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ABSTRACT: Two new perovskite compounds, NaLaInNbOg
and NaLaInTaOyg, have been synthesized. Both compounds have
a rock-salt ordering of the In/Nb or In/Ta cations and a layered
ordering of the Na/La. They are unusual among this family of
doubly cation ordered perovskites for having a +3/+5
combination of B/B’ oxidation states instead of a divalent
cation and W®'. Synchrotron powder diffraction and electron
diffraction data show both compounds have tetragonal \/ 2a, X

2a, X 2a, unit cells. The octahedral tilt system of these
compounds is complicated and seems to vary depending on the
length scale considered. Bond valence considerations demon-
strate that none of the tilt systems compatible with a tetragonal
unit cell produce a stable structure. It is proposed that additional
oxygen displacements are occurring on a local scale. The XRD
data show that the B-site ordering is nearly complete in both
cases, while the A-site cations show a lower degree of order. The
tendency of the B'-cation to undergo a second order Jahn—
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Teller distortion is identified as having an influence over the degree of A-site ordering. Transmission electron microscopy shows
fragmentation into nanosized domains with perpendicular orientations of the layered A-site cation ordering. Such structures
may be polar over short length scales which could lead to interesting dielectric properties such as relaxor behavior. The

prospects for finding new doubly cation ordered perovskites are also discussed.

1. INTRODUCTION

The perovskite structure is among the most heavily studied in
all of solid state chemistry. While simple ABX; perovskites
possess structural variety due to distortions such as octahedral
tilting and Jahn—Teller displacements,' ™ the more complex
structures of cation ordered perovskites lead to many of the
most fascinating and desirable properties. The lower symmetry
and interactions between cations can lead to new behavior not
possible in simpler compositions. While there is a wide variety
of possible cation ordering patterns, only a few are commonly
observed.” The most common type of cation ordering is a
rock-salt ordering of two B-site cations to give the A,BB'X,
double perovskite structure.” Ordering of A-site cations is less
common but can occur under certain conditions. A 3:1 pattern
is stabilized in AA’;B,O,, compositions by a particular pattern
of octahedral tilting and Jahn—Teller distortions of smaller
cations residing on the A’ -sites.” A layered pattern of A-site
ordering is more common and is usually stabilized by the
presence of anion vacancies for RBaB,Os 5 compositions,7’8 or
by A-site vacancies in combination with second order Jahn—
Teller (SOJT) displacements of highly charged d° B-site
cations such as in La,,;_,Li,TiO; compositions.
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While ordering on either the A- or B-sites lowers the
symmetry and opens up new possibilities for materials design,
simultaneous ordering on both cation sublattices can lead to
even more complex structures and unlock properties that are
not possible in perovskites with ordering on only a single
cation sublattice. The doubly ordered AA’BB’ Oy structure type
combines both rock-salt ordering of B/B" and layered ordering
of A/A’ without vacancies (Figure 1). There were few
examples of this structure type until a little over a decade
ago when the structural stabilizing forces were first recognized,
allowing a targeted search for new members.'’~"* The layered
A-site ordering is stabilized by the presence of a SOJT
distortion of one of the B-site cations.'* It also appears linked
to the B-site ordering as only short-range A-site order is
observed in compositions with a single B-site cation or with a
disordered arrangement of two B-site cations, even if a SOJT
cation is present.'”"> This family of compounds has some of
the most complex structures known among perovskites,
including features which are attractive for engineering new
materials. Most of the structures can be broken down into two
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Figure 1. Doubly cation ordered AA’BB’Oj perovskite structure type.
A are large gray, A’ are large orange, B are blue, B’ are dark green, and
O are small red spheres. This figure shows the aristotype structure
without any octahedral tilting.

classes, those with a”a"c" octahedral tilting and those which
form large superstructures based on a”a™¢’ tilting.

The characteristic that has perhaps caught the most
attention is the polar nature of many members of this family.
The ordering of both cation sublattices along with the most
common pattern of octahedral tilting known for perovskites
(a”a"c" in Glazer notation) leads to the noncentrosymmetric
space group P2,."* The inversion symmetry is not broken by
the SOJT displacements, as happens in other perovskite
systems, as these are aligned antiferroelectric in these
compounds. Rather, the polarization stems from nonequivalent
displacements of the differently charged A and A’ cations.'®
The possibility to have magnetic cations on either the A or B
sublattices also makes them interesting magnetic materi-
als."” ™" Particularly complex magnetic structures have been
found when magnetic cations are present on both sublattices
due to interactions between the two.”” The existence of
magnetism within a polar structure has generated interest in
this class of materials as potential multiferroics.”'~>* The first
experimental attempts to measure ferroelectricity in these
materials did not find any, which is puzzling considering the
structural results.”® It has recently been suggested by
theoretical and new experimental studies that these materials
have large barriers to switching and may be best described as
having nonswitchable polarizations.'®*® The lack of inversion
symmetry is also beneficial for optical properties. A number of
recent studies have used AA’BB’O4 perovskites as host
materials for doping with other lanthanides to create
phosphors.”*™** The results have been quite promising and
have been attributed to the lower symmetry at the A-sites
being beneficial to the ligand field around the phosphor ions.

Other AA’BB’Og perovskite compounds have been found to
form large but very subtle superstructures. At least part of the
origin of these superstructures comes from a twinning of the
octahedral tilt system. These compounds have been proposed
to have an a”a"’ tilt pattern where the out-of-phase tilting is

periodically interrupted by an in-phase tilt in either one or
both directions.”® Another model has been proposed in which
the amplitude of the tilting about the c-axis varies from bein,

pronounced to being nearly absent near the twin boundaries.”

This model attributes the formation of the superstructures to a
competition between the SOJT distortions and the octahedral
tilting. In either case it seems apparent that a twinning of the
out-of-phase components of the tilt system is present. Some
studies have suggested that a variation in the A-site
occupancies occurs with the same periodicity for certain
compositions.”™” The most recent studies suggest that the
composition is different at the twin boundaries, although the
nature of these compositional modulations is still not well-
understood and is a matter of ongoing debate.*”*" A wide
variety of superstructure sizes and dimensions have been
observed. NaLaMgWOy and NaLaCoWOq have been found to
have one-dimensional stripe patterns with periodicities of 12a,,
where a, is the length of the basic perovskite subcell (~3.9
A).36’38"F2 KLaMnWOg and NaNdMgWO, have two-dimen-
sional checkerboard patterns with periodicities of 10a, and
14a,, respectively.’””*’ NaCeMnWO,, NaPrMnWO,, and
KLaCaWOy are found to have incommensurately modulated
structures.”*** NaLaCaWO,, NaPrCoWO,, and NaNdCoWO,
have a different stripe pattern which goes along the (110)
direction instead of the (100) direction and has a periodicity of
16a, in all three cases. '

An important lesson that has emerged from these studies is
that standard X-ray powder diffraction (XRD) cannot reliably
determine the structure of a doubly ordered AA’BB’'Og
perovskite. The superstructures that sometimes form as a
result of subtle variations in the tilting of the light oxygen
octahedra are undetectable by laboratory based XRD and
sometimes even by synchrotron XRD.*® In order to
conclusively characterize such structures, electron diffraction
and/or neutron diffraction is required. However, from the
known examples some trends have emerged. Those com-
pounds which appear to have a P2, structure according to
XRD have always been confirmed to have this space group
when examined by neutron diffraction.'”****** Those that
appear to have P4/nmm symmetry are found to have
superstructures formed by twinning in two dimensions.’”*
Those which appear to have space group C2/m are found to
have twinning along one direction.”®***>** The limited ability
of XRD to study this structure type is not always recognized,
particularly in the case of phosphor research. There have been
numerous recent studies which have claimed C2/m structures
based purely on laboratory XRD data. These conclusions are
most likely incorrect as this space group and its corresponding
a’b~" tilt system have never been observed when such
materials are probed by more sensitive techniques. Reports of
C2/m structures even persist for compounds whose host
compositions have already been conclusively shown not to be
C2/m, such as NaLaMgWOy. Those working in the phosphor
field who use only XRD data are encouraged to mention the
limitations of this method and the possibility of an undetected
superstructure. Table 1 lists all of the known AA'BB’Ogq
perovskites and can be used as a reference to see what is
known about a host composition’s structure.

The family of doubly ordered perovskites has grown
considerably over recent years and is now of moderate size
with more than 45 members. Table 1 lists, to the best of our
knowledge, all of the known AA’BB’Og perovskite compounds.
One feature that stands out is that nearly all of these
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Table 1. List of All Known Doubly Cation Ordered AA’BB’O4 Perovskites”

composition characterization
KLaMgWOy XRD, NPD
LiLaMgWOgq XRD
NaLaMgWOyq XRD, NPD, TEM
NaCeMgWOg¢ XRD
NaPrMgWOg XRD
NaNdMgWO, SXRD, NPD, TEM
NaSmMgWOq XRD
NaEuMgWOyq XRD
NaGdMgWO, SXRD
NaTbMgWOq XRD
NaDyMgWOq XRD
NaHoMgWOgq XRD
NaYMgWOyq SXRD, NPD
KLaMnWOg¢ SXRD, NPD, TEM
NaLaMnWOg XRD, NPD
NaCeMnWOg¢ SXRD, NPD, TEM
NaPrMnWOj SXRD, NPD, TEM
NaNdMnWOyq XRD, NPD
NaSmMnWOg¢ XRD
NaGdMnWOq XRD
NaTbMnWOy XRD, NPD
NaDyMnWOyq XRD
NaHoMnWOyq XRD
NaYMnWOyq XRD
NaLaNiWOg¢ XRD
NaLaCoWOygq SXRD, TEM, SHG
NaPrCoWOg SXRD, TEM,, SHG
NaNdCoWOy SXRD, NPD, TEM, SHG
NaSmCoWOg SXRD, SHG
NaEuCoWOy SXRD, SHG
NaGdCoWOq SXRD, SHG
NaTbCoWOyq SXRD, NPD, SHG
NaDyCoWOyq SXRD, SHG
NaHoCoWOQq SXRD, NPD, SHG
NaYCoWOq¢ SXRD, NPD, SHG
NaErCoWOq SXRD, SHG
NaYbCoWOyq SXRD, SHG
NaLaFeWOg XRD, NPD, TEM, SHG
NaPrFeWOg XRD, NPD
NaNdFeWOq XRD, NPD, TEM, SHG
NaSmFeWOg XRD, NPD
KLaCaWOyq XRD, TEM
NaLaCaWOg XRD, TEM
KYCaWOyq XRD
KLuCaWOyq XRD
NaLaScNbOg¢ XRD, NPD

structure T ref
ss 1.01 31, 46
P4/nmm (2) 0.893 29, 46
SS 12X 2 X% 2 0952 10, 14, 36, 38
P4/nmm (2) 0.948 18
P4/nmm (2) 0.946 18
S 14 X 14 X 2 0.940 17, 18, 43
P, () 0.937 18
P2, (?) 0.935 18
P2, 0.933 18, 28
P2, (3) 0927 18
P, (?) 0922 18
P2, (?) 0.926 18
P2, 0.922 28
SS 10X 10 X2 0.986 17, 39
P2, 0.930 17, 20
SS IC 0.926 18, 44
SS IC 0.924 18, 44
P2, 0918 17, 20
P, () 0915 18
P2, () 0911 18
P2, 0.906 17, 20
P2, (?) 0.900 18
P, (?) 0.904 18
P, () 0.900 25
P2 /m (2) 0.956 13
SS12Xx2X2 0.952 13, 45
$S 16 (110) 0.946 45
$S 16 (110) 0.940 17, 45
P2, 0937 45
P2, 0.935 45
P2, 0.933 45
P, 0928 45
P2, 0.922 45
P2, 0.926 25, 45
P2, 0.922 45
P2, 0.920 45
P2, 0916 45
n, 0.942 2
P2, 0936 23
P2, 0.931 22
P2, 0.928 23
SS IC 0.945 40
SS 16 (110) 0.891 40
C2/m (2) 0917 33
C2/m (?) 0912 33
ss 0.936 14, 46

“Doped compositions are not included, only the parent compositions. The characterization column lists the methods which have been used for
structural analysis (XRD = laboratory powder X-ray diffraction, SXRD = synchrotron powder diffraction, NPD = neutron powder diffraction, TEM
= transmission electron microscopy, SHG = second harmonic generation). In the structure column the space group is listed if no superstructure is
present; a question mark indicates that the structural characterization is preliminary and cannot rule out the possibility of a superstructure. An SS in
this column indicates there is a superstructure; the dimensions of the superstructure are listed in unit of a, if determined (IC means
incommensurately modulated). The tolerance factors (7) have been calculated using SPuDS.>.

compounds have +2/+6 oxidation states for the B/B’ cations
with WS serving as the SOJT cation. In this work we were
interested in going in a new direction by searching for
members which fall outside of the dominant +2/+6 pattern.
There is just a single report of a compound with a +3/+5
cation combination where Nb*" acts as the SOJT cation,
NaLaScNbOg.'**® The related compound NaLaMg, /3Nby /30
is also known.*” Obtaining +3/+5 compounds can be more

challenging, as the smaller charge difference makes stabilizing
B-site ordering, and therefore A-site ordering, more difficult.
Such compounds might be unstable relative to forming
A"'B"0; and A™B™0, single perovskite phases, an issue
not present with +2/+6 combinations. Using a +3/+5 cation
combination also opens up new possibilities, such as having
partial cation ordering on both sublattices. As the +3/+5
compounds are almost completely unexplored, we wanted to
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see if more could be made and how their structures compare to
those of the +2/+6 compounds. We have chosen to use In*" as
its large size should help promote cation ordering and to use
Nb** and Ta®" as the SOJT cations.** ™" In this work we
report the preparation of two new AA’BB’O4 compounds and
their detailed structural analysis using synchrotron XRD,
electron diffraction, and transmission electron microscopy.

2. EXPERIMENTAL SECTION

The samples were prepared by the ceramic method. The starting
materials used were Na,CO; La,0; In,O0; Nb,Og and Ta,Os.
Stoichiometric amounts of the reagents were ground together with a
mortar and pestle. A 25% excess of Na,CO; was used. The powders
were pressed into pellets and heated to 1100 °C for 18 h. The samples
were then reground with an additional 20% excess of Na,CO;,
pressed into pellets again, and then reheated to 1150 °C for 12 h. The
heating and cooling rates were always around 100 °C per hour. The
phase purity was monitored using a laboratory powder X-ray
diffractometer.

Synchrotron powder X-ray diffraction data were collected on the
CMCE-BM beamline at the Canadian Light Source using an area
detector and 4 = 0.68422 A radiation. The NaLaInNbO, sample was
loaded into a capillary with a 0.63 mm inner diameter while a 0.3 mm
capillary was used for NaLaInTaOg due to its greater absorption. The
capillaries were spun during data collection. The data were integrated
and refined using GSAS-IL.>"

High resolution transmission electron microscopy (HRTEM) and
selected area electron diffraction (SAED) were performed with a
JEOL JEM 3000F microscope operating at 300 kV (double tilt +20°),
fitted with an X-ray energy dispersive spectroscopy (XEDS)
microanalysis system (OXFORD INCA).

3. RESULTS AND DISCUSSION

3.1. Synthesis. The synthesis of these compounds requires
a higher temperature than is needed for many other AA’BB'Oyq
perovskites. Synthetic attempts at temperatures of 1000 °C or
below resulted in large amounts of starting materials
remaining. The required higher temperatures introduced issues
with Na volatility. The challenge in synthesizing these
materials was thus finding the right balance between achieving
reactivity while not losing too much Na. The synthesis was
accomplished by finding the right temperature window along
with using a large excess of Na. It was found that long heating
times at temperatures between 1100 and 1200 °C were
sufficient to induce a reaction while only causing small
amounts of Na volatility that could be countered by using an
excess. If the temperature was raised above 1200 °C, then
major Na loss always occurred and large secondary phases of
LaNbO,, La;NbO, (or LaTaO,, La;Ta0,), and In,0; would
form. A slow cooling rate was employed in order to promote
the ordering of the cations. Small amounts of In,O; and
sometimes NaInO, were always present and did not diminish
with further heating, suggesting that the true compositions of
these compounds may not be a 1:1:1:1 ratio of cations but
they could be slightly rich in Na and Nb/Ta. This may be
another reason why the synthesis always worked better with an
excess of Na. A similar deviation from ideal stoichiometry was
reported for Ca,InNbOj.**

3.2. Synchrotron Powder Diffraction. The powder
diffraction patterns clearly indicate that both compounds
adopt perovskite related structures (Figure 2). In addition to
the fundamental perovskite reflections, supercell reflections
indicative of both A- and B-site cation ordering are observed.
The B-site order is most clearly revealed by the appearance of a
(*/, '/, '/,) reflection, as indexed on the undistorted cubic
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Figure 2. Synchrotron X-ray diffraction patterns (black circles),
Rietveld fits (red lines), and difference curves (beneath). The first
three cation ordering peaks are labeled as indexed on a cubic a, unit
cell. The upper tick marks are the hkl positions for In,0;, the bottom
tick marks are for the main perovskite phase, and the middle tick
marks in the NaLaInNbOg pattern are for NaInO,.

Pm3m a, perovskite cell. This ordering peak is clearly visible
for NaLaInTaOyg, but for NaLaInNbOj it is very weak due to
the similar scattering power of In and Nb. The peak can only
be clearly observed above the background in the synchrotron
data and is not discernible in data collected on a laboratory
diffractometer. The A-site ordering is revealed by (00 '/,) and
(1 0 '/,) reflections, which are both clearly seen in both
diffraction patterns. It should be noted that the (1 0 '/,) peak
for NaLalnNbOy is distinctly broadened compared to the
other peaks in this diffraction pattern. A few weak peaks in
each diffraction pattern are attributed to In,O; and the
NaLaInNbOy pattern seems to indicate a small amount of
NalnO, as well.

Both diffraction patterns can be indexed using a \/ 2a, X
\/ 2a, X 2a, tetragonal unit cell. According to a prior group
theoretical analysis, there are S tetragonal space groups that
can result from double cation ordering and simple octahedral
tilt patterns.'* The aristotype space group corresponding to no
octahedral tilting is P4/nmm. PA2m and P4 symmetries result
from a*a*c® and a’a’c” tilting, respectively. The a‘a*c’ tilt
system has never been observed, and the a*a*c” tilt system is
only found to occur with a rare type of columnar A-site
ordering. Furthermore, these two space group correspond to
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2a, X 2a, X 2a, unit cells, which would allow for peak splitting
which is not observed. Therefore, these two possibilities can be
safely ruled out. The other two possibilities correspond to in-
phase or out-of-phase tilting about the c-axis and have /24, X

2a, X 2a, unit cells. P42,2 results from a%a’c* tilting. The
reflection conditions for this space group are very similar to
that of P4/nmm with the first additional peak occurring at a d-
spacing of ~2.54 A. By an unfortunate coincidence the In,O5
secondary phase also has a peak at almost the same position, so
it cannot be conclusively determined by the XRD data alone if
a very weak peak from in-phase tilting is present. While
neutron diffraction is often used to resolve tilt systems in
perovskites, the strong absorption cross section of In makes
collecting high quality data difficult, and the same issue of
overlap with the In,O; peak would exist unless high purity
samples could be obtained. The P4/n space group,
corresponding to a’a’c” tilting, has the same reflection
conditions as P4/nmm and can only be differentiated by
fitting the peak intensities. Another possibility is that a
superstructure is present. There are previous examples where a
twinning of a~a~c" tilting results in a tetragonal unit cell but
with very weak satellite peaks around some primary
reflections.** However, no satellite peaks are clearly observed
in either of these diffraction patterns.

Rietveld refinements were performed using P4/nmm, P42,2,
and P4/n models. All three space groups were able to give a
reasonable fit to the diffraction data. The P42,2, and P4/n
models each have just a single extra degree of freedom for 2/3
of the O atoms compared to P4/nmm, so the similarity in
fitting is not surprising. For the P4/n model the O atoms did
not move significantly off the high symmetry position they
would have in the P4/nmm model. As the refinement did not
make use of this extra degree of freedom, this model does not
seem appropriate. The P42,2 refinement did produce a distinct
tilting of the octahedra, although the quality of the fit was
essentially the same as for the P4/nmm fit. The HRTEM/
SAED data, presented in the next section, reveals that the
crystals are formed by domains of perpendicular A-site
ordering and gives indications of an additional reflection
relating to out-of-phase tilting. However, the resolution of the
data that can be extracted from small domains does not allow
for a conclusive space group assignment. It seems that the
structures likely have P4/nmm symmetry when viewed over
long length scales but might be best considered as P42,2
within the domains-scale. The a%a°" tilting, which is
perpendicular to the layered A-site ordering in P42,2, would
become fragmented along with the A-site ordering. The fits
using any space group have some minor issues with modeling
the peak shapes and intensities, particularly in the case of
NaLaIlnTaOg4 This is an indication that the unit cell
descriptions of these materials are an average approximation
of a more complicated local situation. Lattice parameters are
listed in Table 2. The impurity phase fractions by mass refined
to 2.97(6)% In,0; and 2.64(6)% NalnO, in the NaLaInNbOy
sample and 3.4(2)% In,0; in the NaLaInTaO4 sample.

The observation of a tetragonal unit cell is surprising
considering that the small tolerance factors of these
compositions (0.924 for Nb and 0.922 for Ta) should require
octahedral tilting along two or three axes. The atomic
coordinates obtained from the Rietveld refinements as well
as the bond valence sums are reported in the Supporting
Information. It is clear that a stable bonding arrangement
cannot be achieved in structures with either P4/nmm or P42,2

Table 2. Information Relating to the Powder Diffraction
Data and Refinements

NaLalnNbOg NaLaInTaOgq
source synchrotron bending synchrotron bending
magnet magnet
FW (g/mol) 465.61 553.66
temp ambient ambient
wavelength (A) 0.68422 0.68422
cryst syst tetragonal tetragonal
space group P4/nmm or P42,2 P4/nmm or P42,2
a (A) 5.6663(4) 5.6629(2)
¢ (A) 8.0633(4) 8.0589(3)
V (A% 258.88(4) 258.44(3)
Z 2 2
d-space range (A) 9.8—1.107 9.8—1.107
b 128 24.7
R, (%) 921 4.55
R,, (%) 126 691

symmetry. It would seem that some additional short-range
octahedral tilting must be occurring to stabilize the structures.
This would be consistent with the fact that the oxygen atomic
displacement parameters always refined to large values. It could
be that high defect concentrations cause a nonperiodic
twinning of the out-of-phase tilting components, making
them appear absent in the average structure. A similar
nonperiodic twinning has been reported before for another
perovskite.”> The related cation disordered compound
Nay sBiysScysNby sO;, which has a similar tolerance factor as
these compounds, was recently reported to have an average
structure with a%’c* tilting and a large amount of local oxygen
disorder.>® It seems that, apart from differences in cation order,
these two compounds may be structurally similar.

The degree of cation ordering was determined by allowing
site mixing between the Na/La over the two A-sites and the
In/(Nb or Ta) over the two B-sites while maintaining overall
site occupancies of 1. The results can be given as the long-
range order (LRO) parameter, defined as (2 X S) — 1 where S
is the occupancy of the cation predominantly occupying the
site. For example, in NaLaInTaOyg the B-site has an occupancy
0f 95% In and 5% Ta while the B’-site has an occupancy of 5%
In and 95% Ta, giving a B-site LRO of 90%. NaLaInNbOy is
found to also have a B-site LRO parameter around 90%,
although with a fairly large uncertainty due to the weakness of
the ordering peak. Regardless of its exact value, it is still clear
that both of these compounds have high levels of B-site
ordering. The B-site ordering may actually be essentially
complete within the limits of its composition, with much of the
apparent disorder actually coming from the fact that the In:
(Nb/Ta) ratio is slightly smaller than 1. In contrast, the Na/La
in both compounds show lower levels of ordering. For
NaLaInNbOg the A-site LRO parameter is 72% while it is
only 50% for NaLaInTaOg. The disorder can arise from having
partial ordering within the particles, having a sample consisting
of ordered and disordered particles, or having domain
formation within particles. The broadness of some of the A-
site ordering peaks in the XRD data and the HRTEM images
reveals that structural-domain formation is definitely occurring
and is responsible for at least some of the observed disorder.
Considering the degree of disorder, it seems likely that
nonstoichiometry and partial ordering within domains may
also be contributing. The high concentration of domain
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boundaries will also lead to a significant portion of the sample
having a different structure at the boundary.

Now that compounds with a SOJT cation other than W%
have been obtained, the parameters that control the degree of
A-site ordering can be better assessed. The W compounds all
show complete B-site ordering and complete or near complete
A-site ordering. NaLaInNbOg and NaLaInTaOg4 show less A-
site ordering than the W®* compounds despite having nearly as
much B-site order, with the Ta compound being less ordered
than the Nb compound. This shows a trend of A-site LRO
decreasing as the B’-cation propensity to undergo a SOJT
decreases. The relative tendencies of the SOJT cations known
for this structure type to displace are in the order W®" > Nb**
> Ta>".>* Previously, NaLaScNbOg was reported to have a B-
site LRO of 84% and an A-site LRO of 62%. The lower A-site
LRO of this compound compared to NaLaInNbOg can be
attributed to the lower degree of B-site order. NaLaScNbOy
still shows more A-site order than NaLaInTaOg despite having
less B-site order, showing that the SOJT nature of the B'-cation
is indeed important. These comparisons suggest that both
factors play a roughly equal role. The ability to control the A-
site order by the SOJT strength of the B'-cation is important as
it allows the two order parameters to be tuned somewhat
independently. It is also important to keep in mind that for a
charge difference of 2 the degree of order can also be
controlled by the synthesis conditions. As all the compounds
compared above were synthesized under conditions to
maximize order, it should be adequate to compare them.

3.3. Electron Diffraction and Transmission Electron
Microscopy. To gain further structural details and to check
for the possibility of superstructures due to octahedral tilt
twinning and/or compositional modulation, HRTEM and
SAED studies were conducted. The data confirm the absence
of any large superstructure but do provide additional
information on the nature of the octahedral tilt system as
well as reveal domain formation.

Figure 3 shows the selected area electron diffraction (SAED)
pattern and high resolution transmission electron microscopy
(HRTEM) image of a crystal of NaLaInNbOy along the [110],
zone axis. The pattern has been indexed and the image
interpreted on the basis of the cubic a, parameter with the aim
of relating the extra reflections to the different structural
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Figure 3. SAED pattern (a) and HRTEM image (b) along the [110],
zone axis of a crystal of NaLaInNbOg. FFT of the image is included
for comparison to the SAED pattern.

aspects resulting in the superlattice. In addition to the Bragg
reflections of the perovskite, there are superlattice reflections at
G, = 1/2(111)* (indicated with red arrow), which are
associated with rock-salt-type ordering of the In and Nb atoms.
In addition, reflections at G, + 1/2(001)* (indicated with
yellow arrow) are ascribed to layered-type ordering of the Na
and La atoms. The contrast differences in the HRTEM image
show periodicity in agreement with the extra reflections
mentioned. Strong contrast differences giving a /24,
periodicity are characteristic of rock-salt-type ordering of
cations, since \/ 2a,, periodicity associated with tilting of the
octahedra anion-sublattice is the origin of very weak contrast
differences. The 2a, periodicity along the [001], direction is
due to the layered-type ordering of the Na and La atoms. The
FFT of the image, which is similar to the SAED pattern, is also
shown in the inset of Figure 3b.

Figure 4 depicts the SAED pattern along, apparently, the
[010]P zone axis, and the HRTEM images of three different

Figure 4. SAED pattern (a) and HRTEM images of different regions
(b—d) along the [010], zone axis of a crystal of NaLaInNbOy. FFTs
of the images are included.

areas of a crystal of NaLaInNbOjg (the FFTs of the images are
also included). The pattern and FFTs are also indexed
according to the cubic perovskite like in Figure 3. The SAED
pattern shows extra reflections at both G, + 1/2(001)* and G,
+ 1/2(100)*, indicated by yellow arrows, which might be
related to 2a, periodicity along two perpendicular directions of
the crystal structure. However, the image in Figure 4b clearly
shows contrast differences in agreement with 2a, periodicity
along two perpendicular directions but which correspond to
two different domains, and its FFT is similar to the SAED
pattern. On the contrary, the image in Figure 4c corresponds
to one domain along the [010]P zone axis and shows contrast
differences corresponding to 2a, periodicity only along one
direction, and in agreement with the image, the corresponding
FFT shows only extra reflections at G, + 1/2(001)*. The
image in Figure 4d shows three different domains perpendic-
ularly oriented, since 2a, periodicity is observed along two
perpendicular directions (within two different domains) and
there is also one domain (surrounded by yellow) with contrast
differences characteristic of the perovskite. Therefore, the
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combination of the images and FFTs of the different areas of
the crystal reveals that it is formed by three different domains
with perpendicular orientation of the \/ 2a, X \/ 2a, X 2a,, unit
cell. Figure 4e shows the FFT of this last domain, which
corresponds to the [001]p zone axis. The 1/2(110)P reflection,
also observed in the pattern in Figure 3a, probably appears due
to multiple diffractions. Reflections are also observed at
1/2(ooe) with h # k (o means odd and e means even) as
indicated by a red arrow. These reflections can also be seen in
the SAED pattern of Figure 4a, since this pattern is formed by
the combination of the three patterns corresponding to each of
the three different domains. The reflections at 1/2(ooe) with h
# k are ascribed to in-phase tilting of the octahedral network
along the c-axis.”® The rock-salt-type ordering of the In and Nb
atoms and the domain formation prevent the assessment of the
possible existence of in-phase or out-of-phase tilting along the
other two main axes. However, if long-range in-phase tilting
was present about these axes, this would lead to monoclinic
P2, symmetry and clear peak splitting in the XRD pattern. As
such splitting is not observed, the ED data suggest that a’a’*
tilting may be present within each domain. However, the low
resolution of the FFT in Figure 4e (due to the small size of the
domain) does not allow us to draw a firm conclusion. The
SAED patterns and HRTEM images of NaLaInTaOg4 are
similar to those of the Nb compound and are provided in the
Supporting Information.

The observation of small domains in perovskites with partial
cation ordering is reminiscent of many relaxor ferroelec-
trics.”’ " While neither the P4/nmm nor P42,2 space groups
are polar, short-range tilting could create small regions with
P2,-like polar structures. Therefore, doubly ordered perov-
skites with small ordering domains such as these could
represent an alternative to the conventional Pb and Bi based
relaxor materials. Dielectric studies are suggested as a future
research direction.

3.4. Prospects for Finding New AA’'BB'O; Com-
pounds. At the current point in the development of this
field, it is worth considering how many of the possible
members of this family of compounds have been discovered
and what the likely compositions of the undiscovered members
are. Perhaps the best way to classify these compositions is by
their BB’ combinations. Among the known members with +2/
+6 oxidation states there are six groups of compounds, with
members within a group differing by their A-site compositions
(Table 1). The MgW, MnW, and CoW compounds comprise
most known members of this family. For this group most of the
lanthanides have been used with Na® already. The smaller
lanthanides are generally not stable as they cause the tolerance
factors to be too small, although high pressure synthesis has
been used to make such phases.”> K* has been used on the A-
site as well for a MgW and a MnW member with La*". It might
be possible to use a few other larger lanthanides with K,
although the number is probably limited as there is evidence of
destabilization as the size mismatch between the two A-site
cations gets too large.”’é1 On the other hand, a KLu
compound has been reported by a sol—gel method, so it
might be possible to expand the number of K* compounds
significantly.”® Li* has also been used once, but other reports
have identified issues with the stability of such compounds.***®
So, it is likely possible to obtain a few new members of the
MgW, MnW, and CoW groups, but probably not a large
number. The more promising place to look for new members is
in the NiW, FeW, and CaW groups. These groups are much

less explored and can likely be expanded into a larger series.
Apart from finding new compositions, there is still work to be
done resolving the structures of a number of the known
compounds. Table 1 shows that there are several compounds
that will likely show additional structural complexity if they are
more carefully characterized.

Finding new +2/+6 groups might also be possible. Replacin%
W with another SOJT such as Mo®" has been attempted.””
It does not seem that pure Mo compounds are stable in the
AA'BB’Og perovskite structure, although partial substitution of
Mo®* has been achieved.”” Cr®* is even less likely to be stable,
so replacement of WS is probably not a promising path.
Finding other +2 cations is the other possibility. Attempts have
been made to use all of the first row transition metals with
easily accessible +2 oxidation states. A trend has emerged that
the stability tends to decrease as the electronegativity of the +2
cation increases.'” Compounds with Mg, Ca**, or Mn** form
readily using basic ceramic synthesis, while most reports of
compounds containing Fe**, Co*", or Ni*" used wet or high
pressure methods to acquire the desired product.'>'”'%*>*
Attempts to create Cu’* and Zn’* compounds have been
reported, but none of them were successful.'”°' High pressure
routes might be able to make such compounds, but this
remains to be seen. So far there are no reports of AA’BB’'Ogq
perovskites containing second or third row transition metals
with a +2 oxidation state, since this oxidation state is not as
common for these elements. There are few other possibilities
such as Cd**, so there may be a few new +2/W®" groups to
discover.

Another route to finding new compounds is by looking at
+3/+5 BB’ combinations. This area is much less explored and
has the added advantage that these compounds may have
different structural and physical properties compared to the
+2/+6 compounds. As demonstrated in this work, both Nb**
and Ta’" can serve as SOJT cations in this structure type.
While there are a large number of possible +3 cations to
choose from, the challenge is finding combinations where the
B-site cation is large enough to promote order with the SOJT
cation. Some compositions are already known but have
disordered cations due to small size differences.'” The InNb
and InTa combinations can likely form the basis for two new
series of compounds by substitution with smaller lanthanides
or by replacement of Na* with K. The Sc** cation is also
nearly as large as In*" and has been demonstrated to order with
Nb*"."* 1t is likely that other ScNb compounds can be made
with different A-site cations. No ScTa compounds have yet to
be reported, although one attempt was reported.”" The large
Y** might be made to incorporate onto the B-site if sufficiently
large A-site cations are used. A,YNbOg4 and A,YTaOgq
compounds are already known with high levels of B-site
order.”’ It might be possible to get some second or third row
transition metals to order with Nb>* or Ta*", such as Ru®* or
Ir**, although the size difference is marginal. Replacement of
In** with Ga** or A’* could also be attempted. Although the
size difference is smaller in these cases, there are some ordered
double perovskites known.”* Using AI** has been unsuccess-
fully attempted before, but there are no reports of trying to use
Ga>*.°" 1t should be noted that two new bismuth based ScNb
compounds have been reported recently which seem to have
the criteria for A-site ordering (B-site order and a SOJT
cation) but do not display any.>” It seems that perhaps the lone
pair nature of Bi** may make it unsuitable for this structure
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type.* It is also likely that others researchers will imagine new
possibilities that are not included here.

4. CONCLUSIONS

This study reports the preparation of two new doubly cation
ordered perovskites and represents the first in-depth structural
characterization of AA'BB'Og4 perovskites with +3/+5 B/B’
combinations. NaLaInNbOg4 and NaLaInTaOg are the first
AA'BB’'Og perovskites to incorporate a main group element.
Like most other members of this family, they are also the first
reported compounds to contain their respective combinations
of elements and therefore represent the first members of their
quintinary phase diagrams. They possess a structural complex-
ity which spans several length scales and have features not
observed in any of the previously known members of this
family. Nearly complete long-range ordering of the B-site
cations is present, while the A-site cations show a lower degree
of order which is fragmented into perpendicular domains. The
octahedral tilt system is not well-determined but may consist of
a%a’c* tilting within each domain and additional tilting about
the other axes over even shorter length scales. The propensity
of the B’-cation to undergo a second order Jahn—Teller
distortion is found to be one factor that determines the degree
of A-site cation ordering, the other being the degree of B-site
ordering. The nanoscale structural complexity could lead to
desirable dielectric properties in this type of compound. We
hope this work encourages the discovery of additional
AA’BB’'O¢ compounds, particularly those with +3/+5 BB’
combinations.
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