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Local polar order in the ferroelectric-relaxor
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23Na NMR spectra have been measured in a very low magnetic field at temperatures
between 293 K and 729 K. The achieved spectral resolution is sufficient to test various
models of short-range order in the Na,,Bi;,TiO; structure using computer simulations of
the spectral line shape. The best agreement between experimental and calculated spectra
has been obtained for the inhomogeneous structure where the polar nanoscale areas with
Na displaced along the pseudo-cubic directions [111]p coexist in the 293 K-580 K tem-
perature region with the tetragonal phase insertions with Na displaced along [100], and
the "matrix” having very small deviations from the cubic structure.

IlpoBenens mamepenus crmextpoB SIMP 23Na B oueHh HMBKOM MATHATHOM MOJ€ IIPH
Temneparypax Mexay 293 K u 729 K. docTurHyroe paspelieHUe TOCTATOUYHO IJA TECTUPO-
BaHNA Pa3IMYHBIX Mofese# OimxHero mopsagka B crpykrype Na,,Bi,,TiO; mpu mcmonssosa-
HUM KOMIIBIOTEPHOU CUMYJIALUU (POPMBI CleKTpaJbHON JuHNKU. Haunyuinee corjyiacue Mexmy
9KCIEPUMEHTAJIbHBIMA ¥ PACYETHBIMU CIEKTPAMU OBIJIO JOCTUTHYTO MAJS HEOIHOPOIHOMN
CTPYKTYDBHI, I/le [OJAPHbIe HAHOOOMAacTH co cMmerneHusiMu Na BJOJb [ICEBIOKYOMUECKUX HAIIPAB-
nerntt [111]p, BRIIOUeHHA TeTparoHaNbHOH (Dasel co cmemenusmu Na BIONL HaIpaBIeHHi
[100], u "marpuna”, uMeOIIas OUYeHb MaJble OTKJIOHEHHS OT KyOWYecKO#l CTPYKTYDHI,
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cocylecTByoT B Temneparypaom uutepsase 293 K-580 K.

Ferroelectrics-relaxors are complex
perovskites with the general formula
A'A'BX; and A'B’B"X3. Within a certain tem-
perature region, nanoscale regions with or-
dered polar structure (polar clusters) em-
bedded into a disordered cubic matrix were
revealed in these compounds. A specific fea-
ture of the relaxors consists in anomalous
dielectric relaxation, which is observed in a
broad frequency range. When frequency in-
creases, the peak in the dielectric permittiv-
ity curve is lowered and shifts towards
higher temperatures. The relaxors are attrac-
tive to solid state physics as partially disor-
dered systems with uncommon structure ar-
rangement and outstanding dielectric proper-
ties (¢'~20000 at f=1 kHz), strong
piezoelectric coefficients and giant electros-
triction.
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Interrelations between composition,
structure, and properties of relaxors are
among the most actively developing areas of
modern solid state physics. There are nu-
merous researches of local and average
structures of relaxors carried out using
neutron and X-ray scattering methods. Nev-
ertheless, various authors present quite dif-
ferent interpretations of the data on both
elastic and diffuse scattering. This is due to
certain specifiecs of the relaxor structures.
Those are: (i) small values of atomic dis-
placements which determine the difference
between local and average structures; and
(ii) low-frequency tilts of the oxygen octa-
hedrons and fluctuations of the local polari-
zation directions of polar clusters in certain
temperature region. In such cases, the
Wyckoff atomic positions may depend con-
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siderably on the refinement procedure. That
permits various interpretations of the
anomalous large thermal factors. In certain
cases, NMR allows to eliminate the above
mentioned indefinites at the structure de-
termination.

The compound under investigation,
Na,,Bi ;,TiO3 (NBT), belongs to the ferroelec-
trics-relaxors of the ABX; perovskite type
with substitution in the A-position. In con-
trast to "true” relaxors, remaining to be
cubic till the lowest investigated temperature,
NBT exhibits a sequence of spontaneous
phase transitions from the cubic phase
(Pm3m) to the tetragonal phase (P4bm,
Z = 2) at 813 K (T¢;) and then to the trigo-
nal phase (R3c, Z = 6) at approximately
600 K (Ts) [1-3]. The cubic and tetragonal
phases are long-range ordered structures. In
the trigonal phase, the long-range order is
lost, the space group R3¢ describes the aver-
age structure.

The measurements of the second-order
quadrupole interactions in very low mag-
netic fields made it possible to improve con-
siderably the spectral resolution. The
achieved resolution has been found to be
sufficient for testing various models of
short-range order in the NBT structure
using the computer simulations of the spec-
tral line shape.

The 23Na NMR spectra of NBT single crys-
tal were measured at Larmor frequency
15.7 MHz. The dependences of the line shape
on the crystal orientation in the magnetic
field were obtained at the rotation about the
[110]p direction of the pseudo-cubic cell at
293 K, 350 K, 400 K, 450 K, 475 K, 500 K,
540 K, 580 K, 640 K, and 729 K. The con-
tinuous wave technique with a signal accumu-
lation was used.

In the complex perovskites A’/A"BX; and
AB’B"X;, it is just the displacement of
A-cation from its equilibrium position in
the cubic phase that causes the main contri-
bution to the electric dipole moment of
polar clusters. The same displacement de-
fines the quadrupole coupling constant
(QCC) value on the 23Na nucleus, ¢ =
e-Q-V,,/h (V,, is the main value of the elec-
tric field gradient tensor (EFG) on the nu-
cleus; @, the nuclear quadrupole moment; e,
the electron charge; i, the Planck constant).
The quadrupole coupling constant sensitiv-
ity to the cation displacement from the
equilibrium position in the high-tempera-
ture cubic phase is relatively high, about
1073 A,
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In relaxors, the electric dipole moment of
the polar regions has several equiprobable
orientations in the structure. Consequently,
there are several different orientations of
the EFG tensor axes with respect to the
magnetic field direction. Thus, in the NMR
spectrum there appear signals coming from
quite a large number of magnetically non-
equivalent lattice sites. In addition, accord-
ing to our previous measurements [4, 5],
appear structurally nonequivalent positions
of 23Na, which belong to the coexisting re-
gions of the polar clusters and the tetrago-
nal phase. As a result, the NMR 23Na spec-
trum consists of one broad non-resolved line
with a shape depending on the crystal orien-
tation in the magnetic field. The line shape
can be presented as the convolution of fre-
quency distribution function, f(v), and of
the spectral broadening function L(v'—v) :

F(v) = [ f)LO = vydv. (1)

A computer program has been developed
which allows to calculate the line shape for
any crystal orientation in the magnetic field
for various structural models. Two version
of the NBT structure arrangement were
tested.

The Model 1: in the polar cluster, Na is
displaced equiprobably along one of the
eight equivalent directions [111]p of the
pseudo-cubic cell. The Na atom is supposed
to be located in a multi-welled (8-positions)
potential around its special Wyckoff posi-
tion. In the tetragonal structure, the Na
displacements occur with an equal prob-
ability along one of six [100]p directions,
coinciding with the C, symmetry axis of the
P4bm space group. The Model 1 permits a
coexistence of independent Na displace-
ments along [111]p and [100]p directions.

The second-order quadrupole shift, 6v, of

the central component (+1/2 — —1/2) for an
axially symmetric tensor is [6]:

9 dU+1)-3%q?
-~ 64 (121 -1)2 v,
- Kq2(1 — cos20)(9cos2 — 1). (2)

(1 — cos?0)(9cos20 — 1) =

Here, 0 is the angle between the magnetic
field direction and the principal z axis of
EFG tensor; vy, the Larmor frequency; I,
the nuclear spin (I = 3/2 for 23Na).

In Fig. 1, the angular dependences of Av
(for Kq%2=1) for eight "trigonal™ displace-
ments along the directions of [100]p type in
the tetragonal twins are presented. The fre-
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quency distribution function f(v) in Eq.(1) is
actually determined by the dependences pre-
sented in Fig. 1 for any crystal orientation.

When simulating the spectral shapes, the
variable parameters are as follows: the val-
ues of g for the clusters and for the
tetragonal phase; the peak intensity A and
half-width W of the Gaussian broadening
functions. The model also assumes the ex-
istence of regions within the trigonal phase
with a very small deviation from the cubic
structure, so-called "matrix”. The position
of the corresponding line is varied within
narrow limits around the Larmor frequency,
the peak intensity and the line width are
also variable parameters. The relative phase
volumes X of the regions with different
structures are determined by integral inten-
sities of the related lines. The data array
for each temperature consists of 10 spectra
corresponding to the angles (6) varying
from 0° to 90° with a step of 10°. The least
square method for data array containing 10
spectra was used when the experimental
spectra were compared with the calculated
shapes. Table represents the most important
variables corresponding to the minimal de-
viation A between the experimental and
simulated line shapes. As an example, the
experimental and calculated spectra at
350 K are shown in Fig. 2.

The data presented in Table show that
the best agreement is attained when the in-
homogeneous structure where the regions

v, a.ur 1 2
15
1.0

05

0 20 40 60

1

80 0,deg
Fig. 1. Angular dependences of second order
quadrupole shifts for magnetically equivalent
positions in trigonal (I) and tetragonal (2)

NBT phases, at crystal rotation around
[110]p direction.

with the Na displacements along the direc-
tions of types [111]p, [100]p and the matrix
coexist in the temperature range 293 K-
580 K. Table also illustrates how the phase
volumes X of the regions with different dis-
tortions of the 23Na nuclei nearest sur-
rounding are changed with temperature.
The phase volumes as a function of tem-
perature are shown in Fig. 3.

The temperature behavior of the quadru-
pole coupling constants ¢;,;, and g, is of a
special interest. While the constant ¢, re-
lated to polar clusters is changed in the
temperature interval 500-580 K, g, re-
mains nearly constant in the whole tempera-

Table. The most important variables corresponding to the minimal deviation A between the
experimental and simulated line shapes at different temperatures

Model 1
T, K yrig> Qietrs W irigo W ot W oatr Xirig Xiotr X hatr A
zZ Hz kHz kHz kHz
293 1.18 1.13 3.94 6.13 2.6 0.43 0.29 0.28 0.018
350 1.19 1.11 3.68 5.94 2.66 0.45 0.28 0.27 0.013
400 1.17 1.05 3.54 5.49 2.54 0.29 0.35 0.37 0.011
450 1.14 1.03 3.12 5.0 2.42 0.29 0.33 0.38 0.011
475 1.18 1.04 3.08 4.97 2.43 0.2 0.31 0.49 0.012
500 0.93 0.98 3.42 4.71 1.96 0.25 0.5 0.25 0.015
540 1.05 0.91 1.63 4.38 1.91 0.06 0.59 0.35 0.019
580 0.03 1.05 1.37 4.0 1.89 0.01 0.7 0.29 0.019
Model 2
T, K Qyrigr Qietrs W rigr tetr? W), | Wi (1), Xirig A
Z z kHz Hz kHz kHz
640 0.01 1.03 1.34 2.74 2.42 0.01 0.08 0.038
729 0.03 0.87 2.39 0.419 1.94 0.05 0.0 0.031
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Fig. 2. Angular dependences of 23Na NMR
spectra at 350 K. Solid line shows the experi-
mental shape, dashed line, the simulated one.
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Fig. 3. The phase volumes X as a function of
temperature: 1, tetragonal; 2, matrix; 3, trigonal.

ture range up to 729 K. Above 500 K, a
noticeable change is detected in the width
Wiig of the lines, corresponding to polar
clusters. The spectral lines related to the
tetragonal phase undergo only small, smooth
narrowing as the temperature increases.

An attempt to simulate the spectra at the
temperatures above T, using Model 1 re-
sults in an appreciable increase of A. For
the temperatures 640 K and 729 K, the
Model 2 was used. There is no matrix in
this model, which looks to be natural for
the tetragonal long-range ordered structure.
When simulating, the broadening of spec-
tral lines proportional to the second order
quadrupole shift has been revealed. To date,
we do not know the origin of this broaden-
ing. Nevertheless, taking into account the
corresponding broadening, W(1), one can
improve sufficiently the A factor. The result
is shown in Table. We have also tested
Model 2 for trigonal phase temperature re-
gion. However A in this case shows 2-3
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time increase in comparison with Model 1.
The Model 2 seems to be more applicable in
the high temperature tetragonal phase.

Model 1 describes rather well the shape
of the 23Na spectra in a wide temperature
range where the average trigonal structure
exists. Nevertheless, our previous data [4,
5] allow to assume that local symmetry of
the polar regions is lower than the trigonal
one. So, Na hops between 8 positions of the
multi-welled potential give the cubic Na po-
sition as an average. However, it does not
agree with the R3c space group. Besides,
the Na dynamic restoring the cubic symme-
try is observed only above 780 K [5].

We assume that the Na displacements in
the clusters include small orthogonal com-
ponents disordered over 6 [100]p directions
in addition to the cooperative shift along
the polar [111]p axis. If this displacement
of Na from the three-fold symmetry axis is
small, the approximation by an axially sym-
metric tensor is valid. At low temperatures,
when reorientation of the electric dipole mo-
ments is frozen [4], the orthogonal compo-
nents inside the cluster are ordered along
one of the six [100]p directions. Thus, the
polar clusters are of the monoclinic symme-
try, while the average structure of the crys-
tal maintains the trigonal symmetry.

Above 500 K, the narrowing of the 23Na
NMR lines belonging to the clusters (see
Table) reveals the positional exchange in the
multi-welled potential. It should be noted
that reorientations of the orthogonal compo-
nents are correlated within the cluster vol-
ume. It is clearly seen that the motional
averaging results again in the trigonal
structure, maintaining it at high tempera-
tures. The motional averaging, however,
cannot cause a sharp ¢,,;, decrease observed
between 540 K and 5g80 K at heating
(Table). The spontaneous decrease of Na/Bi
displacements in the polar clusters along
the [111]p directions is unexpected. Never-
theless, a sharp decrease of the second opti-
cal harmonics generation level was revealed
at similar temperatures [3].

Table show that above 500 K, the rela-
tive volume of the tetragonal phase, X,
increases mainly at the expense of the vol-
ume occupied by the polar clusters. The
[111]p displacement becomes very small at
approaching T¢s. Thus, the clusters in this
temperature region may act as the tetrago-
nal phase nucleation centers, since they in-
clude the "tetragonal™ displacements along
[100]p. The monoclinic polar clusters and
the tetragonal phase nuclei are of nearly
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equal energy in the region between 580 K
and Tps (610 K). This makes possible the
appearance of heterophase fluctuations. A
rather wide (~830 K) temperature interval
where close in energy but different in strue-
ture regions coexist, suggests a competition
between tetragonal and monoclinic ordering.
At further temperature increase, fast
growth of the tetragonal nuclei results in
the transition to the long-range P4bm struc-
ture. Such transition type does not require
complete reorganization of the local cluster
structure as it would take place at the change
of symmetry P4bm, Z = 2 — R3¢, Z = 6.

An anomalous dielectric relaxation and
broad & maximum are observed just in the
region about 80 K below Ty [8] where, ac-
cording to the above data, fast reorientation
of the local polarization and heterophase fluc-
tuations occur in the NBT structure. Low
potential barriers which prevent the local po-
larization hopping are certainly caused by a
very small displacement of Na along [111]p in
the polar clusters at the temperatures be-
tween 580 K and T5. Piezoelectric properties
of NBT are most probably connected with the
monoclinic symmetry of the polar clusters as
it takes place in szr05T|o503 (PZT);
PbMg, sNb,_, Ti,05x~0.85 (PNM/PT) [9, 10].
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JlokaJIbHUN MOJAPHUN MOPATOK
y cermeroeaeKTpuKy-pegarkcopi Naq/oBiq/2TiO3
3a mocaimxenaam AMP 23Na

I0.€.A6n0oncoka, I.I1. Anexcandposa,
A.A.Cyxoécovruil, FO.M.leéanos

IIposeneno BumiproBauusa crexkTpis IMP 28Na y gyse ciabxoMy MarHiTHOMY IOJI IIpH
Temneparypax Mmisk 293 K ta 729 K. docArHeHe pospillleHHA € JOCTATHIM [JA TEeCTyBaHHSA
pisHMX Mopeyeill GIMKHBOrO MOPAAKY y cTPYKTypi Na,,Bi,,TiO; (NBT) npu BuKopucTaHHi
KOMI'I0TEPHOI cuMynAnii popmMu cuekTpanabHoi sginii. Halikparmioro ysrogxeHsa MiK eKclie-
PUMEHTAJbHUMU Ta PO3PAXYHKOBUMU CIEKTPAMU JTOCATHYTO IJA HEOZHOPiZHOI CTPYKTYpH,
ge moJApHi HaHOAlaAHKM 3i smimenHsvMum Na B3JOBMK NICEBAOKYOIiUHMX HAIPSAMIB [111]p,
BKJIIOYEeHHs TeTparoHanpHoi (asu si smimennamu Na Bsgosx mampawmis [100], Ta "marpu-
g, I[0 Mae QysKe He3HAdHl BigxmieHHs Bix KyO6iuHOI CTPYKTYypH, CIIBICHYIOTH y TeMmIepa-

TypHomy inTepsBasi 293 K-580 K.
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