 are grown
by the Czochralski technique and cut perpendicular to
crystallographicc axis. Specimens with dimensions of
37 mm2 and thicknesses between 0.7–1.2 mm are polis
to optical quality. In order to achieve monodomain crysta
the samples were electrically poled by first heating up
©2001 The American Physical Society01-1
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140 °C, then applying an electric field of 350 V/mm paral
to thec axis and finally slowly cooling down to room tem
perature. This process is called ‘‘field cooling’’~FC!, in con-
trast to the zero-field-cooled~ZFC! protocol giving rise to
randomly oriented 180° domains. The twoc faces of the
sample are connected to a computer-controlled voltage
ply and a charge amplifier, respectively. The sample is fi
in a vacuum chamber that is evacuated to 1 Pa to minim
undesirable external influences on the surface charge.
electric fieldE applied to the sample is then raised in steps
predetermined heights and widths from 0–450 V/mm. Af
reaching the maximum of the electric field, it is lowered
steps down to2450 V/mm before returning in steps to
V/mm. The cycle time of these discontinuous field chang
is determined by the width, typically 5 s, and the height 2
V/mm of the steps. Thus a single loop lasts 3200 s, co
sponding to a frequency of 3.125 1024 Hz. During the
whole loop the charge accumulating on thec faces of the
crystal is measured by the charge amplifier. The accumul
surface charge is converted to the sample polarizationP by
dividing the total measured charge by the known area of
c face of the sample. The result is a very low-frequen
hysteresis loopP(E). The temporal behavior of the doma
walls and the domain reversal is investigated by setting
external electric field abruptly to characteristic values of
hysteresis such as the coercive field. Domain-wall mo
ments are measured with field-cooled crystals by setting
external field from 0–300 V/mm in the direction of the fie
used in the poling process. After the polarization has reac
saturation, the external field is turned off, and the decay
the built-up polarization is measured. Afterwards, t
domain-reversal process is examined by setting the exte
field to 2300 V/mm. During all measurements the samp
temperature is kept constant within an accuracy of 0.01
with a temperature controller and a peltier element, th
eliminating or at least strongly suppressing the influence
the pyroelectric effect.

III. EXPERIMENTAL RESULTS

Temporal behavior of domain walls and the polarization
reversal

The characteristic temporal behavior of domain walls a
polarization reversal is important for the understanding
the ferroelectric hysteresis. To obtain reliable hystere
loops, the polarization has to follow the external electric fie
without a significant phase shift. A typical time dependen
of the polarizationP(t) is presented in Fig. 1. In this case, a
external electric field of 300 V/mm acts as the driving for
for the domains and domain walls. It is applied to a fie
cooled crystal in the direction of the previously prepar
polarization at 24.5 °C. The sample used is a SBN61 cry
doped with 0.66 mol % cerium. The data points have b
thinned out by a factor of 200 to improve visibility. Th
discontinuity at the beginning of the spectrum is due to
polarization change caused by the static dielectric const
This change happens on a time scale not accessible with
method. However, the first jump in the polarization giv
17410
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e3351840, a value in good agreement with the values
e3351950 obtained from low-frequency measurements.14 An
axis break has been inserted between250–2400 nC/cm2

since we obtained no data in that region. The curve prese
in Fig. 1 is corrected for a small dark-current contributio
resulting in a horizontal line on a long-time scale. In t
original measurement the polarization is observed to incre
to a saturation state with a constant slope. This slope res
from charge carriers traveling through the crystal due to
nonzero dark conductivity of s5(2.960.3)
310211 V21m21. The small deviations from an ideal lin
are due to the influence of the pyroelectric effect, which
noticeable even though the temperature was kept constan
to 0.01 °C. The data cannot be fitted with one, two, or th
simple exponentials, but can be fitted with a Kohlrausc
Williams-Watts~KWW! or stretched exponential function

P~ t !5P`2P•expF2S t

t D bG , ~1!

with the stretching exponentb and the average lifetimet,
resulting inb50.0560.02 andt5(0.0260.01) s. The fit is
represented by the continuous line in the figure.

The relaxation of the domains and domain walls when
external field is removed is presented in Fig. 2. The obser
nonexponential time dependence follows again a stretc
exponential function, with the parametersb50.08760.009
andt5(0.0260.01) s. They do not differ significantly from
the values obtained from the above measurement with
applied electric field. Both the buildup and the decay of t
polarization occur nearly instantaneously. The small abe
tions of the fit from the measured data is again due to
pyroelectric effect. The data points are once again thin
out to allow us to distinguish between measured and fit
data.

In order to determine the temporal behavior of t
domain-reversal process, an external electric field of 3
V/mm is applied antiparallel to the poling direction of th
field-cooled crystal. This field is about twice that of the c
ercive field ~160 V/mm!, so we can expect that the cryst

FIG. 1. Buildup of electric polarization in a poled SBN:Ce cry
tal with an external electric field of 300 V/mm in the primary polin
direction. The points have been thinned out to allow better ob
vation. The continuous line is the result of a fit with the KWW
function, resulting in values ofb50.0560.02 and t5(0.02
60.01) s.
1-2
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INFLUENCE OF PINNING EFFECTS ON THE . . . PHYSICAL REVIEW B 63 174101
will reverse the orientation of its electric polarization. Th
result is shown in Fig. 3. The polarization is saturated in l
than 100 s; a fit with a stretched exponential function giv
b50.40260.005 andt5(1.9960.03) s. The small discrep
ancy between fit and experimental data fort<2 s is due to
the limited time resolution of our detector. After correctio
for the dark current, we measured a total polarization cha
of 45.7 mC/cm2. When the electric field is removed, a dec
of the polarization very similar to that shown in Fig. 2
observed. This second decay has a 15% larger total v
(590 nC/cm2) than the first one (515 nC/cm2). For a fit we
obtainedb50.0560.01 andt5(8.560.5) s, thus this de-
cay process needs a longer time until the configuration
stabilized without an electric field.

To further investigate this indication of aging, the d
mains are once again switched by applying an electric fi
contrary to the new polarization orientation. The differen
between this curve and the one shown in Fig. 3, that dep
the first repoling process is again a quantitative one. W
the first repoling process resulted in a polarization chang
45.7 mC/cm2, this second polarization reversal renders v
ues of only 10.5mC/cm2, a reduction of about 75%. Th
data can be fitted witht5(9.960.5) s, which is comparable

FIG. 2. Decay of electric polarization after removal of extern
electric field. Fitting with the KWW function results inb50.087
60.009 andt5(0.0260.01) s.

FIG. 3. Temporal behavior of the ferroelectric polarization w
an external field of 300 V/mm applied contrary to the polar ax
The time axis is presented in a logarithmic scale to allow be
comparison between experimental data and fit. The fit returnb
50.40260.005 andt5(1.9960.03) s.
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to the value obtained for the first repoling process, andb
50.14660.004, which is significantly lower than the corre
sponding one.

An even greater difference was observed when the e
tric field was removed. The polarization decay is now ab
five times larger and shows a considerably slower temp
behavior than the other decay measurements. This is
reflected in the fitting parameters obtained from this m
surement. We derivedt5(11164) s, compared tot
50.02 s for the first andt58.5 s for the second polariza
tion decay. The parameterb can be fitted to 0.14560.004
and differs significantly from those obtained for the first a
second decay, but is identical to the corresponding value
the second repoling process.

A. Ferroelectric hysteresis loops

Knowing the time behavior of the ferroelectric domai
and the characteristic points of the hysteresis, we can ana
the frequency dependence of the whole hysteresis loo
order to get the response of the polarization to different
ternal fields. Figure 4 shows the hysteresis loop of a S
crystal doped with 0.66 mol % cerium at 24.5 °C. The lo
was measured in steps ofD E53 V/mm and widths of one
minute for low external fields and up to 30 min in the vici
ity of the coercive field. These steps have been long eno
for the stabilization of the polarization in the external elect
field to take place. The different step widths resulted in
total measuring time of about 82 h corresponding to a f
quency of 3.431026 Hz. Since the method is sensitive t
changes in polarization, the absolute values of polariza
are found by halving the distance between the first polar
tion reversal process at 0 V/mm and the maximum value
450 V/mm. The result of the measurement is a typical h
teresis loop, showing the expected values of spontaneous
larization (23.761) mC/cm2. The coercive field is asym
metric; on the right-hand side a value of (16063) V/mm
has been found, while the left gave (212263) V/mm.
Near the coercive field the hysteresis curve is very ste
indicating an abrupt change of the domain orientation. F
electric fields larger than 350 V/mm the curve is nearly l

l

.
r

FIG. 4. Ferroelectric hysteresis loop in SBN:Ce~0.66 mol %!
measured with a step height ofDE53 V/mm. Measuring fre-
quency was 3.431026 Hz. The measurement gives the expect
values of coercive field~160 and2122 V/mm) and spontaneou
polarization@(23.761.0) mC/cm2#.
1-3
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T. GRANZOW et al. PHYSICAL REVIEW B 63 174101
ear, indicating that all domains have switched their orien
tion and are now aligned in the direction of the external fie
A similar behavior is observed on the left-hand side of
hysteresis curve, although the curve is not as steep as o
right-hand side. Furthermore, the hysteresis curve betw
2450 and 0 V/mm is not a straight line, as it is on t
right-hand side, but it shows a slight upward curvature at l
electric fields. As a result the hysteresis curve is not tota
closed and has a slight offset ofD P52.0 mC/cm2 at 0
V/mm.

We performed measurements with higher frequencie
find the origin of this anomaly. Fig. 5 shows such a hyst
esis loop of the same SBN crystal doped with 0.66 mo
cerium, but measured with a step height of 2.24 V/mm an
width of 5 s, corresponding to a frequency of 2
31024 Hz. The right flank of the hysteresis loop shows
spontaneous polarization of (2261) mC/cm2, in agreement
with the low-frequency measurement within error. Howev
the coercive field has a value of (22065) V/mm. Further,
the measured loop is not closed because the second pola
tion reversal renders much smaller values of surface-ch
change and thus much smaller polarization values. We
formed more cycles immediately after the first one since
state reached after one cycle is not stable. The results o
first, second, and tenth measurements are shown in Fi
The data points are thinned out again. It can be seen tha
second hysteresis loop is noticeably flatter and more sme
than the first, and it is still not closed. The next few cyc
are omitted in the figure for reasons of lucidity, but the o
served process continues at a slowing pace until a final s
is reached after about five cycles. This final state is depic
in the 10th measurement as shown in the figure. This loo
closed, but the spontaneous polarization of (
60.5) mC/cm2 is only about 18% of the starting value.

To investigate the influence of the doping on the ag
process, the hysteresis loops were also measured in a
crystal doped with 1.13 mol % cerium at 24.7 °C. The rig
flank of the first curve is again very steep and reache
spontaneous polarization of (2161) mC/cm2 as reported

FIG. 5. Ferroelectric hysteresis loop of SBN:Ce~0.66 mol %!
measured with a frequency of 2.531024 Hz. The measuremen
was performed at a temperature of 24.5 °C. The coercive fiel
increased due to the inertia of the domains. The spontaneous p
ization reaches the expected value of (22.061.0) mC/cm2 on the
right-hand side. The switching of the domains is incomplete on
left-hand side, resulting in a lower change of the polarization.
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recently2 and has a coercive field of (18065) V/mm. As in
the previous sample the first loop is not closed. The sec
polarization reversal causes much less change in polariza
than the first, so that an aging process is observed ag
After about seven cycles a stable closed hysteresis loo
reached. The final state shows a spontaneous polarizatio
(6.160.5) mC/cm2, which is about 28% of the origina
value. Therefore, the higher cerium doping leads to an ag
process that takes even longer to finish and is not as
nounced as in SBN61 with lower dopant concentration.

The hysteresis loops were measured at different temp
tures, too, to examine the temperature dependence of
polarization loss. Figure 7 shows exemplarily the experim
tal results of the SBN crystal doped with 0.66 mol % ceriu
and measured atT543.7 °C. This temperature is close to th
phase transition temperature of 54 °C. The measurement
realized with the same parameters as in Fig. 5. After the
cycle the flank with a spontaneous polarization of (18
61) mC/cm2 becomes subsequently flatter, until a fin
state is reached after nine cycles. This final state has a s
taneous polarization of (7.160.5) mC/cm2, about 38% of
the original value. That means the aging process progre
even more slowly at this higher temperature.

is
lar-

e

FIG. 6. First, second, and tenth hysteresis loop in SBN:Ce~0.66
mol %! at 24.5 °C; the decrease of the hysteresis that was obse
in Fig. 5 continues at a slowing rate, until a final state is reache

FIG. 7. First, second, and tenth hysteresis loop in SBN:Ce~0.66
mol %! at 43.7 °C. The higher temperature results in an even slo
aging process.
1-4
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IV. DISCUSSION

The results unambiguously show that an electrical ag
of both the temporal behavior of the polarization and
ferroelectric hysteresis loops takes place in SBN61 crys
doped with cerium. This effect has so far been observe
high-frequency measurements and experiments with
films and structurally imperfect crystals10,11 only.

A. Temporal behavior of domain walls and the polarization
reversal

Figures 1 and 2 clearly show that the field-cooled crys
is nearly completely poled, since the polarization does
change significantly when an electric field is applied in t
direction of the prepared polarization. 90% of the small o
served change of 0.53mC/cm2 can be attributed to the stati
dielectric constant ofe3351840. This indicates that thi
buildup of polarization is predominantly caused by the sta
dielectric constant, but not by the behavior of the ferroel
tric domains. The remaining 10%, about 55 nC/cm2, can be
assigned to small ferroelectric domains. This amount of
larization is negligible compared to the total spontane
polarization of 23.7mC/cm2. When the electric field is re
moved, the polarization drops back by the same amount,
returning the sample to its original polarization state. T
first two figures therefore evidence that cooling the crysta
an external electric field results in a nearly stable configu
tion in which all the domains are aligned. This configurati
does not decay on a time scale of several days, even wit
stabilization of an external field.

The fact that fitting with the KWW function yields goo
results allows two different interpretations: Either the d
namics of the ferroelectric domains are inherently nonex
nential as a consequence of strong interactions between
domains, or the observed behavior results from a superp
tion of many different relaxation times of independently r
laxing domains. For all systems examined so far showin
net nonexponential behavior, the second assumption pr
to be correct: The KWW-like behavior with values ofb
<1 is caused by a superposition of numerous single ex
nentials with different time constants.15 Lower values ofb
for the same value oft also indicate a slower behavior fo
large times. The time constantt is not the decay time of all
ferroelectric domains, but signifies the range where mos
the single decay times lie. It has been shown that a KW
like behavior can be attributed to a system where the re
ation time of a single domain depends on its size: The lar
the domain, the longer it takes to reverse its polarization.16,17

This is the low-temperature approximation of Chamberli
theory of dynamically correlated domains~DCD’s!,18 which
has sucessfully been applied to various relaxor ferroelec
compounds.19,20 We therefore base the following discussio
on this model of size-dependent domain relaxation times

The first repoling process shown in Fig. 3 is very fast a
gives values of the polarization in the same order of mag
tude as the ferroelectric hysteresis. This shows that all
domains are switched with the external electric field. T
difference of 1.7mC/cm2 is due to the limited time resolu
tion of our charge amplifier. The polarization change direc
17410
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after the application of the electric field is too fast and can
be detected completely. The clearly linear behavior for
>t>14 h shows that only the dark current contributes to
surface-charge change at this time scale, where the dom
dynamics are no longer operating.

The value ofb50.4 shows that the system cannot
described with one or two exponential functions. This mea
there is neither a single switching time, nor a superposit
of two or three different time constants, but there are ma
different switching times present in the system. Since
switching time of a domain is supposed to depend on
domain size, this is a clear sign that the size distribution
the domains is very broad. The value oft51.99 s is much
larger than the ones in Figs. 1 and 2. This shows that
dynamics of the ferroelectric domains are still quite fast, b
considerably slower than the first poling and depoling p
cess.

The decrease of the electric polarization after this fi
repoling process is slightly larger than the one observed
fore repoling, and it also takes slightly longer.b is again
very small, an indication that this decay of the polarization
still dominated by normal dielectric behavior, not by the d
namics of the ferroelectric domains. This means that
ferroelectric domains are nearly as stable as the configura
observed immediately after the FC process.

The first real indication of an electrical aging of the m
terial becomes prominent in the subsequent second repo
process, where only a small fraction of the ferroelectric d
mains is switched during the time of the measurement. T
P(t) curve does not reach a saturated state after more
56 h, indicating that a very slow polarization reversal proc
is still active even after several days. The small value ofb,
combined with the relatively large value oft, supports this
conclusion.b50.146 shows that the ferroelectric domai
do not switch with a common switching time, but that th
distribution of switching times and therefore domain sizes
even wider than before. When the electric field is removed
becomes obvious that the state reached is not very stabl
polarization decrease by 2.8mC/cm2, nearly five times as
large as the ones observed before, takes place. This d
process occurs on a very long time scale; it is not finish
after more than 30 h. Once again, this is reflected in the la
value oft5111 s. The value ofb is comparable to the one
observed in the second repoling process. This indicates
the size distribution of the domains has not changed m
between the process of polarization buildup and decay.

B. Ferroelectric hysteresis loops

Figure 4 shows that a measurement with a very low f
quency results in a hysteresis curve that is nearly rectang
and almost closed. This proves that the used method of q
sistatic surface-charge detection is applicable not only for
measurement of static electric polarization, but also for m
surements of low-frequency hysteresis loops. The kno
values of the spontaneous polarization could be reprodu
Other effects that cause charge carriers to appear on the
tal surface, such as dark currents through the crystal, p
only a minor role and do not influence the results sign
1-5
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T. GRANZOW et al. PHYSICAL REVIEW B 63 174101
cantly. The coercive field is asymmetric. This is an effect
the primary poling process, that clearly caused a prefe
direction of the domains. Since the coercive field is higher
the right-hand side than on the left-hand side, it seems to
more difficult to switch the orientation of the domains th
achieved at high temperatures, but easy to switch them b
again. The potential well of the domains is clearly asymm
ric due to the field-cooling process. The small discrepanc
the polarization at 0 V/mm indicates that even a frequency
1026 Hz, equivalent to a measuring time of four days, is n
low enough to suppress electrical aging completely. Ho
ever, the hysteresis curve is clearly saturated at electric fi
above 350 V/mm, so that effects like minor hysteresis loo
i.e., loops that are measured with too-low field amplitud
can be excluded in the further discussion of the electr
aging process.

The fact that the right-hand flank of the hysteresis lo
shown in Fig. 5 is nearly rectangular and shows satura
for high electric fields indicates that all ferroelectric doma
are completely switched during this first repoling proce
This behavior corresponds very well with the observatio
made for the quasistaticP(t) measurement shown in Fig. 3
The coercive field appears to be significantly higher at t
higher frequency. This can directly be explained by the
namics of the ferroelectric domains. Domains do not swi
instantaneously, but need a certain time to reverse their
entation. There is not enough time in the high-frequen
measurement for the domains to stabilize in the extern
applied electric field. This causes a lag between the elec
field and the electric polarization, and thus the coercive fi
seems to shift to higher values. However, the switching p
cess is clearly finished at fields exceeding 350 V/mm.
contrast, only a fraction of the domains is switched dur
the second repoling process. This is the same behavior
was already observed in the measurement with constan
ternal field. In both cases, the polarization does not foll
the external electric field, but shows a pronounced slow
down. We assume that the domains themselves are no
reason for this sluggishness, as they are able to follow
first repoling process at high frequencies~Figs. 3 and 5!. For
a better understanding of this behavior we have to disc
the process of domain-orientation reversal first.

C. Domain-orientation reversal and pinning centers

The orientation of the ferroelectric domains is reversed
the formation of small areas with polarization antiparallel
the predominant polarization direction.21,22 These areas ar
called nuclei and form in the vicinity of the electrodes. Th
expand into the bulk of the crystal by motion of the doma
walls. The walls of the nucleus travel through the crys
bulk, changing the orientation of the microscopic polariz
tion in the areas in which they trespass.23 This leads to the
formation of needle-shaped domains, since the domain w
propagate mainly in the direction of the crystallographicc
axis.7,24 Reduction of the change in polarization can ha
two causes: prevention of nucleation of reversely poled
crodomains or hindrance of the domain-wall motion. Prev
tion of nucleation has to be excluded, since more than 8
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of the crystal surface has to change for the observed decr
of the hysteresis loops. Changes of such large crystal sur
areas could not have gone unnoticed in other experim
such as holographic scattering. Now, let us discuss the
duction of the polarization change by hindrance of t
domain-wall motion. Domain walls can be hindered in th
motion by certain defects in the crystal structure.25,26 This
effect is called ‘‘pinning’’ and has been observed in SB
with different methods, e.g., atomic force microscopy27 and
holographic two-beam coupling.28 The nature of the pinning
centers can also be deduced by the behavior of the hyste
loops. All crystals show a strong anisotropy with respect
the orientation of the polarization. The orientation of the d
mains that is antiparallel to the direction of the electric fie
during the poling process is preferred. One can overco
this preference at room temperature using high electric fie
that are applied for a sufficiently long time, as shown in F
4. However, the applied fields are not large enough to cha
the crystal structure itself. Since the effects of aging can
reversed by waiting long enough, it is reasonable to assu
that this pinning is not caused by crystal defects but by e
tric fields. Such fields may be produced by fluctuations of
local ionic charges, caused, e.g., by the holes in the unfi
tungsten-bronze structure. During sample preparation at h
temperatures these fluctuations are highly mobile, and t
dynamics are dominated by the externally applied elec
field. After cooling down in the electric field the fluctuation
are frozen, leading to ‘‘quenched random fields,’’ a nec
sary assumption in a ‘‘random-field Ising model’’ as pr
posed by Kleemann.13,19 These random fields stabilize th
domain walls after the first switching of the polarizatio
Once the domain walls are pinned, the domain-switch
mechanism is suppressed. The polarization in the cry
bulk no longer changes its orientation in an external elec
field. This causes the observed aging effect. Higher conc
trations of cerium raise the dark conductivity of the materi
as does high temperature. Higher conductivity allows f
charge carriers to compensate the quenched random fi
leading to a slower aging process, as shown in Fig. 7. If
frequency of the measuring cycle is low enough, the ‘‘sto
ping power’’ of the pinning centers is eventually overcom
by the domain walls, resulting in the nearly closed hystere
loop shown in Fig. 4. The time dependence of the dom
switching and polarization decay is a further indication o
‘‘random-field Ising model.’’ TheP(t) curves can very well
be fitted with a stretched exponential function. This functi
is the low-temperature approximation of the so-called ‘‘DC
function,’’ which has been shown to describe the behavio
dynamically correlated domains.16 This behavior is the key
to the understanding of relaxor behavior at higher tempe
tures.

The observed parametersb andt entering the KWW-type
relaxation law, Eq.~1!, are in accordance with the corre
sponding parameters emerging from DCD-type respo
functions fitted to ac susceptibility data.14 At room tempera-
ture, unpoled ~ZFC! SBN61:Ce reveals extremely larg
~negative! correlation coefficients,C'2500, while C
'210 in the poled~field-cooled! state. Within the DCD
theory15 such values refer to extremely large~ZFC! and
1-6
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weak ~field-cooled! polydispersivity, as expressed, co
versely, by very small ('0.05) and intermediate ('0.5) b
values, respectively, in the KWW approach.

Physically these extreme differences can be understoo
follows: Upon zero-field cooling the system decays into
extremely fine-grained domain state, where the domains
trapped in well-defined and optimized local free-ener
minima. Hence, a very wide distribution of relaxation rat
can be expected. On the other hand, after FC, the sys
refers to a quasisingle domain state that has an enhanced
energy due to averaging over the potential landscape
quenched random fields with either sign. When reorient
this state by virtue of an electric field with opposite sign, t
energy barriers to overcome are shallower than in the Z
state. This reduces the polydispersivity by an apprecia
amount, as reflected by highb and low uCu values. Finally,
the average KWW lifetimes, t(ZFC)'1022 s and
t(field cooled)'1002102 s, account for the different aver
age domain sizes in different states. While small doma
with low activation energies prevail in the ZFC state, t
larger field-cooled domains require longer attempt times
reorientation.
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It is important to understand that the fluctuations of t
electric field in the crystal bulk are only weak effects. T
stable hysteresis loops at higher frequencies are nearly s
metric, so that the fluctuations are by no means stro
enough to influence entire domains or form a macrosco
bias field in the crystal. It is not necessary to macroscopic
influence electric fields in order to change the ferroelec
hysteresis, as microscopic disturbances located at the do
wall are sufficient to prevent the switching of the whole d
main.
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