J Mater Sci (2009) 44:5420-5427
DOI 10.1007/s10853-009-3686-2

FERROELECTRICS

Relaxor behavior of (1 - x)BaTiO3—x(Bi3/4Na1/4)(Mg1/4Ti3/4)O3

(0.2 £ x £0.9) ferroelectric ceramic

Liying Wu - Xiaoli Wang - Jimmy H. Wang -
Ruyan Guo - Amar S. Bhalla

Received: 21 May 2009/ Accepted: 13 June 2009/ Published online: 30 June 2009

© Springer Science+Business Media, LLC 2009

Abstract The (1 — x)BaTiO3—x(Bi3/4Na1,4)(Mg1/4Ti3/4)03
(0.2 < x < 0.9) ceramics were prepared by conventional
solid-state reaction route. Their dielectric properties were
found to follow a modified Curie-Weiss law and an empir-
ical Lorenz-type relation in respective temperature regions.
Their dielectric relaxation times fit well with the Vogel-
Fulcher relation for x = 0.2, 0.3, and 0.4. For x = 0.5, 0.6,
0.7, and 0.8, however, the fitting curves of Vogel-Fulcher
relation showed certain deviation from the experimental
data. Based on the theoretical treatment of Landau—Gins-
burg—Devonshire theory, an approximate treatment of the
E-field dependence of the permittivity was adopted and
found to describe well the field dependence of the permit-
tivity for x = 0.3 at temperatures equal to and below T,
(temperature of maximum dielectric permittivity). A com-
bined Langevin-type expression used in the present work
appears to give a good account for the field dependence of
the permittivity, assuming polar regions are of a statisti-
cal cluster size. For polar clusters of linear dimension
L ~ 4-8 nm for instance, the fitted values of polarization
are in the range of P ~ 6.2-9.8 pC/cm?>.

Introduction

Cationic substitutions on the A- or B-site in the barium
titanate (BT), an environmental friendly lead-free material,
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have received renewed attention for the purpose of tailor-
ing the ferroelectric relaxor properties. A wide range of
frequency-agile properties such as high dielectric permit-
tivities (for tunable multilayer ceramic capacitors) and high
electromechanical strains (for wide bandwidth actuators)
can be then obtained. In recent years, despite remark-
able progresses on studying fundamental physics of relaxor
have been achieved [1, 2], the mechanism leading to the
relaxor behavior is still an issue open for interpretation. In
a classical relaxor, e.g., Pb(Mg;,3Nb,3)03 (PMN) [3],
there is a local imbalance of ionic charge due to Mg*" and
Nb>* occupancies at the B-site giving rise to intense ran-
dom fields. Isovalent substitution, on the other hand, does
not lead to such a local charge imbalance. It is well dem-
onstrated in the BaZr,Ti,_,O5 (BZT) system [4—6] that the
relaxor behavior evolves gradually with the increases of the
isovalent substitution of Ti*" for the Zr*" ions in the BZT.
In solid solution Ba;_,Sr, TiO5; (BST) where Sr** substi-
tutes for Ba>" in BaTiOs, reports suggested that the per-
mittivity related to the rhombohedral transition of BT
shows relaxor features for x > 0.12[7-9]. Complex hetero-
valence ion substitutions on both A- and B-sites of the
perovskite oxide (Bizs Naju)(Mgy4Tiz4)03 (BNMT) also
show a ferroelectric relaxor-type behavior (frequency
dependent broad dielectric peaks) around its ferroelectric to
paraelectric phase transition temperature [10]. The (1 — x)
BT-xBNMT system (x = 0-0.3) exhibits a pinched phase
transition at x = 0.2, i.e., all the three transitions corre-
sponding to pure BT are merged or pinched into one broad
peak of relaxor-type [11].

In the present investigation on (1 — x)BT-xBNMT (x =
0.2-0.9) ceramics, gradual evolution of the relaxor behavior
was observed with increasing substitution of BNMT in BT.
The electric field dependent permittivity of a selected
composition (x = 0.3) has been studied. One broad relaxor-
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type frequency-dependent dielectric peak was observed
for each of all the compositions studied in 0.2 < x < 0.9;
however, more than one loss peaks were observed for these
compositions. The dielectric relaxations in compositions
0.2 < x < 0.9 were found to follow Vogel-Fulcher rela-
tion (VF) [12—14]. Based on the dielectric studies of (1 — x)
BT-xBNMT ceramics, the observed relaxor behavior is
hypothesized by the formation of polar BNMT in the polar
0.8BT-0.2BNMT (relaxor-based) matrix. It is suggested
that more than one type of polar nanoregions (PNRs) give
contributions to the system until the concentration (perco-
lation) limits are reached. If the concentrations of all PNRs
are high enough to establish long-range interactions, the
composite shows a combined relaxation behavior. The
theoretical treatment of Landau—Ginsburg—Devonshire
(LGD) theory [15-18] and its approximate treatment of
the E-field dependence of the permittivity are discussed in
this article. Langevin theory [19] is also introduced in
combination with LGD to describe the relaxor behavior
observed.

Experimental procedures

The samples of (1 — x)BT-xBNMT ceramics (x = 0.2-0.9)
were prepared by a solid-state reaction technique. X-ray
diffraction analysis was carried out using Shimadzu XRD-
6000 (Cu-Ko radiation, 20 ~ 20-80°) to identify the phase
purity of the samples. Gold electrodes were sputtered on the
ceramic samples for dielectric measurements. The dielectric
constant and tangent loss of each sample were measured in
two temperature segments, i.e., a cryogenic system for low
temperature range (20-300 K, 2 K/min) and a temperature-
controlled chamber for high temperature range (300-600 K,
2 K/min). Dielectric data were measured using HP 4284A
LCR meter from 100 Hz to 1 MHz and the data were pre-
sented in a combined temperature scale.

For electric field dependent dielectric properties, a DC
voltage was applied to the samples and a blocking circuit
was adopted to separate the high DC voltage and the LCR
meter. At each temperature, the sample was allowed to
reach thermal equilibrium (holding for 15 min) before the
field dependence of the dielectric constant and loss data
were acquired.

Results and discussions
XRD pattern
Figure 1 shows X-ray diffraction (XRD) patterns of the

(1 — x)BT—x BNMT ceramics (0.2 < x < 1) at room tem-
perature. All the results were verified to be single-phase
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Fig. 1 X-ray diffraction (XRD) patterns of the (1 — x)BT-xBNMT
ceramics (0.2 < x < 1) at room temperature. All the results were
verified to be single-phase perovskite pseudo-cubic structures

perovskite structures and can be fitted as pseudo-cubic
symmetries within experimental resolution.

Dielectric behavior of (1 — x)BT-xBNMT ceramics
system (x = 0.2-0.9): frequency dependence

The frequency dependence (100 Hz—1 MHz) of permit-
tivity (¢') and loss of (1 — x)BT-xBNMT ceramics, with
x =0.9, 0.8, 0.6, 0.4, 0.3, and 0.2, are shown in Fig. 2a.
One frequency dispersion peak was observed around the
T,, (where the dielectric maxima occur) of ¢ for all these
compositions. Like all ferroelectric relaxors, it is observed
that ¢ decreases with increasing frequency at a given
temperature. In addition, 7, shifts to higher temperatures
with increasing frequency for x = 0.2-0.9. The frequency
dispersions for x = 0.9 and x = 0.8 at T, are less pro-
nounced than that of the other compositions. It is also
evident that from Fig. 2a, dielectric losses show more than
one peaks for 0.9 < x <04 (marked as A and B in
Fig. 2a). For x = 0.2, the dielectric loss curve shows one
peak and the peak temperature increases with increasing
frequency, which is typical for ferroelectric relaxors. For
x = 0.6-0.8, the dielectric loss curves show more than one
peaks including an additional ripple right below T}, (where
the dielectric loss maxima occur). It is observed that below
150 K, there is almost no frequency dispersion in loss for
x = 0.6-0.8. Figure 2b shows T,, as a function of com-
position (x = 0.2-0.9) at 10, 100, and 1,000 kHz, respec-
tively. It is observed that T, for x = 0.2-0.9 increases with
increasing x for all three frequencies. Moreover, the fre-
quency dispersion of the Ty, versus x seems to increase with
x initially and tapered off before diminishes at x ~ 0.9.
Further investigations are in progress to understand the
relation of T,,, versus composition at different frequencies.

@ Springer



J Mater Sci (2009) 44:5420-5427

0.2 |

s ’ _—
Tm "
0 8 =

&
4008
x=0.3 0.2
T'H
2000; 0.1
= 0.0
4000 | 0.2
x=0.2 -
g 0.1
2000 :
0.0}
On""}'n_o"ﬁoﬁﬁ”?’nﬁ“éﬁﬁ“&ﬁ”ﬁw 0 100 200 300 400 500 600 700
K T(K)
b
(b) o
sw -
— m E
€ |
- 450 |_.-
400 + ® 1000 kHZ
® 100 kHz
A 10 kHz
3w -\‘. 4"
300 W PR | . | 1 1 . 1 1 PR |

02 03 04 05 06 07 08 09 10
X(BNMT content)

Fig. 2 a Dielectric constants and losses as functions of temperature
and frequencies for (1 — x)BT-xBNMT compositions. Dielectric
maxima are denoted as T, and loss maxima are denoted as T,,,'. Two
local peaks from loss charts are denoted as A and B. The arrows point
to the direction of increasing frequencies. b 7,, as a function of
BNMT content in (1 — x)BT-xBNMT ceramics system at 10 kHz,
100 kHz, and 1 MHz, respectively
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Characteristics of dielectric peaks in (1 — x)BT-
xBNMT ceramics system (x = 0.2-0.9)

To describe the “diffuseness of the phase transition” of
relaxor ferroelectrics, a modified Curie-Weiss law [20]
was adapted as:

11 (T-T,)
P "

where C; is the modified Curie-Weiss constant and 1 <
y < 2. The value y evolves from y = 1 for Curie—Weiss
behavior to y = 2 for ideal relaxor ferroelectric behavior.
Although there is no macroscopic phase change, this empir-
ical relation permits one to find a set of best fitted param-
eters to describe most ferroelectric relaxors. The fitted
values, y, of the experimental data (1 — x)BT-xBNMT
(x = 0.2-0.9) at 10 kHz, are listed in Table 1. The fitted
curves are shown in Fig. 3, for compositions x = 0.2-0.9,
respectively.

As seen recently from a number of reported relaxors [21,
22], the slope of ¢ at T > T, can be scaled with the
empirical Lorenz-type relation:
ea (T —Ty)?

T .
where Th (<Ty,) and e5 (>¢,,) are the fitting parameters
defining the temperature and magnitude of the Lorenz
peak. o represents the degree of diffuseness of the peak.
This equation gives a more agreeable description of
the experimental data than the previously used relation
%"‘ —1= (T;;'")' [23]. It describes the static conventional
relaxor susceptibility, which provides the dominant con-
tribution to the permittivity peak at temperatures above the
temperature of the dielectric maximum. In the close
vicinity of the peak temperature and below, the magnitude
of permittivity drastically decreased due to the on-set of
long range order in polarization that curbed contribution
from relaxor behavior. All the samples show good agree-
ments to this formula above T,,,. A curve fitted by Lorenz-
type relation for 0.8BT—0.2BNMT ceramic is shown in
Fig. 4 as an example. An excellent fit is obtained for 386 K
and above (a little higher than T}, = 376.6 K). It is sug-
gested that the deviation of experimental data from the
Lorenz relation near T, is mainly due to the relaxor

Table 1 Fitting values of y using 7y, and &, at 10 kHz for various
compositions in (1 — x)BT-xBNMT (x ~ 0.2-0.9) ceramics system

X 0.9 08 0.7 0.6 0.5 04 03 0.2

y 1.86 187 190 1.8 178 185 175 1.72

Twm (K) 5729 546 506.6 4724 430.2 400 364.5 342.1
Em 2517 2343 2725 3155 1751 2386 2410 2832
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Fig. 3 Plots of In(1/e — 1/ey,) versus In(T — T,,) for a 0.3BT-
0.7BNMT and b (1 — x)BT-xBNMT ceramics (x = 0.2-0.9). Sym-
bols denote experimental data and solid lines denote fitted trends
using Eq. 1. The inset of (a) shows the plot of 1/¢ versus T for 0.3BT-
0.7BNMT. The solid line, fitted according to the Curie—Weiss law
(1/e = (T — 0)/C, where C is the Curie constant, and 0 is the Curie—
Weiss temperature) is valid at 7> T,

dispersion, which becomes significant below 386 K. T
(337.4 K) is 39.2 K lower than T,, (376.6 K), and the cal-
culated (T,,, — T») is larger than the typical relaxors PMN
[22] or BST [24] (2-8 K). The frequency independent
parameter  can be used to characterize the width (disper-
siveness) of the permittivity peak. The variations of é and y
as functions of x are illustrated in Fig. 5. It is observed from
Fig. 5 that with increasing BNMT contents there is a bi-
modal distribution of y values. It is also observed that &
versus x has the same trend as y versus x. The fitted
parameters to the Lorenz relation for (I — x)BT-xBNMT
ceramics samples (x = 0.2-0.9) are listed in Table 2.

The degree of relaxation (in the frequency range
100 Hz-100 kHz) can be described by the parameter
AT e1ax aS:
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1
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Fig. 4 Dielectric constants of 0.8BT-0.2BNMT as a function of
temperature at 100 kHz. The solid line represents the fitting to the
Lorenz-type relation. The wupward arrow indicates the point of
deviation upon decreasing of the temperature
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Fig. 5 The 6 and y of (1 — x)BT-xBNMT (x = 0.2-0.8) ceramics.

The upward arrow at x = 0.2 indicates the onset of the relaxor
behavior

Table 2 Summary of the fitted parameters of the Lorenz-type rela-

tion :(7 for the dielectric peaks of (1 — x)BT-xBNMT
ceramics

Composition x(BNMT) EA Ta (K) J (K)
0.8 2352 482 252%
0.7 2752 473 334°
0.6 2880 472 275.2
0.5 1723 450.7 239
0.4 2370 409.5 241
0.3 2362 366.4 217.9
0.2 2751 337 171.7

* The fittings are carried out in the temperature range from Ty, to
110 K above the Ty,

@ Springer
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Fig. 6 The degree of relaxation (ATielax = T, (100kttz) — Tin(100112) )
of (1 — x)BT-xBNMT (x ~ 0.2-0.8) ceramics

ATe1ax = T:,.(100Hz)- (3)

Figure 6 shows the calculated AT, for (1 — x)
BT-xBNMT (x = 0.2-0.9) ceramics. The results show that
AT ,1ax has a systematic decreasing trend with increasing x.

em(100kHz) —

Temperature dependence of the relaxation time
in (1 — x) BT-xBNMT ceramics system (x = 0.2-0.9)

It is believed that the so called polar nanoregions (PNRs)
exist in the vicinity of Ty, in any classical ferroelectric
relaxor system. Each of those PNRs has a net polarization
(Ps) with a characteristic relaxation time (7) controlled by
its local field configuration and its characteristic size. The
energy barrier that prevents the switching of nano polari-
zation states decreases as the size of the PNRs decreases.
When the barrier height is low enough and becomes
comparable to the thermal energy (kT), the directions of P
fluctuate. In addition, the fluctuation of PNRs slows down
(t increases) with decreasing temperature [25]. It is pro-
posed that the short-range interactions between the PNRs
control the fluctuation of Py, leading to its freezing at a
characteristic temperature (freezing temperature). Similar
to the spin glass systems the relaxation time (7) in relaxors
can be described by VF relation:

T = 1,exp|—E/kg(T — Tyg)] (4)

where 7 is the relaxation time, 7, the pre-exponential fac-
tor, E the activation energy for relaxation, kg the Boltz-
mann’s constant, and 7Tyg the VF freezing temperature. As
shown in Fig. 7, the temperature dependence of relaxation
time fits well using VF relation for (1 — x)BT-xBNMT
ceramics with x = 0.2, 0.3, and 0.4. However, for x = 0.5,
0.6, and 0.7, the fitted curves showed slight deviation from

@ Springer

the experimental data. Although the curve fitted for
x = 0.5, 0.6, and 0.7 are not ideal, the resulted E, Ty, and
To are still reasonable. As x increases to 0.8, the deviation
diminishes but the fitted value Ty is outside of the rea-
sonable range. It is suggested from the aforementioned
results that there are different types of relaxation phe-
nomena occurring in these two composition regions.

In a previous study [11] of (1 — x)BT-xBNMT ceram-
ics (x = 0-0.2) system on the crossover from normal fer-
roelectric to relaxor, it was shown that the relaxor behavior
can be induced from the normal ferroelectric BT by an
incorporation of BNMT; and that the ferroelectric relaxor
behavior occurred at x = 0.2. The (1 — x)BT-xBNMT
ceramics in the range of x = 0.2-0.9 can be considered as
two interwoven ferroelectric relaxors, pure BNMT as a
discrete phase and (0.8BT-0.2BNMT) as the matrix. This
is an analogy of the case of BZT [26] system in which the
polar ferroelectric BT distributes into the non-polar
BaZrO; matrix, leading to the resulted dielectric charac-
teristics. From previous studies of solid solution BZT, the
temperature dependence of relaxation time fits well with
VF relation for all of the BZT compositions that show
relaxor behavior. The BZT system shows a gradual evo-
lution of relaxor behavior with increasing content of polar
BT in nonpolar BaZrO; [2, 27]. The mutual interaction
among the polar regions, as well as the interaction between
the polar and non-polar regions could be the source of
random field, which induces the relaxor behavior [27].

Unlike BZT, both end members for (1 — x)BT-xBNMT
are polar. In the range of 0.5 < x < 0.9, the deviation from
the VF relation can be hypothesized by the existence of
more than one types of polar mechanism induced by the
polar BNMT in the polar 0.8BT-0.2BNMT (relaxor)
matrix. Alternatively, it can be stated that the deviation
from the VF relation is due to multiple PNRs co-contribute
to the resulted properties of the system after the concen-
tration (percolation) threshold of each kind is reached. The
resulted properties are the combination of relaxation
behaviors contributed by each type of PNRs. However, in
the range of 0.2 < x < 0.4, the relaxation behavior is
dominated by PNRs from 0.8BT—0.2BNMT, thus the curve
fitting results in this region show good agreement with VF
relation. Also when BNMT content increases, the activa-
tion energy decreases, and the freezing temperature and the
relaxation time 7 increase.

The fitting parameters of the VF relation of all compo-
sitions are summarized in Table 3.

Dielectric behavior of (1 — x)BT-xBNMT ceramics
system: bias E-field dependence

The electric-field dependence of the permittivity of x = 0.3
at 100 kHz was measured from 19 to 105 °C and shown in
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Table 3 Summary of the Vogel-Fulcher fitted parameters of (1 — x)BT-xBNMT ceramics

Activation energy (E,) (ev) Preexponential factor (1) (s)

Composition Freezing temperature (7yg) (K)
0.2BT-0.8BNMT 542.12 £ 0.25
0.3BT-0.7BNMT* 493.70 + 2.0
0.4BT-0.6BNMT* 473.79 + 0.76
0.5BT-0.5BNMT 334.22 + 4.32
0.6BT-0.4BNMT 300.83 £+ 18.77
0.7BT-0.3BNMT 142.76 £+ 5.96

0.8BT-0.2BNMT 104.43 £ 30.56

0.011 3.9 x 1078
0.059 4 x 1078
0.011 9 x 1078
0.1239 1 x 107"
0.124 1 x 1071
0.467 0.35 x 107"
0.496 0.17 x 107"

# Notable deviations from the experimental data were observed in the fitted results

Fig. 8. It is observed that ¢ decreases non-linearly with the
increasing electric field from 0 to 30 kV/cm.

The thermodynamic phenomenological treatments of the
DC E-field dependence of & in polar dielectrics are
established in the framework of LGD theory. According to
LGD thermodynamic approach, for a polarizable but non-
deformable crystal, the free energy can be written as [28,
29]:

Boa | Vpe

ZP + EP +ey
where o = C(T — Ty) = 1/ege(0) is a temperature-depen-
dent coefficient, T;, the Curie—Weiss temperature, ¢, the
permittivity of free space, ¢/(0) the relative dielec-
tric constant at zero field, P polarization, and f and y the

G(P,T) = G(0,T) + %PZ + (5)

coefficients independent of temperature. Notice that the
coefficient y in Eq. 5 is not the same as that in modified
Curie—Weiss relation. The Eq. 5 after introducing Johnson’s
assumption [29] of a small polarization P = ¢(E)&yE (in this
case, the P? and above terms are neglected) can be rewritten
as:

r(E) = &:(0)/{1 + Afeoer(0) B} VP

where 4 = 30.

On further simplification, the dielectric behavior in a
paraelectric state in the ferroelectric under low DC electric-
field can be expressed as [29, 30]:

& (0)/{1 + Aleoe; (0)°E2} /3
& — 82E2 + 83E4 — 84E6 + 85E8 — .

(6)

&(E)

(7)
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Fig. 8 Dielectric constants of 0.7BT-0.3BNMT as function of bias
electric-fields at different temperatures

where & = &(0), & = 126:(0)e(0)°, & = 22%6(0)e(0)°,
es = 17%6,(0)(0)°, &5 = £21%6,(0)2(0)'?, etc. where & is
the linear dielectric constant. ¢,, €3, and higher order terms
are the non-linear dielectric constants, respectively, which
are all temperature dependent. A similar treatment has also
been adopted to analyze DC dependence of the specific
heat by Lawless [31]. Equation 7 has been widely adopted
to analyze the dielectric-field dependence behavior of non-
linear dielectrics other than proper ferroelectric [32, 33].

For x = 0.3 composition, poor fit of the resulted ¢(E) was
observed if the high order terms (E* and higher) are omitted.
However, results calculated including higher order terms
produce good fits in describing the electric-field dependence
of the permittivity as shown in Fig. 9. The fitting parameters
obtained are &; = 2101.4, &, = 0.01356 (V/m) 2, &3 = 0.2 x
107% (Vim)™, &, =48 x 107® (V/im)™®, & =23 x
1078 (V/m) ™%, and 2 = 38 = 3.1 x 10* (Vm®’/C?).

In many polar relaxors, E-field dependence of &(E)
should include the contribution from the reorientation of
polar-clusters. The Langevin-type polar cluster contribu-
tion is thus to be taken into account for higher order
dielectric response [34]. By means of the Langevin
approach, the total polarization of a cluster system can be
expressed as [35]:

P, = P tanh(P,L’E /2kgT) (8)

where P, is the effective polarization of polar clusters, L the
cluster size, and E the electric field considered. In the
present work, the following simplified combination equa-
tion is adopted to analyze the field dependence of the
dielectric constant for (1 — x)BT — xBNMT ceramics:

¢(E) = &1 — & + &3E* + [Pox/¢(0)][cosh(Ex)] ~* (9)
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Fig. 9 E-field dependence of dielectric constant of 0.7BT-0.3BNMT
at 100 kHz. The experimental data are denoted in open circles. The
dashed line is the fitted curve according to Eq. 7 (not including E* and
higher terms). The solid line is the fitted curve including the terms
higher than E* in Eq. 7

where x = P,L’E/2kgT. The Langevin-type term of the
right hand side of Eq. 8 describes the cluster contribution.
The fitting curve obtained is in good agreement with the
experimental data for the composition x = 0.3 as shown in
Fig. 10. The polarization of the polar clusters was calcu-
lated to be P ~ 6.2-9.8 uC/cm® with the clusters size
L ~ 4-8 nm by Eq. 9. The existence of such polar clusters
may also underline that the compositions of (1 — x)BT-
xBNMT system, which shows dielectric relaxation behav-
ior are in fact ferroelectric relaxors.
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Fig. 10 E-field dependence of the dielectric constant of 0.7BT-
0.3BNMT at 100 kHz. Open circles are the experiment data. The
solid curve is the fitted result by the combination of LGD and
Langevin relation
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Conclusion

In summary, this article reports the dielectric properties and
relaxor ferroelectric behavior of the solid solution between
BT and BNMT. Samples with compositions across the solid
solution range between end members, (1 — x)BT-xBNMT
(x ~ 0.2-0.9), are prepared by a solid-state reaction
method and the dielectric permittivities and losses are
measured as functions of temperature, frequency, and bias
E-field. All compositions are confirmed to form perovskite
structure by X-ray powder diffraction measurements and
can be indexed in pseudo-cubic lattices. Diffuseness
parameters, y and 9, are calculated from fits of the dielectric
data using a modified Curie—Weiss law and an empiri-
cal Lorenz-type relation under zero-field conditions. The
results indicate an interesting evolution of relaxor behavior
showing two composition regions where the diffuseness
parameters exhibit maxima. The VF relation fits well for
(1 — x)BT-xBNMT ceramics with x = 0.2, 0.3, and 0.4.
However, for x = 0.5, 0.6, 0.7, and 0.8, the fitting curves
show slight deviation from the experimental data. The
results also support the hypothesis that there are different
types of relaxation phenomena occurring in these two
composition regions. The curve fits of the bias E-field
dependence of the permittivity using LGD polynomial
expansion (with higher order terms) appear to confirm the
relaxor ferroelectric behavior of the system. In addition,
calculations of LGD by substituting higher order terms
with Langevin-type relation also support this hypothesis.
The nano polar clusters are calculated to be P ~ 6.2-9.8
pC/em? for sizes on the order of a few nanometers (L ~ 4-8
nm). Although (1 — x)BT-xBNMT (x = 0.2-0.9) ceram-
ics have moderate dielectric constant values (maximum
~2000), study of this system expands the understanding to
a new relaxor ferroelectric system (0.8BT-0.2BNMT)
consisting of ferroelectric (BT) and relaxor ferroelectric
(BNMT) end members. Further investigations on the elec-
trical response, such as pyroelectricity, piezoelectricity, and
electrostriction, are in progress to understand the nature of
the clusters responsible for polarization and electrome-
chanical behavior.
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