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The complex dielectric susceptibility of Sry ¢ Bag30Nb,Og:Co has been measured at frequencies 10! <f
<10° Hz and temperatures 300<T<400 K before and after poling. The high-frequency relaxation peak
observed above the ferroelectric phase transition temperature, 7.~ 348 K, is analyzed in terms of distribution
functions of the relaxation time, g(7), using Tikhonov regularization. It reveals the criticality of the largest
relaxation time in agreement with activated dynamic scaling of the three-dimensional random-field Ising
model. Differences of zero-field- and field-cooled g(7) are discussed.
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I. INTRODUCTION

Solving the relaxor enigma is still one of the most chal-
lenging problems in the physics of ferroelectrics. Ever since
the discovery of the archetypical relaxor material
PbMg, 5sNb,;;05 (PMN),! the origin of its key features—(i)
huge frequency dispersion of the dielectric susceptibility in
the Curie range above the transition temperature 7., (ii) non-
ergodic behavior at low temperatures 7<T,, and (iii) virtu-
ally no symmetry breaking after zero-field cooling (ZFC) to
below T.—has been discussed controversially. Very probably
and in accordance with long-standing propositions of Cross
and co-workers?? the appearance of fluctuating polar precur-
sor clusters (polar nanoregions) at temperatures 7> T, has to
be considered as the primary signature of relaxor behavior.*
Indeed, it appears plausible that polar nanoregions with a
wide size distribution are at the heart of the observed giant
polydispersivity,> which is observed in quite different sys-
tems like disordered solid solutions like PMN (Ref. 1) or
PLZT (Ref. 2), or doped quantum paraelectrics like
SrTiO5:Bi (Ref. 6).

Hence, finding out the microscopic origin of the polar
precursor clusters is the key to understanding relaxor prop-
erties. Very probably, different mechanisms with different
degrees of complexity have to be envisaged. They may range
from purely statistical aggregation of polar centers in the
sense of percolation theory [probably realized in the case of
doped quantum paraelectrics like SrTiO5:Ca (Refs. 7 and 8)]
to the appearance of weak (“exponentially rare”) singulari-
ties within a dilution-induced Griffiths phase’ (possibly real-
ized in the case of solid solutions like PLZT, which reveal
anomalies of the refractive index below the phase transition
temperature 7, of the parent PZT phase irrespective of the
amount of La doping.'®). Apart from such very special
mechanisms, however, the random-field (RF) mechanism'! is
supposed to be a widely applicable concept. Since spatial
fluctuations of the RF’s give rise to correlations between the
fluctuating dipole moments, the formation of precursor clus-
ters of mesoscopic size is expected in systems with charge
disorder.'>1

Starting from the existence of polar nanoregions and as-
suming random interactions between them, a spherical
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random-bond random-field (SRBRF) theory'> has success-
fully been introduced to describe the phase transition into a
disordered low-T cluster glass phase. By assuming fully frus-
trated superspin interactions and dominance of these random
bonds (RB’s) over the RF’s, it models the glassy freezing of
mesoscopic nanoregions in cubic relaxors like PMN (Ref.
15) and PLZT (Ref. 16). Indeed, quite weak RF’s are gener-
ally expected to act on the polar clusters, since only the
fluctuations of the microscopic RF’s are effective on a nano-
scale. While cubic relaxors with nearly continuous order pa-
rameter have no chance to experience ferroelectric long-
range order,'! this must not be the case for random-field sys-
tems with a discrete order parameter. This is the reason why
the well-known family of uniaxial relaxor crystals related to
strontium-barium niobate, Sr,Ba,_,Nb,O¢ (SBN),!” is con-
sidered as a prototypical three-dimensional (3D) random-
field Ising-model (RFIM) system since recently.'8

In contrast to the cubic perovskite family related to
PMN,! the polarization of the SBN family is a single-
component vector directed along the tetragonal ¢ direction,
which drives the point group from 4/mmm to 4mm at the
phase transition into the low-T polar phase. Only at low tem-
peratures is a slight tilt of the polarization out of the [001]
direction observed, giving rise to a monoclinic structure
(monoclinic point group m) below T,=70 K. At T>T,,
however, SBN is tetragonal on the average and thus belongs
to an Ising model universality class rather than to a Heisen-
berg one as suggested for the PMN family.'> Assuming the
presence of quenched RF’s, theory in this case predicts the
existence of a phase transition into long-range order (LRO)
within the RFIM universality class'! preceded by a giant
critical slowing-down above T.. Hence, when approaching
the ferroelectric state, the polar nanoregions, which are cor-
related by RF’s in the paraelectric phase, should exhibit ac-
tivated dynamics.?’

Below T the polar nanoregions are expected to transform
into polar LRO, provided that cooling is performed at a suf-
ficiently low rate.'> Recent studies of SBN and SBN:Ce
have, indeed, evidenced that (i) the dielectric susceptibility
probes clusters above and domains below T, respectively,’!
while (ii) the linear birefringence is a measure of polar pre-
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FIG. 1. Temperature dependence of the real (a) and imaginary
parts (b) of the dielectric permittivity of unpoled SBN:Co at differ-
ent frequencies.

cursors at 7>T, and of spontaneous polarization at 7<<T,,
respectively.?” In the latter study signatures of a crossover
from 3D Ising to 3D RFIM criticality were reported.?’

In order to confirm the RFIM nature of SBN the present
study?* is aimed at exploring the dynamical susceptibility at
high frequencies f up to 1 GHz, which gives information
about the dynamics of polar nanoregions and their crossover
into the activated dynamic scaling regime close to 7,. Fur-
ther, we investigate the change of the dynamic behavior of
the polar nanoregions when applying an electric field upon
cooling [field cooling (FC)]. It is expected that a homoge-
neous external field should weaken the RF’s (Ref. 25) and
thus reduce polydispersivity. The pertinent property to be
explored is the distribution function of relaxation times, g(7),
within the concept of dynamic heterogeneity which is as-
sumed to apply to a dynamic cluster system like SBN.

II. EXPERIMENTAL PROCEDURE

The measurements were carried out on congruently melt-
ing Sry¢BagoNb,O; (SBN61) doped with 0.002 wt %
Co30y,, henceforth denoted as SBN:Co. Co doping is known
to weakly enhance the relaxor properties of pure SBN.%6
Large and clear optical-quality single crystals were grown by
the Czochralski technique. Rectangular-shaped sample with
dimensions 6 X 6 X 0.7 mm® were cut with the polar ¢ axis
normal to the large planes and polished to optical quality. In
order to enhance the relaxor properties,'”?” the samples were
annealed without electrodes at 873 K for 2 h and then slowly

cooled to room temperature at a cooling rate T=-30 K/h.
Silver paste was used to cover the major faces with elec-
trodes. Prior to each measurement carried out on cooling, the
samples were annealed at 450 K for 1 h in order to warrant
identical conditions for all measurements and to eliminate

PHYSICAL REVIEW B 72, 024106 (2005)

10' 10° 10° 107 10°
Frequency [Hz]

FIG. 2. Frequency dependence of the real (a) and imaginary
parts (b) of the dielectric permittivity of unpoled SBN:Co at differ-
ent temperatures with Havriliak-Negami functions best-fitted at
high frequencies (solid lines).

memory effects of previous treatments. Real and imaginary
parts of the dielectric permittivity were measured at frequen-
cies between 20 Hz and 1 GHz (data points between 1 and
10 MHz are partially omitted because of piezoelectric reso-
nance interference) by using a HP4284A impedance analyzer
and a homebuilt coaxial dielectric spectrometer (frequency
range from 1 MHz to 4 GHz).?® By virtue of this latter spec-
troscopy the frequency range used previously?! was signifi-
cantly extended. At high frequencies, the complex permittiv-
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FIG. 3. Temperature dependence of the real and imaginary parts
of dielectric permittivity of SBN:Co poled with E=250 kV/m at
different frequencies.
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ity £°=¢’—ig” was calculated taking into account the
inhomogeneous distribution of the microwave field in the

sample.2® The cooling rates were typically 7=—4 K/h.

One set of measurements was performed without applying
any bias field [upon ZFC after zero-field heating (ZFH)],
while in the other set of measurements the sample was mea-
sured on heating after being cooled down with a bias field
(FC).

III. EXPERIMENTAL RESULTS

Figure 1 shows results of measurements of the dielectric
response of SBN, &£°(T), at different frequencies. At high
temperatures, 7>400 K, and low frequencies, f<<1 MHz,
the contribution of ionic conductivity can be seen as a mono-
tonically increasing tail, while at 775340 K—i.e., below
T,—both components of £(T) are rapidly decreasing as a
consequence of the ferroelectric phase transition. The ex-
tremely high (&), ~2.8 X 10%) and fairly large [full width at
half maximum (FWHM) =40 K] low-frequency peak at T,
~348 K (Ref. 26) is considered to reflect criticality,?® al-
though the typical RFIM rounding due to nonequilibrium'8
cannot easily be distinguished from ordinary relaxor
behavior.! The dielectric dispersion observed at temperatures
below 400 K (Fig. 2) is essentially characterized by two
broadened dispersion steps in &’(f) and the corresponding
broad peaks in &£"(f). The steps become smeared and the
peaks nearly indistinguishable at T<<T.. The low-f features
can be attributed to conductivity and partially, at least at T
<T., by domain wall creep, as discussed earlier,®® while
those at higher frequencies > 10° Hz are attributed to do-
main wall relaxation. While the low-f data have been the
subject of various of our previous papers,?'?>30 in this paper
we discuss primarily the latter contribution, which converts
into relaxation modes of polar nanoregions at 7> T3

A poled sample shows very similar temperature (Fig. 3)
and frequency (Fig. 4) dependences as compared to the un-
poled sample. Differences are best seen in &”(f), which de-
creases upon poling at intermediate frequencies f~10° Hz
by more than one order of magnitude. These results actually
confirm the results obtained previously,?® albeit in a much
broader frequency range.

Usually such broad dielectric dispersion is very difficult
to fit with empirical models, such as those denoted by Cole-
Cole or Havriliak-Negami.3! In particular, the diffuse dielec-
tric spectrum at low temperatures does not allow proper es-
timates of the relaxation times using conventional relaxation
models or empirical equations. A special algorithm
(Tikhonov regularization®?) has been developed to solve this
problem.

The original program performs the direct calculation of
the distribution function g(7) of the relaxation times from the
complex dielectric permittivity at fixed temperatures versus
frequency assuming a superposition of Debye-type processes
(i.e., dynamical heterogeneity):
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FIG. 4. Frequency dependence of the real and imaginary parts of
dielectric permittivity of SBN:Co poled with E=250 kV/m at dif-
ferent temperatures with Havriliak-Negami functions best-fitted at
high frequencies (solid lines).

s’(w):soc+foc%))2

y (wT)g(T)
&"(w) = f 1+ (o7 d(In 7).

The high-frequency limiting value &., and the total contribu-
tion of the dipoles to the permittivity Ae=[g(7)d(In 7) can
be either given together with the initial data or defined dur-
ing the solution. The basic integral transformations, Eq. (1),
can be presented as the linear matrix equation

d(In 7),

(1)

AX=T, 2)

where the components of the matrix A are obtained by
proper discretization of the integral transformation kernels.
The components of the vectors T and X correspond to dis-
cretized values of the dielectric permittivity (as initial data)
and to the distribution of relaxation times (as the result),
respectively. Equation (2) is an ill-posed problem and cannot
be solved straightforwardly. It is replaced by the following
minimization problem:

3)

where « is the regularization parameter and R is the regular-
ization matrix, which corresponds to the second derivative
g"(7). The conditions about the non-negative spectrum of the
components of g(7) are added as constraints. This con-
strained regularized minimization problem is solved by a
least-squares technique making use of a simplified version of
the program CONTIN originally developed by Provencher®
and later adapted to dielectric spectra.’*
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FIG. 5. Distribution of the relaxation times g(7) at different
temperatures of unpoled SBN:Co.

The real distribution function of the relaxation times of
the SBN:Co crystal calculated from the experimental dielec-
tric results (Fig. 2) is shown in Fig. 5. The regularization
parameter =5 was found to be optimal. At 7=380 K,
where the response of the nanoregions enters our experimen-
tal frequency window on cooling, the distribution of the re-
laxation times is symmetrically shaped. It is determined from
those data, which are satisfactorily modeled by a Cole-Cole-
type function £ (w)=e,+Ae/[1+(iw7)?], <1, in Fig. 2
(solid lines). At lower temperatures, the distribution of the
relaxation times becomes asymmetrically shaped and rather
refers to a Havriliak-Negami function & (w)=g.+As/([1
+(iw7)“])”, y>1, which is used to model the original data
(solid lines). On further cooling to below T the distribution
becomes very broad and contains several maxima, which are
probably due to the freezing of the systems into domains.
With the decrease of the temperature it broadens to the long
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FIG. 6. Distribution of the relaxation times g(7) at different
temperatures of SBN:Co poled with £=250 kV/m.
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FIG. 7. Comparison of the distribution functions of relaxation
times, g(7), of poled and unpoled samples of SBN:Co at different
temperatures.

relaxation times and indicates a strong increase of interclus-
ter correlations. Also, its contribution to the permittivity in-
creases at lower temperatures.

The distribution of relaxation times in the poled sample
looks totally different (Fig. 6) when compared to the ZFC
one (Fig. 5). With decreasing temperature it does not broaden
significantly, the peak of the distribution shifts only slightly
to longer relaxation times, and additional peaks are lacking
for T<T.. These differences can be most clearly seen in a
comparison of the ZFC and FC distribution functions at 7
=310 and 370 K, respectively (Fig. 7).

IV. DISCUSSION

The shift of the distribution function g(7) for the unpoled
sample is most drastic at its low-frequency side, where the
largest relaxation times of the system are located. As seen in
Fig. 5 the displacements are huge between 7=365 and
350 K, where the phase transition is approached. Here the
activated dynamic scaling regime is encountered, which be-
comes more evident in a semilogarithmic plot, °log(7,,./s)
vs T, in Fig. 8. A best fit to the activated scaling law>’

Tmax = 70 exp[(T()/{T - Tc}) (}V] (4)

yields the parameters 7,=(2.5+1.0)x107!" s, T,
=(121x15) K, T,=(323+20) K, and Ov=1.32+0.31. The ex-
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FIG. 8. Temperature dependence of the largest relaxation time
Tmax Of g(7) of unpoled SBN:Co (Fig. 5) best fitted to the activated
dynamic scaling function, Eq. (4) (solid line; see text)
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trapolated transition temperature 7. lies significantly below
the value estimated by inspection of the original &"(T) data
(Fig. 1), =348 K.?® Obviously, the critical slowing down
continues to very low frequencies, which were not accessible
in the present experiments.

The shortest relaxation time referring to small cluster re-
laxations at high temperatures, 7, is compatible to a very
recent Vogel-Fulcher analysis of high-f dielectric data of
pure SBN, which yield f,.=14X 101 Hz; hence, T
=Q27f,.) '=1.1X 107" s.35 In this study Eq. (4) has been
modified by setting dv=0 and fitted to the peaks of &"(f).
Hence, the dynamics of SBN was tacitly considered to be
glass like, although further justification was not provided for
this assertion. Here we stress that our analysis refers to the
decisive largest relaxation time 7,,,, (Ref. 20) rather than to
the most probable one 7,,. Further, the exponent clearly turns
out to be distinct from unity, #v>1, in favor of the correct
RFIM scaling law, Eq. (4). Hence, careful inspection shows
that the empirical Vogel-Fulcher law does not apply to RFIM
transitions as was stressed already in the pioneering study of
the RF nature of relaxors.'?

As shown in Fig. 7 an external electric field obviously
suppresses either the fastest (at high T—viz., 370 K) or the
slowest relaxation times (at low T—viz, 310 K) in the poled
sample, when compared to the spectra of freely fluctuating
polar nanoregions (high 7) and random ferroelectric polar
nanodomains (low T), respectively, of unpoled SBN:Co. On
the one hand, the observed slowing down in the paraelectric
regime is probably due to reduced restoring forces, which are
probed by the nanoregions under the external field. This may
be explained as follows. A homogeneous field is known to
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weaken the RF’s (Ref. 25) and thus to weaken the fluctuation
controlled RF pinning forces onto the clusters. As a conse-
quence the average size of the nanoregions grows as the RF’s
decrease.?>% This in turn enhances their “moments of iner-
tia” and thus their relaxation times. On the other hand, the
observed speeding-up in the ferroelectric state after poling is
due to the polar homogeneity after FC. The single-domain
state thus created simply lacks the typical fractal domain
landscape’” exhibiting a rich low-f wall-induced relaxation
spectrum.?!

V. CONCLUSION

Measurements of the dielectric relaxation of SBN:Co at
frequencies up to the GHz range have clearly shown that the
paraelectric regime 7> 348 K is controlled by polar nanore-
gions, which reveal activated critical dynamics when ap-
proaching 7. The enormous slowing down must not be con-
founded with freezing into a generic glass state. Field
cooling causes weakened RF’s in the paraelectric range and
thus a slower dynamics, while the absence of nanopolar do-
mains in the homogeneously poled ferroelectric phase invali-
dates the low-f relaxational degrees of freedom and thus
sharpens the relaxation spectrum.
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