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Abstract. The complex dielectric susceptibility of Sro.61Bag.30 NbaOg: Ce®t (SBN61:Ce) has been measured
at frequencies 10? < f < 107 Hz and temperatures 300 < T < 470 K before and after poling. The
relaxor behaviour with large polydispersivity observed above the ferroelectric phase transition temperature,
Te = 360 and 340 K for z(Ce) = 0 and 0.0066, respectively, is perfectly modeled within the framework of
Chamberlin’s dynamically correlated domain approach. Below 7. the dynamic nanodomain state crosses
over into a ferroelectric state with polydispersive domain wall dynamics at very low frequencies. Presumably
SBN61:Ce belongs to the three-dimensional random field Ising rather than to the dipole glass universality

class.

PACS. 64.70.Pf Glass transitions — 77.22.Ch Permittivity (dielectric function) — 77.80.-e Ferroelectricity
and antiferroelectricity — 77.84.Dy Niobates, titanates, tantalates, PZT ceramics etc.

1 Introduction

Strontium-barium niobate, Sr;Ba;_,NboOg (SBN for
short), is a promising material due to its very attractive
pyroelectric [1], piezoelectric [2], electrooptic [3,4], acous-
tooptic [5], photorefractive [6-9] and non-linear optic [10]
properties. Very probably the most spectacular applica-
tion concerns the reversible optical memory units [11].
SBN belongs to the tetragonal tungsten bronze ferro-
electric oxide family of the general formula AB2Og. The
congruently melting Srg ¢1Bag.39NbaOg (SBN61) compo-
sition is a bronze with small unit cell and tetragonal 4mm
crystal structure at room temperature as determined by
X-ray diffraction investigations [12]. This double solid so-
lution system may be represented by the structural for-
mula ALAC4B,B{ O30 which takes into account the to-
tal number of different sites and non-equivalency of the
oxygen octahedra [13]. The twelve-fold (A’) coordinated
sites are occupied only by the smaller Sr** (ionic radius
r = 1.12 A) ions, the fifteen-fold (A”) — both by the

Sr’* and the larger Ba?* (r = 1.34 A) ions, whereas the
smallest nine-fold coordinated vacancies are empty. Since
only 5/6 of the A sites are occupied, SBNG61 is referred to
as an unfilled bronze [12] and the vacancies of the other
1/6 A sites act as carrier trapping centers [14]. Thus the
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ferroelectric unit cell contains five formal AB5QOg units.
The high-temperature prototype symmetry is tetragonal
4/mmm, placing SBN61 into the Shuvalov ferroelectric
species 4/mmm(1)D4F4mm [15]. In the ferroelectric phase
all the metallic ions are shifted along the tetragonal polar
axis. At the transition into the paraelectric phase the Ba"
and Sr*" as well as 20% of Nb®* (B’) ions move towards
symmetrical positions in the oxygen planes, whereas the
rest of 80% of Nb®* (B”) ions are equivalently distributed
above and below the oxygen layers (Ref. [13], p. 106).

In contrast with the pure SBN61 system the doped
ones are of practical importance. It is well-known that
dopants enhance various physical properties. In partic-
ular, SBN61 doped with rare-earth metal ions are most
efficient photorefractive materials widely used for holo-
graphic applications [16]. These dopants are strongly low-
ering the phase transition temperature, T., of SBN61
thus allowing to control many of the ferroelectric
properties [16,17]. Non-equivalent substitutions and the
unfilled type of structure of SBN favor the formation of
local, randomly up or down oriented polar regions even far
above T¢. Evidence of such precursor phenomena in pure
SBN has already been obtained from specific-heat [18],
Raman [19] second-harmonic-generation [20], optic index
of refraction and strain [21] measurements.

Ever since the pioneering work of Glass [1] the relax-
ation dynamics of SBN61-type compounds has attracted
great interest. However, the observed large dispersion and
extreme sensitivity to an external electric field has not yet
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been explained in a satisfactory way. Smolenskii’s original
relaxor concept [22] has been used, which explains the dif-
fuse nature of the ferroelectric phase transition within a
broad “Curie range” by compositional fluctuations due
to structural disorder of the solid solution. This picture
has, however, largely been modified also in conventional
relaxor physics since more than ten years. Today primar-
ily either random-bond “glassy” [23] or random-field (RF)
models [24] of microscopically homogeneous, albeit disor-
dered systems are considered. For cubic relaxor systems
like PbMg;/3Nby,303 (PMN) a spherical random-bond
random-field model [25] seems to be capable of explain-
ing many of the properties observed. In the present paper
we suggest random bonds to be irrelevant in the case of
the highly anisotropic uniaxial SBN system. We rather
propose SBN to belong to the RF Ising model (RFIM)
universality class, a rare case among structural phase tran-
sitions.

From a theoretical point of view this appears quite
attractive, since in case of sufficiently weak RFs a sharp
phase transition may occur in an Ising system, whereas
it is definitely smeared in more isotropic pseudospin sym-
metry [26]. It is, hence, worthwhile checking the sharpness
of the phase transition and the very occurrence of long-
range order in the low temperature phase of SBN61 and
its doped derivatives. Nearly all of the previous work was
done on pure SBN albeit with various Sr/Ba ratios. The
only preliminary report [17] on the dielectric response of
SBN:Ce does not comprise frequency and field dependen-
cies. These are of special interest, since doping with Ce*
is expected to enhance both the charge and the structural
disorder. Hence, it might be anticipated that both RFs
and competing random bonds [23] will eventually favor
the appearance of a glassy low temperature state at high
enough z(Ce).

The present paper reports on results of systematic
temperature and frequency dependent measurements of
dielectric susceptibility of pure and Ce** doped SBN61
system both in poled and unpoled states. The Ce>* ions
(r = 1.034 A) are known to substitute the ferroelectrically
“silent” alkaline earth ions Sr®* [27]. Owing to their differ-
ent charge they are, hence, expected to primarily increase
the average amplitude of the RF's and, in consequence, to
diminish the average size of the nanodomains [26]. It is
expected that macroscopic sample, which contains a myr-
iad of independently exponentially relaxing regions forms
a polydispersive response, which may be analyzed within
the framework of the “dynamically correlated domains”
(DCD) concept [28].

2 Experimental procedure

Pure SBN61 and Ce-doped crystals were grown by the
Czochralski technique. Large and clear optical-quality sin-
gle crystal bars have been obtained. Platelet samples of
about 5 x 5 x 1 mm? were cut with the polar c-axis nor-
mal to the planes of the plates. After polishing to op-
tical quality copper electrodes extending to the crystal
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edges were vacuum evaporated on the major faces. In or-
der to prevent the electrodes to be oxidized the copper
was covered with a silver paste layer. This proved to be
sufficient, since only moderate temperatures (7' < 500 K)
were used and the sample chamber was filled with He con-
tact gas. The complex susceptibility, x = x’' — ix”, was
measured with a Hewlett-Packard 4192A impedance ana-
lyzer at temperatures 300 < T < 470 K and frequencies
102 < f < 10° Hz. The dielectric measurements were
performed in the unpoled and poled states of the sam-
ple. The data were collected under isothermal conditions
while starting from room temperature and reaching every
point upon heating at a rate of 1 K/min. Before each run
the sample was refreshed at 470 K for about 15 min. and
then cooled down. For poling a dc field in the order of
3.5 kV/cm was maintained during cooling [16,29].

3 Results and discussion

The temperature dependencies of x55 (Fig. 1) show
rounded peaks, which are shifted towards lower tempera-
tures by doping with Ce®t [17]. Simultaneously the peaks
decrease and become broader in comparison with those of
pure SBN61. Surprisingly, the temperature Ty, (x454) of the
maximum of x55 depends only weakly on the frequency at
low f, but much stronger at high f. In parallel, the peak
value of x4 strongly drops with increasing frequency. At
f =10 MHz the curve becomes essentially flat in compar-
ison with the 100 Hz one. This behaviour differs strongly
from that of the classic PMN relaxor [30]. Poling generally
enhances the x%5; peaks (by about 10% at f = 100 Hz),
makes them sharper (especially in the low frequency limit)
and shifts them towards lower temperatures in compari-
son with the unpoled case (Fig. 2). The difference between
poled and unpoled state is small at low frequencies, but in-
creases remarkably in the high frequency limit. As a result
the poled sample shows a weaker frequency dependence of
T (x43) than the unpoled one. This is shown in the inset
of Figure 2, where the Tin(x55) vs. f data of the unpoled
sample have been fitted to the well known Vogel-Fulcher
relationship [31]:

fenen(2B) o

with fitting parameters Ty, Tt and fj as listed in Table 1.

It is seen that the fits are excellent at not too low a
temperature (T > T, ~ 360 and 340 K for x = 0 and
0.0066, respectively). Here T, is defined as the tempera-
ture below which stationarity of the susceptibility peak
is encountered. Obviously both compounds bear glass-like
properties only in the paraelectric regime, i.e. above T¢.
Consequently, the extrapolated freezing temperature, Tt,
is definitely lower than T. ~ Ty, (10? Hz). This seems
to indicate that the glassy freezing is never reached on
cooling, but is replaced by quasi-critical behaviour due
to the ferroelectric instability in the vicinity of T.. We
consider this to be typical of the Ising-type relaxor be-
haviour as conjectured above. It should be noticed, how-
ever, that criticality which is expected to be of the RFIM
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Fig. 1. Temperature dependencies of the susceptibility com-
ponents x43; and x4%; measured on unpoled SBN61:Ce with
z(Ce) = 0 and 0.0066 for frequencies 10> < f < 10" Hz and
temperatures 300 < T < 450 K. A conductivity tail of x4s is
observed at T > 400 K for z = 0 and f = 10 Hz.
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Fig. 2. Comparison of the poled and unpoled susceptibility x4s
measured as a function of T at f = 10? Hz for z(Ce) = 0 and
0.0066. The inset shows the frequency dependencies of the peak
temperature Ty, in comparison with best-fitted Vogel-Fulcher
law [31], equation (1).
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Table 1. Best-fit parameters of the Tin(x53) vs. f data shown
in Figure 2 (inset) to the Vogel-Fulcher law, equation (1).

x Ti [K] To [K] fo [Hz]
0.0 347 + 3 160 + 40 (8 £ 6) x 10°
0.0066 320 £ 2 368 £+ 49 (8 £5) x 10°

type is not accessible by our ac susceptibility measure-
ments. Severe rounding of the x4 peaks is encountered at
|T/T. — 1| < 1072 even at the lowest frequency available,
f = 10? Hz. That is why we preferred to determine crit-
ical exponents by using quasistatic measurements of the
linear birefringence, which yields much clearer evidence of
the conjectured RFIM universality class [32].

The parameter Ty = E,/kp is a measure of the aver-
age activation energy, F,, where kp is Boltzmann’s con-
stant. It increases by a factor of two when doping SBN61
with Ce®*T. This underlines that the dopant roughens the
free energy landscape of the relaxing system by enhance-
ment of the charge disorder. The values of the attempt
frequency, fo =~ 108 Hz, are way below the soft-mode fre-
quency, which is in the order 10'°-10'* Hz. RF-correlated
polar clusters beyond the atomic scale are suggested to
be at the origin of this anomaly. Our analysis of the fre-
quency dependence of T, (x55) seems to show that, in con-
trast with the cubic relaxor PMN, global symmetry break-
ing takes place at T, in SBN61. Thus a structural phase
transition is encountered, which is preceded by relaxor-
like precursor behaviour in the paraelectric temperature
range.

Interestingly, some of the mesoscopic domain structure
of the relaxor regime seems to survive also in the ferro-
electric regime. This is evident from poling experiments,
which yield notable changes of x45 in the room tempera-
ture limit. Generally, after poling the room temperature
values of x5 are smaller (e.g. by a factor of 3 for SBN61:Ce
at f = 100 Hz). Obviously the poling favors the single do-
main state and thus eliminates most of the domain wall
contributions to the dielectric response. Very probably the
rich ferroelectric domain structure, which is known to oc-
cur in the absence of an aligning field [33], is stabilized
and controlled by the fluctuations of the quenched RFs.
This became evident also from recent atomic force micro-
scopical studies on SBN61 [34].

Figure 3 shows the dielectric spectra of the doped
SBN61 sample both in unpoled and poled states. The
temperature ranges T' < T, and T > T, are distin-
guished by open and solid symbols, respectively. As is
seen from Figure 3a, the dispersion of x4%5 in the unpoled
sample gradually increases when increasing the tempera-
ture. At T > 320 K two regions with different slopes are
distinguished. The flat slope governing the low-f range
(f < 10* Hz) is tentatively ascribed to walls referring
to macroscopic domains, whereas the steep one at higher
frequencies (f > 10° Hz) probably refers to polar regions
of nanoscale size. The macroscopic domain contribution
is visibly reduced in the poled sample (Fig. 3c), where
the room temperature spectrum becomes practically flat
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Fig. 3. Poled and unpoled dielectric spectra x53(f) and x4s(f)
of SBN61:Ce with 2(Ce) = 0.0066 at various constant temper-
atures 300 < T < 375 K. Solid lines refer to selected fits to
Chamberlin’s expression [28], equation (2).

with low absolute values of x45. However, this ferroelec-
tric single domain state becomes unstable upon heating
and approaching T;.. The finite slope encountered in the
undoped sample reappears at T =~ 340 K. Obviously the
thermodynamic fluctuations accompanying the critical re-
gion compete, again, with those of the quenched RFs and
give rise to polydispersivity.

It is remarkable that dielectric losses, x4, peak at
nearly constant frequency below T, but move towards
higher frequencies above T (Figs. 3b and d). Obviously
a frozen domain structure with constant intermediate re-
laxation frequencies characterizes the ferroelectric state
below the transition temperature, whereas in the relaxor
regime above T, the typical freezing scenario of temper-
ature dependent distribution of domain sizes takes place.
The losses are well described by Chamberlin’s DCD con-
cept of heterogeneous polydispersivity [28], where

¢O/dx an(z

with the relaxation rate w(z) = weo exp(—C/z) and a
Gaussian domain size distribution n(x) o« exp[—(x —
(x))?]. Equation (2) is essentially a sum over an infinite
number of non-interacting domains of size x, which ex-
hibit Debye-type relaxation with size dependent relax-
ation rates, w(z). The sign of the correlation coefficient
C' discriminates between activated (C > 0) and non-
activated processes (C' < 0), which occur in early and
late stages of the relaxation process and roughly refer to

_ 2nfjw(z)
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Fig. 4. Fit parameters according to equation (2) as obtained
from the dielectric spectra x33(f) of SBN61:Ce with z(Ce) = 0
and 0.0066 (Fig. 3).

power law (Curie-von Schweidler) or stretched exponential
(Kohlrausch-Williams-Watts) temporal dependencies, re-
spectively. A Gaussian distribution as found in the present
case is typical of systems, which are close to ergodicity. It
should be noticed that for strongly non-ergodic glass-like
systems a percolation-type Poisson distribution would be
expected.

Equation (2) contains four adjustable parameters: ®g
accommodates the magnitude of response, ws, governs the
response time of large clusters, the correlation coefficient
C and the normalized average domain size, (x), determine
the shape and the width of the distribution function. Two
of these parameters, viz. ws and (z), are microscopic and
characterize the local polar clusters.

Figure 4 shows the temperature dependencies of In wq,
(x), (Figs. 4a and 4b) and C (Figs. 4c and 4d) for both
investigated compounds in their unpoled and poled states,
respectively. Let us first discuss the behaviour of the pa-
rameters in the relaxor regimes, i.e. at T' > 360 and 340 K
for z = 0 and 0.0066, respectively. It is seen that In wx
decreases upon cooling towards T, in all cases, the vari-
ation being largest for the unpoled x = 0.0066 sample.
This complies with the extreme degree of quenched dis-
order in the latter sample. Next, the values of (z) unan-
imously increase when approaching T, from above. This
is in agreement with the idea that the nanodomains will
grow upon approaching the critical region as a result of
the increasing thermal, but quenched spatial RF fluctu-
ations. In some cases negative values of (x) are encoun-
tered (Fig. 4a), which denote that truncated Gaussian dis-
tributions are involved. Finally, the correlation factors C
turn out to be negative in all cases considered. This is the
signature of non-activated relaxation of the Kohlrausch-
Williams-Watts-type, which is typical of the asymptotic
temporal regime, ¢ — oo, of glasses [28]. It is seen that
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|C| appreciably rises in the region of critical fluctuations
as T — T., most significantly, as expected, for the un-
poled sample.

It should be stressed that poling definitely changes the
parameters also above T. i.e. in the paraelectric phase.
This means that the dynamic multidomain state evolv-
ing in this region strongly depends on the initial state
achieved below T.. Very probably field cooling cancels
much of the RF activity of a given sample by aligning
defects similarly as has been observed in the doped re-
laxor system K;_,Li,TaO3 [35]. Hence, the signatures of
polydispersivity, in particular the |C| values, decrease by
poling prior to heating to above T¢. In addition, Vogel-
Fulcher behaviour becomes less significant as evidenced
by flat T}, vs. f curves in the poled state (Fig. 2, inset). It
will be interesting to study this tendency on SBN61 doped
with variant amounts of Ce*" or other dopants.

Surprisingly, below T, the behaviour of nearly all pa-
rameters shows drastic changes. In Figure 4 we observe
sharp inversions of the temperature derivatives of In wg,
(x) and C(x = 0). This is a clear hint at the crossover of
the systems from relaxor to ferroelectric behaviour. How-
ever, the extreme rise of |C| up to 600 observed in the
case of the z = 0.0066 sample (Fig. 4d) appears unphys-
ical and advises us to be careful with the interpretation
of all results obtained at T < T,. It should be recalled
that all fits have been done with merely one set of param-
eters. This assumption does probably not hold in the fer-
roelectric regime, where both macroscopic polar domains
and RF controlled mesoscopic domains are likely to coex-
ist [34]. Hence, two distribution functions of domain sizes
with different relaxation parameters presumably apply to
this regime. This is indicated by the double slope in the
real part of the susceptibility spectra (Figs. 3a and 3c¢) and
by second peaks of x%s, which evolve at low frequencies,
f <100 Hz (Figs. 3b and 3d). Since data from this region
are lacking at present, the final discussion of the poly-
dispersivity applicable to temperatures below T, must be
postponed.

4 Conclusion

The assessment of our susceptibility data obtained on
SBN61:Ce has shown that relaxor properties prevail in
the precursor regime at T' > T, whereas ferroelectricity
is encountered for T' < Tc.. As usual, the relaxor regime is
characterized by a diffuse and frequency dependent per-
mittivity peak with a relaxation spectrum being much
broader than Debye-type. Signatures of ferroelectric be-
haviour are the rapid drop of x%; below T¢ (Figs. 1 and 2),
the occurrence of macroscopic polar domains [33,34], and
the comparatively low coercive fields [29]. From a Vogel-
Fulcher analysis it seems to follow that the hypothetical
freezing temperature T in SBN61-type relaxors falls be-
low the actual Curie temperature, T.. This contrasts with
the experience on PMN-type perovskite relaxors, where
glassy freezing takes place at much higher temperatures
than the hypothetical Curie temperature [23]. Since these
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systems are known to exhibit competing ferro- and anti-
ferroelectric coupling [23], a spin glass description seems
adequate in a first approximation.

In the case of the open tungsten bronze structure of
SBNG61 this question is far from being settled. Based on
our present experience we suggest that the random field
mechanism is the prevailing one in this case. Very probably
only the precursor regime displays typical relaxor proper-
ties, which are due to spatial fluctuations of the RFs. They
are at the origin of the extreme critical slowing down,
which may eventually smear the ferroelectric phase tran-
sition. Nevertheless, upon cooling to below T, considerable
growth of the nanodomains up to macroscopic size [33,34]
seems to take place owing to long-range dipolar interac-
tion. This is at variance with the well-known RF-cooled
nanodomain structures of dilute antiferromagnetic Ising
systems, which virtually do not coarsen upon annealing
below T, [23]. Clearly, the growth of macroscopic ferro-
electric domains under counteraction of the RFs merits
further attention. In particular, it will be interesting to
study the relaxation kinetics of domains in SBN61 in the
vicinity of T, in future investigations.

Work supported by Deutsche Forschungsgemeinschaft within
the framework of the Schwerpunktprogramm “Strukturgradi-
enten in Kristallen” and Sonderforschungsbereich 225.
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