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Abstract

Four Aurivillius type systems with generic formula Biy_ R, Ti;0;,, where R,=Pr, Nd, Gd, and Dy, have been synthesised to
investigate the physical effects of R, on the host lattice Bi;Ti;0,,. Particularly we report here the crystallographic characteristics, as
measured by X-ray, and the dielectric properties of the resulting compounds. The layered orthorhombic structures show variations
of the a/b distortion comparable with that of BisTi30;,. Impedance spectroscopy is used to display the electrical response over a
wide temperature range, from room temperature up to 850 °C. The conductivity diminishes as the size of R, grows; activation
energies are reported. The rare earth concentration determines the ferroelectric characteristics of the compounds: for small x, they
behave as typical ferroelectrics, but all of them tend to become relaxors when x grows. The structure seems to favour the appear-
ance of ferroelectricity when the atomic size of the rare earth diminishes. SEM reveals microscopic composition fluctuations in all
samples. Using the specimens as if they were the detectors of the electron microscope, we have determined the type of charge carrier

involved in the conductivity phenomena.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Attention to Aurivillius phases, which constitute a
wide family of layered compounds, has increased
because of their potential use in electrooptic devices.
They are generically described as M,, 1B, 03,11, where
both M and B are ions with suitable chemical valence
and ionic radii, as for example M=Bi**, Pb>*, Ba’",
Sr?*, Ca?*,Na™*, KT or rare-earth elements, B=Ti*",
Nb>*, Ta’", Fe3*, or Ga*". Most of the synthesised
compounds show ferroelectric properties, many with
high transition temperature and reasonable degrees of
spontaneous polarisation.! It is also accepted that a
large number of ferroelectric compounds of the Aur-
ivillius phases are displacive, whose perturbations can
be referred to a high symmetry parent structure, 14/
mmm, with a,=5b,23.85 A, p for perovskite.?

* Corresponding author.
E-mail address: jlpinedaac@yahoo.com.mx (J.L. Pineda-Flores).

A series of compositions, Biy_ R, Ti30;,, where R,
represents a rare earth, has been prepared. These com-
pounds belong to the Aurivillius type, so the structures of
interest comprise perovskite-like M,,_1B,05,+; slabs
regularly interleaved with BiO, layers, where
n=1,2,...5. Bismuth layered compounds have high fati-
gue resistance,* which make them suitable as candidates
to support multiple switching charge cycles to full polar-
isation, as is required in information storage applications.

It is considered that the prepared phases result from
the introduction of R, in the ferroelectric BisTizO,
lattice, with the R, ions randomly distributed on the Bi
sites, which lie at the cube-octahedral sites of the per-
ovskite structure.>® BisTizO», also written’ (Bi»0,)>™"
(Bi,;Ti3010)*", has orthorhombic symmetry (a=5.448
A, ¢=32.815 A and a/b=1.007 at 25 °C), with a layer
structure of oxygen octahedra; it has a Curie tempera-
ture of 675 °C.% Based on its electrical-optical behaviour
Cummins and Cross® claim that the true point sym-
metry of BiyTizO, is m, i.e., monoclinic rather than
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orthorhombic, with its spontancous polarisation vector
laying on the monoclinic a—¢ plane at an angle of less
than 5° from the plane of the crystal sheets. Rae, et al.,'°
have described the structure of BiyTi30;,, at room tem-
perature, as a commensurate modulation of an Fmmm
parent structure derived from an idealized I4/mmm
structure. Despite this view, BisTizOp, is usually con-
sidered'! to have a polar orthorhombic structure, space
group B2cb, with a=15.448, b =5.410, ¢ =32.815 A. This
last view is comparable with that of Subbarao.®

In BisTi3045 the polarisation component along « and ¢
axis may be reversed independently through 180°, which
means that the optical indicatrix may be rotated in various
ways in the a—c plane.!? This characteristic is particularly
useful in memory and display devices, and in modulators.’

Looking for the possibility to modify such physical
properties as the ferroelectric Curie point and/or the
conductive characteristics of the host lattice, we selected
Pr, Nd, Gd, and Dy for R,. The choice takes care of
cationic radii in such a way that the twelve-coordination
requisite is satisfied. In the structure of BisTi;O;,, the
replacement of Bi by Pr, Nd, Gd, or Dy preserves the
electroneutrality of the system without any additional
compensation charge mechanism.

In reviewing dielectric properties of ferroelectric
materials, a common procedure is to analyse the elec-
trical response of a well-sintered compound under an ac
field. We have used the impedance spectroscopy tech-
nique to describe the dielectric behaviour of such sin-
tered samples. An equivalent circuit, which
approximately describes the electrical response of the
ceramic system, has been proposed.

Four formalisms!® can be used in this type of search:
impedance (Z*), admittance [Y*=(Z*)~!], relative per-
mittivity [¢* = (jwCyZ*)~'], and the electric modulus
[M=(s*)""]. We have combined these to get the
required information.

2. Experimental
2.1. Sample preparation

The synthesis of the studied compounds was per-
formed by using normal solid state reaction of the con-
stituent oxides. The Biy_ R, Ti;O;, samples were
prepared by mixing with acetone, in an agate mortar,
Bi,03, TiO, (Strem Chemicals 99.99% purity), and the
appropriate rare earth oxide (Nd,Os, PrgOq;, Gd,O3,
Dy>03) 99.9% purity from CERAC.

In terms of x, a listing of the prepared compositions is
presented in Table 1.

The oxide mixtures were fired at 900 °C for 19 h in Pt
covered crucibles. After that, samples were finely milled
and refired at 1050 °C for 22 h. Using a Siemens D500
diffractometer with Cu-K,; radiation, X-ray powder

Table 1

R.\' X (Bi4—.\'R.\’Ti3012)

Pr 0.4 0.8 1.2 1.6 2.0
Nd 0.4 0.8 1.2 1.6

Gd 0.2 0.4 0.6 0.8

Dy 0.2 0.4 0.6 0.8

diffraction experiments were carried out at each step.
Dehydrated NaCl was added as the internal standard to
determine the lattice parameters.

One of the difficulties with certain ferroelectric mate-
rials is a tendency to form pyrochlore-type rather than
perovskite-type structures, resulting in lower permittiv-
ity values. We have found that the pyrochlore structure
is formed around 800 °C, while perovskite-type struc-
tures are formed between 1000 and 1100 °C. The
appropriate thermal treatment was then adopted to
suppress the parasitic pyrochlore phase.

2.2. Dielectric measurements

Powder materials were cold pressed (50 MPa) into
pellets of 13 mm in diameter and approximately | mm
thick; they were sintered at 1000 °C for 19 h in an
ambient atmosphere. Pellets were crack-free. Gold
blocking electrodes were attached on the opposite faces
of the sintered disc-shaped pellets. The resulting sand-
wich-like structure was connected with gold strips to
platinum wires and placed inside a vertical furnace.
Experiments were performed in air atmosphere. The ac
measurement instrumentation comprises a Hewlett
Packard HP4192A impedance analyser controlled by a
PC microcomputer. Constant temperature experiments
were carried out in a carefully controlled electric furnace
from room temperature up to 850 °C. A chromel/alumel
thermocouple was placed 5 mm away from the sample
in order to obtain an accurate sample temperature. The
specimens were maintained for lh, at least, at each
temperature before taking measurements. Routine scans
involved a frequency range of 5 Hz to 13 MHz, and 94
measurements distributed over the full experimental
frequency range. The applied root mean squared vol-
tage was 1 V in each case. Measurements were made at
both rising and falling temperature, with 20-25 °C
steps, reduced close to the transition temperature.
Results do not show hysteresis. Therefore, we present
here only those data for increasing temperatures.

3. Results
3.1. X-ray data and sintering microstructure

Fig. 1a shows the X-ray powder diffraction diagram
from the studied compounds at the selected composition
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Fig. 1. (a) Powder X-ray diffraction patterns of Bi;¢R4Ti30, for R=Gd, Nd, Pr, Dy; pattern for BiyTizO, is shown as reference; (b) powder
X-ray diffraction pattern Biy_ Pr,Ti;O;, with x=0.4, 0.8, 1.2, 1.6 and 2.0.
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x=0.4, in there we have included diffraction data for
Bi4Ti30;,. Fig. 1b exhibits the diffraction characteristics
of the solid solution Biy_,Pr,TizO;,, for x=0.4, 0.8,
1.2, 1.6, 2.0. Calculus of interplanar spacing corre-
sponding to each peak of X-ray powder patterns was
performed automatically, using the DIFRACT-AT V
3.2 program (Socabin-95). As the incorporated rare

earth does not modify the scattering of X-ray of the
host lattice, the diffraction patterns were indexed on a
base-centered orthorhombic structure. All diffraction
data processed confirm the existence of an orthorhom-
bic cell. Diffraction patterns were compared particularly
with that of Bi;¢Dy(4Ti30;,, reported in reference.!
The composition dependence of the lattice parameters is
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Fig. 2. Lattice parameters of Biy_ R, Tiz0;, (R,=Pr, Nd, Gd, Dy) as a function of x: (a) a lattice parameter, (b) b lattice parameter, (c) ¢ lattice

parameter.
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presented in Fig. 2a—c. The parameters ¢ and » diminish
as x grows. Variation of both « and b keep the orthor-
hombic distortion, a/b=1.007, very close to that of
BisTi;O;,, as given by Subbarao.® At the composition
x=0.8, for Nd, the b parameter undergoes a sudden and
currently unexplained expansion.

Using backscattered and secondary electrons in a scan-
ning electron microscope (Cambridge-Leica Steroescan
440) we have obtained topographical characteristics of
fractured samples, a typical microphotograph being
shown in Fig. 3, which corresponds to Bi; ¢INdg 4T1505.

Fig. 3. Secondary electrons microphotograph for a fractured sample
of Bi; ¢Nd 4Ti30».

From microphotographs we can observe that the densi-
fication of the sintered pellets is poor.

We point out that the smaller the x value is, the more
inhomogeneous is the resulting grain size distribution.
For the smallest x values (x=0.2, 0.4), there are many
large grains (~25 um ) and between them, there is a
large number of grains exhibiting a wide distribution of
smaller sizes (as seen in the secondary electrons micro-
photograph Fig. 3). When x increases the largest grains
tend to disappear and the grain size tend to become
homogeneous (~1 pm). An estimate of how the grain
size is changing is given by the quotient

Ny

where N, is the number of grains per unit area at the
smallest x value, and N, the correspondent number of
grains at the different x values. s, increases more and
more while x grows. Consequently the grain boundary
density increases.

Electron probe microanalysis was also performed in
the electron microscope on polished samples; the results
reveal a non-homogeneous rare earth atomic distribu-
tion in the analysed regions. Samples were polished
mechanically using alumina powder down to 0.05 pm.
In large grains, the R concentration is depleted towards
their edges, while in the smaller grains the composition
gradient is difficult to determine. Microanalysis per-
formed at different places randomly chosen over the
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samples under analysis did not reveal the presence of the
starting materials. The structure of grains in the micro-
photographs suggested the layered characteristics of the
synthesised compounds (Fig. 3).

3.2. Impedance characteristics

There are many reported electrical characterizations
of crystalline materials in which the temperature depen-
dence of conductivity is obtained from impedance plots.
Therefore, we first analyse the electrical response of the
studied samples via impedance curves.

At low temperatures, most of the obtained impedance
curves from the four compounds, Bis_ R, Ti;0,,
R, =Pr, Nd, Gd, and Dy, exhibit a frequency dependent
response distributed on two deformed circular arcs.

We present typical impedance curves at selected tem-
peratures for Biy_ R, Ti;01, in Fig.4.

Various equivalent circuits were put forward to simu-
late the experimental response. These are based on the
expected physical behaviour within the ferroelectric sys-
tem and take into account the shape of the individual
impedance curves. To start, we suggest an equivalent
circuit comprised of two parallel RC loops, connected in
series. This gives rise to a similar impedance curve as in
the experimental case. All R and C are discrete elements.

J.L. Pineda-Flores et al. | Journal of the European Ceramic Society 23 (2003) 839-850

The used equivalent circuit is also shown in Fig. 4. The
impedance is given by Z*=[(1/R))+jwC]"+[(1/
R») +jwC5]~!, where w=2nfis the angular frequency.

Parameters R;, R,, C;, C, were calculated from the
impedance curves, both by direct calculation and by
using the NLLS-fitting routine by Boukamp.!> Results
for both calculation methods show good agreement.

Next, it is convenient to assign the frequency disper-
sion data to the physical response of the different
regions in the sample. This was discerned by using the
impedance representation.

Those arcs at high frequencies have been assigned to
the bulk response, because the associated capacitance
values (C,) are in the order of 10~'2 F. C, values were
calculated from the maximum condition 27f,,,cRC=1,
where fi.x 1S the frequency associated to the maximum
on the arc. The low frequency arc describes grain
boundary processes where the capacitance, C,, has
values in the order of 10~° F.!¢

3.3. Grain and grain boundary conductivity

Bulk and grain boundary conductivity, given by o, =g/
R; and o4, = g/R», respectively, were plotted in an Arrhe-
nius scheme, where g is a geometrical factor given by the
quotient thickness of sample and area of one electrode.

(1) R = Pr, x=08, T=420°
(2) Rx = Nd, x=0.8, T=427°C Bi R Ti
4-x x 3 12
(3) R‘=Gd, x=0.4, T =468 °C
C Ca
(4) Rx= Dy, x=0.2, T=400°C
8|
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5 | s
5 4 ".’.".:.‘.......”.'.'°U_:.,...l LI oo..'4
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Fig. 4. Typical impedance curves for Biy_R,Ti;0, (R,=Pr, Nd, Gd and Dy). Curves where chosen for selected temperatures. The equivalent

circuit is shown as well.
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In general, for each Biy_ R, Ti30;,, R,=Pr, Nd, Gd,
Dy, studied compound, neither oy, nor oy, follows a
linear logo(ob, ogp) vs. 1000/T plot.

In Fig. 5 we have selected the full family of curves for
R, =Pr, to show the typical trend of the bulk conductivity
of the four prepared solid solutions; Bis_ R, Ti3O;,. We
have included also the temperature dependence of con-
ductivity for the BisTiz;O;, composition; as shown, the
host lattice BisTi30, exhibits higher conductivity.

To summarise, the smaller the x-value, the higher the
conductivity, for every compound studied. This beha-
viour may become important to obtain piezoelectric
ceramics by means of a polarisation process.

The temperature dependence of the bulk conductivity
shows the ferroelectric-paraelectric phase transforma-
tion, which was corroborated latter, by exhibiting a
slight slope change in the Arrhenius curve. The activa-
tion energies (£,) were determined by fitting each curve

845

logo(op) vs. 1000/T, with the equation o = gge F/kT

where k is the Boltzmann constant and oy a pre-expo-
nential factor. The associated activation energies come
from two temperature regions, below and above 550 °C.
In Table 2 we show all activation energies, described by
E,, and E,, at the low and high temperature intervals,
respectively.

We made electron microscope images by charge col-
lection; it was performed through scanning electron
microscopy (SEM), whose main characteristic is that the
specimen itself is used as the detector. Observations
were made on fractured and mechanically polished
samples (no chemically attacked) previously tested for
conductivity. Electron bombardment of the material
will produce an increase of the number of mobile charge
carriers, that is because the incident electron beam can
transfer enough energy to the sample to promote elec-
trons from the valence band to the conduction band. It
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Fig. 5. Arrhenius plot family for Biy_ P, Ti;0, (x=0.4, 0.8, 1.2, 1.6 2.0).
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Table 2

Bi4_XRxTi3012 Eal (:l:OOl CV)
T below 550 °C

E, (£00lev) T.(°C) ¢&y
T above 550 °C

R=Nd

x=0.4 0.69 0.55 521 452
x=0.8 0.75 0.63 458 390
x=1.2 0.75 1.06 395 *

x=1.6 0.76 0.88 340 *

R=Pr

x=04 0.70 0.55 518 566
x=0.8 0.66 0.58 482 512
x=12 0.71 0.62 431 *

x=1.6 0.84 0.75 410 *

x=2.0 0.79 0.71 390 *

R=Gd

x=0.2 0.87 0.89 618 1503
x=04 0.76 0.69 584 1162
x=0.6 0.68 0.64 514 314
x=0.8 0.81 0.81 470 *

R=Dy

x=0.2 0.72 0.69 604 752
x=0.4 0.65 0.81 588 598
x=0.6 0.62 0.79 540 428
x=0.8 0.60 0.81 462 283

is observed that electrons are more easily generated at
small grains, the reason may be that these contain more
electrically active defects.

Thus, the obtained images reveal that electronic
charge migration occurs mainly through small grains,
because the microphotographs show bright contrast in
those regions where electrons are present. In contrast,
the surfaces of large grains exhibit poor brightness
except at the edges. Dark regions are not active in elec-
tronic conduction. Using a polished sample, we show in
Fig. 6a and b an example of specimen current meter
image accompanied by their correspondent back-
scattering image.

Conductivity through grain boundaries behave as
normally occurs in ceramic materials, o, is more sensi-
tive than oy, to temperature changes. In Fig. 7, we show
typical variation of oy, and o, with temperature, for
R,=Nd, with x=0.8. The grain boundary resistance
seems to have very little effect on the total conductivity.

We propose that the total conductivity can be mainly
ascribed to electronic conduction. Electrons are sup-
plied by injection from the electrodes plus a contribu-
tion of electrons due to electronic defects. SEM images
suggest that particularly small grains in the material
supply mobile charge carriers.

3.4. Ferroelectric behaviour

Normally the anomalous behaviour of the tempera-
ture dependence of the bulk dielectric permittivity, &'y,
involves the ferroelectric-paraelectric transition phase
exhibiting a maximum value. The condition w,,,xRC=1

Fig. 6. Scanning electron images on polished samples of Bi; ¢Ndg 4.
Ti;O4, (a) specimen current meter image, (b) backscattering image.

makes C,, virtually frequency independent, so we have
obtained the bulk dielectric constant by &',=gCy/ey.
where g,=28.854x10712 F/m.

Curves of &', against temperature shows the expected
behaviour, as for a normal ferroelectric material, for the
prepared Biy_ R, Tiz0,, with R,_Gd and Dy, except
for Bi;»,GdygTiz0, composition. As can be seen in
Fig. 8a and b the magnitude of the dielectric constant
decreases with increasing R, concentration. While the
rare earth content increases in every studied compound,
the Curie point decreases and 7. has values below
675 °C, which corresponds to BiyTi30,. Observation of
Fig. 8a and b, confirms this assertion, 7 falls to 462 °C
for Bis_,Dy,TizO0¢5, (0.2<x<0.8) and to 514 °C for
Bi4_dexTi3012 (02<X<08)

Further more, it is evident that in both cases the
maximum of &', becomes broader as the ionic radius of
R, grows, making it difficult to determine 7.

With R, =Pr, Nd, more serious difficulties arise. In
fact, neither of the observed results in the compounds
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Fig. 7. Typical variation of o, and oy with temperature for
Bi; ,Nd( Ti301,. Two temperatures are shown: 7, =458 °C the ferro-
paraelectric transition temperature of the compound; 303 °C points
out temperature for which, Arrhenius plot for bulk and grain bound-
ary intersect.

incorporating Pr or Nd, follow normal ferroelectric-
paraelectric phase transitions.

In these last cases only those compounds for x=0.4,
0.8, behave with acceptable reliability as to determine
T.. The others produce temperature dependent &'y,
curves which exhibit a quite wide diffuse hill. Table 2
gives the composition dependence of T,. Attempting to
solve this situation, we plotted the real part, &'(w), of the
frequency dependent permittivity, e¥(w)=—¢'(w) + j&’ (),
as a function of temperature.
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Using &'(w)=(g/eo){w Z'[1+(Z'|Z")?*}~!, where Z'
and Z” are the real and imaginary parts of the impe-
dance, we obtained curves of &'(w) against T at the
selected frequencies 1, 10, 100, and 1000 kHz. Curves
similar to those shown in Fig. 8a and b were obtained,
and T, values determined whenever possible. Never-
theless, in most cases the calculated transition tempera-
tures have considerable error associated to them,
because the peak location depends on frequency. This is
a characteristic of relaxor materials. In Fig. 9a and b,
we show a couple of examples. Approximate 7, values
found through this way were also included in Table 2.
They are distinguished by a star.

As is well known, for a normal ferroelectric material
at temperatures above the transition point the variation
of &'y, as a function of temperature may obey the Curie—
Weiss law &'y, = K/(T—T,), where K is the Curie-Weiss
constant, and 7 is a temperature to be determined. It is
known that T.> T, for first order transitions. K can be
determined by the slope of the curve (¢'y)~! against 7.
All compounds were reviewed but only two of them
produce results close to the Curie—Weiss law, namely
Bi3'4Dy0'6Ti3012 and Bi3'8DyOV2Ti3012 CompOSitionS.
Nevertheless, we have to mention that even in these
cases calculation of K has associated a considerable
error in the correlation factor of the (¢/,)~' against T
plot. Failure of Curie—Weiss law in relaxor materials
has been mentioned before.!”

3.5. High temperature behaviour

As the temperature rises a third arc appears at the low
frequency region on the impedance curves, this is linked
with the electrical response from the electrode/sample
region. A new parallel R,Cy combination should be
added in series with the above-proposed equivalent circuit.

2000
18004 Bi, Gd Ti0, .
1600
1400 b
—— x=0.2
1200
A
=
Lo00] —A— x=04 |
-
800{ —=— x=0.6
600
BN j
/ °
400 e A A
A S F ol e
200 go-o Ok *D~m‘!\ﬁm‘n
0 T T T T T T T T T
200 300 400 500 600 700 800
T(°C)

Fig. 8. Dielectric constant versus temperature (a) Biy_,Dy,Ti;O,, (b) Biy_,Gd, Tiz0;5: x=0.2, 0.4, 0.6, 0.8 in both cases.



848 J.L. Pineda-Flores et al. | Journal of the European Ceramic Society 23 (2003) 839-850

g (o)

1200
BIJZPrO.8T13012 10 Khz
1000
. 0...
800 * a
—_
8 600 .
- .
—-D .
w
4001 100 Khz
* .". ooy, .
- o ® LT S
200 :::.....ooo'--..,,- ..‘. 1000 Khz
0 T T T T T T T T T T T
300 400 500 600 700 800

T(°C)

400
BIJ.Z NdO.S TlJOIZ b
350 JRLEX 100 Khz
. ° ~
300 L
250 ..
© T .. 1000 Khz
. . . ° .
.
. ..
200 Lo :
. L]
150 T T T T T T T T T T T 1
200 300 400 500 600 700 800
T(°C)

Fig. 9. Real part ¢'(w) of the permittivity versus temperature for selected frequencies (a) Bi; ,PrygTi3O2, (b) Biz 2Ndg gTizO015.

Calculation of C. (=21.5 pF) indicates that effectively
the new arc comes from the sample-electrode inter-
face.!! Probably due to inhomogeneities at the electrode
region, R, is a small charge transfer resistance, but it
has no special implications in the bulk ferroelectric
behaviour.

Finally, at the highest temperatures and most low fre-
quencies, a well-formed spike can be observed, Fig. 10,
and a Cy element is added in series with the last circuit.
Values in the order of 100 uF for C4 were obtained using
the approximation Cq=1/(2nfZ"), Z" and f being at the
spike. Such capacitance values are typical of electrical
double layer phenomena, which are characteristic for
ionic transport in ceramic materials.!® However, ionic
conductivity has a small contribution to the total con-
ductivity, because at high temperatures there is not a
pronounced slope change in the Arrhenius curves, which

(1)R_=Pr, x=04, T=734°C
(2) R _=Nd, x=04, T=759°C B R Ti O
(3) R _=Gd, x=06, T=729°C dxox 312
(4) R =Dy, x=08, T=729°C
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Fig. 10. Impedance curves at temperatures above 550 °C for R, =Pr,
Nd, Gd, Dy. Is shown well-formed spikes.

means that the ionic component does not affect con-
siderably the predominant electronic conductivity.

At this stage impedance curves exhibit a strong
deviation at the high frequency region, Fig. 10, a cor-
rection given by wL was used when necessary. L is an
inductance associated with the connections between
impedance analyser and sample.

4. Discussion

As already mentioned, all of the selected rare earths
have atomic number close to that of the Bi atom and the
scattering of X-rays is very similar to that one from
BiyTi30;, compound; the prepared samples produce
diffraction patterns that correspond to the expected
layered phases. All intense reflections show excellent
matches with those in the literature. Besides, as in the
case of BiyTi30;, compound, X-ray diffraction from the
prepared samples seems to be insensitive to the mono-
clinic distortion, if it were present. Inclusion of rare
earth atoms in the host lattice influence the grain size,
which diminish as x grows, increasing the grain bound-
ary density. This combination should be responsible for
the decreasing behaviour in conductivity.

There is no clear relationship between E,; and E,»,
they are even equal in some cases. It is difficult to say if
deviations are in fact due to error calculations. If we
assume an almost linear distribution at each individual
Arrhenius curve, the activation energies are nearly con-
stant, close to 0.7 eV. Besides, in this approach we can
say that the required energy to activate charge carriers is
not affected by incorporating the rare earth to the host
lattice. That means; the role of the crystalline network
may be physically insignificant.
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At low temperature, it is hard to believe that rare
earth or bismuth ions can migrate throughout the
structure, because their mobility is limited by the oxy-
gen octahedral barriers. Then, it is difficult to become
ions into charge carriers available to drift when an
electric field is applied. However, as mentioned before,
at relatively high temperatures an ionic component has
been identified by the electrode behaviour. If the fra-
meworks of the oxygen octahedra become oxygen
defective, as suggested in references,'®!'® then oxygen
ions constitute the best candidates to form the ionic
component.

This possibility can be reinforced because the shape of
the frequency dependence of conductivity suggests a
hoping mechanism, which could be expected for migra-
tion of oxygen ions. In Fig. 11, we show the corre-
sponding  behaviour at selected temperatures.
Unfortunately bulk relaxation frequencies are difficult
to determine and activation energy for the impedance
relaxation cannot be found.

Every perovskite type ferroelectric, whose permittivity
curve, against 7, does not present a sharp peak but
rather a diffuse hill, pertains to the class of relaxor
materials. One of the accepted models to explain that
behaviour was proposed by G.A. Smolenskii,?® which is
essentially based on the existence of compositional het-
erogeneity. The microscopic composition fluctuations
induce the existence of polar micro regions in the mate-
rial,?12 which experience switching between a quite wide
variety of orientations, and whose consequence is that
the spontaneous polarisation is not suddenly lost at 7.

Presumably the presence of a major amount of rare
earth in the host lattice favours largely the existence of
polar regions. The polar micro regions are dynamically
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Fig. 11. Conductivity plots for Bi; ¢Gd 4Ti30,, for several temperatures.

disordered by thermal motion until temperatures rela-
tively far below and above the transition temperature,
and this is why the relaxation spectra broaden in Fig. 8a
and b.

5. Conclusions

Introduction of the rare earth Pr, Nd, Gd, and Dy, in
the host lattice BiyTi30,, produces layered compounds,
described by Biy_,R,TizO0q,, where R, represents the
rare earth, in this work they were synthesised and char-
acterised in its dielectric properties. They are disordered
perovskite-type materials. It was found here that the
presence of rare earth atoms in the BiyTi;O;, lattice
affects its ferroelectric characteristics, changing it to a
relaxor. The effect is more important as the concentra-
tion of R, increases and the radii of the rare earth are
larger. The occurrence of relaxor behaviour in ferro-
electric ceramics is attributable to the presence of com-
positional heterogeneity in the material. Microscopic
compositional fluctuations were detected via micro-
analysis, performed by electron microscopy techniques.
Relatively large differences in composition were loca-
lised more frequently on those regions rich in small
grain sizes. The bulk ferroelectric-relaxor behaviour was
modelled with reliable accuracy by a parallel R;C; loop.

SEM images were used to evaluate conductivity phe-
nomena, as microphotographs exhibit the brightest con-
trast for small grain sizes, we conclude that they work in
conductivity as the principal path of charge carriers.

Evolution of conductivity properties was determined
as a function of rare earth concentration. For all cases,
conductivity tends to decrease when R, grows. Elec-
trons are the main charge carriers. Further, the total
electronic conductivity was ascribed to a mix of injected
electrons from the electrodes plus electrons moving
through electronic defects originated by a charge com-
pensation mechanism preferentially located at small
particles. They both constitute the dominant factor on
the total conductivity.

Appropriate evaluation of dielectric properties was
carried out. The maximum of &'y, becomes broad as the
concentration of R, is increased. Shift of the Curie
temperature as a function of frequency observed in &'(w)
versus T plots indicates that most of the studied mate-
rials are relaxors ones.

However, more investigation should be made in order
to reach a better understanding of the microchemistry
and charge transport mechanisms involved.
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