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Abstract. Dielectric and Raman scattering experiments were performed on various ceramics with com-
position Ba(Tii—5Zr;)Os. Such lead-free, environmental-friendly materials were shown, from dielectric
measurements, to exhibit behaviours extending from conventional to relaxor ferroelectrics on increasing
the zirconium concentration. The evolution of the Raman spectra was studied as a function of temperature
for various compositions, and the spectroscopic signature of the corresponding phases was determined. In
the relaxor state, the variation of the integrated intensity of the Raman lines with temperature showed
a plateau at low temperature. This anomaly was also detected as a peak in depolarization current mea-
surements, and attributed to ergodicity breaking which characterizes usual relaxor systems. Raman results
hint at locally rhombohedral polar nanoregions resulting from the random fields associated with Zr ions.

PACS. 77.84.-s Dielectric, piezoelectric, ferroelectric and antiferroelectric materials — 77.84.Dy Niobates,
titanates, tantalates, PZT ceramics, etc. — 61.43.-j Disordered solids

1 Introduction

Relaxor materials are characterized mainly by a frequency
dispersion and broad peaks in the dielectric susceptibil-
ity versus temperature variation [1]. This last property
is of great interest for applications (dielectric for capaci-
tors, actuators,...). However, it appears most often in lead
based perovskite-type compounds, such as lead magnon-
iobate (PMN), lead tin niobate (PSN), lead indium nio-
bate (PIN), lead scandium tantalate (PST), La-modified
lead zirconate titanate (PLZT),... The phase diagrams of
some lead-free, environmental-friendly, BaTiO3 based ce-
ramics were reported recently by Ravez and Simon [2].
Homovalent or heterovalent substitutions of barium or ti-
tanium ions were shown to give rise to various behaviours,
including relaxor properties which may appear for some
composition-temperature ranges. One of the simplest com-
pounds investigated in this work was Ba(Tij_,Zr;)O0s3
(referred to as BTZ100x in what follows). It involves the
homovalent substitution of titanium (Mrp; = 47.9; Titt
ionic radius = 74.5pm) by zirconium (Mg, = 91.2; Zr**
ionic radius = 86 pm), and was previously reported to ex-
hibit relaxor properties for substitution rates higher than
about 25% [2].

In addition to dielectric measurements, which remain
the most demonstrating experiments for the characteri-
zation of relaxor properties, Raman scattering has been
shown to be a powerful technique for studying the onset of
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ferroelectric order in polar disordered systems, and more
specifically in perovskite-based materials such as PLZT,
KTN or KLT (Nb-modified and Li-modified potassium
tantalate respectively). The Raman integrated intensity
was demonstrated to be proportional to the autocorrela-
tion function of the quasi-static polarization [3,4].

The aim of this work is to try to understand the be-
haviour of BTZ ceramics for compositions extending from
low zirconium contents (which display ferroelectric-type
properties) up to the zirconium solubility limit (slightly
below which relaxor characteristics are observed), using
electrical measurements and Raman scattering, and to
compare it with the behaviour of pure barium titanate
(referred to as BT in what follows).

Experimental details will be described in the next sec-
tion. Section 3 will be devoted to dielectric measurements,
from which the phase diagram of BTZ will be derived, and
the results of Raman scattering experiments for various
compositions will be reported in Section 4. A discussion
of the whole set of results will be given in the last section
of this article, in connection with the behaviour of pure
barium titanate.

2 Experimental details

BTZ ceramics were prepared by solid state synthesis using
the following chemical reaction:

BaCOg—i—(l —ZL’) T102+$ ZI'OQ — Ba(Til_erx)Og—f—COQ.
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A calcination for 15 hours at 1200 °C was followed by a
4-hours sintering at 1400 °C. Both heat treatments were
conducted under dry oxygen. X-ray diffraction analyses
allowed us to determine the limits of the solid solution
domain close to BT, in which mixed compounds keep the
perovskite structure in the paraelectric phase. The zir-
conium range which satisfies this condition extends from
x = 0 to z = 0.42. Prior to dielectric measurements, gold
electrodes were deposited on the circular faces of the cylin-
drical platlets 7 mm in diameter and 1 mm thick. Dielec-
tric measurements were performed under dry helium from
75 to 450 K using a Wayne-Kerr component analyser 6425,
in the frequency range 102—10° Hz.

Raman scattering experiments were done using a Dilor
724 triple monochromator. The spectral resolution was
3 cm~!. The excitation light was the 514.5 nm line of
an argon ion laser. Two types of Raman geometries were
used. For low temperature studies (from room tempera-
ture to 13 K), the samples were stuck to the cold finger of
a closed circuit helium cryostat (Cryogenics; temperature
accuracy £ 0.1 K), and the scattering angle was slightly
shifted by about 10° from full macro-Raman backscatter-
ing in order to reduce stray light. For experiments above
room temperature, the laser beam was focused through a
microscope (light spot diameter ~2 pm) onto the sample
whose temperature was regulated (£0.1 K) by a Linkam
hot stage device. The laser power at the sample was lim-
ited to 50 mW and 5 mW in macro and micro-Raman
scattering, respectively. All the spectra reported in this
work have been corrected by the Bose-Einstein popula-
tion factor n(w) + 1.

3 Dielectric results

The temperature and frequency variations of the real
permittivity of BTZ ceramics exhibit three different
behaviours, depending upon the substitution rate. For
Zr compositions lower than x ~ 0.10, the ceramics show
conventional ferroelectric properties, with three dielectric
anomalies associated with the phase transitions which are
known to exist in BT [5], namely cubic to tetragonal at
T., tetragonal to orthorhombic at T5, and orthorhombic
to rhombohedral at T;. This behaviour is illustrated in
Figure la for = 0.05. In the composition range between
z ~ 0.10 and = =~ 0.27, only one transition is observed
through a strong and slightly broadened peak in the real
part of the dielectric susceptibility (Fig. 1b corresponds
to = 0.15), whose temperature does not depend on the
frequency. According to Cross [1], such an anomaly should
be associated to a “diffuse paraelectric-ferroelectric tran-
sition”. For Zr- richer compounds, the dielectric peak be-
comes broader and a frequency dispersion of the permit-
tivity takes place, as reported in Figure 1c for x = 0.40.
In addition, the temperature Ty, of the dielectric maxi-
mum is shifted to lower values for decreasing frequencies.
This shift obeys a Vogel-Fulcher law with a freezing tem-
perature of 145 + 15 K. This is known to be one of the
characteristics of relaxor systems.
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Fig. 1. Real part of the dielectric permittivity of (a) BTZ05,
(b) BTZ15 and (c) BTZ40 as a function of the temperature.

The phase diagram of the BTZ system has been ob-
tained from the anomalies observed in the dielectric sus-
ceptibility measurements, and is represented in Figure 2.
It is in fairly good agreement with the results previously
obtained by Hennings et al. [6]. It can be seen that the
transition temperatures between phases appearing in BT
converge, on increasing the Zr content, to a single point
with composition  ~ 0.10. Beyond this point, the tetrago-
nal and orthorhombic phases disappear, and the transition
line is defined from the frequency- independent maximum
of the dielectric susceptibility for the “diffuse transition”-
like compositions, or from the maximum at a frequency of
10% Hz for the relaxor compounds.

4 Raman scattering

In its high temperature cubic phase, barium titanate has
the perovskite cubic structure. Using a standard group
theory analysis, normal optic modes can be shown to
belong to the 3T, @ Ta, irreducible representations of
the point group Oy. When entering the tetragonal Cg,
phase, the IR active T, modes are expected to split into
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Fig. 2. Phase diagram (composition vs. temperature) of the
barium titanate-barium zirconate system.

A, @ E, and the silent mode Ty, into By & E. The cubic-
to-tetragonal transition (7. =~ 400 K) in BT is not yet
completely understood. The static positions of atoms in
the tetragonal phase, calculated from a quasi-harmonic
model, are moved to positive and negative z-directions for
Ti and O atoms respectively, when referred to the barium
ion chosen as the origin [5]. Nevertheless, this purely dis-
placive model cannot account for the complex dynamic
behaviour of the transition, observed through an over-
damped soft mode which hints at a strong order-disorder
component. None of the other modes are involved in the
transition, including in the low frequency region [7]. The
assignment of the Raman lines is not unambiguous, and
a puzzling antiresonance effect at 180 cm ™! has been at-
tributed [7] to a coupling between the A; transverse optic
(TO) phonons.

Because of the ceramic character of BTZ, which gives
rise to a strong depolarization of the incident and scat-
tered light, Raman spectra are not expected to be polar-
ized. In addition, because of the random grain orientation
in the ceramics, the directions of the phonon wavevec-
tors are randomly distributed with respect to crystallo-
graphic axes from one grain to another, and mode mixing
together with long range electrostatic force effects should
be therefore responsible for a broadening of the lines.
The depolarized Raman spectra of BTZ05 are shown in
Figure 3 for the rhombohedral (15 K and 270 K) tetrag-
onal (360 K) and paraelectric cubic phases (470 K). Ra-
man spectra recorded in the orthorhombic phase could
not be distinguished from those in rhombohedral phase.
The cubic paraelectric phase is characterized by two very
broad lines centered at about 285 and 520 cm™!, as al-
ready reported for pure barium titanate [7]. It should be
pointed out that normal modes are not Raman active in
the paraelectric phase, and the origin of their activation
should be found in a strong disorder already occurring at
high temperature. In the tetragonal phase (360 K), and
despite the line broadening, most of the features already
reported and discussed for BaTiOs by Scalabrin et al. [7]
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Fig. 3. Depolarized Raman spectra of BTZ05 (z = 0.05) in
the rhombohedral (15 K and 270 K) tetragonal (360 K) and
paraelectric cubic phases (470 K). The intensities have been
corrected for the Bose-Einstein factor.

are observed. The overdamped transverse E mode is de-
tected through the increase of the scattered intensity be-
low about 100 cm™!. High frequency A; TO modes are
also observed as broad lines at 250 and 524 cm™!. The in-
terference effect at 180 cm™!, which has been attributed
by these authors to the result of a coupling between a nar-
row and a broad A; TO modes (i.e., a Fano-type effect),
is clearly visible. This feature, together with the B; + E
mode at 307 cm~! and the high frequency longitudinal
optic (LO) modes at about 720 cm~!, appears only on
entering the tetragonal phase, and can be therefore con-
sidered as the signature of the cubic-to-tetragonal phase
transition. No drastic evolution of the spectra is detected
on further cooling, and at 15 K, i.e., in the rhombohe-
dral phase, most of the lines which were already assigned
in the tetragonal phase can be easily detected. The asym-
metrical shape of the line extending from 210 to 290 cm !
should be related with the high phonon density of states
which prevails in this frequency region [7]. However, an
additional feature at 119 cm™! comes out in the rhombo-
hedral phase of BTZ05 on cooling down to 15 K. This line
was never reported before in BT, but previously detected
from IR measurements in barium zirconate [8]. Accord-
ing to the mass ratio Zr/Ti (= 1.9), which is not very far
from the square of the frequency ratio 180/119 (= 2.3), it
could be associated with a normal mode involving Zr ions
motion against the oxygen octahedra.

This assertion is supported by the spectra recorded
for BTZ15 and reported in Figure 4. In almost the same
way as in BTZ05, the (diffuse) transition from the cubic
to the low temperature phase is reflected through the ap-
pearance of the high frequency (719 cm~!) LO line and
the interference feature at 180 cm™!. The previously nar-
row B line has merged into the broad and asymmetric
peak of density of states. The most interesting observa-
tion in the 15 K spectrum is that the line previously
recorded at 119 cm~! in BTZ05 has now transformed into
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Fig. 4. Depolarized Raman spectra of BTZ15 (z = 0.15) in the
rhombohedral (15 K, 230 K and 313 K) and in the paraelectric
cubic phases (420 K). The intensities have been corrected for
the Bose-Einstein factor.
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Fig. 5. Raman spectra of BTZ ceramics of compositions z =
0.05, 0.15, 0.275 and 0.40 at 15 K.

a dip at 125 cm ™. In addition, there is a strong similar-
ity between the dip at 125 cm~! and the one observed at
180 cm~! in pure BT and in BTZ05. More specifically, the
amplitude of the former has increased and is now compa-
rable to that of the latter. This should be correlated with
the higher Zr composition, as illustrated in Figure 5 where
Raman spectra of BTZ ceramics of compositions z = 0.05,
0.15, 0.275 and 0.40 have been compared at 15 K. On in-
creasing = up to 0.40, the interference effect at 125 cm™!
becomes stronger, while the one at 180 cm~! progressively
fades. In BTZ05, this interference effect does not exist at
low temperature because the broadening of the A; TO
modes, partly associated with the Zr disorder, is less. The
coupling between modes [7] is accordingly reduced, and
the normal mode involving Zr motion gives rise to a con-
ventional but asymmetric Raman line at 119 cm™!.
Raman spectra for BTZ40 at various temperatures be-
low 300 K are reported in Figure 6. The dip at 125 cm™!
persists at temperatures higher than the dielectric sus-
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Fig. 6. Depolarized Raman spectra of BTZ40 (z = 0.40) at
various temperatures between 300 K (bottom spectrum) and
15 K (top spectrum). The intensities have been corrected for
the Bose-Einstein factor.

ceptibility maximum at ~180 K. A clear signature of the
relaxor phase can be found in the high frequency region,
where an extra line appears at ~780 cm™~! in addition to
the 720 cm ™! LO lines. This extra line is already observed,
but with a weaker intensity, in less Zr-rich compounds
such as BTZ15 and BTZ27.5 (Fig. 5).

From a Raman point of view, BTZ40 is characterized
by a continuous variation of the overall intensity of the
spectra with temperature, without any change in width
or frequency of the lines, even on crossing the dielectric
susceptibility maximum at ~ 180 K. This shows that, con-
trary to what was observed in BTZ05 and, even if less ob-
viously, in BTZ15, no transition exists in BTZ40. This is
one of the basic properties of relaxor systems. In order to
characterize in a more quantitative way the evolution of
the Raman intensity with temperature, we have selected a
single line for which the integrated intensity can be easily
calculated, namely the TO modes peak at ~ 520 cm™!.
The corresponding data are reported in Figure 7. They
show an increase on cooling down to about 120 K. Below
this temperature, the integrated Raman intensity exhibits
a plateau, in the same way as was previously observed in
relaxor 9/65/35 PLZT ceramics [3,9].

5 Discussion

Barium titanate zirconate ceramics are interesting for ap-
plications, mainly because these lead-free, environmental-
friendly materials exhibit, for some compositions, relaxor
properties which are characterized by broad dielectric sus-
ceptibility peaks in the room temperature region. This
relaxor behaviour is more specifically demonstrated by
a frequency dispersion in agreement with Vogel-Fiilcher
law, as reported in Section 3. These compounds belong to
the perovskite family and, in the relaxor phase, their av-
erage structure remains cubic down to low temperature,
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Fig. 7. Raman integrated intensity of the TO high frequency
line as a function of the temperature. The intensities have been
corrected for the Bose-Einstein factor.

preventing any first order Raman scattering. The appear-
ance of Raman spectra at every temperature has been ex-
plained in these systems as resulting from the coupling of
hard modes of the cubic centro-symmetric phase with the
quasi-static polarization [3,4], according to the following
expansion of the electronic polarizability tensor «:

oo = Z Qg"‘zapaQ PQ]

(1)
In this expression, P; and @; refer to the quasi-static po-
larization and hard modes, respectively. The first term
in the right hand side of equation (1) is at the origin of
the so-called “central peak”, and the second term corre-
sponds to first order Raman scattering, which is forbidden
by symmetry in the structures under consideration. The
third term in equation (1) describes the second order Ra-
man scattering which is responsible for the activation of
the Raman lines. The integrated intensity of the spectra is
obtained from the spatio-temporal auto-correlation func-
tion of the electronic polarizability (1), and is expressed
as:

I(w) o< (P(0,0)P(r, 1)) 4,0 (Q(0,0)Q(r, 1)) go—wr  (2)

where w and w’ are the characteristic frequencies of the
hard modes and of the quasi-static polarization respec-
tively, with wavevectors £ ¢, and the symbol ( ), de-
notes a space and time Fourier transformation. Below the
freezing (Vogel-Fiilcher) temperature, the auto-correlation
function of the polarization in equation (2) is expected
to saturate. This should be observed in the Raman scat-
tered intensity as a plateau, as was already done in PLZT
ceramics [3,9]. The BTZ40 relaxor obeys the same be-
haviour, as previously discussed and illustrated by Fig-
ure 7. The Raman freezing temperature of 120 K is in
rather good agreement with the Vogel-Fulcher tempera-
ture of 145 + 15 K determined from dielectric measure-
ments. In addition, a field induced ferroelectric phase
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Fig. 8. Pyroelectric current (left scale) and polarization result-
ing from its integration (right scale) obtained from a Zero-Field
Heating after Field Cooling experiment in BTZ40 [10].

can be stabilized below the freezing temperature, when
cooling the sample under a high enough electric field
from high temperature. A Zero-Field Heating after Field
Cooling (ZFH/FC) experiment should consequently result
in a dielectric susceptibility anomaly and a depolarization
current peak at the freezing temperature [9]. Both reflect
the transition from the field-induced ferroelectric state to
the ergodic relaxor phase. BTZ is thus expected to exhibit
the same behaviour. The pyroelectric current obtained in
a ZFH/FC run on BTZ40 is represented in Figure 8 [10]. It
peaks at a temperature of 100 K, but extends up to above
175 K. This result is in good agreement with the above
described behaviour, if we take into account the porous
ceramic character of the BTZ40 sample.

It is now currently admitted [1] that polar nano-
domains existing at high temperature are responsible for
the relaxational properties of conventional relaxors such as
PMN or PLZT. The correlation length of the polarization
(which can be considered as related to the size of the nan-
odomains in an alternative scheme) increases on cooling,
as already reported for PLZT [3,9] and observed in this
work for BTZ from the variation of the Raman intensity
with temperature (Fig. 7). Nevertheless, the intrinsic dis-
order prevailing in these systems (e.g., negatively charged
1:1 domains with local stoichiometry Mg/Nb = 1 in PMN
or charged point defects in PLZT) is a source of random
fields which prevent any onset of long range ferroelectric
order [11] and result in a plateau in the Raman intensity.

The present study of the evolution of the electrical
and spectroscopic properties of BTZ with Zr composition
provides an answer about the nature of the polar nan-
odomains in this system. It has been shown in the previous
sections that a continuous change in the properties occurs
on going from BT to the Zr-rich BTZ compositions. Be-
cause Zr ions are sources of random fields, the ferroelectric
long range order prevailing in the BT rhombohedral phase
is progressively broken, and only a polar nanoregion phase
is stabilised at low temperature and zero field. This stable
state is expected to be non-ergodic, in the same way as
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in the other relaxors PMN [12] and PLZT [13]. It can be
predicted from the phase diagram presented in Figure 2
that the local ordering in this state is also rhombohedral,
because of the parent BT phase.

This assertion is supported by the evolution of the low
temperature Raman spectra (Fig. 5). We pointed out in
Section 4 that the interference effect detected at 125 cm ™!
in the Zr-rich compounds could be considered as the sig-
nature of the local ordering around Zr ions. The corre-
sponding line at 119 cm~! in BTZ05 appears only at low
temperature, i.e., in the rhombohedral phase. The am-
plitude of these features strengthens on increasing the Zr
substitution rate at 15 K from the rhombohedral phase to
the frozen relaxor state. It can thus be inferred that lo-
cal ordering in the relaxor phase is rhombohedral. Struc-
tural investigations similar to those performed in PMN
[14] would be welcome in order to confirm this assertion.

Zirconium and titanium have the same valency, and
these ions only slightly differ in their radii. The substitu-
tion of Ti by Zr is consequently not expected to give rise
to strong random fields. This could be the reason why re-
laxor properties are obtained for rather high substitution
rates (> 27% Zr) in BTZ, when compared with the La-
modification of PZT ceramics, for which relaxor properties
appear above 7% La in 65/35 and 12% La in 40/60.

Finally, it should be kept in mind that, in relaxors, the
temperature Ty, of the dielectric susceptibility maximum
has no specific physical meaning, from a dynamical point
of view. It is just only located in the temperature range
where a continuous change in the polarization distribu-
tion from polar nanoregions to a multidomain (“polar
clusters”) dynamic state takes place, as recently suggested
by Shur et al. [15]. The most important transition tem-
perature in these systems is the freezing point T, which
corresponds to a drastic evolution in the dynamic proper-
ties and in a subsequent ergodicity breaking, as discussed
above. This temperature has been already estimated
in BTZ40 as ~100—140 K from dielectric, Raman and
pyroelectric current experiments. The accurate determi-
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nation of these temperatures for the various compositions
exhibiting relaxor properties in the BTZ system would
suitably complete the phase diagram reported in Figure 2.
Such determinations are currently under way.

The authors are indebted to “Région de Picardie” for its
financial support.
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