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Abstract

High-resolution x-ray diffraction (XRD), Raman spectroscopy and total scattering XRD coupled to
atomic pair distribution function (PDF) analysis studies of the atomic-scale structure of archetypal
BaZr, Tij—,O3 (x =0.10, 0.20, 0.40) ceramics are presented over a wide temperature range

(100-450 K). For x = 0.1 and 0.2 the results reveal, well above the Curie temperature, the presence of
Ti-rich polar clusters which are precursors of a long-range ferroelectric order observed below T¢. Polar
nanoregions (PNRs) and relaxor behaviour are observed over the whole temperature range for x = 0.4.
Irrespective of ceramic composition, the polar clusters are due to locally correlated off-centre
displacement of Zr/Ti cations compatible with local rhombohedral symmetry. Formation of Zr-rich
clusters is indicated by Raman spectroscopy for all compositions. Considering the isovalent substitution
of Ti with Zr in BaZr, Ti;_, O3, the mechanism of formation and growth of the PNRs is not due to charge
ordering and random fields, but rather to a reduction of the local strain promoted by the large difference
in ion size between Zr*+ and Ti**. As a result, non-polar or weakly polar Zr-rich clusters and polar
Ti-rich clusters are randomly distributed in a paraelectric lattice and the long-range ferroelectric order is
disrupted with increasing Zr concentration.

Keywords: relaxors, BaTiO3, Raman spectroscopy, high-energy XRD, polar nanoregions

(Some figures may appear in colour only in the online journal)

1. Introduction figure 1), such as PobMg 3Nbz /303 (PMN) and PbZn; ;3Nby 3

O3 (PZN). They are characterized by (i) the existence of
The most widely used high-strain relaxor ferroelectrics lattice disorder on the B-site, (ii) the presence of polar
nowadays are lead (Pb)-containing ABO3 perovskites (see nanoregions (PNRs) at temperatures well above Tp,, which
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Figure 1. Fragment of the archetypal ABOj3 perovskite structure
featuring a 3D network of corner shared B-Og octahedra and A ions
(red circles) filling in the space between them. B ions are in black,
oxygen ions are in blue.

is the temperature corresponding to the dielectric permittivity
maximum, and (iii) the inclusion of these PNRs in a highly
polarizable host lattice [ 1-3]. In these Pb-containing materials,
compositional fluctuations on the B-site (e.g. Mg/Nb) induce
charge disorder and random local electric fields which are
thought to modify the long-range ferroelectric order. The size
of the PNRs increases with decreasing temperature and, when
T < Ty, one of two limiting phenomena are observed. If
the polar domains become large enough and percolate the
whole sample, a static, cooperative phase transition to a
ferroelectric state occurs. On the other hand, if percolation of
the polar domains does not take place, the slowing down of the
PNRs dynamics results in a ferroelectric glass with randomly
oriented polar domains. Currently there is a surge of interest in
Pb-free (and thus environmentally friendly) materials showing
properties comparable to Pb-based ceramics. Concerning
Pb-free perovskite systems, BaTiO3-based solid solutions
such as (Ba, Sr)TiOs3, Ba(Ti, Zr)O3 and Ba(Sn, Ti)O3 are
among the most widely investigated, due to the possibility to
tailor ferroelectric properties by controlling the composition.
BaZr,Ti;—,O3 (BZT), in particular, has attracted interest
because of its very good dielectric properties, application in
multilayer ceramic capacitors [1-9], and high tunability [10].

To understand better the very promising properties of
BZT, detailed knowledge of the atomic-scale structure is
needed. So far it is known that pure BaTiOs has a high-
temperature paraelectric cubic-type structure of a perovskite-
type (see figure 1), which at ~125 °C changes into a tetragonal-
type structure, rendering the material ferroelectric. At even
lower temperatures BaTiO3 exhibits phases with orthorhombic
and rhombohedral symmetry. The lower symmetry phases are
all ferroelectric and originate from small distortions of the
prototype cubic structure related to off-centre displacement

of Ti ions. In the mixed BZT ceramics with x = 0.15 and
0.20, a thombohedral phase is suggested to exist at 80 K. On
the other hand, only short-range polar order is proposed for
x =0.35 [11-13]. The appearance of a ferroelectric phase at
low temperature when x > 0.25 is controversial. A pyroelectric
current and hysteresis polarization loops with nonnegligi-
ble coercive fields have been found below 150-200 K [14,
15] for BaZrg35Tig 6503 ceramics. However, for the same
composition, XRD experiments did not show the appear-
ance of a long-range-ordered ferroelectric phase at 80 K [16]
even after the application of an electric field, as observed
in other relaxors. A further peculiarity of BaZrg 35Tig 6503
is the absence of a heat capacity anomaly expected from
the freezing of the PNRs [17]. On the basis of a detailed
dielectric spectroscopy investigation it has been proposed that
at low temperature a ‘quasi-ferroelectric’ state exists when x =
0.325 [18]. Recent nonlinear permittivity measurements [19]
indicate a ferroelectric phase transition for x = 0.25, a relaxor
state for x = 0.35 and a mixed behaviour for x = 0.30.

From the foregoing discussion, it is evident that the
understanding of the ferroelectric properties and the respective
atomic-scale structure of BaZr,Tij_,O3z ceramics with x
varying from 0.10 to 0.40 as a function of composition and
temperature is still incomplete.

Conventional XRD and Rietveld analyses can provide
useful insight into the long-range BZT crystal structure as
it changes with the Zr/Ti ratio. On the other hand, tech-
niques such as total XRD scattering coupled to atomic pair
distribution function (PDF) analysis [20, 21] and Raman
spectroscopy [11-13,22-32] can provide knowledge about the
short-to-medium-range order structural features of BZT and
other ferroelectric oxides. Here we apply a combination of con-
ventional XRD, atomic PDFs analysis and Raman experiments
to reveal more clearly the atomic ordering of BaZr, Tij_,O3
ceramics with x = 0.10 (considered to correspond to a con-
ventional ferroelectric state), 0.2 (considered to correspond to
an intermediate diffuse transition state) and 0.4 (considered to
correspond to a relaxor-type state), including the temperature
and composition driven evolution of the underlying perovskite-
type structure and the local disorder in it.

2. Experimental details

2.1. Synthesis

BaZr,Tij_, O3 ceramics (x = 0.10, 0.20 and 0.40) were pre-
pared by a solid-state route using nanocrystalline raw materials
to achieve lower reaction temperatures and high chemical ho-
mogeneity of the final BZT materials. The precursor powders
were characterized by measuring their specific surface area
using the nitrogen adsorption method. In a typical synthesis,
stoichiometric amounts of TiO; (Grade Aeroxide P25, Evonik
Degussa GmbH, Hanau, Germany, Sggt = 55 m?2 g_l, dger =
28 nm), ZrO, (Grade TZ0, Tosoh, Japan, Sggt = 15.3 m? g_l,
dpgTt = 67 nm) and BaCOj3 (Solvay Bario e Derivati, Massa,
Italy, Spgr =27.6 m? g_l, dgeT = 55 nm) were wet mixed
in water using zirconia media. A solution of ammonium
polyacrylate was prepared by titrating an aqueous solution of
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Figure 2. Experimental (dots) and Rietveld fit (line) XRD patterns of BaZr,Ti;_, O3 ceramics with x = 0.10. The fits and the disappearing
of the splitting of (220) and (222) Bragg peaks with increasing temperature clearly show that the low-temperature rhombohedral structure of
BZT transforms into a cubic structure, passing through an orthorhombic structure at 330 K.

polyacrylic acid (Acros Chimica, Milan, Italy, MW2000) up
to pH 10 and added as a dispersant. The dried mixed powders
were calcined for 4 h at 1273 K, wet milled to disintegrate the
agglomerates and finally freeze-dried and sieved. Cylindrical
green bodies of BZT (diameter ~1 cm, length ~1 cm) were
prepared by cold isostatic pressing and sintered for 4 h at
1773 K in air. Sample density was measured by immersion in
water using the Archimedes method. The thus-obtained bulk
ceramics were quite dense (97-98% rel. density), with only a
limited intergranular porosity and a grain size of 3-5 pum for
x =0.10and 0.20 and 1-2 pum for x = 0.40. Secondary phases
were not detected by backscattered imaging in a scanning
electron microscope (SEM-BS) and conventional XRD.

2.2. High-resolution powder XRD and Rietveld analysis

High-resolution powder XRD data for BaZr,Ti;—,O3 (x =
0.10, 0.20, 0.40) were obtained at the beam-line 11-BM at
the Advanced Photon Source, Argonne National Laboratory.
Fine powder samples obtained by grinding the bulk ceramic
samples were sealed in Kapton capillaries and measured in
steps of 0.0025° (26) using x-rays with a wavelength of
0.4587 A. A multi-analyser detection assembly, consisting of
12 independent Si(111) crystals and LaCl;3 scintillation detec-
tors, was used to detect the scattered x-ray intensities. XRD
data were taken at several temperatures (100-450 K) using
an Oxford Cryostream 7004 gas blower up to wavevectors of
approximately 12 A~!. The diffraction patterns showed very
sharp and narrow peaks, indicative of good crystallinity and
chemical homogeneity.

The experimental XRD data sets were subjected to
Rietveld refinements (see figures 2—4). The refinements
were performed using the EXPGUI program suite [33, 34].
The refinements started from the highest temperature data
sets having a cubic crystallographic symmetry. The change
in symmetry could not be always easily detected, as the
distortions from the high-temperature cubic structure often
turned out to be very small. Accordingly, the symmetry of
the model was changed whenever the Rietveld goodness of
fit parameter (Ryp) became substantially larger than that
of the model with a lower crystallographic symmetry. The
number of refined structure-related parameters could not be
kept exactly the same between the different refinements due
to the change in the crystallographic symmetry. However,
XRD peak profile and background parameters were kept the
same with all refinements. The crystallographic symmetry of
the models explored was: cubic (SG Pm3m), orthorhombic
(SG Amm?2), and rhombohedral (SG R3m). In some cases
a tetragonal model (SG P4mmm) was tried, but it did not
converge in the refinements. In total, the respective lattice
parameters, XRD peak profile and background parameters,
the Ba, Ti/Zr and O thermal parameters as well as the Zr
occupancy were refined. The latter was refined as a check of
the samples’ composition and always found to be within £0.05
of the nominal composition. The refined thermal parameters
increased monotonically with temperature, as expected, and
had reasonable values for all Rietveld refined XRD data sets.

2.3. High-energy XRD and atomic pair distribution analysis

High-energy XRD data were obtained at the beam-line 11-
ID-C at the Advanced Photon Source, Argonne National
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Figure 3. Experimental (dots) and Rietveld fit (line) XRD patterns of BaZr,Ti;_, O3 ceramics with x = 0.20. The fits and the disappearing
of the splitting of (220) and (222) Bragg peaks clearly show that the low-temperature rhombohedral structure of BZT transforms into a cubic

structure with increasing temperature.
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Figure 4. Experimental (dots) and Rietveld fit (line) XRD patterns of BaZr, Tij_, O3 ceramics with x = 0.40. The fits show that the BZT
structure type remains (pseudo) cubic, since no splitting of (220) and (222) Bragg peaks can be seen at any temperature.

Laboratory. The same samples used for high-resolution XRD
studies were measured using x-rays of wavelength 0.1080 A
and an area detector (PerkinElmer). Data were taken at
several temperatures (100—450 K) using an Oxford Cryostream

700+ gas blower. The datasets were collected to wavevectors
of approximately 30 A~ and then converted to absolute
(electron) units into the so-called structure functions, S(gq)
[35, 36] related to only the coherent part of the diffraction
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pattern, 1°°P(Q), as follows:

5@ =1+[r"0 - Y alfior] /|[Yasr@| .

where ¢; and f;(Q) are the atomic concentration and x-ray
scattering factor respectively for the atomic species of type
i. Here Q is the wavevector (Q = 4w sinf/)), where 20 is
the angle between the incoming and outgoing x-rays and A is
the wavelength of the x-rays used. The structure factors were
Fourier transformed to the so-called atomic pair distribution
functions (PDFs), G(r), as follows:

2 Omax
G(r)= ;/ Q[S(Q) — 1] sin(Qr)dQ. )

=0

The reduction of the diffraction data to structure factors
and then to atomic PDFs was done with the help of the program
RAD [37]. The advantage of considering the high-energy
XRD data in real space is that atomic PDFs (i) take into
account both Bragg peaks and diffuse scattering components
in the XRD patterns and (ii) so reflect both the short- and
long-range atomic ordering in BZT ceramics. This, coupled
with the high value of the wavevectors reached, allows fine
features of the atomic-scale structure to be revealed, including
the presence of local atomic disorder, as several studies have
already shown [38—40].

2.4. Raman spectroscopy

Raman spectra were obtained with a research-grade micro-
Raman spectrometer (T64000, Horiba/Jobin-Yvon, Villeneuve
d’Ascq, France) using a 514.5 nm Ar-ion laser (Coherent
Innova 400, Coherent, Santa Clara, CA, USA) as an excitation
source. The laser light was focused on the sample surface by
means of a long working distance 50x objective lens with a
numerical aperture (NA) = 0.5 (Olympus, Tokyo, Japan). The
nominal power of the laser was set to 20 mW. Spectra were
collected in a true backscattering geometry with the aid of a
liquid nitrogen-cooled charged coupled device (CCD) camera.
Temperature-dependent (in situ) Raman experiments were
performed by means of a Linkam THMS600 heating—cooling
stage (Linkam, Tadworth, UK). Also, spectra were collected
in a triple subtractive configuration, in order to allow measure-
ments in the low-wavenumber region (~50 cm™!) by spatial
filtering. The collected spectra were analysed by commercial
software (Labspec 4.02, Jobin-Yvon/Horiba) using multiple
Gaussian—Lorentzian peak functions.

3. Results and discussion

3.1. High-resolution XRD data and Rietveld refinement

BaTiO3, BaZrO3 and mixed BZT adopt a perovskite-type
structure (see figure 1). BaZrO3 is a weak incipient ferro-
electric whose dielectric permittivity increases gradually with
decreasing temperature, and is cubic at all temperatures [15].
Pure BaTiO3 shows three distinct phase transitions, rhombo-
hedral (R)-orthorhombic (O) at about 183 K, orthorhombic
(O)—tetragonal (T) at about 278 K, and tetragonal (T)—cubic

(C) at ~398 K, due to hardening of a soft polar phonon
corresponding to the centre of the cubic Brillouin zone with
(k = 000). These phase transitions are characterized with a
displacement of Ti ions along the [001], [110] and [111]
directions of the pseudocubic perovskite unit cell, result-
ing in the appearance of a net polarization axis, leading
to ferroelectric tetragonal, orthorhombic and rhombohedral
phases, respectively. The T-C transition temperature (398 K)
corresponds to the Curie point, Tc, above which BaTiO3 is
in a paraelectric state. It is important to note that Ti ions ex-
hibit local off-centre (111)-type displacements even above Tc
[41, 42], rendering the local atomic ordering in BaTiO3 dif-
ferent from the average cubic-type structure as evidenced
by diffuse scattering [41-43], nuclear magnetic resonance
[44, 45] and x-ray absorption [42] studies.

Dielectric measurements have indicated that the phase
transition sequence of BaTiOs is more or less preserved in
BaZr, Ti(1—x)O3 when x < 0.15. These measurements also in-
dicate that the T-C phase transition temperature decreases with
increasing Zr content whereas the temperatures corresponding
to the R—O and O-T phase transitions increase with increasing
x. Accordingly, when x = 0.10, our XRD data taken at 400,
450 and 360 K are well approximated by the cubic model, at
330 K by the orthorhombic model and at 250 and 295 K by
a rhombohedral-type model (see figure 2 and table 1). The fit
for T <360 K is of slightly inferior quality, but the reason for
this behaviour is unclear. Prior studies have found that in BZT
with x = 0.10-0.15, the three (C-T, T-O, O-R) transitions
observed in BaTiO3 merge together, as evidenced by a single
broad permittivity peak with a maximum at ~343 K [4, 15].
A second-order-like, diffuse ferroelectric transition from the
R to the C phase is reported for 0.15 < x < 0.25. In agreement
with these studies, the structure of our sample with x = 0.20
was found to be rhombohedral at 200 and 250 K, and cubic at
295, 350 and 400 K (see figure 3). A certain ambiguity was
experienced with the XRD data at 295 K: two of the Rietveld
refinements provided Ry, very close to each other (table 1).
Preference was given to a cubic model with Ry, = 8.25%.
The ambiguity indicated a possible phase coexistence of lower
(R) and higher symmetry (C) BZT phases, a rather common
situation in ferroelectric solid solutions near phase transitions.

For 0.25 < x < 0.75, BaZr,Tij—_,O3 system has been
found to exhibit a relaxor-type behaviour, evidenced by a
strong frequency dependence of the dielectric permittivity
peak [15, 18, 46]. The refinement of our XRD data for x = 0.40
indicated an average (pseudo)cubic structure typical of relaxor
ferroelectrics at all temperatures assessed in our study: neither
splitting nor evident Bragg peak asymmetries were observed
in the respective XRD patterns (see figure 4).

The temperature dependence of the unit cell volume
for BaZr,Tij_,O3 ceramics as determined by the results of
Rietveld refinements carried out by us is reported in figure 5.
The volume clearly shows an anomaly at the ferroelectric—
paraelectric transition temperatures for x = 0.10. The anomaly
is much less evident for x = 0.20 and this correlates with the
existence of a diffuse phase transition. A nonlinear temperature
dependence without anomalies is observed for the x = 0.40
sample. The latter may be considered a signature of a relaxor-
type behaviour involving an increase of the volume fraction of
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Table 1. Ry,p values for the various Rietveld fits of the XRD patterns of the different BZT samples. The last column shows the cell

parameters corresponding to the structure with lowest Ryp.

x=0.10
Temperature Rwp (%) Rwp (%) Rwp (%)
(K) (cubic) (orthorhombic) (thombohedral) Cell parameters
250 11.81 a =4.025700(6)
a=289.914
295 11.57 a=4.026710(4)
o = 89.938
330 18.33 10.91 15.88 a=4.02429(1)
b =5.69994(2)
c=5.69506(2)
360 11.32 12.66 a =4.028000(2)
400 8.76 a=4.029280(2)
450 8.41 a=4.031020(03)
x=0.20
200 8.98 a=4.043170(2)
o =89.937
250 8.49 a=4.044370(3)
o =89.955
295 8.25 9.20 8.76 a=4.045460(4)
350 8.87 a=4.047140(2)
400 8.22 a =4.048950(3)
x =0.40
100 8.48 a=4.077950(4)
150 8.42 a=4.078952(4)
200 8.25 a =4.080320(2)
250 7.38 a=4.081620(2)
295 7.71 a=4.083220(2)
350 7.20 a=4.084900(2)

polar nanoregions with decreasing temperature. The sequence
of phase transitions was more clearly revealed by Raman
scattering.

3.2. Raman scattering

In the cubic (C) paraelectric phase of pure BaTiO3 (BT)—
above Tc—using the traditional group theory analysis normal
optical modes would consist of three IR-active Fj, modes and
a silent Fp, mode [47], all Raman-inactive. Well above Tc,
however, several studies reported the presence of broad Raman
lines (at around 225 and 520 cm™!) in the spectrum of BT
[23, 48-50]. Those have been interpreted as being activated by
local short-range distortions due to off-site displacements of Ti
ions across neighbouring crystallographic sites [51]. In fact, in
BT the paraelectric-to-ferroelectric transition is a combination
of displacive and order—disorder type, as evidenced by both
experimental [52, 53] and theoretical [54] studies.

Upon transition to the ferroelectric tetragonal phase,
according to group theory, each Fj, mode transforms into
A1 and E modes, whereas the Fp, mode gives rise to B
(silent) and E modes, which can be clearly assigned only
by polarization measurements in single crystals [47, 55]. In
randomly oriented polycrystalline ceramics the directions of
phonon wavevectors are randomly distributed with respect to
the crystallographic axes, and thus quasimodes rather than
polar phonons are observed. Raman lines appear broad and
none of them possesses true A, E or B; symmetry [56, 57].

This picture is further complicated in B-site-substituted BZT
ceramics, since a relaxation of the selection rules is expected
in the presence of compositional disorder. The solid solutions
studied by us involve Zr** and Ti** cations, which have
different ionic radii of 0.72 and 0.605 A, respectively. The
difference leads to a coexistence of two local octahedral
environments in the perovskite structure of BZT. According
to recent EXAFS and neutron diffraction experiments the
TiOg and ZrOg octahedra in BZT preserve their individuality
and so the Ti—O and Zr—O distances appear similar to those
observed in pure BaTiO3 and BaZrOs [58, 59]. The resulting
local structural distortions produce (i) the appearance of
extra-Raman modes, interference effects and further spectral
broadening, and (ii) a shift in the positions of the Raman
peaks. All these complicate further the interpretation of the
Raman spectra of BZT ceramics. Accordingly, the Raman
spectra presented here are discussed in terms of spectral
features without referencing to particular polar phonons.
Note, qualitative reasoning based on ion masses, sizes, and
two-mode behaviour, i.e. hard-mode spectroscopy [60-62] is
still possible in this case.

Raman spectra of BaZr, Ti;_, O3 ceramics with x = 0.10,
0.20, and 0.40 at 118 K are shown in figure 6. Observed
spectral features are numbered consecutively from 1 to 11,
starting from the low-wavenumber region. The spectrum of
BaZrg 10Tip.99003 resembles that of a rhombohedral BT mate-
rial [12], except for the larger broadening associated with the
presence of compositional disorder. Peaks 6, 7, 9 and 10 are
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x = 0.40 sample no clear phase transition is observed.

found in all ferroelectric phases of BT-based materials. Peaks
6 and 9 have a dominant A;(TO) character, as was proven in
polycrystalline BT by polarization measurements [63, 64], and
the former is associated with polar Ti—O vibrations. Peak 10 is
due to a bending and stretching of BOg octahedra and so has
a mixed Aj and E character [29, 65], whereas peak 7 is the
‘silent’ mode [47]. Another feature that appears in all ferro-
electric phases of BT is the interference dip (4) at ~180 cm™!.
This was reported as being caused by antiresonance between
the narrow A;(TO;) and broad A;(TO;) modes [66]. An
alternative explanation invokes an anharmonic coupling of
three A; phonons [67, 68]. The presence of rhombohedral
symmetry is indicated by the coexistence of peaks 1, 3, 5
(the so-called ‘triple mode’ [12, 32]), by the small peak 8
at ~490 cm™! [69], and by the absence of the overdamped
soft mode [30]. The presence of peak 1 at ~119 cm™! is
related to Zr—O motion in BZT and regarded as an indicator
of the presence of nanometre-sized Zr-based clusters with
local rthombohedral-type structure [13, 29]. This two-mode
behaviour is possible only if local Zr-based domains extend
over tens of unit cells, so that the phonon lifetime (scattering
coherence) can give rise to a definite Raman peak [13, 62].
Features 2 and 11 are present only in BZT solid solutions.
The former is an interference effect between A1(TO) phonons

3
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Figure 6. Raman spectra of BaZr, Ti;_,O3 (x =0.10, 0.20 and
0.40) collected at 118 K. The spectra show the characteristic
features of B-site-substituted BaTiO3 solid solutions. Raman
features are numbered consecutively from 1 to 11, starting from low
wavenumbers (see text).

and appears when two chemically different BOg octahedral
environments coexist in the perovskite structure [31, 70]. Its
strength may be related to the amount of substituted B-type
cations. Similarly to feature 1 it indicates the presence of
nanosized ordered Zr-rich clusters in the perovskite struc-
ture [62]. Feature 11 results from the presence of B- or A-sites
occupied by cations of different sizes [13, 32, 65]. This mode
has been previously considered as an indicator of relaxor
behaviour [29]. Although A- and B-site-substituted BT does
display relaxor behaviour for sufficient substituent content,
this mode appears also for dopant concentrations lower than
the crossover to the relaxor state [32, 71].

Upon increasing Zr content from x = 0.10 to 0.20 and then
to x = 0.40 (cf figure 6) several changes in the Raman spectra
taken at 118 K appear. First, the ‘triple mode’ below 250 cm ™!
progressively disappears, together with the interference dip
at 180 cm™! and the mode 8 at ~490 cm~!. This suggests
that the rhombohedral symmetry is gradually lost, indicating
a mixed R-C structure. The ‘silent’ mode at ~305 cm™!
disappears for x > 0.2. This, however, is not necessarily an
indication of a loss of the BZT ferroelectric character. As a
matter of fact its disappearance could result from the shift
of the mode 6 at ~270 cm™! towards higher wavenumbers.
Such an effect has been already observed in Zr- [32] and
Bi-substituted BT [72, 73] and related to the change in the
interatomic forces due to chemical substitution. Therefore,
it is not possible to say clearly if BaZry20Tig.goO3 is or
is not in a ferroelectric state judging on the ‘silent” mode
alone; the fact that both the interference effects at ~180 cm™!
and the mode 10 at ~715 cm™! are observed indeed hints
to the presence of a long-range ferroelectric state. Mode 10
can be used as a ferroelectricity index, as explained later.
Concerning the x = 0.40 composition, the interference Raman
feature (mode 4) is not present and Raman mode 10 appears
with a much lower intensity. This, together with the absence
of the ‘silent’” Raman mode, suggests that the material has
predominantly cubic-type structure, in line with the results
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from Rietveld refinements. The observed Raman spectrum is
indeed consistent with the presence of a highly disordered
cubic structure, which is also hinted at by the very prominent
dip (2) at ~125 cm~!. The presence of this feature may be due
to ordered Zr-rich regions that are coherent on a scale larger
than that exhibited by the other samples.

Temperature-dependent Raman spectra of all the BaZr,
Tij—xO3 ceramics studied here are presented in figure 7.
All compositions show a Raman spectrum well above Tc,
i.e. in the cubic paraelectric phase, confirming the presence
of local regions with short-range atomic disorder. The same
Raman features are also observed in the paraelectric phase
of BT. The Raman spectra of BZT with x =0.10 shows R
symmetry up to room temperature. Above this temperature
the Raman spectrum resembles that of the O phase of BT
(absence of the ‘triple mode’, shift of the peak at ~490 cmL,
persistence of feature 5). When the temperature is raised
further to above 318 K the spectrum starts resembling that
of the T phase of BT (shift of the mode at 270 cm™! to
higher wavenumbers). A coexistence of O-type and T-type
phases cannot be excluded in this temperature range. The
transition to the cubic phase is diffuse, which may be expected
for a solid solution and is completed by 358 K, as signalled
by the simultaneous disappearance of the interference dip
at ~180 cm™!, the ‘silent’ mode at ~305 cm~! and the
mode at ~715 cm~!. This phase sequence is in accord with
other studies on BaZr,Ti;_,03 [29, 32, 15], and with the
results of Rietveld refinements (figure 5). Upon increasing
the Zr content (x = 0.20) Raman data suggest a coexistence
of R-type and C-type phases at room temperature. Here the
transition to the paraelectric (C-type) phase appears quite
diffuse. The absence of the ‘silent’” mode complicates the
observation of the ferroelectric-to-paraelectric transition for
BZT with x = 0.2. However, the simultaneous disappearance
of the dip at ~180 cm™! and the mode at ~715 cm™' at
around room temperature suggests that the transition takes
place above 300 K, in agreement with the XRD data. A very
different picture emerges when the evolution of the Raman
spectrum of BaZrg 49Tip.6003 with temperature is examined
(cf figure 7(c)). Raman peaks belonging to R-type symmetry
are not seen for the whole temperature range covered in our
study, including the ‘ferroelectric’ Raman features (4), (7)
and (10). In addition, the Raman spectra for the different
temperatures look alike, that is, no ferroelectric-to-paraelectric
transition is detected by Raman spectroscopy. This, together
with the prominent dip at 125 cm™! (which indicates B-
site cation ordering), hints to a possible relaxor state and
corresponding (pseudo-)cubic structure for BZT with x = 0.4.
Cation ordering and the absence of a clear structural phase
transition are in fact characteristics of relaxor systems, in
which the dielectric dynamics can be explained in terms of
growing and shrinking of polar nanoregions (PNRs) [31, 74].
Note, our Rietveld refinements also hint at the presence of
a relaxor state in BZT with x = 0.40 (see the temperature
behaviour of the unit cell volume in figure 5).

The transition from the ferroelectric to the paraelectric
state and the crossover to the relaxor behaviour can be
detected by monitoring the relative intensity of Raman features
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Figure 7. Temperature-dependent Raman spectra of BaZr, Tij_, O3
compositions: (a) x =0.10, (b) x =0.20 and (c) x = 0.40.
Ferroelectric order is clearly recognizable in BaZr( 10Tig.99O3. For
the x = 0.20 composition ferroelectric order occurs below 298 K,
whereas for x = 0.40 no transition appears and the overall spectral
signature suggests a relaxor-type state.

(10) and (11) (cf figure 7). The mode (10) at ~715 cm™!
is in fact a mixed A; and E mode associated with the
breathing of BOg octahedra in the ferroelectric phase [65,
69], whereas the mode (11) at ~780 cm~! is a stretching
mode of BOg octahedra related to A- or B-site substitutions
in the perovskite structure. The latter may appear regardless
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Figure 8. [75/1730 intensity ratio in dependence of temperature for
all investigated BZT compositions. Samples with x = 0.10 and 0.20
show an abrupt relative intensity drop indicative of a
ferroelectric-to-paraelectric transition. For x = 0.40, no transition is
detected. The inset shows the high-frequency portion of the Raman

spectrum of BaZrq 19Tip 9903, with the ~715 and ~780 em™!
modes.

of the presence or absence of a ferroelectric phase [65, 66].
The relative intensity of these two modes (I715/1730) can
thus be used as an indicator of the ferroelectric state of the
material. Values of I7;5/1730 much higher than unity would
indicate a highly coherent long-range-ordered ferroelectric
phase. Values closer to unity would indicate a system where
the long-range ferroelectric order is largely disrupted. Values
of 1 or lower would be indicative of a system where no
long-range ferroelectric order is present at all. Figure 8§ reports
I715/I780 plotted versus temperature for BaZr,Tij—,O3 in
the investigated temperature range. As can be seen in the
figure, for BZT with x =0.10 and x = 0.20 compositions
the I715/I730 intensity ratio initially decreases in a smooth
manner with temperature, then takes an abrupt drop at 358 K
and 298 K for x = 0.10 and x = 0.20, respectively, remaining
constant with a value close to unity at higher temperatures. The
temperatures at which the intensity drop occurs correspond to
the maximum of the dielectric permittivity of the respective
BZT ceramics, and are close to the ferroelectric-to-paraelectric
transition temperatures reported in [15, 29, 32]. The overall
(I715/I730) intensity ratio observed for BZT with x = 0.20 is
lower than for BZT with x = 0.10, suggesting a lower degree of
ferroelectricity in the former as compared to the latter ceramic.
With the x = 0.40 BZT sample, the (I715/I730) intensity ratio
is seen to remain constant and below one across the whole
temperature range we investigated (see figure 8). This suggests
that BZT with x = 0.4 is not ferroelectric and so does not
exhibit a structural phase transition with changing temperature,
in line with the findings of the Rietveld refinements of the XRD
data.

3.3. Atomic PDF studies

Our conventional XRD and Raman data clearly showed that the
BZT ceramics studied here exhibit a long-range polar ordering
when x < 0.20, and a relaxor behaviour for larger values of x.
In BZT relaxors the Zr/Ti cation off-centre displacements are
correlated or partially correlated on limited length scales only
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Figure 9. (a) Experimental (symbol), model 1 (brown line) and
model 2 (orange line) PDFs for BaZr, Tij_, O3 with x = 0.10. Data

in the range of 1.5-10 A are only shown for the sake of clarity.
Model 1 data are computed strictly observing the constraints of a
rhombohedral structure with R3m symmetry. Model 2 data are
computed on the basis of a cubic structure with Pm3m symmetry.

within the PNRs, leading to zero macroscopic polarization. To
access the presence of local Zr/Ti polar displacements and the
PNRs associated with them, we fit the experimental PDFs with
structure models featuring polar (rhombohedral/R3m) and
non-polar (cubic/ Pm3m) structure models. Results are shown
in figures 9—11. Due to the property of Fourier transformation,
experimental errors pile up close to the origin, i.e. at small
values of the real space vector r. Since structure models testing
and refinement does not take into account experimental errors,
PDF fits to weak structural features appearing at low r values
(e.g. at r values of approx. 2 A) are rarely of a good quality.
Fits to the experimental PDF data shown in figure 11 strictly
obey the symmetry constraints of the tested rhombohedral- and
cubic-type models, i.e. do not take into account the eventual
presence of more subtle local structural distortions, and may
explain the inferior quality of the constrained PDF fits at r
values close to 6 A.

The PDF fits for BZT with x = 0.10 and 0.20 based
on the R3m structure model turned out to be better than
those based on the Pm3m model for all temperatures covered
by our studies, as documented by the better fit agreement
factors Rywp (x =0.10, average values: 11.46% for R3m,
12.86% for Pm3m; x = 0.20, average values: 13.24% for
R3m, 15.97% for Pm3m). The result indicates the presence
of local polar ordering in BZT with x =0.10 and 0.20 even
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Figure 10. (a) Experimental (symbol), model 1 (brown line) and
model 2 (orange line) PDFs for BaZr, Tij_, O3 with x = 0.20. Data

in the range of 1.5-10 A are only shown for the sake of clarity.
Model 1 data are computed strictly observing the constraints of a
rhombohedral structure with R3m symmetry. Model 2 data are
computed on the basis of a cubic structure with Pm3m symmetry.

at temperatures (7' > 360 K for x =0.10 and 7 > 300 K for
x = 0.20) at which the average structure revealed by Rietveld
analysis is cubic. Hence, our findings show that local polar
clusters exist even in the paraelectric phase of average cubic
symmetry, as also indicated by Raman scattering, despite the
well-defined paraelectric-to-ferroelectric transition. For BZT
with x = 0.40, again the PDF fits based on a polar R3m-type
model (average Ryp 12.75%) are better than those based on a
non-polar, cubic-type model (average Ry, 15.57%), indicating
the coexistence of local polar ordering with the average cubic
structure suggested by Rietveld analysis at all temperatures
covered by our studies. For all BZT ceramics studied here, the
differences in Ry, between the polar and non-polar models
decrease with increasing temperature, suggesting that the
local polar clusters are decreasing in size with increasing
temperature.

Inrelaxor systems such as BZT with x = 0.40, the increase
or decrease in size of PNRs can also be determined by Raman
spectroscopy by monitoring the integrated intensity of the
phonon mode at ~515 cm™!. This is possible because the
intensity is a function of the spatio-temporal auto-correlation

R
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Figure 11. (a) Experimental (symbol), model 1 (brown line) and
model 2 (orange line) PDFs for BaZry Tij_, O3 with x = 0.40. Data

in the range of 1.5-10 A are only shown for the sake of clarity.
Model 1 data are computed strictly observing the constraints of a
rhombohedral structure with R3m symmetry. Model 2 data are
computed on the basis of a cubic structure with Pm3m symmetry.

function of the electronic polarizability [29]. When the PNRs
grow, the integrated intensity of Raman modes is expected to
increase, until a plateau is reached at the freezing temperature
T, below which the nonergodic relaxor state is reached and
the PNRs grow no further. Figure 12 shows the integrated
intensity of the ~515 cm™! mode for BZT with x = 0.4. It can
be seen clearly that the intensity increases with decreasing
temperature. This indicates that the size of polar clusters
increases with decreasing temperature, in line with the findings
of PDF analysis. The growth of PNRs is faster in the range
320-380 K and around 210 K. The freezing temperature
for BZT with x = 0.4 resulting from figure 12 is close to
150 K, in agreement with other studies [29]. Assuming that
the integrated intensity of the ~515 cm~! Raman feature
is proportional to the volume of the PNRs (supposed of
spherical shape) it may be estimated that the PNR size in
the frozen relaxor state is about two times larger than that in
the non-frozen state at 450 K.

Both PDF analysis and Raman spectroscopy clearly indi-
cate the existence of local PNRs at temperatures well above
the ferroelectric-to-paraelectric transition in BZT ceramics
with x = 0.10 and 0.20, and the evolution of PNR volume
with decreasing temperature. In BZT with x =0.10 and 0.20
this local polar order evolves in a long-range ferroelectric
order on cooling through the Curie temperature. In BZT with
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for BaZr( 49Tig.60O3. The increasing intensity upon cooling is an
indication of coarsening of the PNRs. A plateau is reached at 150 K.
That temperature can be regarded as the freezing temperature (7¢) of
PNRs in this ceramic.

x = 0.4 the long-range ferroelectric order does not appear on
cooling, since PNRs are observed even at 100 K and the
ceramics has, on average, cubic-type structure. It is to be
noted that the PNRs are due to the off-centre displacement
of Ti ions and the existence of local strain of the perovskite
structure arising from the difference in the sizes of Zr and
Ti cations. According to PDF analysis these local PNRs may
be described in terms of a rhombohedral structural model. In
lead-containing relaxors (PbMg; /3Nb2/303) and in relaxors
obtained by doping BaTiO3 with heterovalent cations, PNRs
are mostly due to compositional fluctuations which give rise
to charge ordering and randomly oriented electric fields. How-
ever, the formation of PNRs in isovalent substituted BaTiO3,
such as BaZr,Ti;—xO3, has to be explained by a different
mechanism. [sovalent substitution cannot lead to a local charge
ordering and random electric fields. Our Raman data clearly
show that the TiOg and ZrOg octahedra retain their individual-
ity in the BZT ceramics, likely because of the rather large size
difference between Ti** (0.605 A) and Zr*t (0.72 A) cations,
in good agreement with recent EXAFS and neutron scattering
studies [58, 59]. According to first-principles calculations [75],
the initial nucleation of PNRs in BZT at high temperature is
driven by compositional fluctuations leading to spatial regions
enriched in Ti inside which the elemental electric dipoles have
the same direction. Further growth of these Ti-rich precursor
PNRs is likely to be of thermodynamic origin and driven by the
reduction of the local strain achieved with the coarsening of
the PNRs in comparison to a random distribution of TiOg and
ZrOg octahedra. It is clear that segregation of zirconium ions
outside the PNRs can occur, leading to the formation of Zr-rich
clusters, which will inhibit the growth of the Ti-rich PNRs in
larger ferroelectric domains when the amount of Zr reaches
a threshold value. The existence of Zr-rich clusters is well
supported by the observation of some Raman bands specific to
Ti-site substituted BaTiO3. As Zr ions have a weak tendency to
displace off-centre inside the ZrOg octahedra of the perovskite

structure, the Zr-rich regions will be non-polar, or only weakly
polar. In other words, the existence of Zr-rich clusters will
disrupt the long-range ferroelectric order, especially in BZT
with x = 0.40. Thus the relaxor state in BaZr, Ti;_,O3 with
x = 0.4 will correspond to a random distribution of Ti-rich
PNRs and Zr-rich non-polar clusters in a paraelectric matrix.
With this mechanism, the crossover from a typical ferroelectric
state to a relaxor state will require a high concentration of the
homovalent substituent, between 20 and 40 at.% in the present
case, and will be accompanied by a progressive reduction of
the PNR correlation length.

4. Summary and conclusions

Average and local structure of BaZr,Tij_,O3 ceramics (x =
0.1, 0.2 and 0.4) were investigated in the range of 100-450 K
using several experimental techniques. The average BZT
structure was determined by high-resolution synchrotron XRD
and Rietveld refinements. Phase transitions in BZT and some
aspects of the BZT local atomic-scale structure were revealed
by Raman spectroscopy. In particular, when x = 0.1 all
phase transitions typical of BaTiOsz are observed in the
temperature range 298-360 K. Only a diffuse rhombohedral—
cubic transition occurs around room temperature for x = 0.20.
The persistence of some polar bands in the Raman spectra
of BZT with x = 0.1 and 0.2 collected well above the
ferroelectric—paraelectric transition supports the existence of
short-range correlated displacements on the B-sites of the
perovskite structure, due to Ti-rich polar clusters inside a
non-polar paraelectric matrix of average cubic-type structure.
No phase transitions are observed for x = 0.4. The average
cubic structure and the polar bands observed in BZT with
x = 0.4 for all investigated temperatures correspond to a
typical relaxor behaviour. In addition to the formation of
polar clusters, Raman spectra also suggest a formation of
Zr-rich clusters for all BZT compositions. Since BaZrO3 is
a paraelectric material, non-polar or weakly polar Zr-rich
clusters may be expected in BZT ceramics. Analysis of the
PDF data obtained from total x-ray scattering experiments
indicates that a rhombohedral, polar-type structure model,
corresponding to off-centre displacements of Ti ions along
the [111] direction in the perovskite structure, describes quite
well the local structure in BZT ceramics with x varying from
0.1 to 0.4. A non-polar, cubic-type structure model fails in this
aspect. This gives extra evidence in support of the existence
of polar nanoregions above Tc for BZT with x = 0.1 and
0.2, and in the whole investigated temperature range for BZT
with x = 0.4. The polar clusters observed at high temperature
for x =0.1 and 0.2 evolve in a long-range ferroelectric order
during cooling across the Curie temperature. In contrast, in
BZT with x = 0.4, a long-range order does not develop, even
at temperatures of the order of 100 K, although PNRs grow
with decreasing temperature. Those, however, never reach a
percolation threshold due to the existence of Zr-rich clusters.
The growth of the PNRs in BZT with x = 0.4 is evidenced by
the thermal behaviour of the intensity of the Raman band at
515cm™!. The intensity increases with decreasing temperature
until a plateau is reached at ~150 K, where a freezing of the
PNRs takes place.
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