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Complex dielectric susceptibility was used to investigate the relaxor properties and the ferroelectric
phase transitions in (Na,;,Bij;); — xBa,TiO3 (0 <x <0.08) ceramics. XRD was used to characterize
the ground states of poled and unpoled samples. Dielectric susceptibility vs. temperature studies
allowed to obtain the relaxor properties and to identify the electric field-induced phase transitions in
the morphotropic phase boundary (MPB) compositions (0.06 <x <0.08) and the spontaneous
relaxor-ferroelectric phase transitions in the rhombohedral compositions (x < 0.06). The frequency
dispersion of the dielectric maximum at T,,, was observed for all compositions, although of decreased
extension for lower x. The relaxor properties have been analysed with Vogel-Fulcher law. The
activation energy and attempt frequency for the MPB compositions are similar to those of classical
relaxors like Pb(Mg;,3Nb,/3)O3, while for rhombohedral compositions, they are similar to relaxor
ferroelectrics with spontaneous relaxor-ferroelectric phase transitions, like Pb(Sci,Nb;)05. A
relationship has been found between the relaxor dispersion degree and the hysteresis of the
ferroelectric transition. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4770326]

. INTRODUCTION

Extensive studies of (Na;,Bi;,); - xBa,TiO3 (NBT-BT)
piezoelectrics have demonstrated their potential as substitute
for lead zirconate titanate materials'™ and clarified many
uncertain points in their phase diagram.'”™'" Detailed struc-
tural investigations by neutron diffraction'? evidenced the
polymorphic structure of (Na;,;Bi,,,)TiO; (NBT) that, above
810K, belongs to the cubic symmetry (space group Pm3m),
while below 810K and down to about 600K, a tetragonal
P4bm phase is established and further transforms into the
rhombohedral R3c ground state; the boundaries between
these states are not sharp, and broad regions of phase coexis-
tence have been found.'”

A systematic x-ray diffraction study (XRD)'? of the evo-
lution of crystallographic phases with x evidenced significant
differences between the unit cell parameters of poled and
unpoled samples. A morphotropic phase boundary (MPB) at
0.06 <x<0.08, previously identified by different techni-
ques,"* has been confirmed.

The evolution of the domain structures with x has been
investigated with piezoresponse force microscopy (PFM)
and transmission electron microscopy (TEM).'*'> It has
been found that, with increasing of x, the size of polar nano-
regions (PNRs), already present in NBT,'® is refined and
their self-organization is enhanced. Domain morphology and
crystal structure have been investigated with TEM’ for com-
positions x =0.04-0.11, below and around MPB. Thus, it
was found that below 0.06, the ground state of unpoled sam-
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ples has rhombohedral R3c symmetry with ferroelectric
domains of about 100 nm, while only nanodomains with tet-
ragonal P4bm symmetry have been evidenced in the compo-
sitions 0.07 <x <0.09. Above MPB, samples with x=0.11
displayed large lamellar ferroelectric domains with tetrago-
nal PAmm symmetry. Hot stage TEM'’ on x=0.06 and
x=0.11 samples evidenced that both ferroelectric R3¢ and
P4mm domains transform, above a temperature called depo-
larization temperature (Ty4), in ferrielectric P4bm nanodo-
mains, which further gradually evolve into Pm3m cubic
structure.

The MPB itself is rather elusive, is placed at different x
values by different authors, and very recent studies'® have
established its strong dependence on the electrical poling.

Dielectric investigations'>"'*2° evidenced a ferroelec-
tric phase transition at T4 and a broad maximum at T,,, not
related to any structural transformation. Both T, and Ty vary
with x and with the polarization state of the samples. The
value of the dielectric constant is maximum for x in the
MPB range.'™

Previous anelastic measurements® on samples with
0<x<0.8 evidenced an elastic anomaly associated with
rhombohedral-tetragonal phase transition. This is extremely
sharp in NBT and occurs at a temperature T, much higher
than the ferroelectric transition T4. T, decreases rapidly and
merges with T4 at x =0.02-0.03, to become again separated
above x=0.06. A sharp elastic anomaly signals also the
cubic-tetragonal transition temperature T, in NBT. T drops
rapidly with x toward T,,, and the associated elastic anomaly
becomes very broadened for x > 0.05. This broad anomaly is
due to the large structural phase region where the tetragonal-
to-cubic-phase transition develops progressively, with the

© 2012 American Institute of Physics
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size and population of P4bm nanodomains decreasing with
increasing temperature, as evidenced by hot-stage TEM."”

In the light of these previous findings, we analyze our
results obtained from x-ray diffraction and complex dielec-
tric permittivity measurements on poled and unpoled sam-
ples with 0 <x <0.8, especially the dispersion at T,, and the
extension of ferroelectric phase on heating and cooling.

Il. EXPERIMENT

The ceramic samples of the composition (Na;;Bijn); - x
Ba, TiO; with x =0.0, 0.02, 0.03, 0.04, 0.05, 0.06, 0.065, 0.07,
0.075, and 0.08 have been prepared by a solid state reaction
synthesis, as previously described.® Stoichiometric amounts
of the starting oxides/carbonates were milled and mixed in etha-
nol, dried, and sieved. After heat treatment at 700-800 °C for
1 h, the powders have been isostatically pressed and sintered at
1150 °C for 2 h, in alumina crucibles sealed with NBT pack, to
avoid losses. The densities were about 98% of the theoretical
ones.

The crystalline structure of the samples was examined
with a PANalytical X’pert MRD diffractometer in conven-
tional Bragg-Brentano geometry using the filtered CukK,
(A=0.154 nm) radiation in a continuous mode. Each sample
was scanned through a 20 range of 20°-100° with a step size
of 0.02° and with a scanning time on step of 25s or 250s,
depending on the angular range.

The XRD spectra were analyzed with the PANALYTICAL
X’PERT HIGH SCORE PLUs software package. The crystalline
phases were identified using the data base provided by the
JCPDS-International Centre for Diffraction Data (ICDD).
Measurements have been performed both on poled and
unpoled samples.

The samples for dielectric measurements were silver
electroded and poled under an electric field of 3kV/mm in a
silicon oil bath at 120 °C for 30 min.

The dielectric measurements were carried out on poled
and unpoled samples in the frequency range 200 Hz-1 MHz
with an HP 4284A LCR bridge, by using a four wire probe
and an ac driving signal level of 0.5 V/mm. The dielectric
permittivity ¢ = ¢’ - i¢” was obtained from the measured val-
ues of capacitance and loss tan 0 = ¢”/¢’. The measurements
were made on heating and cooling at 1-1.5 K/min between
300 and 570K in a Delta Design climatic chamber (model
9023A).

lll. RESULTS AND DISCUSSION
A. Structural properties

Fig. 1 shows XRD spectra taken on unpoled samples
with different compositions (0 < x <0.8) while Fig. 2 shows
the results obtained on poled samples. As mentioned above,
the poled state is that achieved under a dc field of 3 kV/mm,
for all the compositions. It can be observed that the effect of
poling on rhombohedral (R)(x =0 - 0.05) and tetragonal (T)
(x=0.08) compositions is to increase the corresponding R
and T splittings, respectively. However, the most dramatic
difference is registered for the MPB compositions (repre-
sented in the graph by x =0.06), which, unpoled, shows a
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FIG. 1. Details from XRD spectra showing evolution of (111) and (200)
reflection peaks with composition in unpoled NBT-BT samples.

cubic structure, while poled shows splitting of the cubic
(111) reflection into (111) and (—111) peaks of the rhombo-
hedral (pseudocubic) phase and the splitting of the cubic
(200) reflection into (002) and (200) peaks of the tetragonal
phase. The observation of both R and T splittings indicate
coexistence of R and T phases (MPB) after poling. A
shoulder can be observed also near the (200) peak of poled
x = 0.05 composition (Fig. 2), indicating the appearance of a
tetragonal phase after poling.

The weak peak at 20 =~ 38.2° in Fig. 2 represents the
superlattice peak 1/2(311) indexed with respect to the pseu-
docubic cell. It is visible only in the reflection spectra corre-
sponding to poled samples. This superlattice reflection
corresponds, in Glazer’s notation,21 to aaa tilt system
(space group R3c). Its evolution with x can be followed bet-
ter in Fig. 3, where it can be observed up to x=0.06
composition.

| (a. u.)

38 40 42 44 46 48 50
26 (deg)

FIG. 2. The same as in Fig. 1 but for poled NBT-BT samples.
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FIG. 3. Details from XRD spectra of poled NBT-BT samples showing evo-
lution of 15 (311) superlattice reflection (marked by arrows) with x.

One must note that both 0.04 and 0.05 compositions
show R splitting on unpoled samples, as can be observed in
Fig. 4, where the fitting of the (111)/(—111) reflections for
0.05 composition is shown, and this splitting is further
increased by poling (Fig. 2).

Details corresponding to (111) (Fig. 5(a)) and (200)
(Fig. 5(b)) reflection peaks from the XRD spectra of poled
and unpoled samples with x =0.06 evidence better the trans-
formation of the cubic structure into R + T phase coexistence
(MPB) following the poling treatment.

x=0.05

I (a.u)

39.0 39.5 40.0 40.5 41.0
20 (deg)

FIG. 4. (111)/(—111) peak splitting in unpoled x = 0.05 sample.
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FIG. 5. (a) (111)/(—111) peak splitting in poled x =0.06 sample compared
with the (111) peak in the unpoled sample; (b) (002)/200) peak splitting in
poled x = 0.06 sample compared with the (200) peak in the unpoled sample.

In Fig. 6, the values of the tetragonal Af,, (upper graph)
and rhombohedral A6y, (lower graph) splittings derived from
the (200) and (111) peaks splittings, on poled (empty sym-
bols) and unpoled (full symbols) samples have been plotted
as a function of x. Star symbols represent results on two R
(x=0.03) and T (x =0.07) compositions taken from Ref. 13.
It can be observed that the highest increasing of splittings of
poled samples with respect to unpoled is obtained for x in
the MPB region. An important increase of the rhombohedral
A6y, splitting is obtained also for NBT, while smaller varia-
tions are registered for compositions in the range
0.03 +0.05.

B. Dielectric spectra
1. MPB compositions

Fig. 7 shows real ¢ and imaginary ¢’ permittivities ver-
sus temperature, measured on an unpoled 0.06 sample at five
frequencies in the range 200 Hz—1 MHz, both on heating and
cooling. No thermal hysteresis between heating and cooling
curves can be observed. On the graph, T,, marks the temper-
ature of the dielectric permittivity maximum, which shifts
with frequency o increasing towards higher temperatures, a
behavior typical for relaxor ferroelectrics.>** Indeed, a key
feature of relaxors is the appearance of a broad temperature
and frequency dependent maximum of the dielectric
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FIG. 6. Tetragonal A0, (upper graph) and rhombohedral Af,;, (lower graph)
splittings obtained from the (200) and (111) peaks splittings, on poled
(empty symbols) and unpoled (full symbols) samples as a function of x. Star
symbols represent results on two R (x =0.03) and T (x =0.07) compositions
taken from Ref. 13.

permittivity & (w,T) as well as the absence of long-range fer-
roelectric order in zero field at any temperature.’>** On the
graphs, Ty is the Vogel-Fulcher (VF) temperature®*** that
will be further discussed. No other anomaly excepting the
broad peak at T,,, has been found.

Dielectric measurements on x =0.06 poled samples are
shown in Fig. 8. The heating curves display mainly a ferro-
electric transition from a ferroelectric phase at low tempera-
ture to a relaxor phase at the temperature marked by Ty,
identified by a kink. Temperature T, has been identified by
anelastic measurements® as the temperature of transition
from R to T phase.

Similar dielectric behavior is shown also by other sam-
ples in the MPB region.

Dielectric measurements on x =0.08 samples show also
differences between unpoled (Fig. 9) and poled (Fig. 10)
samples. The kink in the ¢ and &’ curves for poled samples
(Fig. 10) indicates the transition from ferroelectric to relaxor
phase. Although tetragonal as structure, the dielectric behav-
ior of this sample is similar to MPB compositions, therefore
we preferred to discuss its behavior in this context. We
return latter to this point.

The relaxor behavior found in MPB compositions is
obviously due to the existence of polar nanoregions, directly
evidenced by TEM.”** This picture corresponds also to Ref.
24, where bright field TEM image of a x=0.06 unpoled
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10000 T T T | T T T ]

- | unpoled

6000 |- ]

Two [ ]

4000 - |

2000 | S ]

[ — 200Hz | ]

ok —— 1KHz ]

800 - —— 10kHz 7

—— 100 kHz
1 MHz

600 - 1
o TVF

400 - g

200 | ' g

300 350 400 450 500 550
T (K)

FIG. 7. Real ¢ and imaginary ¢” permittivities versus temperature, measured on
an unpoled x = 0.06 sample at five frequencies in the range 200 Hz—1 MHz, both
on heating and cooling.

sample at room temperature revealed only a grainy contrast
and no trace of ferroelectric domains, while selected area
electron diffraction (SAED) on the same region revealed that
each grain had a trace of R3c and tetragonal P4bm symme-
try, indicated by the presence of !A(000) and !A(ooe)
(o =o0dd and e =even) superlattice reflections. These regions
must have nanoscale dimension, since no splitting in XRD
reflections was detected, like in our Fig. 1 (curve correspond-
ing to x =0.06 sample). TEM bright field images reported in
Ref. 7 shown that the ground state of MPB samples x = 0.07
and x =0.09 was formed only by nanodomains. Moreover,
SAED patterns on the same area exhibited !/ (ooe) spots
along the [111] zone axis, characteristic of the P4Abm symme-
try with a’a’ " oxygen octahedron tilt. Our unpoled x = 0.06
sample could have a similar ground state, formed only of
nanodomains, since its XRD patterns reveals a pseudocubic
structure with no significant distortions (Fig. 1).

Moreover, according to Ref. 7, our unpoled x=0.08
sample should have a ground state formed of P4bm nanodo-
mains. This would be in agreement with the relaxor behavior
displayed in Fig. 9, but in contradiction with XRD spectra,
which shows that the system has already a tetragonal split-
ting in the unpoled state (Fig. 1). We presume that the
ground state of this system could be a mix of P4bm nanodo-
mains and P4mm lamellar domains, somehow like in
x=0.11 samples investigated in Ref. 7, but with smaller
concentration of P4Amm phase. The tetragonal P4Amm phase
could be in sufficient amount to be revealed in XRD spectra
by the splitting of (200) peak (one must note however the
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FIG. 8. The same as in Fig. 7, but on a poled x =0.06 sample. The short
arrows near the curves mark the heating and cooling.

broad aspect of this peak in Fig. 1) but not enough to estab-
lish a ferroelectric state. A similar effect concerning tetrago-
nal distortion in x = 0.08 unpoled samples was observed also
in Ref. 13.

With this picture in mind, the dielectric spectra of the
MPB compositions in Figures 7 and 9 can be understood.
The relaxor behavior revealed in these plots is due to the
dielectric response of the system of interacting PNRs and
their thermal evolution.”?** At high temperatures, the PNRs
are mobile and their behavior is ergodic. On cooling, their
dynamics becomes very slow, and at the freezing tempera-
ture, the PNRs are frozen in a non-ergodic (glassy) state. A
broad peak is measured in the dielectric response, and the av-
erage symmetry of the glassy state is cubic.

Relaxor dynamics is characterized by a broad distribu-

tion of relaxation times and the divergence of the longest

E,
relaxation time according to VF law t© = 19" "vr) or, in
terms of frequency,

_E,
® = wpe v, (1

E, is the activation energy for the polar cluster reorientation,
Tvr is the Vogel-Fulcher or freezing temperature, and w is
the attempt frequency. The VF law has been experimentally
observed, besides relaxors, in many other complex systems
like magnetic spin glasses, electric dipolar glasses, polymers,
and a model has been proposed for relaxor ferroelectrics by

J. Appl. Phys. 112, 124106 (2012)
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FIG. 9. Real ¢ and imaginary ¢” permittivities versus temperature, measured on
an unpoled x = 0.08 sample at five frequencies in the range 200 Hz—1 MHz, both
on heating and cooling.

introducing a mesoscopic mechanism for the growth of
PNRs with decreasing temperature.*

The usual way to extract the characteristic quantities
from the dielectric permittivity ¢(w,T) is to obtain the dielec-
tric maximum temperature T, at each measurement fre-
quency o and to make a fitting of w(T,,) data with Eq. (1).
The obtained parameters for three of our compositions,
x=0.04, x =0.06 and 0.08 samples are listed in Table I, to-
gether with results from literature regarding a classical
relaxor, Pb(Mg1/3Nb2/3)O3 (PMN)26 and Pb(SC1/2Nb1/2)03
(PSN).27 (The x =0.04 sample and PSN will be discussed in
Sec. IIIB 2). It can be observed that the activation energy
and attempt frequency values are in the order of magnitude
of those found in PMN.

In Fig. 11, the experimental data are represented as
1/(Tn-Tyg) versus o for each sample. The continuous lines
are the results of fitting with VF law. The experimentally
determined Tyg temperatures for each composition are
marked by arrows in Figures 7 and 9.

The nonergodic phase of a relaxor ferroelectric can be
transformed into a ferroelectric state by poling with a dc
electric field (higher than a certain threshold value E, spe-
cific for each composition), but upon heating the ferroelec-
tric state transforms back into the nonergodic state at the
temperature Tq.?2® This is what is observed in Figures 8
and 10 for x =0.06 and 0.08 poled samples. The ferroelectric
state below Ty shows very small dispersion, unlike the
relaxor state above Ty. A structural transformation accompa-
nies also the poling process, as previously discussed. The
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FIG. 10. The same as in Fig. 9, but on a poled x =0.08 sample. The short
arrows near the curves mark the heating and cooling.

x=0.06 sample transforms from almost cubic to a state of
coexistence of T and R phases. Thus, the structural field-
induced phase transition is a consequence of a microdomain-
to-macrodomain transformation, which occurs when a
ferroelectric relaxor state, or a system of interacting PNRs, is
transformed in a ferroelectric state by poling.

Depending on the sample state (unpoled or poled), dif-
ferent transformation stages are expected during heating,
starting from the low temperature state formed by P4bm
PNRs (unpoled state), or R3¢ and PAmm normal ferroelectric
domains (poled state). In the unpoled state, the PNRs are
visible only in the SAED patterns. In the poled state, the
macroscopic phases give rise to splittings of the (111) and
(200) pseudocubic peaks in the XRD patterns. This is visible
also in the dielectric measurements, which show increased
dispersion in the low temperature range due to the PNRs sys-
tem in the unpoled sample (Fig. 7) but very small dispersion
in the normal domain state of the poled sample (Fig. 8, heat-
ing curves). On increasing temperature, in the unpoled sam-

TABLE I. Activation energy E,, attempt frequency, and freezing tempera-
ture obtained from fitting with Vogel-Fulcher law.

Sample Ea (meV) wo (Hz) Tve (K)
NBT-BT, x = 0.04 29 5.9x 10" 408.6
NBT-BT, x = 0.06 120.5 3.8x 10" 356.7
NBT-BT, x = 0.08 161 6.6x 10" 369.3
PMN 78.5 10" 217
PSN 18 3.5%x 10" 368

J. Appl. Phys. 112, 124106 (2012)
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FIG. 11. Experimental data w(T,,) represented as 1/(T,,-Tyg) versus o for
different compositions. The continuous lines are the results of fitting with
Vogel-Fulcher law.

ple, there is a thermal evolution of the interacting PNRs
system, reflected in the broad maximum of dielectric permit-
tivity (Fig. 7). The inverse process occurs on cooling. In the
poled sample (Fig. 8, heating curves), at T4, the R3c
+P4mm polar domains break into PNRs and the ferroelectric
induced state returns relaxor above T4. On increasing tem-
perature, the PNRs system evolves further, giving rise to the
broad maximum at T,. On cooling, the ferroelectric
extended phase is not reached due to the strength of the local
random fields, and the system remains in the relaxor phase.

A similar evolution is displayed also by x =0.08 sam-
ple, with the difference that the ground state of the poled
sample is formed by the macroscopic induced P4mm ferro-
electric domains which transform in P4bm nanodomains at
Td.

2. Rhombohedral compositions

Fig. 12 shows the dielectric curves for x =0.04 samples
measured during heating and cooling, on poled and unpoled
specimens at five different frequencies between 200 Hz and
1 MHz. T4 marks the depolarization temperature on heating
and T, the ferroelectric transition on cooling. Ty is higher on
poled than on unpoled samples. T,, marks the temperatures
of the dielectric permittivity maxima, which shift with fre-
quency increasing towards higher temperatures, although
this shift is smaller than for MPB compositions.

It has been observed in XRD spectra (Figures 1 and 2)
that there is not a qualitative difference between poled and
unpoled samples for rhombohedral compositions. This is
reflected also in the dielectric spectra shown in Fig. 12. The
sample is in the ferroelectric state below T4 in both unpoled
and poled states, and only the value of Ty is displaced
towards higher temperature in the case of poled sample.
However, we must note the higher values shown by dielec-
tric permittivity dispersion and loss in the ferroelectric state
by the unpoled sample. This aspect is common to all meas-
ured rhombohedral compositions. It has been shown by
detailed TEM and PFM studies that the ground state of these
compositions is not pure ferroelectric R3c state, but is an in-
homogeneous state, where R3c domains are mixed with Pbm
nanodomains of refined size and higher concentration on
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FIG. 12. Dielectric curves for x =0.04 samples measured during heating
and cooling, on poled and unpoled specimens at five different frequencies
between 200 Hz and 1 MHz. The short arrows near the curves mark the heat-
ing and cooling.

increasing x content toward MPB.'%-13 Thus, the presence of
P4bm nanodomains in the R3c phase could be the origin of
the dispersion in the ferroelectric state of the unpoled sam-
ples. During poling, the PAbm nanodomain phase transforms
into the macroscopic ferroelectric R3¢ phase.'® We presume
that this transformation is responsible for both T increasing
and absence of dispersion in the ferroelectric state of poled
samples.

Let us look now at the dielectric behavior above Tj.

It has been shown by in situ TEM'” that the volume
occupied by R3c complex domains on heating above Ty
shrinks gradually in favour of a phase formed by nanodo-
mains with P4bm symmetry (as confirmed by SAED dif-
fraction patterns showing !/h(ooe) spots). Moreover, a
correlated electron diffraction and in situ neutron diffrac-
tion study on x = 0.04 samples'® showed the disappearance
of the reflections 1/2(000) typical of the rhombohedral R3¢
ferroelectric phase at Ty, only the reflections typical of a
pseudocubic phase being observed above this temperature.
Thus, with increasing temperature, the ground state of
rhombohedral compositions consisting of R3c ferroelectric
domains (with a minor phase of PNRs of P4bm symmetry,
but in progressive amount when x is approaching MPB
value) evolves to a state formed by PAbm PNRs above T.
The successive thermal evolution of PNRs system gives
rise to the increased dispersion above Ty and to the broad
dielectric peak at T, (Fig. 12).

J. Appl. Phys. 112, 124106 (2012)

On cooling from T > T, the inverse process occurs.
Increasing correlations between PNRs with decreasing tem-
perature as well as a slowing down of their motion gives rise
to the broad dielectric peak at T,,. Further thermal evolution
in a relaxor ferroelectric would result into freezing of the
system of PNRs at Tyg, as in MPB compositions. However
in x=0.04 (and other rhombohedral compositions) due to
less disorder and larger size of PNRs, strong correlations de-
velop between them, which collapse the relaxor state in a fer-
roelectric state at T., in what is called, alternatively, a
relaxor-to-ferroelectric (RF) or microdomain-to-macrodo-
main transition. The differences with the MPB compositions
is that in this case, the ferroelectric transition occurs without
an applied electric field, and is, therefore, called spontane-
ous. Spontaneous RF transitions have been found in different
disordered ferroelectrics, like (Pb, La)(Zr,Ti)O; (PLZT),*®
PSN?’ etc. It has been shown that these transitions are
accompanied also by structural phase transitions. In the case
of PSN, a pseudocubic-to-rhombohedral transformation
occurs on cooling at T.. This has been observed also in
x=0.04 NBT-BT samples by in situ neutron diffraction
study, which showed the disappearance of the reflections
1/2(000) typical of the rhombohedral R3¢ ferroelectric phase
at T4, only the reflections typical of a pseudocubic phase
being observed above this temperature. '’

In order to obtain information about the relaxor proper-
ties and the “missed” frozen state of the x =0.04 NBT-BT
sample, we have fitted the w(T,,) data obtained from dielec-
tric measurements with Vogel-Fulcher law (Eq. (1)). The ex-
perimental data are represented as 1/(T,,-Tyg) versus w in
Fig. 11. The continuous line is the result of fitting with VF
law. The obtained parameters are listed in Table I, together
with those corresponding to PSN.%’

The obtained freezing temperature Tyg=408.6K is
marked with an arrow on the dielectric curves in Fig. 12.
Remarkably, it shows that the freezing, would the slowing
down of PNRs motion continue as in a true relaxor, could
occur at a temperature in between T4 and T, within the ther-
mal hysteresis range of the ferroelectric transition, as
observed also in PSN.?’

Fig. 13 shows the dielectric curves for rhombohedral
compositions x =0.02, 0.03, 0.04, and 0.05 measured on
heating and cooling on unpoled samples, displayed only at
o/2n =10kHz, for clarity. The frequency dispersion of the
dielectric maximum at T,, was observed for all composi-
tions, although of decreased extension for lower x, but we
never observed the secondary maximum (hump) between Ty
and T,, as found by other investigators. However, similar
behavior as in our samples was reported also by other
authors.'>?

The increasing of the frequency dispersion and the
broadening of the dielectric maximum at T,, with x are
accompanied by the decreasing of the ferroelectric transition
temperatures, Ty and T., and the increasing of Ty-T.
difference.

In order to render more evident the relationship between
the relaxor properties and the thermal hysteresis of the ferro-
electric transition, we have plotted in Fig. 14 the dispersion
at T, AT,=Tn(ws)-Ty(w;), @, and @5 being the
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FIG. 13. Dielectric curves for rhombohedral compositions x =0.02, 0.03,
0.04, and 0.05 measured on heating and cooling on unpoled samples, at
w/2n =10kHz.

frequency limits of the measurement range, and the thermal
hysteresis ATy=Tg-T., versus x. It can be observed that
both increase with x content. AT, represents the strength of
the relaxor character and ATy is related to the nucleation of
the relaxor/ferroelectric phase during heating/cooling. They
are both conditioned by the degree of correlations between
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FIG. 14. The dispersion at T,, AT, = T,(w5)-Trm(®1), w1 and ws being the
frequency limits of the measurement range, and the thermal hysteresis of Ty,
ATy =TgT,, versus x.
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ferroelectric clusters. However, more investigations are nec-
essary to better understand their dependence on composition.

IV. CONCLUSIONS

We have investigated the relaxor properties and the ferro-
electric phase transitions of lead-free (Na,;;Bi;); — xBayTiO3
ceramics, with 0 < x < 0.08. Electric field-induced and sponta-
neous relaxor-ferroelectric phase transitions have been found
in MPB and, respectively, in rhombohedral compositions. The
frequency dispersion of the dielectric peak at T,, has been
analysed with Vogel-Fulcher law. The activation energy and
attempt frequency for the MPB compositions are similar to
those typical for classical relaxors like Pb(Mgy;3
Nb,,3)O3, while for rhombohedral compositions, they are of
the order of magnitude of those found in relaxor ferroelectrics
with spontaneous relaxor-ferroelectric phase transitions, like
PSN. The Vogel-Fulcher temperature for rhombohedral com-
positions lies within the hysteresis range of ferroelectric tran-
sition. It has been found also that both the relaxor dispersion
at T,,, and the hysteresis of the ferroelectric transition increase
with x content.
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