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Abstract: A transmission electron microscopy (TEM) study of the complex NaNb;_,Ta,O3 (0.4 < x < 0.6)
perovskites, combining high-resolution TEM and high-angle annular dark-field scanning TEM, has revealed
the formation of extended areas on the crystals where niobium and tantalum order into layers in a 1:1
ratio. NaNb;_4Ta,O3 oxides are stoichiometric, and there is neither charge difference nor significant ionic
size discrepancy between Nb(V) and Ta(V) cations. As d° octahedrally coordinated cations, they show a
propensity to second-order Jahn—Teller distortion. This distortion, however, manifests itself to different
extents for the two cations and is considered the driving force for the layered ordered distribution observed.
The niobium—tantalum segregation we have found can also be interpreted as a naturally occurring
nanometer-scale phase separation. Albeit occurring in wide regions of the crystals and not in the entire
grains, it shows a clear trend toward a long-range ordered disposition. This is reminiscent of the more
general behavior of a recently documented class of perovskites that suffer spontaneous nanoscale phase

separation to form a superlattice.

Introduction

Cation order—disorder plays a key role in the control of the
crystal structure and the properties of many complex perovskite-
type oxides. Ferroel ectric response, electronic or ionic conduc-
tivity, and magnetic behavior strongly depend on the degree of
order on the A and B sites. In comparison with the relative
rareness of A site ordered perovskites, there are numerous
examples of B site ordered systems. As a general fact, a B/B’
ordered distribution can be stabilized when two different cations
occupying the same site differ in charge, ionic size, and/or
coordination environment.

In the field of ferroelectrics, most of the work devoted to
lead-free materials deals with perovskite-type solid solutions.
These materials show a unique continuous change from ferro-
electric to relaxor behavior versus substitution rate,® giving
materials with excellent piezoelectric response which qualifies
them for potential applications.®# In fact, one strategy to create
relaxor ferroelectrics involves the chemical substitution of ions
to generate random lattice disorder ABO; perovskites. Much
of this disorder is produced by chemical substitution of ions of
oxidation state the same as or different than that of the host. In
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addition to being an essentia feature, lattice disorder is at the
origin of local polar clusters of randomly oriented polarization,
and their cooperative interaction produces a long-range ferro-
electric state.

Anionic vacancies can induce cationic order of differently
coordinated B and B’ cations, but high concentrations of oxygen
vacancies have an adverse effect on dielectric properties and
the use of ferroelectric materials in stoichiometric amounts. In
this case, charge or size differences are primary factors affecting
the stability of the ordered state. However, issues such as
asymmetric coordination environments and covalence are
important in these compounds because asymmetry is a require-
ment to display the desired ferroelectric behavior.

Although in most of the cases cation ordering leads to
homogeneous materials, there are several examples in which
spontaneous chemical segregation occurs, giving rise to nano-
structured materials formed by separated phases in a periodic
array. This is the case with the (Ndys_Liz) TiO; system®’ or
the LaNaMgWO, oxide.® These self-assembled nanocomposite
materials constitute a very promising category, especialy when
the periodicity can be controlled by varying the chemical
composition and this variation affects the final physical proper-
ties of the solid. If unique functionalities can be obtained with
a layer-by-layer growth of two-dimensional heterostructures,®
attractive conductivity, dielectric, or magnetic properties could
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also be obtained by manipulating self-assembled, composition-
ally modulated materials.

In our recent investigations, relaxor-type materials derived
from NaNbO; have been obtained by partially substituting Na
by Sr.° However, progressive introduction of Ta in Nb sites
of NaNbO; leads to the formation of antiferroelectric materials
up to athreshold composition at which materials begin to display
ferroelectric behavior.** In this paper, we have analyzed the
crystal chemistry of the complex NaNb;—,TaOs (04 < x <
0.6) perovskite-type oxides. Extended areas on the crystals are
observed where niobium and tantalum are ordered into layers.
NaNb,_,TaO; oxides are stoichiometric, and there is neither
charge difference nor significant ionic size discrepancy between
Nb(V) and Ta(V) cations. As d° octahedrally coordinated
cations, they show a propensity to second order Jahn—Teller
distortion (SOJT). This distortion, however, manifests itself to
different extents for the two cations and is associated with bond
network stress and lattice strain; therefore, covalence and
asymmetry in the oxygen coordination environment are adequate
terms to discuss. Nanoscale phase separation is a concept that
can be applied to describe this remarkable microstructural
feature. As recently pointed out,*? the discovery of a perfect
two-dimensional phase separation at the nanoscale in (Ndy
3-xLiz) TiO3 opens a new perspective on the microstructure of
complex perovskites. Two previous examples illustrate this
phenomenon,”® and the results we have obtained provide further
support.

Experimental Section

Ceramic samples of nomina composition NaNb;_,TaO; (0.4
< x = 0.6) were obtained by solid-state reaction from stoichiometric
amounts of Na,COs (99.5%, Merck), Nb,Os (99.99%, Aldrich), and
TagOs (99.99%, Aldrich). After mixing in an agate mortar, powders
were heated in platinum crucibles at 1173 K for 12 h to decompose
the sodium carbonate. The resulting powders were reground in an
agate mortar, pelleted, and heated in air between 1473 and 1523 K
for 48 h, depending on the desired final composition of the material.
Samples were finally cooled to room temperature at a cooling rate
of 1.5 K min™%,

Magnetic measurements were performed in a Quantum Design
XL-MPMS superconducting quantum interference device magne-
tometer in order to determine the presence of Nb(1V). At 5 K and
1T, the detected signal did not indicate the presence of Nb(1V) in
the samples.

Room-temperature powder X-ray diffraction (XRD) patterns for
all sampleswere collected on a Panalytical X' PERT PRO ALPHA
1 diffractometer with a Ge (111) primary beam monochromator
prealigned for Cu Ko radiation and equipped with an X’ Celerator
fast detector.

Samples for transmission electron microscopy (TEM) were
ultrasonically dispersed in n-butanol and transferred to carbon-
coated copper grids. Selected area electron diffraction (SAED)
experiments were carried out on a PHILIPS CM20FEG SuperTwin
electron microscope. High-resolution transmission electron micros-
copy (HRTEM) was performed on both a JEOL JEM300FEG and
a Tecnal 30F (FEI) electron microscope working at 300 kV.
Scanning transmission electron microscopy (STEM) was performed
on aTecna 30F transmission electron microscope (FEI; SuperTwin
lens with Cs = 1.2 mm) operating at 300 kVV. STEM images were
recorded with a high-angle annular dark-field (HAADF) detector
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9844 J. AM. CHEM. SOC. m VOL. 132, NO. 28, 2010

0 1 ": 022 @
- |
e | m 13
P «1\¢_\.:I..l_,._._ ’ﬂr, ’“',(':“ :)L’c
_| n x = 045
-~ l ]
z N S
i e
z ‘ |
g s sl SR SR U
£ T l—
FL e MO J
T | | |
T T T T T T T
20 30 40 50 20 () 60

Figure 1. Room-temperature powder XRD patterns corresponding to the
x=0.4,0.45, 0.5, 0.55, and 0.6 compositions of the NaNb,_,Ta,O5 system.
Miller indices refer to the v/2a, x 2a. x +/2a unit cell.

(image size, 1024 x 1024 pixels; scan times, 5—20 s; cameralength,
200 mm) that amost exclusively detects incoherently scattered
electrons (Rutherford scattering), resulting in atomic number (Z)
contrast.

Crystal-by-crystal chemical microanalysis was performed by
energy-dispersive X-ray spectroscopy (EDXS), carried out on a
JEOL JEM300FEG microscope equipped with an ISIS 300 X-ray
microanalysis system (Oxford Instruments) and a LINK Pentafet
EDXS detector. The average cationic composition of the samples
was determined on a JEOL 8900 Super Probe electron probe
microanalyzer with five wavelength-dispersive X-ray spectrometers
operating at 20 kV and 50 uA.

Results

The average cationic composition of all the samples
NaNb;_,TaOs (0.4 < x < 0.6) was confirmed as the nominal
composition by means of wavelength-dispersive X-ray spec-
troscopy (WDS). The results can be found in the Supporting
Information. Crystal-by-crystal microanalysis by EDXS showed
a Nb:Ta ratio always in agreement with the corresponding
nominal composition. Sodium was present in al the crystals,
but its content was not quantified by this technique.

The room-temperature powder XRD patterns corresponding
to the NaNb,;_,TaO3 (0.4 < x < 0.6) oxides are characteristic
of a perovskite-type structure (Figure 1). The presence of
diffraction maxima around 36 and 38° (26) led us to index all
the diffractograms on the basis of an orthorhombically distorted
V2a. x 2a. x v/2a. cel (where a, refers to the cell parameter
of the cubic perovskite), and a significant decrease of the
splitting of the diffraction maxima is observed as the tantalum
content increases.

The structure of the samples was further analyzed by TEM.
The results were in agreement with the v/2a. x 2a. x +/2a.
unit cell, but some additional features were observed.

Figure 2a corresponds to the SAED pattern of a crystal of
NaNbg 4 TagsO3 composition. Besides the main reflections of the
basic perovskite cell, maxima of lower intensity at (h/2 0 k/2)
can be observed which indicate the formation of an orthorhom-
bic unit cell with parameters a ~ ¢ ~ +/2a.. In addition,
diffraction maxima doubling [100]. and [001]. (pointed out by



Spontaneous Nb—Ta Layered Distribution in NaNb;—Ta,O3

ARTICLES

Qt'.'l‘i‘:T‘) nm
4 § i

[e10]* - @ -
- *100

-0 @
® - L] L ] . :

® o .;\021‘ o : ¢

™ . - . 0.55 nm »

® (a9
e

Figure 2. (a) SAED pattern of acrystal of NaNbg 4Tay 603 aong the [010]
projection. Arrows show diffraction maxima corresponding to the two-fold
superstructure oriented in two perpendicular directions. Miller indices refer
to the cubic perovskite subcell. (b) Corresponding high-resolution electron
micrograph. Structural domains of the three different perpendicular orienta-
tions of the v/2a. x 2a. x ~/2a. unit cell are observed (labeled as A, B,
and C). Fourier transforms correspond to (c) area A, (d) area B, and (€)
area C. In panels c—e, Miller indices refer to the +/2a, x 2a. x +/2a. unit
cell.

an arrow) are observed. These extra spots are consistent with
the formation of a two-fold superstructure aong the third axis
of the orthorhombic cell and suggest the presence of perpen-
dicular domains. The above interpretation is confirmed when
observing the corresponding HRTEM image shown in Figure
2b. Distances of 0.79 and 0.55 nm can be easily identified,
showing that the crystal is composed of structural domains
(labeled A, B, and C) of a~/2a. x 2a. x +/2a. crystal phase
oriented in the three perpendicular directions. In this sense, the
whole diffraction pattern can be interpreted as the overlapping
of the [010], [101], and [101] reciprocal lattice projections
(Figures 2c,d,e, respectively) of aunit cell v/2a, x 2a, x +/2ac.

The systematic study performed on al the samples in the
0.4 = x < 0.6 composition range did not reveal any significant
change, and crystals were always formed by three-dimensional
domains with the metric v/2a. x 2a. x +/2a.. In addition to
the described structural domains, the microstructural charac-
terization performed by HRTEM has shown, in the entire
interval of composition investigated, the presence of extensive
defects characterized by the breakdown of long-range order
V28, x 28 x /2a.

Figure 3a corresponds to the HRTEM image of a crystal (x
= 0.4) oriented along the [101] zone axis. Distances of 0.79
nm between characteristic short rows of bright patches are easily
observed which indicate the formation of the two-fold super-
structure along the b orthorhombic axis. However, long-range
order isinterrupted along the [101] direction due to the presence
of antiphase boundaries (APBS). In this case, the APB consists
of atrangation by /, [010] (see Figure 3b) that tends to occur
every 3—4 unit cells in a quasiperiodic disposition. As a
consequence, the corresponding SAED pattern (Figure 3c) points
to a modulated structure in which the reflections of the two-
fold superstructure along the [101] reciprocal direction split and
the extra diffraction maxima are elongated along this direction
because of the partially ordered distribution of the APBs.
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Figure 3. (@) High-resolution electron micrograph of NaNbyg e Tay 403 taken
along the [101] zone axis. The corresponding Fourier transform is shown
in the inset. (b) Enlarged area of (a). Recurrent antiphase boundaries are
observed parallel to the [010] direction. (c) Corresponding SAED pattern.
The arrows indicate the splitting of the two-fold superstructure diffraction
maxima.

Figure 4a shows the SAED diagram of a crystal of
NaNbg 4Tay603 oriented along the [010] zone axis. Streaking
between the diffraction maxima indicates, again, structural
disorder along the [101] reciprocal direction. The corresponding
HRTEM image (Figure 4b) shows distances of 0.55 nm along
[100] and [001] of the v/2a, x 2a. x ~/2a. unit cell and reveals
the presence of dark and bright contrast fringes alternating along
the [101] direction. There is no discontinuity in the boundaries
between blocks, just a change in the relative intensity of the
atomic columns that gives rise to the streaking along the [101]
direction. The Fourier transform of the crystal area shown in
Figure 4b (inset) depicts discrete diffraction maxima along the
[101] reciprocal direction, showing the trend of the defects
toward an ordered disposition. It is worth mentioning that, as
expected, the trend toward a periodic distribution of defects as
well as the extent to which defects occur in the crystals is
enhanced after a slow cooling of the sample instead of a
guenching from the synthesis temperature.

It is important to note that the microstructural study along
the perpendicular [101] and [010] projections reveals that the
structural defects always occur along the [101] direction,
showing in both cases a tendency to be periodic. These facts
allow us to consider, as it is explained more deeply in the
Discussion section, that the observed dark and bright contrast
in Figure 4b could also be related to the presence of APBs along
the [101] direction.

The described extended structural defects can be observed
in al the crystals of the materials within the 0.4 < x < 0.6
interval, and the careful observation performed allowed us to

J. AM. CHEM. SOC. m VOL. 132, NO. 28, 2010 9845
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Figure 4. (a) SAED pattern of NaNbg 4Tay603 taken along the [010] zone
axis. Streaking is observed aong the [101] reciprocal direction. (b) High-
resolution electron micrograph and the corresponding Fourier transform
(inset). Discrete extra diffraction spots along [101] are now discernible as
a consequence of the quasiperiodic distribution of the stripes in this area of
the crystal.

estimate that around 20—25% of the volume of the crystals
corresponds to regions with defects. The fact that they appear
for chemical compositions close to aNb/Ta= 1 ratio led usto
consider the possibility that they arise as a consequence of a
certain ordered distribution of Nb and Tain the B sublattice of
the perovskite structure associated with a fixed Nb/Ta ratio.
However, the EDXS nanoanalysis performed on crystal areas
as small as 2 nm did not show differences in the chemical
composition between defect and defect-free areas of the crystals,
the chemical composition being aways in agreement with the
corresponding nominal composition.

In this sense, and in order to determine a possible inhomo-
geneous distribution of Nb and Ta associated with the appear-
ance of the antiphase boundaries, characterization by means of
high-resolution HAADF STEM has been performed. Since this
detector uses the electrons scattered at high angles (i.e.,
Rutherford scattering) for image formation, there is no phase
contribution, and the obtained images are very sensitive to the
atomic number Z (Z-contrast imaging).*®

The HRTEM and the HAADF STEM micrographs of the
same area of acrystal of NaNbg 4sTags503 in the [101] projection
are shown in Figure 5a,b. In both imagesiit is possible to identify
the antiphase boundary planes as well as the aternation in
contrast in the (010) planes that gives rise to the two-fold
superstructure along the [010] direction. Theinset in Figure 5b
corresponds to the intensity profile of the line scan along the
direction of the two-fold superstructure. A clear periodic
alternation of intensity is observed with 2a. (0.79 nm) periodic-
ity. The fact that this difference in contrast is visible in the

(13) Pennycook, S. J. Ultramicroscopy 1989, 30, 58-69.
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HAADF STEM image, which is highly sensitive to the atomic
number Z, indicates that it has its origin in a preferential
distribution of Ta (Z = 73) in the brighter (010) planes and Nb
(Z = 41) in the darker (010) planes. An enlarged area of a
HAADF STEM micrograph of acrystal of NaNbg4sTagss03 in
the same [101] projection is shown in Figure 5c, where an
alternation of the contrast in the consecutive (010) planes is
observed. The same image after background subtraction is
shown in Figure 5d in order to eliminate the contrast effects
due to thickness differences. In both images there can be seen
adjacent blocks 3—4 octahedra wide in antiphase relationship,
as shown aso by the intensity profile scans performed in two
neighboring blocks (Figure 5€).

When observing the defect areas of the crystals in the
perpendicular [010] projection, the HRTEM and the corre-
sponding HAADF STEM micrographs show, however, signifi-
cant differences. Figure 6a corresponds to the HRTEM image
of a crystal of NaNbgsTags03. The periodic contrast variation
along [101] is easily identified. However, a homogeneous
contrast is observed in the HAADF STEM image (Figure 6b),
thus indicating that contrast differences observed by HRTEM
in the [010] projection are not due to chemical composition
divergence (atomic number variation) between adjacent blocks.

At this point, it isimportant to keep in mind that the observed
contrast variation of (010) planes along the [101] projection in
the HAADF STEM images coincides with the direction along
which the two-fold superstructure of the orthorhombic cell
occurs. In this sense, HAADF STEM was also performed in
the defect-free areas of the crystals, in order to investigate the
possible ordered distribution of niobium and tantalum in the
crystal areas where APBs are not present. Figure 7a shows the
HRTEM micrograph of one of these areasin the [101] projection
of acrystal of NaNbg 4Tags03 where the two-fold superstructure
can be easily identified along [010]. The corresponding HAADF
STEM image (Figure 7b) does not give evidence for any regular
contrast variation in the [010] direction, as illustrated by the
intensity profile of the line scan along the orthorhombic [010]
lattice direction (inset in Figure 7b), therefore indicating that
Nb and Ta are randomly distributed in the B-type positions of
the defect-free regions of the crystals. As a result, the trend
toward an ordered distribution of niobium and tantalum in
alternate (010) planes seemsto be responsible for the appearance
of the APBs in the NaNb,_,TaO3 (0.4 < x < 0.6) crystals.

Discussion

An ordered distribution of tantalum and niobium in
NaNb;—«TaO3 (0.4 < x < 0.6) samplesin aternate (010) planes
of the orthorhombically distorted perovskite-type structure has
been detected. The microstructural characterization performed
by combining HRTEM and HAADF STEM heas revealed the
presence of extended structural defectsin the form of antiphase
boundaries associated with the variations in chemical composi-
tion observed.

From the structural information obtained, it is possible to
figure out a schematic structural model that places al the results
in agreement (Figure 8). In such an idealized model, layers of
octahedra occupied by tantalum atoms alternate in an orderly
manner with layers of octahedra occupied by niobium atoms
along [010]; ordering occurs in blocks four octahedra wide
which are related one to each other by an antiphase relationship.
Inthisidea distribution, not al BOg groups have the same metal
neighbors. In this sense, octahedra 1 and 4 of each block have
as next-nearest metal neighbors [3Ta + 3Nb] (i.e., three gray
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Figure 5. (a) High-resolution electron micrograph and (b) corresponding HAADF image of NaNbyssTay4503 taken along the [101] zone axis. The arrow
alows identification of the same point in both images. Corresponding Fourier transforms are shown in the inset. In (b) the intensity profile corresponding
to the dashed line along the [010] direction is shown. (c) Enlarged area of the HAADF image of NaNbgssTap4s0s. (d) Same image after digital background
subtraction. In both images, the APB giving rise to two blocks (labeled 1 and 2) is displayed. (€) Intensity profiles of the two consecutive blocks along the

[010Q] direction (dashed white line).
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Figure 6. (& High-resolution electron micrograph and (b) corresponding STEM HAADF image of NaNbysTaysO; taken along the [010] zone axis.

Corresponding Fourier transforms are shown as insets.

and three black octahedra), but octahedra 2 and 3 have four
metal neighbors of the same nature and two of the opposite,
that is to say each Ta has [4Ta + 2Nb] and each Nb has [4Nb
+ 2Ta]. Assuming that contrast difference hasits origin mainly
in the chemical composition variation and does not account for
crystallographically nonequivalent B sites, the experimental
images along the [101] projection of the defect areas support
this model, although the periodicity between APBs is not as

regular as depicted schematically. What is observed is an
alternance of 3—4 equivalent dark or bright dots along [101],
reflecting the chemical difference, as confirmed when going
from the HRTEM to the corresponding HAADF STEM image
(see Figure 5a,b). However, in the [010] projection, athough
the presence of the antiphase boundariesis clearly identified in
the HRTEM image through the contrast differences observed
along [101] (Figure 6a), the corresponding HAADF STEM

J. AM. CHEM. SOC. m VOL. 132, NO. 28, 2010 9847



ARTICLES

Torres-Pardo et al.

Figure 7. (a) High-resolution electron micrograph and (b) corresponding
STEM HAADF image of NaNbg 4Ta O3 taken along the [101] zone axis.
Fourier transforms are shown in the inset. In (b) the intensity profile
corresponding to the dashed line along the [010] direction is shown.

[010] projection

|

[101] projection

Figure 8. Schematic model of the extended structural defects observed in
NaNb;_,Ta0; (0.4 < x < 0.6) by considering an ideal periodic distribution
of APBs four octahedra wide. Because information about the octahedral
tilting in the defect areas could not be obtained from the refinement of the
XRD data, crystallographic data of NaTaOs; from ref 19 have been used as
input in order to account for the observed metric of the unit cell.

micrograph does not account for that difference, provided that
the average projected potential of the crystal, i.e., the average
chemical composition, is constant along this direction, leading
to an average intensity of the patchesthat is similar everywhere
(Figure 6b).

At this point it is important to mention that the attempt to
quantify the niobium and tantalum content in the (010) planes

(19) Ahtee, M.; Darlington, C. N. W. Acta Crystallogr. 1980, B36, 1007—
1014.
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by acquiring electron energy lost spectra (EELS) and EDXS
was unsuccessful. Due to the crystal thickness, a ~0.3 nm
diameter for the electron probe size was required to acquire the
spectral data sets as line scans along [010]. In this sense, not
enough spatial resolution was obtained to determine quantitative
chemical composition variations along consecutives (010)
planes.

The existence of cationic order at the B site either at short or
long range is a recurrent phenomenon in perovskite-type
materials® The 1:1 ordered A,BB’Og systems are the most
common group of ordered B-site perovskites. In this case, the
different cations occupy two different sublatticesin a“rock salt”
disposition, and the result is that B-cations are ordered along
the [111] direction with an order vector Y/,[111]. Remarkably,
and in contrast to most of the known 1:1 ordered perovskites,
La,CuSnOg™* shows a different type of ordering, in which Cu
and Sn are arranged in aternating layers along [100]. Thisrare
disposition has a so been described for high-pressure Ln,CuZrOg
(Ln= Pr, Nd).*® In La,CuSnOs, the CuOg polyhedra are strongly
Jahn—Teller distorted relative to SnOg polyhedra. The authors
presumed that the similar size and electronegativity of the
cations reduced their tendency to arrange in a rock salt
disposition and their chemical dissimilarity and coordination
preferences favored the layered distribution against a random
arrangement. The superposition of first-order (FOJT Jahn—Téller)
distortion on octahedron tilting resultsin the space group P2,/m
and a unit cell metrica ~ b ~ ¢ ~ 2a..

Asymmetry in the oxide coordination environment is expected
in octahedrally coordinated d° transition metals. It iswell known
that cation displacement from the center of aregular octahedron
has its origin in a SOJT distortion. SOJT distortion increases
when the energy difference between the metal empty d-orbitals
and the oxygen filled p-orbitals decreases, which results in
mixing of the corresponding metal and oxygen orbitals.
Although displacements for a particular B cation are different
among the different compounds, they reflect on average the
intrinsic distortion preference of each MOs. The intrinsic
preference of a certain cation to distort inside its oxygen
polyhedra plays a definite role in ferroel ectric perovskites. Out-
of-center displacements in over 750 octahedrally coordinated
d° transition metal oxides have been recently examined using a
continuous symmetry measures approach. The magnitudes and
directions of the displacements scale roughly with the elec-
tronegativity of the cation.*®

In the same sense, recent studies on the electronic structure
of d° transition metal oxides in ordered double perovskites and
ternary perovskites'’ show that the effective electronegativity
of Nb°" is higher than that of Ta®", and compounds such as
ANbO; and ATaO; (A = Na, K) illustrate these results. As a
consequence, Nb®t is expected to form more covalent bonds
with oxygen than Ta>". Higher covalence is related to a
decreasing energy difference between the low-lying d-orbitals
and the oxygen 2p-orbitals which, as mentioned, is the origin
of the intraoctahedral cationic displacement. In thisway, KTaOs
is cubic with regular TaOg octahedra and KNbOs isferroelectric
due to displacements of Nb>" from the center of its octahedron.

(14) Anderson, M. T.; Poeppelmeier, K. R. Chem. Mater. 1991, 3, 476—
482

(15) Azu-ma, M.; Kaimori, S.; Takano, M. Chem. Mater. 1998, 10, 3124~
3130.

(16) Ok, K. M.; Halasyamani, P. S.; Casanova, D.; Llunel, M.; Alemany,
P.; Alvarez, S. Chem. Mater. 2006, 18, 3176-3183.

(17) Eng, H. K.; Barnes, P. W.; Auer, B. M.; Woodward, P. M. J. Solid
State Chem. 2003, 175, 94-109.
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Figure 9. Representation of (a) NbOs and (b) TaOg octahedrain NaNbO;
and NaTaO; (from crystallographic data in refs 18 and 19, respectively).
Niobium off-center disposition gives rise to six different Nb—O distances
(dy = 0.1984 nm, d, = 0.1999 nm, d; = 0.2106 nm, d, = 0.1879 nm, ds
= 0.2129 nm, and ds = 0.1881 nm), while TaOg octahedra show more
regular distances (d; = 0.1965 nm, d, = 0.1973 nm, d; = 0.1984 nm).

In ferroelectric NaNbOs;, bond asymmetries result in two short
and two long Nb—O bonds in the equatoria plane of the NbOg
octahedra.*® This is in strong contrast with the symmetry of
Ta—0 bonds in TaOg octahedra in NaTaOg'° (see Figure 9).
From the above data, it is reasonable to assume a similar trend
toward the intraoctahedral distortion in the Nb—Ta compounds
considered here, which could act as the driving force for the
layered ordered distribution observed for Nb>" and Ta®* cations
in the B sublattice. Our experimental data do not allow us to
say anything about tilting of the NbOg and TaOg octahedra, but,
i;contrast to La,CuSnOg, the unit cell metric is v/2a, x 2a, x
2a..

Terms such as spinodal decomposition, structural intergrowth,
or polysomatic order have been found helpful to describe
nanostructured materials in the (Ndyz—Liz)TiO3 system as a
result of nanoscale phase segregation athough, as claimed by
the authors, none of them account exclusively for the super-
structures formed.® The niobium—tantalum segregation we have
found can be also interpreted as a naturally occurring nanometer-
scale phase separation. Although we are far away from the
structural characteristics of the above materials, where the
nanostructure observed occurs throughout entire grains in all
crystals and present periodicities of extraordinary perfection,
our findings are reminiscent of them. Undoubtedly, they

(18) Shuvaeva, A.; Antipin, M. Yu.; Lindeman, S. V.; Fesenko, O. E,;
Smotrakov, V. G.; Struchkov, Yu. T. Ferroelectrics 1993, 141, 307—
311.

constitute an important outcome by one side because they
represent one of the few examples in which B and B’ cations
display layered order, and by the other side because when
controlled and ordered throughout the entire crystals may be
accompanied by a significant change in the physical properties
of the materials.

The compositional modulation generated through the phase
segregation (cation segregation) along the [010] direction of the
orthorhombically distorted perovskite-type cell can be the origin
of amodulation in lattice parameters which must create crystal
strain. Therefore, athough there are no imaged structural
differences between the two phases and the image contrast is
mainly the result of the compositional variation of the two
phases, there is a structura modulation associated with the
quasiperiodic change of chemical composition observed. Lattice
and bond network stress because of the interaction between the
different MOg octahedra can be aleviated by formation of
antiphase boundary planes. Energetic considerations must be
responsible for the quasiperiodicity in which they appear. In
this sense, the investigations performed did not alow usto relate
the periodicity in which the APB planes appear with the
macroscopic chemical composition of the sample, and the
average distance between them is about the same, irrespective
of the value of x in NaNb;_,TaO; (0.4 < x < 0.6).

Efforts are under way to find out the thermodynamic
conditions that could lead to afull order situation of the crystals.
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