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Abstract

The Raman spectra of the ceramics PLZT x/40/60 have been measured in the temperature range
20-800 K. An assignment of the Raman modes is presented using the results of the effective
medium approximation for the IR data. Factor-group analysis is presented for the case of
off-site position of cations or unit cell doubling, which allows a higher number of active
phonons in the IR and Raman spectra. The presence of Raman-active modes in the cubic phase
is associated with local unit cell doubling and symmetry breakdown due to the off-site cations.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The exceptional optical and dielectric properties of the ceramic
system (Pb;_3,/;La,)(Zr,Ti;_,)O3(PLZTx/y/1 — y) have
aroused considerable attention from the very beginning of its
discovery [1, 2]. Many studies have been devoted to the origin
of its relaxor behaviour [3—6]. The phase transition diagram
of PLZT is very well known [1]. The morphotropic phase
boundary between the tetragonal and rhombohedral symmetry
is set for y = 53% (amount of Zr). For y < 53%, the
tetragonal symmetry is realized at room temperature (RT).
This side of the phase diagram has been less studied than
the rhombohedral one: however, its dielectric properties are
interestingly governed by the amount of La doping x, evolving
from a traditional ferroelectric material at low La contents to
a relaxor ferroelectric for x > 12% [6]. This change in the
dielectric behaviour was found to be associated with the polar
domain sizes, reducing from micrometres in the ferroelectric
case to nanometres in the relaxor one [7].

The first infrared (IR) and Raman spectra of PLZT
12/40/60 were published by Lurio er al [8] at RT and
200°C. They tried to assign the mode symmetries according
to those for PbTiO;. However, they used the classical
damped-oscillators model and the number of modes was
not satisfactory to fully interpret the spectra. More recent
Raman results were published by El Marshi et al for
PLZT 12/40/60 and 6/40/60 [9, 10]. Despite the ceramic
character of the samples, it was shown that selection rules

0953-8984/08/345229+10$30.00

for the intensity of the Raman modes are applicable and
they tried to again assign the mode symmetries, as already
done for (Pbg.97Ndg.02) (Zro.55Tio.45)O3 [11]. Low-temperature
Raman spectra and assignments of modes for different
Pb(Zr,Ti;—y)Os (PZT) samples were also published by Frantti
etal [12].

The lattice dynamics of ferroelectric PLZT 5/40/60
had already been studied by us using IR and dielectric
spectroscopy [13]. It was shown that the dielectric behaviour
of this sample, considered as a normal ferroelectric (with
Tc = 584 K), is governed by a soft mode in the THz range
and a lower-frequency excitation related to polar microdomains
appearing on lowering the temperature. The relaxor samples
PLZT 12/40/60 and 15/40/60 were also studied very recently
by us [14, 15]. We have found that the high-temperature
overdamped excitation splits below 7¢ (400 and 300 K for x =
12 and 15, respectively) into the E-symmetry soft mode, which
hardens on further cooling, and a lower-frequency relaxation,
which slows down further and broadens, as usual, in relaxor
materials. Both samples show relaxor behaviour but undergo
ferroelectric phase transitions, too. The huge dielectric
anisotropy of PLZT 15/40/60 in the THz and IR range was
recently evaluated using the effective medium approximation
(EMA) [15]. This model shows that the cubic F;, modes
are already split into E and A; tetragonal components above
the ferroelectric phase transition due to the presence of polar
clusters. XRD data of PLZT 12/40/60 showed that the off-site
position of Pb/La atoms allows the activation of new IR-active
modes in the tetragonal phase [15].

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. Raman spectra (corrected for the temperature factor) of
PLZT 5/40/60 at selected temperatures. The fit at 10 K and the
oscillators used in the fit are also shown. Dotted lines refer to purely
Raman-active modes.

In the present paper we compare Raman and IR results
for PLZT x/40/60 samples: x = 5, 12 and 15 at different
temperatures. The EMA model is used to better understand
the IR and Raman spectra and to be able to assign the mode
symmetries.

2. Experimental details

The PLZT x/40/60 ceramic samples were prepared by mixing
an appropriate amount of p.a. grade oxides with 6 wt% PbO
in excess. The powder mixture was calcined twice at 900 °C
with intermediate milling. Further processing is described
elsewhere [16]. According to x-ray diffraction (XRD) and
scanning electron microscopy (SEM) analysis, the material
was single-phase perovskite of high density. Large disc-like
ceramics (diameter about 2 cm and 1.5 mm thick) were cut
into discs (7 mm in diameter and 1 mm thick) to enable the IR
and Raman measurements.

IR reflectivity measurements were performed using an
FTIR spectrometer Bruker IFS 113v equipped with two RT
DTGS pyroelectric detectors as well as an He-cooled (1.5 K) Si
bolometer. RT and high-temperature spectra were taken in the
range 30-3000 cm ™' with a resolution of 2 cm~! and a DTGS
pyroelectric detector. For high temperatures (300-900 K) a
commercial oven SPECAC P/N 5850 was used. For low-
temperature measurements (10-300 K) we used a continuous-
flow Optistat CF (Oxford Instruments) cryostat with the sample
mounted in an He gas bath. The use of polyethylene windows
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Figure 2. Raman spectra (corrected for the temperature factor) of
PLZT 15/40/60 at selected temperatures. The fit at 10 K and the
oscillators used in the fit are also shown. Dotted lines refer to purely
Raman-active modes.

in the cryostat reduced the accessible frequency range to 30—
650 cm ™! at low temperatures. Detection was done by an He-
cooled (1.5 K) Si bolometer.

The Raman spectra were excited with the 514.5 nm line
of an Ar laser at a power of several mW and recorded in
back-scattering geometry using an RM-1000 Renishaw Raman
microscope equipped with a grating filter, enabling good stray
light rejection in the 20-850 cm™' range. The diameter of
the laser spot on the sample surface amounted to 2-5 um. A
THMS-600 cell (LINKAM) was used for temperature control
of the samples from 300 to 800 K. For low-temperature
spectra (between 300 and 10 K) samples were loaded into
a continuous-flow He cryostat (Oxford Instruments) and the
microscope was equipped with a special angled arm carrying
a 20x ULWD objective for efficient optical coupling. The

spectral resolution was better than 2 cm™!.

3. Results

3.1. Raman results

The reduced Raman spectra (corrected for the Bose—Einstein
temperature factor) of PLZT 5/40/60 and 15/40/60 at different
temperatures are shown in figures 1 and 2. Spectra were
recorded using the natural polarization of the laser without
any analyser, which yields almost parallel polarization. The
spectra are similar to those taken for PLZT 6/40/60 and
12/40/60 [10]. They show also the main features presented
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Figure 3. Temperature dependences of Raman frequencies
for 15/40/60.

by PZT 30/70 [12]. Both compositions show similar peaks;
however, closer inspection of the spectra shows that for PLZT
15/40/60 bands are broader at lower temperatures compared
to PLZT 5/40/60. Also in PLZT 5/40/60 the splitting of the
modes near 550 cm ™' is more pronounced and the spectra are
richer below 400 cm™!.

The fitting of the spectra was done using a sum of
independent damped harmonic oscillators.  However, in
some cases the fitting of minima was difficult at the highest
frequencies and Gaussian shapes were used for two bands in
PLZT 5/40/60 near 600 cm~' at low temperatures. Fits for
PLZT 5/40/60 and 15/40/60 at the lowest temperature and the
corresponding peak decomposition are also shown in figures 1
and 2. Modes which are simultaneously IR-and Raman-active
are shown by solid lines.

The temperature dependences of the Raman frequencies
for PLZT 15/40/60 are shown in figure 3. (The temperature
behaviour of the frequencies for PLZT 5/40/60 is shown
afterwards, within the discussion section, with the assignments
of symmetries.) The Raman signal is still present in the
cubic phase, despite the forbidding selection rules, as it is
well known for many cubic perovskites. Three main bands,
which split on cooling, are seen. Particularly interesting is the
splitting of the first band near 300 cm™! in the cubic phase
because the first tetragonal A;—E doublet, which is supposed
to soften, develops from it on cooling. The second and third
cubic bands near 500 and 700 cm ™!, respectively, also develop
some substructure. Besides these splittings, all the main peaks
present some shoulders at the lowest temperatures.

An interesting feature is the presence of an intermediate
peak, at ~640 cm~!, which is stronger in samples with
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Figure 4. Temperature dependences of half-widths for the main
bands in PLZT 5/40/60, 12/40/60 and 15/40/60. (Squares: 110 cm™',
circles: 200 cm™!, triangles: 320 cm™!, stars: 550 cm ™', diamonds:
790 cm™'.)

higher La content. In PLZT 5/40/60 it is still seen as a
shoulder. Therefore we believe that it is related to the presence
of lanthanum in the lattice, despite its high frequency. In
all the samples a central mode component develops below
800 K in unreduced spectra on approaching the ferroelectric
phase transition and below it. This made it very difficult
to fit the lowest mode, which is overdamped. From the
Raman experiment it was not possible to deduce directly its
frequency. Since such a mode was detected also in our
THz experiment [14] and it was assigned to the overdamped
E(TO1) soft mode, we fixed its frequency (below 20 cm™') in
accordance with the previous IR fit [15].

In figure 4 the temperature dependence of half-widths
of the main bands, corresponding to the damping of the
oscillators, is depicted for all three samples. On cooling,
each mode splits and the damping and strength is redistributed
among all developing modes. We assigned its strength and
damping to the strongest of them. Damping constants therefore
decrease on cooling, due to this effect and owing to the loss
of anharmonicity of the vibrations. The respective T¢ for the
samples are marked by dotted lines.

The temperature dependence of the integrated strengths
(corresponding band areas) of the main bands is shown in
figure 5. First, the strength was integrated over the whole
spectra (black stars). The total areas over the entire spectra
stay reasonably constant for all samples, as expected. To
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Figure 5. Temperature dependences of the Raman strengths of the
four main spectral regions for PLZT 5/40/60, 12/40/60 and 15/40/60.
(Squares: 0-100 cm™', circles: 100-400 cm™', diamonds:

400-700 cm™!, triangles: 700-900 cm™!, stars: total strength.)

investigate a possible transfer of energies we plot also the
strength over four zones in the spectra (open symbols). The
first zone corresponds to frequencies lower than 100 cm™',
where the central peak and the overdamped soft mode appear;
the other three correspond to the three strong bands seen in
the cubic phase (around 300, 500 and 750 cm™ ). These
bands split on cooling but their overall strength remains almost
constant. The first zone (integrated over 0—100 cm ™) increases
in strength a little due to the appearance of the central mode
in the spectra and due to the hardening of the E(TO1) mode
which enters in the spectra. The second band (integrated over
100-400 cm~! and where the main TO2 modes appear) shows
a weak temperature dependence due to the mode at 300 cm ™!
which splits in two at T¢, corresponding to A;(TO2) and B,
(see the discussion below). The highest-frequency band (above
700 cm~!) weakens more pronouncedly on cooling. This band
corresponds to oxygen vibrations and LO3 modes, although
inspection of individual strengths shows that it is the highest-
frequency mode above 800 cm™! (known in the literature as
the O breathing mode) which loses its strength. This behaviour
is common to all three samples.

3.2. The EMA model

The temperature dependences of the IR spectra of PLZT
x/40/60 were published in [13, 14]. There we used a

generalized four-parameter oscillator model to fit the spectra
and obtained the effective dielectric function geg(w). In our
last work [15] devoted to PLZT 15/40/60, we demonstrated
that using EMA it is possible to calculate the local dielectric
anisotropy and assign the mode symmetries in the THz and
IR ranges, when polar grains or nanoclusters are present in
ceramics. In this case, permittivity is different along and
perpendicular to the local polarization in grains and different
polar phonons are activated in the IR spectra with polarization
along (A; modes) and perpendicular (E modes) to cluster
polarization. Within this model the reflectivity is calculated

as
2

Veett(@) — 1
Veer(w) + 1

where the effective dielectric function is derived from
Bruggeman’s formula [17]:

R(w) = D

2 £1(®) — eii(@) n 1 gj(w) — eeii(@) 0. ©
Jei(w) + 2ecr(w) 3 e)(w) + 2&ept(w)

The components of the dielectric tensor are calculated
using the factorized form for the damped harmonic oscillators
model [18]:

2 .
— " +10YLoj|. L

— o’ +iwyroj) L

LOJ||J_

&), L(®) = &), 1 l_[ 3)

@Toj).L

The anisotropy of the high-frequency dielectric tensor is
presumably negligible so that both principal components were
set equal: eqo) = €00l

For tetragonal PLZT samples with a parent cubic structure,
the frozen polarization induces anisotropy inside the polar
nanoregions and each cubic triplet Fy, splits into A + E pairs.
Therefore, &)(w) is determined by the dielectric contribution
from the A; modes and ¢ (w) by the E modes. More details of
the model and procedure can be found in [17].

In figure 6 we show the IR reflectivity spectra of PLZT
5/40/60 and 12/40/60, at RT and 20 K, respectively, together
with the EMA fit. Parameters of the modes are listed in
table 1 (the E(TO1) mode parameters are taken from the THz
experiment). As in PLZT 15/40/60 [15], more IR modes
than allowed by the tetragonal symmetry are detected: twelve
modes in PLZT 5/40/60, instead of seven. There is a splitting
of the three main perovskite TO modes. The dielectric spectra
obtained from the fit are depicted in figure 7. Arrows mark
longitudinal frequencies of the three main perovskite modes at
the zeros of the permittivity and the transverse frequencies are
marked at the corresponding maxima in the dielectric losses.
The thicker solid curves represent the effective permittivity and
the losses. E-symmetry modes give a higher contribution to the
dielectric function. Permittivity arising from the E modes at
low frequencies is higher than 500, whereas that from the A
modes is about 30. This large anisotropy is characteristic of
all PZT and PLZT compounds, due to the presence of a strong
E-symmetry soft mode below 30 cm™!
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Table 1. Frequencies (wr, @) and dielectric strengths (A¢) of IR modes in PLZT 12/40/60 and 5/40/60 at characteristic temperatures in the
tetragonal phase using the EMA model (equations (1)—(3)). Transverse and longitudinal frequencies (wr and ey ) are given in cm™!. Asterisks

denote parameters calculated from the THz experiment.

PLZT 12/40/60 PLZT 5/40/60
oo = 6.12 oo = 6.57
20K 300 K 20K 300 K 500 K
Symmetry  wr wr, Ae wr wr, Ae wr wr, Ae wrt wr, Ae wr wr, Ae
A (1) 107 158 14 107 145 10 122 166 11 112 165 18 113 150 10
A (2) 342 349 1.0 349 360 1.7 340 367 3.8 336 343 2.4
375 416 1.9 378 416 2.4 384 450 2.3 380 435 1.0 371 421 2.1
A (3) 588 720 2.5 580 721 2.8 625 717 1.5 602 722 1.9 579 705 2.3
E(1) 25 42 140* 10* 37 600* 41 61 250 22* 45 520" 17* 45 2000*
70 121 79 70 121 88 63 66 32 73 120 17 77 121 59
87 123 27
E2) 188 215 21 190 223 27 201 229 21 200 233 22 194 233 27
226 440 72 227 435 2.1 235 417 35 238 421 29 234 422 0.2
E4)+B; 311 307 04 323 318 0.4 304 303 0.1 301 301 0.1 280 278 0.3
E(3) 540 693 1.5 534 690 1.7 519 532 0.6 520 532 0.6 525 680 1.6
561 685 1.1 555 686 1.1
10 T G(X) T T T T T T T T T T T (Ll T T T
sk PLZT 5/40/60 -~ &, (A modes)
1 A
08 p 200 300K € (E modes) ]
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Figure 6. IR reflectivity spectra and their EMA fits for PLZT 5/40/60
and 12/40/60. Spectra at 20 K are cut above 600 cm™' due to the use
of polyethylene windows in the cryostat.

4. Discussion

4.1. Structure symmetry considerations

The lattice dynamics of PLZT has been usually explained using
group-theoretical results valid for simple cubic perovskites
ABO3: Raman activity is forbidden in the cubic group
Pm3m and there are three IR-active F;, modes. When these
compounds undergo a phase transition to a tetragonal phase,
P4mm-C}1V, like PbTiOs, the cubic triplets split into A} + E
modes [19]. This analysis is valid on the assumption of
a perfect structure without disorder. But PZT and PLZT

Wavenumber (cm '1)

Figure 7. Permittivity and dielectric losses obtained from the EMA
fit for PLZT 5/40/60 at room temperature.

are samples with a high degree of disorder. To discuss
the influence of disorder in the Raman-and IR-active modes,
factor-group analysis for cubic and tetragonal phases taking
into account different cation arrangements is shown in table 2.

In the cubic paraelectric phase a simple analysis, based
on placing Pb in the la site and taking Ti and Zr as
one effective atom in the 1b site, leads to three IR-active
modes (plus an acoustic and a silent one, see table 2)
at the Brillouin zone centre, which is not sufficient to



Table 2. Factor-group analysis of phonons in PLZT x/40/60, taking into account different atomic positions or unit cell doubling. Z, = 2 refers to the primitive unit cell. The conventional (centred) unit cell is four
times bigger.

Cubic (m3m)
Pb/La off-site 4+ Zr, Ti off-site and
Pb ordered (Z = 1) Pb ordered (Z, = 2) Pb/La oft-site + Zr,Ti separated (Z = 1) separated (Z = 1)
Atom Site  Represent. Site Represent. Site Represent. Site  Represent.
Pb la Flu 8¢ Fiu + FQg 8g 2F + 21:2g+Eg + Alg 8g 2F + 21:2g+Eg + Alg
La +F1g + F2u + Eu + A2u + Flg + F2u+E.. + A2u
Ti b F 4b Fiu 1b Fiy 6¢ 2F 1y + Fog + Eg + Ay
lu + Fig + Fay
Zr da Fiu 1b Fiu 6e 2F 1, + Fag + Eg + Ajg
+ Flg + Fay
(6] 2F F
o 3¢ 2F+Fy 2e 2y +Fay +Eg + Arg + Fig + Fay 3¢ o Fou 3¢ 2F+Fy
Total 4F 1y (IR) + Fou(—) SF1u(IR) + 2F2 (R) + Eg (R)+ 6F 1y (IR) + 3F2(R) + E4(R) 8F1u(IR) + 4F2g (R)
At (=) + Fig(R) 4+ Fau(—) + A1 (=) +Fig(R) + +3Eg(R) +3A14(—)
2F2u(_) + Eu(_) + AQu(_) + 3F1g(R) + 4F2u(_)
+ Eu(_) + AZu(_)
Activity 3(IR) 4(IR) 4+ 4(R) 5(IR) +4(R) 7(IR) + 10(R)
Tetragonal (4mm)
Pb/La off-site + Zr,Ti Pb/La off-site 4+ Zr,Ti off-site and
Pb ordered (Z = 1) Pb ordered (Z, = 2) Pb/La off-site (Z = 1) separated (Z = 1) separated (Z = 1)
Atom Site  Represent. Site Represent. Site  Represent Site  Represent. Site  Represent.
Elz la Al +E 4b A} +2E+ B, 4d 2A1 +3E+B; +2B, + Ay,  4d 2A1 +3E+B; +2B, + Ay  4d 2A; +3E+B; + 2By + Ay
Ti 2a Al +E b A +E 4e 2A; +3E+2B; + By + Ay
- b A +E S Al LE 16 A1+E b A +E 4e  2A, +3E+2B; +Bs+ Ay
0O, 1b Al +E 2x2a 2A1+2E 1b Al +E b A +E 1b Al +E
0, 2¢ A} +2E+ B, 8¢ 2A; +3E+B; + 2By + Ay 2¢ A} +2E+ B, 2¢ A; +2E+ B; 2¢ A} +2E+ B,
Total 4A;(R,IR) 7A1 (R, IR) 4+ 9E(R, IR) 5A1(R,IR) + 7E(R,IR) + B (R) 6A (R, IR) 4+ 8E(R, IR) 8A1 (R, IR) + 12E(R, IR)
+ 5E(R,IR) 4+ B (R) +2B;(R) +2B>(R) + +2B2(R) + Az (—) + 2B (R) + 2B (R) + 6B (R) + 4B>(R)
Ax(—) + Az(—) +3A2(—)
Activity 7(R,IR) 4+ 1(R) 14(R,IR) + 4(R) 10(R, IR) 4+ 3(R) 12(R,IR) + 4(R) 18(R,IR) 4+ 13(R)

62TSPE (8007) 0T MBI “suapuo)) 'sKud [
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account for the IR and Raman modes detected in the
experiments. Our IR experiments [14] showed seven IR modes
above the Burns temperature 7y ~ 680 K [20]. The Raman
experiment shows seven modes up to 800 K for PLZT 15/40/60
(see figure 3) and six modes for PLZT 5/40/60.

The presence of a Raman signal in the cubic phase, which
is a well-known effect in many cubic perovskites, speaks in
favour of the symmetry breakdown at micro-or nanoscopic
scales. Our results confirm the lowering of local symmetry
in the cubic phase, even if our samples are macroscopically
cubic at high temperatures (above 700 K), as well as found for
Ti-rich PZT [21]. El Marssi et al attributed the presence of a
Raman signal in the cubic phase of PLZT to fluctuations of the
polarization [9]. Our data show that the Raman signal is of first
order and can be assigned to the breakdown of cubic symmetry
in nanoregions. The laser spot, a few micrometres in diameter,
measures over an ensemble of nanometric clusters in which
polarization is already developed; therefore it is averaged as in
the fluctuating model [9]. However, the simple model of modes
arising from polar nanoregions where tetragonal symmetry
is already developed cannot explain spectra above the Burns
temperature where these regions are still not developed.
Therefore another explanation should be found to account for
the modes above Ty. Also the activation of the silent F,, mode
due to symmetry breaking in nanoclusters is not enough to
account for the seven IR modes found.

A second mechanism which could be responsible for the
activation of Raman modes in the cubic phase is a local unit
cell doubling, due to ordering in B-site cations. Rhombohedral
lead-based perovskite relaxors with two B atoms show often
locally doubled cell structures. In PLZT x/40/60 the doubling
could be induced by a Ti/Zr arrangement, which is almost
in a 50/50 ratio. But it was shown by Mihajlova et al [22]
that Raman spectra present in the cubic phase (Fm3m) are
not explained just by the doubling of the unit cell; additional
peaks were assigned to structural distortions and cation shifts
in Pb(Scy.5Tag5)O0s3. In table 2 it is shown that this effect leads
to four IR-and four Raman-active modes, which again is not
enough to explain our results. The group analysis shows that
the motion of Pb and O atoms is responsible for the Raman-
active modes, but not that of Ti/Zr. Following Mihajlova et al,
indications of the unit cell doubling are a low-frequency mode
attributed to Pb and a high-frequency B-O stretching mode
above 800 cm~!. In PZT and PLZT both modes are present,
with high damping constants. Therefore doubling could exist
at a local scale, although some other cause must be found for
the presence of Raman and IR bands in the middle-frequency
part. It is worth noting that the latter mode, although it seems
to be related to the B-site ordering [23] in many complex
perovskites, was also found in Ca(Zr,Ti;_,)O3 even in the
absence of a B arrangement [24]. So the question is still open.

An important aspect of lead-containing perovskites is that
the Pb atom is substantially anharmonic and Pb disorder is
fundamental in the dielectric behaviour of these compounds.
A diagonal off-site Pb atom was recently discovered by high
energy synchrotron radiation diffraction [25]. If Pb atoms
were placed in 8¢ (x, x, x) sites, they would contribute to the
Pm3m group with 2F;,(IR) + 2F», (R) + Eg(R) + A1, (R) +

Fig(—=) + Fau(—) + Eu(—) + Azu(—) modes. If moreover we
consider Ti and Zr as two separate atoms (not an effective one)
at the 1b sites, each of them contributes with one F;, mode.
This is supported by the large difference in mass of the two
atoms, which induces different frequencies in the F;, mode.
In this case we would have in total five IR-and four Raman-
active modes (see table 2). This is not enough to explain the
IR and Raman data in the cubic phase, because Pb cannot give
mode frequencies as high as 500 or 700 cm™!, but it shows that
a small off-site position of atoms in the perovskite lattice can
activate new IR and Raman modes that are forbidden without
taking into account the disorder in the standard factor-group
analysis.

A possible explanation for the middle-frequency modes
could be the off-site position of B atoms. Zr and Ti
are displaced in the ferroelectric phase in PZT samples
near the morphotropic phase boundary (MPB). Ti-rich PZT
shows distortions of B cations along the (100) direction
of about 0.3 A at RT [26]. If Ti and Zr atoms
showed similar off-site behaviour in the cubic phase,
they would be placed in 6e sites (x,0,0), contributing
with 2F}, (IR) + Fa, (R) + Eg(R) + A (R) + Fig (=) + Fau(—)
modes. The total number of active modes would be then
seven IR and ten Raman (see table 2). The number of IR-active
modes agrees with our results (we fitted seven cubic IR modes
at 800 K in our three PLZT x/40/60).

Taking a look to the cubic Raman spectra (figures 1
and 2) three strong bands are seen: near 300, 550 and
750 cm~'. PLZT 15/40/60 and 12/40/60 samples show also
a mode at w ~ 640 cm™!, absent in PLZT 5/40/60 at high
temperatures. Additionally, two weaker bands are present
at lower frequencies (w ~ 60, 120 cm™'). There are
seven Raman modes in total, in agreement with the group
analysis for off-site cations. Even if the number of allowed
Raman modes is higher (10), some modes can be too weak to
be detected or hidden in the spectra due to the high damping of
the vibrations. The possibility of unit cell doubling due to B-
site ordering allows just four Raman modes in the cubic phase.
Therefore a combinations of the two effects could be possible
too.

Similar considerations can be applied to the tetragonal
phase. If we take the pure tetragonal PbTiO3 and atoms
at the ideal sites: Pb in la, Ti and O in 15 and 2c,
we obtain the 3A; (R, IR) +4E(R, IR) + 1B;(R) optic modes
(see table 2). This analysis was used also for the mixed
compounds, Pb(Zr,Ti;_,)O3 (PZT) [27] and PLZT [28],
and the expected number of modes was considered the
same. However, a small planar displacement shifts the
atom to a more general site 4d (x,x,0) with a statistical
partial occupancy of 1/4, which has been suggested for PZT
by Noheda et al using XRD [29], and by Frantti et al
using neutron scattering [30]. Our XRD measurements
in PLZT 12/40/60 also agree with this suggestion [15].
An atom in a 4d site gives rise to the following modes:
2A1(R,IR) + Az(—) + B (R) +2B,(R) + 3E(R,IR).  The
factor-group analysis taking this fact into account leads to ten
simultaneously IR-and Raman-active modes and three pure
Raman-active modes (see table 2). As the multiplicity of the
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Pb site is higher, there are more effective atoms in the unit
cell and the number of total modes is higher, which is in
better agreement with the IR and Raman experimental results.
However, Pb off-site is not sufficient to account for some extra
high-frequency modes. If, besides, we take into account Zr and
Ti separately as two independent atoms, and not as an effective
one, there is another extra 15 site contributing with an (A; + E)
pair of modes and this leads to twelve simultaneously IR-
and Raman-active modes and four Raman-active modes (see
table 2).

Another possibility for PZT is to leave Pb in the la
site, but consider the doubling of the unit cell due to locally
ordered Zr/Ti distribution. From the doubled cubic cell (space
group Fm3m) the tetragonal ferroelectric phase can be attained
by the group—subgroup sequence (Fm3m > I4/mmm >
I4mm), with fourteen modes simultaneously IR-and Raman-
active and four Raman-active modes (see details in table 2).
This possibility requires local ordering in the arrangement of
Zr and Ti atoms, which was not observed up to now. The
ordering could be settled in the nanoscopic scale and therefore
not detectable by XRD, although detectable in Raman or IR
spectroscopy. The situation with anharmonic Pb atoms seems
to be, however, more realistic.

Recently, a dynamical disorder in the B position and
shifts of Zr/Ti atoms were found in PZT near the MPB [26].
Allowing for some disorder between Zr and Ti atoms in the
(100) direction, which is the most probable for Ti-rich PZTs,
we have other two extra 4e (x, 0, z) sites, which leads to 18
(IR,R) and 13 (R) active modes (see table 2).

The twelve IR modes fitted by the EMA model in the
tetragonal phase of PLZT 5/40/60 seem to agree with the
model of Pb disorder and Zr and Ti as two separate atoms.
Probably the shifts in Zr and Ti in our compositions are not
as pronounced as in the samples closer to the MPB [26] and
therefore our XRD measurements did not detect it [15]. Raman
results in the tetragonal phase (26 modes at low temperatures)
seems to agree also with the analysis, but the situation in
Raman spectra is more complicated owing to the presence of
TO and LO components and possible mixing of symmetries
in ceramics. Therefore, assignment of symmetries should be
done before making any quantitative estimation.

4.2. Assignment of mode symmetries

In order to identify E and A; symmetries which are
simultaneously IR-and Raman-active, we plot the IR
frequencies fitted by the EMA model together with the Raman
frequencies fitted by damped harmonic oscillators in figure 8.
We have to take into account that in ceramics we do not
observe pure transverse and longitudinal modes, but a mixture
of both, so that one can expect deviations by several cm™!
in frequencies from those from IR data, not considering the
accuracy of the IR data due to the experimental errors and
the EMA approach. Bearing this in mind we labelled most
of the A; and E-symmetry Raman modes according to the
nearest IR modes (results from table 1). In table 3 we
show the comparison of our previous results [14] with the
EMA model and the Raman experiment for PLZT 5/40/60
and 15/40/60 at low temperature. The distinction between
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Figure 8. Raman frequencies (solid) compared to the IR frequencies
taken from the EMA model (crosses). Assignment of the symmetries
is valid for the tetragonal ferroelectric phase.

the TO and LO character of a Raman peak can be inferred
already from the four-parameter model fitting for vibrations
which are simultaneously Raman-and IR-active, but the EMA
model provides also the type of symmetry. In general, the
frequencies agree reasonably well, also with the results for
PZT [12]. The three main E and A;-symmetry bands are in
agreement with the prototypical modes in PbTiOs. The only
difference is the assignment of the A;(TO1) mode to the line
at 110 cm~! instead of the one at 150 cm~!. Our assignment
comes from the fit of the reflectivity, in which A; modes are
taken as the stiffened components of the split cubic F;, modes
since they appear as shoulders in the high-frequency part of
each IR mode. The identification of the soft E(TO1) mode in
the Raman spectra is difficult because it is split in two heavily
damped low-frequency excitations in the THz range [14, 21].
In the Raman spectra we see an overdamped low-frequency
excitation, but the superposition of the Rayleigh wing at low
frequencies precludes evaluation of its parameters. The lowest
observable Raman mode at about 30 cm™' (at 10 K) could
correspond to the overdamped TO component of the lowest
E-symmetry mode fitted with the EMA model, but also to
an E(LO) component (see figure 8). The mode at 70 cm™!
is an E(TO) mode and probably stems from the same Fiy
mode. In table 3 there are unassigned Raman modes for PLZT
5/40/60 at 154, 640 and 730 cm™! and at the highest-frequency
~820 cm™!, because they have no IR equivalent. These modes
could be of B, symmetry. Additional weak modes at 340 and
609 cm™! can be split from the A(TO2) and A(TO3) modes.
In general, Raman and IR results at low temperatures show
that all main modes (stemming from the ordered tetragonal
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Table 3. Comparison of the polar modes frequencies (in cm™")
between PLZT 5/40/60 and PLZT 15/40/60, obtained from the fit of
the IR reflectivity by the generalized four-parameter oscillator
model [14], the effective-medium approximation (EMA) model [15]
at 20 K and the fit of the Raman spectra by damped oscillators at

10 K. GR stands for geometrical resonances, i.e. modes created by
resonances between two LO or TO modes of different symmetries in
the IR spectra.

Symmetry PLZT 5/40/60 PLZT 15/40/60
4-par  EMA  Raman 4-par EMA  Raman
Label (20K) (20K) (10K) (20K) (20K) (10K)
E(TO1)* 47 41 35.6 22.8 30 28
E(LO) 52 61 28.8 51
E(TO) 63 63 62.6 60.9 70 64
E(LO) 70.8 66 78
E(TO) 80 87 92 87.4
GR 98.4 106.9
A, (TO1) 108.8 122 115.8 1089 108 108.6
E(LO1) 119.7 123 144.5 1228 119 141.3
154.1 167.5
GR 154
A; (LO1) 1574 166 169.3 201 206.9
E(TO2) 201.5 201 2024  201.0 186 236.7
E(LO) 2179 229 229.8 223
E(TO) 226.0 235 2294 230.0 225
B, 269.5 275.9
E(LO4) 299.8 303 290.5  301.0 309
E(TO4) 303.6 304 3184 3053 318 316.1
GR 332 3294
A, (TO) 339.6
A, (TO2) 345 349 3490 3324 338 328.1
A, (LO) 371 360 3564 344
A, (TO) 383 384 3758 375
E(LO2) 419 417 435.6 4205 416
GR 438 427.2
Ay (LO2) 444 450 4719 4431 441 457.6
E(TO) 522 519 530.3 5354
E(LO) 526 532
E(TO3) 545 561 5659 5389 538 563.0
GR 597 597.7
A, (TO) 608.7
A (TO3) 606 624 630.3  600.5 580 590.3
656.4 641.4
E(LO3) 690 685 7034 6944 688 708.8
GR 698 704.6
721.4 732.1
A, (LO3) 718 705 7542  709.1 724 779.1
805.8 822.5

structure) split on cooling. This was observed in PZT, too [12].
The splitting can be assigned to new modes appearing due to
off-site positions of cations (which freeze at low temperatures),
but also to the two-mode behaviour due to Ti and Zr atoms.
For example, the frequency of the E(TO2) mode—stemming
from the Slater mode (B—Og vibrations)—is w ~ 200 cm™! in
PbZrO3 and @ ~ 230 cm™' in PbTiOs. in agreement with the
two E(TO) modes fitted by the EMA model at 20 K. Similar
splitting is seen in E(TO3), A(TO2) and A(TO3) modes.

Table 3 shows also that some frequencies present in
the previous IR model are not present in the EMA model.
This means that these extra modes are artefacts created by
geometrical resonances (GR). They occur whenever there
is a crossing of frequencies between modes of different

symmetries. Five of these resonances are present at low
temperatures in the IR spectra of PLZT, at 99, 154, 332, 597
and 698 cm~!. They look as small bumps in the spectra, and in
the standard model they were fitted by very weak oscillators.
The EMA fit can account for them without adding any weak
oscillators.

4.3. Influence of La

It is known that the increase of La content in PLZT has two
important effects: it reduces 7¢ and induces relaxor behaviour,
decreasing the maximum of permittivity [2]. In addition
it produces transparency by lowering the optical anisotropy.
La’" has an ionic radius comparable to Pb*t ions and is
incorporated in the tetragonal perovskite structure at the A
sites. There are two possible ways of neutralizing the extra
positive charge from the addition of La**: by creation of either
lead (A-site) or titanium (B-site) vacancies. Both are present in
PLZT [31]. A third way—reduction from Ti** to Ti**—was
not found up to now.

The appearance of new Raman modes on cooling is
connected with the phase transition and symmetry lowering.
Comparing its parameters at the same temperatures does not
shed much light on the La influence because each sample is at
a different distance from 7¢. For instance, the fact that at lower
temperatures PLZT 5/40/60 has a higher number of modes than
PLZT 15/40/60 is due to PLZT 5/40/60 being further from 7¢
and the modes are better resolved. The cubic PLZT 15/40/60
and 12/40/60 show an extra mode at ~640 cm™!, absent in
the sample with lower La content, which seems to indicate
that it could be connected with La vibrations, despite its high
frequency. If La induces Ti/Zr vacancies in the lattice, this
can affect locally the vibrations of the surrounding oxygen
octahedra at high frequencies. Oxygen atoms without one
positive charge inside the octahedra will repel each other more,
because of charge compensation, and the bonding will be
weaker, showing lower frequency. In this way, the extra mode
could be a secondary effect of the La doping. On cooling, this
mode appears in PLZT 5/40/60 too (at 200 K as w ~ 650 cm™',
see figure 3). At higher percentage of La its strength is higher
because there are more B-site vacancies.

5. Conclusions

The Raman spectra of PLZT x/40/60 were measured from high
temperatures down to 10 K and compared with previous IR
data. The presence of increasing La doping does not affect
much the aspect of the spectra except in the appearance at high
temperatures of a mode around 640 cm™! for x = 12 and 15.
At low frequencies a central mode develops below 800 K for all
the samples on approaching the phase transition. This is related
to the overdamped soft E(TO) mode at THz frequencies.

A new methodology was proposed to interpret the
Raman spectra in polar ceramics. The effective medium
approximation was used to fit the IR spectra in the ferroelectric
phase where polar grains are present. In this way it is possible
to assign the mode symmetries and compare simultaneously
IR-and Raman-active modes.
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A strong local dielectric anisotropy was found in the THz
and IR ranges for all the samples, due to different IR-active
modes polarized along and perpendicular to the polarization
in grains and/or polar nanoregions. The strongest contribution
to the permittivity is carried by the E-symmetry modes at the
low-frequency part of the spectra. By comparison to IR data
we could identify the symmetries of most of the Raman modes
detected.

We performed a new factor-group analysis taking into
account the off-site positions of cations in cubic and tetragonal
as well as the chemical inhomogeneity. Anharmonicity of Pb
and separate vibrations for Ti and Zr can account for the higher
number of active optic modes detected in both phases.

In our previous paper we attributed the presence of extra
IR modes in the cubic phase to the lowering of cubic symmetry
to tetragonal in polar nanoclusters. But these should not be
developed yet above the Burns temperature 73 ~ 680 K.
The presence of the extra IR and ‘forbidden’” Raman modes
above 700 K can be explained as due to off-centre positions
of cations and local unit cell doubling. This proves that
anharmonicity plays an essential role in the lattice dynamics
of these perovskites, and that IR and Raman techniques are
sensitive to very small local deviations from the perfectly
ordered structures.
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