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Abstract

Local structural arrangements and corresponding dynamical effects in relaxor
ferroelectrics PbSc;,,Nb;,,03 and PbSc;,,Ta; ;03 were studied by Raman
spectroscopy. Polarized Raman spectra of single crystals were measured at
different temperatures in several scattering configurations. The peaks observed
are assigned on the basis of normal-mode calculations. The effect of small
structural deviations on the atomic vibrations is analysed by calculating the
modes of structural units at various atomic positions. It is shown that dou-
bling the structural unit is always possible on a local scale of a few unit cells.
The presence of two Raman peaks originating from the F», mode shows that
electron—phonon coupling occurs in PbSc; /2B’1’/203, thus leading to dynami-
cal off-centre-symmetrical structural fluctuations. The structural perturbation
consists of the non-coplanarity of Pb and O atoms in the planes perpendicu-
lar to the body diagonal and deviations of B cations from the centre of BOg
octahedra. The intensity ratio of the two peaks is sensitive to the degree of
orientational ordering of the lone pairs of Pb atoms within the Pb—O planes,
which is related to the degree of compositional B'/B” ordering. The tempera-
ture dependence of the peaks arising from asymmetrical O-B—O bending, BO3
translation and Pb-localized modes shows that on cooling different structural
changes are preferential in the two materials studied. In PbSc;/,,Nb,,,O;3 the
lowering of the temperature favours the off-centre deviations of the B cations. In
PbSci»Ta; 203 the temperature decrease stabilizes the non-coplanarity of the
Pb and O atoms in the planes perpendicular to the body diagonal and enhances
the correlation between the electronic lone pairs of Pb.
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1. Introduction

Relaxors form a special class of ferroelectrics which are characterized by a broad diffuse phase
transition near the dielectric constant maximum, frequency dependence of ¢(7") and a high
magnitude of permittivity in the Curie range. Such properties make relaxor materials very
attractive for practical application in various ferroelectric-related devices [1]. They are also
interesting from a fundamental point of view, since the true origin of the diffuse phase transition
is still controversial and the question of the local structure and its influence on the macroscopic
properties is still open.

Most of the relaxors are lead-based perovskite-type compounds with general formula
Pb(B’, B")O;, B’ = Fe?*, Mg2+, NiZt, Zn%* In3*, Sc*; B” = Nb>*, Ta’*, Wo*. Their
structure has extensively been studied by different experimental methods: x-ray and neutron
diffraction [2-7], x-ray diffuse scattering [8], infrared and Raman spectroscopy [9-17],
nuclear magnetic resonance [18], high-resolution transmission electron microscopy [19-21]
and scanning force microscopy [22]. The relaxor behaviour is closely related to the short-
range order of the sublattice sites and the existence of domains ranging in size from several
angstroms up to hundreds of nanometres. The effect of the compositional B'/B” ordering,
which depends on the preparation procedure and which can be changed by subsequent
annealing, has been previously discussed [5, 23-27]. The affinity to B-site ordering is
generally determined from the valence and the ionic radii differences between B’ and B”
cations. The chemical stoichiometry of PbSc;,,Nb;,,03 (PSN) and PbSc;/,Ta; ;03 (PST)
facilitates the formation of ordered domains and the degree of the chemical order in these
compounds can easily be controlled by thermal treatment [28]. However, Ta and Sc
atoms show a tendency to order easier than Nb and Sc atoms, although the ionic radii of
Ta%* and Nb>* in a six-coordination are the same, rr, = rny = 0.64 A [29].  Another
interesting point is that in PST the chemical order shifts the permittivity maximum to a
higher temperature, while in PSN the chemical order shifts the permittivity maximum to
a lower temperature [5,23]. In addition, the dielectric constant of chemically disordered
ceramic samples differs from that of chemically disordered single crystals. Obviously,
the relaxor properties depend also on different types of structural disorder existing on
the intermediate-range scale. Hard-mode spectroscopy, which has been applied to PST,
revealed the complex atomic arrangement in this material [11]. A number of peaks,
more than those predicted by group theory, have been observed for both ordered and
disordered crystals. Additionally, the temperature dependence of the peak widths suggests
the presence of precursor clusters in the Curie range. Although the exact origin of
the Raman peaks has not been specified until now, it is clear that within several unit
cells, which is the sensitivity of the Raman spectroscopy, the relaxor structure is different
from the average structure detected by diffraction methods. High-resolution transmission
electron microscopy and x-ray diffuse scattering give some insights about local atomic
deviations from the ideal perovskite positions, but predominantly for the heavy cations.
Raman spectroscopic investigations on various relaxors have shown that, irrespective of
the chemical stoichiometry of B-cations, near the permittivity maximum temperature the
symmetry of the nanosized regions is face-centred cubic, which is typical of 1:1 B-site ordered
systems [16]. However, the dynamic state of the nanoscaled structural aggregates is still not
clarified.

This paper aims to compare temperature-dependent polarized Raman spectra of two
relaxors with equal stoichiometry, PSN and PST, and, on this basis, to assign the observed
Raman scattering to definite atomic vibrations and to gain further information on the atomic
arrangement near the Curie regime in relaxors.
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2. Experimental details

Single crystals of PSN and PST were synthesized by the high-temperature solution growth
method. Cubic-shaped samples with typical size of 3 mm were grown in a PbO + PbF, +
B,0; flux by slow cooling. The as-synthesized crystals were characterized by electron
microprobe analysis (Camebax microbeam SEM-system), powder x-ray diffraction (XRD)
analysis (Philips X Pert diffractometer) and single-crystal x-ray diffraction analysis (Nonius
Kappa CCD diffractometer). The Raman measurements were performed using a triple
monochromator system (Jobin-Yvon T64000) equipped with an Olympus BH2 microscope.
The spectra were collected in back-scattering geometry using the 514.5 nm line of an Ar*
laser and a laser beam power of 10 mW on the sample surface. The spectral resolution
achieved was about 2 cm™!. Parallel (p) and cross (c) polarized spectra were recorded at four
different temperatures: 160, 220, 290 and 410 K and in two different experimental geometries:
(1) when the polarization of the incident light was parallel to the cubic edge and (ii) when the
polarization of the incident light was parallel to the cubic face diagonal. We did not detect any
dependence of the spectra data on the localization of the laser spot on the sample surface as
well as on the spot diameter, being varied between 1.2 and 6 um. The measured spectra were
temperature-corrected for the Bose—Einstein phonon occupation factor and smoothed by the
adjacent averaging method.

3. Results and discussion

The structure of the para- and ferro-electric phase of PSN has been refined by neutron
diffraction [4-6]. The symmetry of the paraelectric disordered PSN has been determined
as cubic, Pm3m, and that of the ferroelectric phase as rhombohedral, R3m, with a weak
angle distortion (o, =~ 89.87° at 2 K) and small atomic displacements along the cubic body
diagonal. The phase transition temperature has been reported to be between 375 and 400 K
in disordered PSN and at 351 K in ordered PSN. Disordered PST undergoes para-to-ferro
phase transition around 270 K and the space group is changed from Pm3m to R3m or R3 [2].
The phase transition of PST with a high degree of compositional order is just above room
temperature and the structure of the paraelectric phase has been refined in the Fm3m space
group [7]. The exact space group of the low-temperature modification of PST has not yet been
determined [21,30]. Hysteresis and dielectric measurements on PST films reveal the existence
of additional phase transitions at 233, 160 and 50 K [31]. The electric anomalies at 233 K
have been interpreted as due to a rhombohedral-to-monoclinic transition. The peculiarities at
160 and 50 K have been supposed to possibly arise from a monoclinic-to-triclinic transition
and from unit cell multiplication, respectively.

We performed XRD measurements on our samples at room temperature. According to
the powder XRD data both PSN and PST are chemically disordered as no doubling of the
unit cell could be observed. The single-crystal diffraction data also pointed to the lack of any
compositional ordering in PSN and the structure was considered as pseudo-cubic with unit
cell parameter a = 4.0872 A. However, in PST weak superlattice reflections were detected by
the single-crystal diffraction technique, thus giving evidence for the presence of weak B'/B”
ordering. The structure could be refined in Fm3m symmetry with a = 8.1645 A and Pb, Sc/Ta
and O atoms in 8c, 4a/4b and 24e Wyckoff positions, respectively.

The vibrational modes predicted by the group theory analysis [32] for chemically
disordered and ordered PbSc; ;B 1,03 crystals, when R3m space group is assumed for the
ferroelectric phase, are given in table 1. In case of R3 symmetry the number of the optical
modes will be unchanged, but all A-modes become simultaneously Raman and infrared active.
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Table 1. Normal modes in PbSc;,BY /203 crystals according to group theory analysis. ir, infrared-
active; r, Raman-active; ina, inactive.

B’/B” disordered, Z = 1 B//B” ordered, Z =2
para, Pm3m ferro, R3m para, Fm3m ferro, R3m
Pb Fiu A +E Fiy + Fzg 2A1 +2E
Sc Fiy A +E
B’ Flu Al +E Flu Al +E
Alg +E+ F|g
(0] 2Fu+Fon  2A1 + Ay +3E +2F)y +Fag + Fay 4A1 +2A; + 6E
- Ajg(r) Aq(r, ir)
Ph((;non alctlylty Ey(r) E(x, ir)
and correlation Fiy(ina) Ay(ina) + E(r, ir)
Fyy (ir) Aq(r,ir) + E (1, ir) Fyy (ir) Aq(r,ir) + E (1, ir)
Fag(r) Aq(r, ir) + E (1, ir)
Fyy (ina) As(ina) + E(r, ir)  Fpy (ina) Aj(ina) + E(r, ir)
Optical phonons ~ 3Fj, + Fa, 3A1 + Ay +4E Ajg + Eg + Fig TA| +2A; +9E
+4F, + 2F2g + Fyy,
Raman active — 3A; +4E Ajg + Eg + 2Fy, TA| +9E

The intensity of the Raman scattering from a mode of a certain symmetry depends on the
polarization geometry. Table 2 presents the polarizabilty tensors of the Raman-active modes
in a cubic system for the two geometries used in our experiments. As can be seen, if the incident
light polarization e; is along the cubic edge, the A- and E-modes of the paraphase will appear
in the p-polarized spectrum, while the F-modes will be observed in the c-polarized spectrum.
Hence, if ¢; is parallel to the cubic face diagonal, all A-, E- and F-modes will contribute to the
p-polarized spectrum, while the c-polarized spectrum will be determined from the E- and F-
modes. The contribution of the A- and E-modes of the rhombohedral ferroelectric phase to the
spectra of different polarization is more complicated, since the light does not propagate along
a crystallographic direction of the trigonal system. Additionally, depolarization effects due to
the existence of ferroic domains are expected. Thus the A- and E-modes of the ferrophase
may be observed in all the polarization geometries used. Correct normal-mode determination
for the supposed monoclinic low-temperature phase is hampered by insufficiency of precise
structural data. Generally, if the rhombohedral-to-monoclinic phase transition takes place,
there would be a larger number of Raman peaks than expected for the rhombohedral phase
due to the splitting of the ‘rhombohedral’ doubly-degenerated modes’ to ‘monoclinic’ single
modes.

The measured Raman spectra of PSN are shown in figure 1 and those of PST in figure 2.
The spectra collected at different temperatures were normalized to each other using the height
of the peak near 820 cm~! in the p-polarization. The positions of the peaks observed in the
spectra of PSN and PST are listed in tables 3 and 4, respectively. Several spectral features
were observed as follows.

Both materials produce Raman scattering strongly dependent on the polarization geometry.
The Raman spectra of PSN and PST are similar and at higher temperatures the same number
of peaks is observed. The spectra differ mainly in the intensity ratios between some peaks,
especially that between the peaks near 350 and 300 cm~!. The peak positions in the spectra of
the two materials are found to be different. One can separate two groups of peaks: (i) P;, P»,
Ps, P; and Pg which appear at lower frequencies in the spectra of PSN than in the spectra of
PST and (ii) Py, Ps, Py and Py whose frequencies are higher in the spectra of PSN than in the
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Table 2. Polarizability tensors of Raman-active modes in a cubic system.

Light propagation along [001], Light propagation along [001],
e; along [010] e; along [110]
ra 0 0 ra 0 0
A 0 a 0] 0 a 0]
LO 0 a LO 0 a
o 0 0 ro 0 0
E 0 b 0 ] 0 b O }
LO 0 —2b LO 0 -2b
r—v/3b 0 0 T 0 V30
0 V3b o} V3 0 o}
L 0 0 0 L 0 0 0
0 0 07 -0 0 d/V2
F 00 d 0 0 d/ﬁi|
LO d 0] Ld/v2 d/vV2 0
0 0 dn -0 0 e
000 0 0 —d/«/i}
Ld 0 0] Ld/V2 —d/V2 0
ro d 07 ra 0 0
d 0 0 0 —d 0j|
LO 0 0/ LO 0 O

Table 3. Positions of the peaks observed in the Raman spectra of PbScy/2Nby203. e;i| edge; sh,
shoulder; vw, very weak.

p-polarization c-polarization

410K 290 K 220K 160 K 410K 290K 220K 160 K

P, 810 812 816 818 — — — 818

P, 796 sh 796 sh 796 sh 796 sh — — — 796 sh

P; 700vw  700vw 700 vw 700 vw = — — — —

Py 610 vw 610 615 615 — — — 620 vw

Ps 525 530, 530, 530, 525 530, 535, 535,
505 sh 505 sh 505 sh 505 sh 505 sh 505 sh

Pg 440 vw  440vw  440vw  440vw @ — 440 vw 440 vw 440 vw

Py 350 vw 350 vw  350vw  355vw 350 350 350 355

Py 290 vw 290 vw 290 vw 290 vw 290 290 290 290

Py 260 265 270 270 260 265 270 270

Py 152 157 164 168 — — — —

Py 50 52 56 56 50 52 56 56

spectra of PST. Since the mass of Ta is larger than that of Nb, it is obvious that the latter peaks
are generated from modes involving motion of B atoms, while the former peaks arise from
modes without participation of B atoms. It has been shown that there is a slight increase in
the covalency from niobates to tantalates in the same structure [33]. Therefore, the frequency
difference of the peaks from the first group is due to different values of the interatomic force
constants in PSN and PST. The weak, broad peak P; centred for both materials near 700 cm™!
could belong to the second group, but the mass effect is compensated by the force constant
effect. The lowest frequency peak Pj; is also positioned near the same frequency for both
materials, most probably because it is localized in the Pb atoms.

At 410 K both materials should be in the paraelectric state. Therefore, when e; is along
the cubic edge two peaks must exist in the p-polarized spectrum of PST and no peaks for PSN
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Figure 1. Reduced parallel (p) and cross (c) polarized spectra of PSN measured in different
experimental orientations; e; stands for the polarization direction of the incident light.

are expected, which strongly contradicts our observations. However, the perfect polarization
of the band near 820 cm™! shows unambiguously that this band results from ‘cubic’ A- and/or
E-mode. Hence, P, appears in the cross polarized spectrum measured with e; along the face
diagonal, i.e. it behaves as a ‘cubic’ E-mode. Therefore, it is reasonable to assume that P;
arises from the A -mode and P, from the E,-mode, which implies a doubling of the unit cell for
both materials, regardless of the degree of chemical ordering determined by XRD. In the cross
polarized spectrum with e; along the cubic edge five peaks, Ps, P7, Py, Py and P, are observed
for both materials, instead of two peaks for PST and zero peaks for PSN. All five peaks are also



Local structure and dynamics in PbScy 2B/ ,,03 (B” = Nb, Ta) 1097
25 T T T T T T T T e 25 T ‘. T T T T T e
p-polarised e, || cubic edge p-polarised e, || cubic face diagonal

2.0
1.5
220K 220K
1.0 | - 1.0 -
290K 200K
0.5 - 05 F -
410K, 410K
00k, N s 1 ) 1 1 1 = 00k, N L L s 1 N 1 =
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Rarran shift / cm’ Ranian shift / cni’
C-polarts e, || cubic edge c-polarised e, | cubic face diagonal
[}
160 K
160K
“ 220 20K
05 m 4 05F ]
200K 290K
410K 410K
00 C 1 1. 1 1. 1. L OO C L 1. L L 1. L 1. L
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Rarman shift / cm’ Rarrian shift / cm’

Figure 2. Reduced parallel (p) and cross (c) polarized spectra of PST measured in different
experimental orientations; e; stands for the polarization direction of the incident light.

seen in the p-polarized spectra, but the spectral profile of the depolarization ratio (figure 3)
reveals that at least Ps, P;, Pg and Pj; are of F-type symmetry. The stronger p-polarized
Raman scattering for e; parallel to the face diagonal compared to e; parallel to the edge also
shows that Ps, P;, Pg and Pj; can be assigned as Raman-active F-modes in a cubic system.
It is seen that P; and Pg are related to the compositional order in the B positions. In cross-
polarization with e; parallel to the edge the intensity ratio between P; and Pg is much larger
for PST than for PSN and the ratios do not change substantially as the temperature decreases.
This corresponds well to the single-crystal diffraction data showing the presence and absence
of the B-site superlattice in PST and PSN, respectively.
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Table 4. Positions of the peaks observed in the Raman spectra of PbScy/,Ta;203. ;| edge; sh,
shoulder; w, weak.

p-polarization c-polarization

410K 290K 220K 160 K 410K 290 K 220K 160 K

Py 829 828 833 834 — — 833 834
P 805sh 805 sh 805 sh 805sh  — — 805 sh 805 sh
P; 700 w 700 w 700 w 700 w — — — 700 w
Py 570 sh 570 sh 570 sh 570sh  — — — —
Ps 550 558, 558, 558, 550 558, 558, 558,
534 sh 534 sh 534 sh 534 sh 534 sh 534 sh
Ps 426w 426w 426 426 — — 426 w 426
P; 356w 357w 358 359 356 357 358 359
Py 300w 305w 315 315 300 305 315 315
Py 245 250 sh, 250sh, 260sh, 240-260 240-260 240-260 260 sh
240 240 250 220 sh 240
240 220 sh
Py 146 146 146, 146, — — 146, 146,
123 sh 123 sh 123 sh 123 sh 123 sh
P 53 70 sh, 75 sh, 80 sh, 53 53 75 sh, 80 sh,
51 57 59 57 59

The weak peaks Ps, Py, Ps and Py observed in p-polarization with e; parallel to the edge
become more pronounced when the temperature is lowered, obviously due to an increase in
the ferroic structural distortion. There are some notable differences between the two materials
in their temperature dependence of the scattering intensities. In the case of PST the band Py is
resolved in several components at lower temperatures, which is not detected for PSN. This may
be due to the lower symmetry of the PST ferrophase compared to that of PSN. However, one
can hardly conclude whether this is a monoclinic feature or just an occurrence of R3 symmetry
instead of R3m. Another distinction is that for PST the intensity of Pg increases at a greater rate
as the temperature decreases than does the intensity of Py, while for PSN the opposite effect is
observed. In addition, a high-frequency shoulder of P;;, whose intensity increases on cooling,
is observed for PST, but not for PSN. On the other hand, cooling the sample leads to a frequency
increase of the Py peak in the p-polarized spectrum of PSN, but does not affect the frequency
of the same peak in the spectrum of PST. Thus, the temperature dependence of the spectra
reveals that different phenomena occur in the two compounds during the phase transition.

To better understand the observed spectral peculiarities we performed normal-mode
calculations for a pseudo-cubic perovskite structure of the PbB /IB’{ 1,03 type. The force
constant method used is described in details elsewhere [34,35]. Briefly, in this approach the
eigenfrequencies and the atomic vector displacements are found through diagonalizing the
dynamical matrix of a representative structural unit with imposed boundary conditions. The
dynamical matrix elements are calculated from the atomic Cartesian coordinates and force
constants accounting for different types of interaction. The induced dipole moment and the
polarizability tensor are calculated from the vector displacements, charges, polarizabilities
and electronegativities of the atoms [36—-38]. The method is not restricted by any symmetry
constrains in the computing procedure and is useful in following the dependence of the
frequencies and relative intensities on local structural changes.

In this study we consider three types of interatomic interactions: (i) a bond stretching,
between two atoms forming a bond; (ii) a bond bending, between three atoms forming a bond
angle, and (iii) a Coulomb-type interaction, between two non-bonded atoms. We concentrated
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Figure 3. Depolarization ratios /1 /I of PbSci/2Nb;,203 and PbSc/2Ta; /203 single crystals
measured at 410 K, when the incident light is polarized along the cubic edge.

on modelling the modes in the paraelectric state and their dependence on small structural
perturbations, i.e. short-range anisotropy. Firstly, we calculated the normal modes of a three-
dimensionally polymerized PbBO3; monomer and Pb,B,0Og¢ dimer (see figure 4) to clarify the
effect of the doubling of the unit cell. Then, we analysed the mass and force constant effect on
the mode frequencies of a Pb,B'B”O¢ dimers. Finally, we investigated the mode dependence
on various structural deviations from the ideal perovskite structure by calculating the normal
modes of a Pb,B'B”Og dimer when atomic shifts along the edge, the face diagonal or the body
diagonal are assumed. The initial values of the force constants used in the calculations are
given in table 5. These values were specified taking into account the interatomic distances, the
valency and the coordination of the atoms. Nearly the same values of the B—O force constants
have been used for LiNbO3 and LiTaOs [33,39]. Additional electrostatic local fields due to
the presence of B cations of different valences were introduced for the oxygen atoms, which
yielded a much better fit of the frequencies of the symmetrical stretching modes. Table 6
shows the calculated frequencies and the type of the eigenmodes for different cubic structural
species, while the atomic displacements in the vibrational modes are plotted in figure 5. It
is clearly seen from table 6 that the symmetrical B—O stretching near 820 cm~' and the Pb-
localized mode near 50 cm™! can be observed in the Raman spectra only when the unit cell is
doubled. Raman signals at such frequencies are always observed in the spectra of Pb-based
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Table 5. Initial values of force constants used in the calculations.

Type of interaction Value (N m~1)
B-O bond stretching, B=Sc 160
B=B" 185
O-B-0 bond bending, B=Sc 16
B=B" 27
B-0O-B bond bending 0.5
Pb-O bond stretching 15
O-Pb-0 bond bending 1.1
Pb-O-Pb bond bending 1
B-O-Pb bond bending 1
B’-B” Coulomb-type?® =175
Pb-Pb Coulomb-type?® —-20

2 Only for the nearest neighbours.

relaxors [13], which means that on a local scale doubling of the structural unit always occurs
in these materials. The presence of B'-B” pairs shifts O atoms along the cubic edge, thus
stimulating the oxygen to be placed in (0.25 + 8x, 0, 0) position of space group Fm3m. Our
results support the conclusion of Siny e al [16] that the existence of nanosized clusters with
Fm3m symmetry is a common feature of the relaxor structure. Additionally, we specified the
wavenumber range of the Eg-mode and that of the F,-mode related to the symmetrical BOg
bending. The frequencies of the Raman-active modes A,, E, and Fy, as well as those of the
silent modes F;, and F,, do not depend on the B-mass since the B cations do not participate in
these modes (see figure 5). Therefore, these modes give rise to the mass-insensitive peaks Pj,
P,, Ps, P; and Pg, as discussed above. The infrared-active F;, modes involves motions of B
cations, therefore the mass-sensitive peaks P3, P4, P, Py and Py should arise from F;, modes
which split into Raman-active A- and E-components under rhombohedral structural distortion.
Using larger force constants for the tantalum—oxygen interactions than for the niobium—oxygen
interaction, we successfully managed to fit most of the observed peak positions and the peaks
Py, P,, P;, Ps, Ps, P)p and P;; were easily assigned (see table 6). Hence, the broad band Py
near 260 cm™~! for PSN and near 245 cm™' for PST is generated from the Fy,, (B-localized) and
Fig (BOs rotation) modes. The atom participants of these modes change when rhombohedral
distortion occurs and the modes involve vibrations of both, the oxygen and the B-positioned
atoms. Therefore, the Raman scattering near 820, 800, 540 and 50 cm™! (Py, P,, Ps and P;;)
results from ‘true’ Raman-active modes, while the Raman scattering near 700, 430, 250 and
150 cm~! (P3, Pg, Py and Pyg) is due to ‘dirty’ modes whose Raman activity is provoked by
rhombohedral structural distortion. However, the origin of the peaks P4, P; and Pg remains
obscure without detailed analysis of the mode dependence on the atomic deviations from the
ideal perovskite structure.

It is well known that Pb?* cations possess lone-pair electrons [25,26,40]. The existence
of lone-pair states promotes electron—phonon coupling, thus leading to a lowering of the
structure symmetry. Particularly, off-centre structural deviations are related to double-well
atomic potential, i.e. to two-level systems. On the other hand, the mode F,, is Raman active
in absence of centre of inversion [32], i.e. this mode must be sensitive to local off-centred
structural changes. In PbSc; B} /203 the Pb cations can easier form elongated lone pairs if
they are linked with B cations of different valence along the body diagonal (see figure 6(a)).
The atoms may shift along the body diagonal due to the different degree of covalency of B'-O
and B”-0 bonds and, in such a manner, lone pairs oriented along the body diagonal appear.
Dynamical shifts of Pb and B cations in perovskite-type materials have already been detected by
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Figure 4. Structural units used for modelling the spectra of PbSc; /2B/1/ /203, B” = Nb, Ta.

(a) Pm3m space group; (b) Fm3m space group.

Table 6. Calculated vibrational frequencies of paraelectric monomer and dimers.

Effect of doubling B”-mass effect® Effect of covalency®
PbNbO3 PbyNbyOg PbaScNbOg  PbyScTaOg  PbyScNbOg PbyScTaOg Type of vibration
— 810 793 793 810 (810) 823 (829) Ajg sym B-O stretching
— 810 793 793 810 (796) 823 (805) E; sym B-O stretching
703 703 704 690 726 (700) 724 (700) F1y asym B-O stretching
— 531 485 485 527 (529) 535 (550) Fo; sym O-B-O bending
440 440 413 406 446 (440) 439 (426) Fjy asym O-B-O bending
409 409 379 379 406 (350-290) 411 (356-300) F,, BO; rotation
— 233 244 224 266 250 Fjy B-localized
— 230 230 230 230 (260) 230 (245) Fig BOj3 rotation
143 143 151 130 153 (152) 135 (146) Fiu BOs translation
— 54 54 54 54 (50) 54 (53) Fag Pb-localized

# Equal niobium-oxygen and tantalum—oxygen interactions.
® F(Nb-0) =210 N m~!, F(O-Nb-0) = 37 N m™!; F(Ta-0) = 230 N m~!, F(O-Ta-0) = 39 Nm~ .
¢ In the parentheses are the experimental frequencies of the corresponding peaks.

nuclear magnetic resonance [41]. Also diffuse x-ray scattering along [111] has been observed
in PbSc; ,BY 1,03 single crystals [30]. Thus, we propose that the Raman scattering 350 and

300 cm~! is generated from the F,, mode, whose Raman activity is caused by dynamical
off-centred structural fluctuations due to electron—phonon coupling. The F,, mode consists
of O vibrations along the Pb—O bonds, i.e. it appears as a Pb—O bond-stretching mode in
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Figure 5. Atom vector displacements of the normal modes in the paraelectric state of
PbB| /lB’{ /203: grey circles, Pb atoms; black circles, B atoms; white circles, O atoms.

a lead—oxygen system. The difference in the intensity ratio /p,/Ip, between PSN and PST
can be understood by considering the modes in the two-dimensional Pb—O system which is
perpendicular to the body diagonal (see figures 6(a) and (b)). If B'/B” ordering exists, the
orientations of the lone pairs within one Pb—O plane should be correlated. In this case all the
Pb atoms will be shifted in the same direction with respect to the O atoms. If B'/B” ordering
is lacking, the lone pairs will be oriented up and down, i.e. the atomic shifts from the plane
are not correlated. Figure 6(c) presents the spectrum profile of the Pb—O stretchings in the
two-dimensional system. As seen, the intensity ratio between the higher-frequency and the
lower-frequency peaks is larger in the case of correlated shifts, i.e. when chemical ordering
exits. Indeed, the experimental intensity ratio /p,/1p, is higher in the PST spectrum, in which
weak B'/B” ordering was observed by single-crystal XRD, than that in the PSN spectrum, in
which no compositional ordering was detected.

Furthermore we considered the effect of the atomic shifts in the normal modes of a
Pb,ScB”0O¢ dimer. Deviations of the B atoms from the centre of BOg octahedra greatly
increase the frequency of the asymmetrical O—B—O mode. When the B atoms are shifted
along the body diagonal the frequency change is in the order of 150 cm™!, regardless whether
the B atoms are moved in the same, opposite or mutually perpendicular directions. Therefore,
the peak P, results from off-centre distortion of BOg octahedra. Changes in the geometry of
the BOg octahedra can also be realized by shifting the triad of oxygens shared between Pb
and B (considering the O atoms placed in (0.25 + 8x, 6z, 6z) position). When the two oxygen
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Figure 6. (a) Atomic surroundings of Pb in paraelectric PbB,B} /203. (b) Top view of the Pb3Og
unit building a two-dimensional Pb—O system perpendicular to the body diagonal. (c) Calculated
Raman scattering profile of ordered and disordered two-dimensional system with respect to the
mutual deviation of the Pb atoms from the oxygen plane. The line intensities were broadened with
Lorentzians of constant widths.

triads are shifted in opposite directions, the frequency of the asymmetrical O-B—O bending
mode is not influenced, but when the triads are shifted in the same directions, the mode appears
at much higher frequencies, as in the case of B deviations. Hence, the oxygen shifts split in
frequency the Pb-localized F», mode near 50 cm™', whereas the B shifts do not affect this
mode. The frequency splitting is due to the non-coplanarity of the Pb and O atoms in the plane
perpendicular to the body diagonal, since the deviations of Pb atoms also split the mode. Thus,
considering the Raman spectra of PSN and PST, particularly the temperature dependence of
the Py, Ps, Pio and Py peaks, one can conclude that in PSN structural fluctuations consist
predominantly of B atom deviations from the centre of BOg octahedra. The lowering of the
temperature supports the deviations, thus leading to higher Raman scattering near 600 cm~".
Also, on cooling the BO3—Pb species harden due to the change in the B-O—Pb bond angle, thus
increasing the frequency of the BO; translation mode. In PST the structural fluctuations consist
mainly of mutual shifts of the O atoms with respect to the Pb atoms along to the body diagonal.
The temperature decrease enhances the non-coplanarity of the Pb—O sheets perpendicular to
the body diagonal. Hence, the difference in the preferential structural fluctuations determines
different mechanisms of the ferroelectric phase transition in the two materials studied: (i) plane
correlation of the orientations of the lone pairs of Pb and then correlation between layers (as in
the case of PST) or (ii) BOj3 shift with respect to Pb without a preferred correlation direction (as
in the case of PSN). The mechanisms involved should depend on both the B-mass difference
and the degree of chemical ordering.

4. Conclusions

The appearance of Raman peaks arising from symmetrical B-O stretching modes in the spectra
of PbSc, »,BY /203 shows that on a local scale of a few unit cells doubling of the structural unit
is always possible. The shift of the oxygen atoms along the cubic edge is promoted by the
presence of B'—O-B” linkages.

The existence of two Raman signals originating from the F,, mode shows that electron—
phonon coupling occurs in PbSc; ,B} 1,03, thus leading to dynamical off-centre-symmetrical
structural fluctuations. The structural perturbation consists of the non-coplanarity of the Pb
and O atoms in the planes perpendicular to the body diagonal and deviations of B cations
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from the centre of BOg octahedra. The intensity ratio of the two peaks is sensitive to the
degree of correlation of the lone pairs of the Pb atoms within the Pb—O planes, which is related
to the degree of compositional B'/B” ordering. The intensity ratio between the higher- to
lower-frequency peaks is larger for regions with higher degrees of ordering.

The temperature dependence of the peaks arising from the asymmetrical O—B—O bending,
the BOj translation and the Pb-localized modes shows that on cooling different structural
changes dominate in the two materials studied. In PSN the temperature decrease stabilizes and
enhances the off-centre deviations of the B cations. This can be seen from the increase in the
intensity of the peak near 600 cm ™! and the frequency shift to higher energies of the peak near
150 cm~'. In PST the temperature decrease stabilizes the non-coplanarity of the Pb and O
atoms in the planes perpendicular to the body diagonal and enhances the correlation between
the electronic lone pairs of Pb.
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