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Abstract

Unlike ordering of the octahedral B-site cations, ordering of the larger A-site cations in stoichiometric perovskites is rare. Herein the
A- and B-site ordering characteristics of several double perovskites with 44'BBOg¢ stoichiometry have been investigated. The
compounds investigated include NaLaMgWOQOg, NaLaMgTeOs, NaLaScNbOg, NaLaScSbOg, NalLaTi,Og, and NalLaZr,O4. Group
theoretical methods are used to enumerate the possible structures of 44’ BB’ X double perovskites that result from the combination of
rock salt ordering of the B-site cations, layered ordering of the A-site cations, and octahedral tilting distortions. This combination results
in 12 possible structures in addition to the aristotype. Among the compounds investigated only NaLaMgWOg4 and NaLaScNbOg show
significant long-range ordering of the A-site cations, Na* and La®". A complete structural characterization is presented for
NaLaMgWOs. This compound possesses monoclinic C2/m (#12) space group symmetry, with unit cell dimensions of a = 7.8074(1)/&,
b= 7.8158(1);\, c= 7.8977(1)A, B =190.136(1)° at room temperature. The results presented here show that in 44'BB Qg4 perovskites
layered ordering of A4-site cations creates a bonding instability that is compensated for by a second-order Jahn—Teller distortion of the B

cation. These two distortions are synergistic and the removal of one leads to the disappearance of the other.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The perovskite structure, stoichiometry ABX3, is one of
the most common oxide structures known, and has been
studied extensively. The undistorted structure is cubic,
space group Pm3m, and consists of a three-dimensional
network of corner-sharing BXg octahedra with A-site
cations located centrally in a cube of 8 BXs octahedra.
The structure can be altered by substituting multiple
cations at either the A4- or the B-sites. Ordering of the
octahedral site cations in A,BB Xy perovskites is well
known, and the alterations of the symmetry of both the
undistorted aristotype (space group Fm3m), and the
distorted hettotypes have been analyzed via group theore-
tical methods [I-3]. In contrast, ordering of the A-site
cations is typically seen only in anion deficient perovskites
[4], such as the superconducting YBa,Cu3;O0,_, [5,6],
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double-perovskites such as LnBaFe,Os. . [7-9], or triple
perovskites such as YBa,Fe;Og., [10]. The prepa-
ration and characterization of different polymorphs of
BalLaMn,Og provide a particularly illustrative example of
the close link between layered ordering of the A4-site cations
and oxygen vacancies [11,12]. When prepared directly the
Ba’* and La’" ions in BaLaMn,O4 are disordered.
However, under proper conditions the oxygen deficient
perovskite, BaLaMn,Os, can be prepared where the Ba”"
and La® " ions order in layers and the oxygen vacancies are
exclusively found in the lanthanum layer. If BaLaMn,Os is
oxidized at low temperature the oxygen vacancies can be
filled without destroying the A-site cation ordering, to form
the metastable BaLaMn,Og where the layered Ba® " /La®"
ordering is retained.

Several recent studies of nonstoichiometric perovskites,
A1_MO3, report layered ordering of the A-site cation
vacancies [13—15]. Various degrees of layered ordering have
also been observed in A4,_,4',MO; compounds with a
mixture of two different cations and vacancies on the A-
sites. For example, the compound (LizLas;3_,)TiOs3,


www.elsevier.com/locate/jssc

M.C. Knapp, P.M. Woodward | Journal of Solid State Chemistry 179 (2006) 1076—1085 1077

studied extensively for its lithium ion conductivity, shows
A-site cation ordering for small values of x, where the A-
site cation vacancy concentration is relatively high
(x>0.08), but A-site cation ordering is absent in the
stoichiometric end member, LiLaTi,Og [16-18]. Careful
examination of the structure and microstructure of
(LizyLas3_,)TiO5 through X-ray diffraction and electron
microscopy has shown that in addition to composition, the
thermal history of these compounds plays a role in the
degree of ordering [19]. The distortions of these structures
have also been analyzed by group theoretical methods
[20,21]. Another example of partial ordering of cations and
vacancies on the A-site cation positions was recently
reported for Lay;Mgz;W30,3 where layers fully occupied
by La*™ are observed to alternate with layers where 2/3 of
the A-site cation positions are vacant [25].

Examples of A-site cation ordering in stoichiometric
AA'M>Xs and AA'BB' X perovskites, where there are
neither anion vacancies nor A-site cation vacancies, are
exceedingly rare [23]. The metastable form of BaLaMn,Og
has already been mentioned. Another example is the partial
ordering of Nd** and Ag"’, observed in NdAgTi,Oq
samples prepared under high-pressure conditions [22]. In
1984 Sekiya et al. published the structure of NaLaMgWOg¢
[24]. This compound is reported to exhibit both rock salt
ordering of the B-site cations and layered ordering of the
A-site cations. Interestingly, the seemingly analogous
perovskite NaLaTi,Og does not secem to show long-range
A-site cation ordering. These observations suggest that A-
site cation ordering may be more prevalent in the presence
of B-site cation ordering, but the relationship between the
two is not at all understood. Furthermore, the crystal-
lographic details that result from the combination of (a)
layered ordering of the A4-site cations, (b) rock salt ordering
of the B-site cations and (c) octahedral tilting distortions
have not been previously investigated. These points are the
focus of this paper.

2. Experimental details

NaLaMgWOg was prepared from the solid state reaction
between MgWQ,, Na,CO; (Fisher) and La,O; (GFS) by
heating first to 900 °C for 6 h and then to 1050 °C for 18 h
in a Carbolite furnace. A 10% excess of Na,COs was used
to account for high-temperature volatility, and a 17%
excess of La,O3 was used to account for the absorption of
water. This latter amount was calibrated from thermo-
gravimetric measurements of La,Os-nH,0. MgWO, was
prepared from MgO (Allied) and WO; (Cerac) by ceramic
methods, using an excess of 15% MgO. Once NaLaMg
WOg¢ was prepared it was stored in a desiccator because
previous preparations were prone to decomposition in
ambient air over time. NaLaScSbOg, NaLaScNbOg,
NaLaMgTeOs, NaLaTi,O¢ and NalLaZr,Og were also
synthesized by ceramic methods, in each case directly from
Na,COj; and the appropriate binary metal oxides. Starting
materials for these materials included TeO, (Cerac), Sc,O3

(Boulder), Nb,Os (Aldrich), Sb,O; (Cerac), TiO, (GFY),
and ZrO, (Johnson Matthey). Final annealing tempera-
tures were 1100 °C for NaLaMgTeOg, NaLaScNbOg and
NaLaZr,Og; 1000 °C for NaLaScSbOg; and 1050 °C for
NaLaTiZO6.

X-ray powder diffraction data were collected in Bragg-
Brentano geometry using a Bruker D8 X-ray powder
diffractometer (40kV, 50mA, sealed Cu X-ray tube)
equipped with an incident beam Ge 111 monochromator
and a Braun linear position sensitive detector. Structure
refinements were performed using the Rietveld method [26]
as implemented in the TOPAS software package [27].
Group theoretical analysis of these systems was aided by
the program ISOTROPY developed by Harold Stokes and
Dorian Hatch at Brigham Young University (stokes.byu.
edu/isotropy.html) [28].

3. Results
3.1. Layered ordering vs. rock salt ordering

It is worthwhile to first examine the tendency for A-site
cation ordering, when present, to occur in a layered
fashion, rather than in the rock salt pattern commonly
observed for B-site cations. From an electrostatic point of
view rock salt ordering must also be preferable for A-site
cations, yet long-range rock salt ordering of A-site cations
is very rare. To the best of our knowledge there is only one
example of long-range rock salt ordering of A4-site cations,
Na,BaFe,F 5, which exhibits an ordered distribution of
sodium cations on one crystallographic site and barium
cations and vacancies on another site. Interestingly in this
compound the Na—F and Ba-F bond distances are
equivalent, as required by the space group symmetry [29].
The near complete absence of rock-salt ordering of A-site
cations in perovskites can be traced to the anion environ-
ment. Ordering of the cations is generally favored when
there is a significant difference in size and/or charge of the
cations [4]. These differences serve as the driving force for
the cations to occupy crystallographically distinct positions
within the structure. In the absence of a significant charge
and/or size mismatch a disordered cation arrangement will
typically be favored. The perovskite anion is coordinated
by two B-site cations and four A4-site cations. The B-site
cations are on opposite sides from one another, as shown in
Fig. 1a. Thus, when there is a rock salt ordering of B and B’
ions with different radii the anion may easily shift towards
the smaller cation and away from the larger cation to
relieve lattice strains arising from the size mismatch. This is
reflected in the subgroup that results from this distortion,
Fm3m, where the anion sits on the Wyckoff position 24e (x,
0, 0).

If 4 and A’ are ordered in a rock salt fashion the
resulting space group symmetry is once again Fm3m, but
the anion now resides on a position with no variable
parameters, Wyckoff site 24d (0, %, %). In this structure there
is no mechanism for the anion to displace in response to a
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Fig. 1. The anion environment for perovskites exhibiting: (a) rock salt
ordering of the B-site cations; (b) rock salt ordering of the A4-site cations;
and (c) layered ordering of the A4-site cations.

size mismatch between 4 and A’, as can be seen in Fig. 1b.
Thus, rock salt ordering of A-site cations will be unfavor-
able when there is a significant mismatch in the radii of the
A and A’ cations. Alternatively the A-cations can order in
layers. Layered ordering of an AA4’'B, X, perovskite results
in P4/mmm space group symmetry. This arrangement leads
to three chemically distinct environments for the anions.
Two-thirds of the anions sit on the 4i Wyckoff position.
These ions are surrounded by two B-site cations, two A-site
cations and two A’-site cations, as shown in Fig. 1c. This
environment enables the anion to shift toward the layer
with the smaller and/or more highly charged A-site cation.
While this type of ordering helps to accommodate the size
mismatch, the electrostatic interactions associated with this
arrangement are less favorable. Another undesirable

feature is that 1/6 of the anions sit on the 15 Wyckoff
position and are surrounded by 4 A-site cations and 2 B-
site cations, while another 1/6 of the anions sit on the la
Wyckoff position and are surrounded by 4 A’-site cations
and 2 B-site cations. This creates a structural instability
when the sizes and/or bonding strengths of the 4 and A’
cations are significantly different. Thus layered ordering of
A-site cations only partially alleviates the lattice strains
associated with an 4/A4’ size mismatch. We will return to
this point later.

3.2. A-site cation ordering (layered), B-site cation ordering
(rock salt) and octahedral tilting

Analysis of the symmetry reduction from the aristotype
perovskite structure in response to ordering of the cations
and tilting of the octahedra was completed using the online
version of ISOTROPY. Starting with the parent perovskite
structure with Pm3m (221) space group symmetry, the
distortions for ordering were entered. Ordering of the
B-site cations in a rock salt fashion is a basis for the
one-dimensional R{ irreducible representation (irrep),
following the notation of Miller and Love [30]. Ordering
of the A-cations in layers is a basis for the three-
dimensional X7 irrep. The three parameters of this irrep
may be listed as (a, b, ¢). When two of the parameters are
equal, they are given the same letter. If the parameters
are all 0, there is no distortion. Layered ordering of the A4-
cations occurs when the parameters are (a, 0, 0). The
structure which allows both rock salt ordering of the B-site
cations and layered ordering of the A-site cations has
P4/nmm space group symmetry, and is an isotropy
subgroup of Pm3m. However, if the symmetry is lowered
slightly, the parameter sets (a, b, 0), (a, a, b), and (a, b, ¢)
allow, but do not require layered ordering. That is, the
resulting crystal structures will have more than one
crystallographic site for the A-site cations in each layer.
This arrangement allows for A-site ordering, but does not
require a fully ordered arrangement. While these possibi-
lities do not affect the selection of P4/nmm as the aristotype
space group, their inclusion is necessary to carry out a
complete analysis of subgroups caused by octahedral tilting.

The program ISOTROPY may further be used to
determine the symmetry changes upon rotations of
polyhedra, in this case of the BXg octahedra. Such
distortions may be in-phase, where the rotations along a
particular axis are in the same direction from one layer to
the next, or out-of-phase, in which case the rotations are in
opposite directions. These rotations may be analyzed either
beginning with the P4/nmm cation ordered structure, or
from the parent space group Pm3m. The analysis shown
here considers the cation ordering and the octahedral
rotations in combination at the same time, and thus what
follows is an analysis from the parent perovskite space
group. Analysis beginning from the ordered P4/nmm
aristotype yields the same results. In-phase tilting distor-
tions are bases for the three-dimensional irrep M7 in
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AA'BB'X;
P4/nmm (129)
0,00
aac
Pmaa (49) || p42m (111) || P42:2(90) || C2/m (12) || P2//m (11) || P4/n (85)
a'b’c’ atatc? a%a’c* a’bc’ aac a%a’c
2x2x2 2x2x2 V2xV2x2 || 2x2x2 |[V2xV2x2 || V2xV2x2
P222(16) || P112/a (13) PA(81) C2 (5) P2, (4) P1(2)
abc’ a*bc’ atatc ab’c* aac abc
2x2x2 2x2x2 2x2x2 2x2x2 V2xV2x2 V2xV2x2

Fig. 2. A schematic diagram showing possible structures generated by octahedral tilting distortions in perovskites exhibiting layered ordering of the A-site
cations, and rock salt ordering of the B-site cations. Each box shows the space group, tilt system using Glazer’s notation [50], and approximate cell
dimensions in terms of the cell edge of the undistorted Pm3m perovskite. The lines indicate group—subgroup relationships, where the solid lines represent
possible continuous transitions and the dashed lines represent discontinuous transitions.

Pm3m, while out-of-phase tilting distortions are bases for
the three-dimensional irrep R}. Only simple tilts were
considered, as defined by Howard and Stokes [31], in which
tilting along a particular axis, if it exists, is either in-phase,
or out-of-phase, but not both simultaneously. The results
of this symmetry analysis are shown in Fig. 2.

There are 12 different combinations of octahedral tilting,
rock salt ordering of the B-site cations and layered ordering
of the A-site cations that result. As expected, tilt systems
that involve only rotations about the c-axis, «’a’¢ and
a’a’c”’, retain the tetragonal symmetry of the P4 /nmm
aristotype. In-phase tilts of equal magnitude about the a-
and b-axes, aa’ ¢°, also retain the tetragonal symmetry,
although this distortion requires an expansion of the unit
cell in the ab plane. Interestingly, the structure retains the
unit cell of the aristotype structure upon undergoing out-
of-phase tilts of equal magnitude about the a- and b-axes,
a a ¢°, but the symmetry is lowered to monoclinic. Further
combinations of these basic types of tilting lower the
symmetry further. The absence of tilt systems such as
aac (or a*a"c¢) is due to the fact that adding a tilt
about the c-axis destroys sufficient symmetry elements so
that the tilts about the a- and b-axes are no longer required
to be of equal magnitude. Therefore, by symmetry a a ¢~
(ora”a” ") is not distinct from @ b ¢ (ora” b " ¢"). This
criterion for identifying unique tilt systems has been used
previously by Howard and Stokes [31].

4. Structural characterization
4.1. NaLaMgWOq

The X-ray powder pattern of NaLaMgWOg is shown in
Fig. 3. The strong peaks with indices (111) and (311) clearly
indicate the presence of rock salt ordering of B-site cations.
Similarly, the (001) and (201) peaks are evidence of layered
A-site cation ordering. While the pattern can be refined in
the parent space group, P4/mmm, the peak profiles,
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Fig. 3. The observed X-ray powder diffraction pattern (open circles)
along with calculated and difference patterns from the Rietveld refinement
of NaLaMgWOQyg. The vertical tick marks indicate the expected 20
positions of the reflections. The inset compares the Rietveld refinement of
the pattern in space group C2/m (solid line, Ry, = 0.145) and P2;/m
(dashed line Ry, = 0.155) for the pseudo-cubic {(440) and {225) set
of peaks. The upper set of tick marks and difference pattern refer to the
P2,/m refinement, the lower to C2/m.

particularly of the pseudo-cubic {440 ) reflections, clearly
indicate lower symmetry. If the reduction in symmetry is
the result of octahedral tilting, the structure should belong
to a space group that is contained in Fig. 2. Our initial
attempts to analyze the X-ray powder data were carried
out with a P2;/m starting model, as this was the space
group assignment by Sekiya et al. [24] and subsequently
Arillo et al. [32]. While the assignment to the space group
P2;/m is consistent with the distortion a~a~¢" in Fig. 2,
this assignment is not consistent with the observed
reflection splitting. To find the correct crystal structure
we analyzed the reflection splitting and systematic absences
and compared the observations with the possible structures
obtained from the group theoretical analysis presented
above (see Fig. 2). Based on this analysis we conclude that
NaLaMgWOyg possesses C2/m space group symmetry. The
crystal structure is described in Table 1. It belongs to the



1080 M.C. Knapp, P.M. Woodward | Journal of Solid State Chemistry 179 (2006) 1076—-1085

Table 1

Crystallographic data for NaLaMgWOg, space group C2/m

Atom  Wyckoff site  x y By (A2?
Na 4g 0 0.243(3) . 0.66(6)
La 4h 0 0.2494(5) 0 0.66(6)
Mg 4i 0.748(2) 0 0.745(1) 0.21(5)
w 4i 0.2489(3) 0 0.7331(1)  0.21(5)
O(1) 4i 0.005(4) 0 0.706(4) 2.4(3)
0(2) 8j 0.750(3) 0.259(3) 0.767(3) 2.4(3)
0(3) 4i 0.701(3) 0 0.492(2) 2.6(3)
0(4) 4i 0.496(4) 0 0.790(5) 2.4(3)
O(5) 4i 0.786(4) 0 0.998(2) 3.3(6)

a=178074)A, b=781581)A, ¢=78977(1)A, B=90.136(1)° and
Ryp = 0.1449. Estimated standard deviations are given in parentheses.

“Constraints were placed on the atomic displacement factors for the 4-
site cations Na = La; the B-site cations Mg = W; and the equatorial
oxygen sites O(1) = O(2) = O(4).

tilt system a’h ¢°, where the b~ indicates an out-of-phase tilt
about the b-axis.

The difference between the previously proposed a~a ¢
structure, which has a \/2a, x /24, x 24, unit cell with
P2,/m symmetry, and our proposed a’h ¢° structure, which
has a 2a, x 2a, x 2a, unit cell with C2/m space group
symmetry, (ap is the cell edge of the simple cubic perovskite
structure) is fairly subtle. The absences created by the C-
centering of the a®h ¢° structure compensate for the smaller
unit cell of the a—a—¢® structure. As such, the two
structures give rise to superstructure reflections at essen-
tially the same Bragg angles, and it is necessary to rely on
differences in peak splitting to differentiate between the
two. Even the differences in peak splitting are subtle, so
that the effects are most clearly seen at high angles. The
inset to Fig. 3 shows the fit to the pseudo-cubic {440
reflections obtained using the C2/m structure (solid line), as
well as the fit obtained using the P2/m structure (dashed
line). The observed peak splitting clearly cannot be
accounted for using the P2;/m model, essentially ruling
out tetragonal and orthorhombic space groups with
J2a, x /2a, x 2a, unit cells. In contrast, a good fit can
be obtained with the 2a, x 2a, x 2a, cell of the a’h ¢’
structure.

Refinements were completed using structural models
belonging to the space groups C2/m (a®h~c), C2 (a—b’c ),
and P2/c (a=b*c?). The fit obtained with a=b"c" was
inferior to those obtained in the other two tilt systems and
was not considered further. The refined fit to the data was
not improved by lowering the symmetry from C2/m to C2.
Hence, the higher symmetry C2/m space group symmetry
was preferred. The Rietveld refinement yielded a goodness-
of-fit parameter, Ry, equal to 0.145. This compares
favorably to the goodness-of-fit parameter obtained from
whole pattern fitting wusing the Pawley method,
Ry, =0.140. The similarity between these two values
strongly supports the validity of the refined structure.
The observed, calculated and difference patterns are shown
in Fig. 3.

0

To investigate the possibility of partial disordering of
cations, the Na and La ions, as well as the W and Mg ions,
were allowed to mix during the refinements. This did little
to improve the quality of the fits and both the 4- and B-site
occupancies refined to values that varied little from the
fully ordered structure. Therefore, the ordering on both the
A- and B-sites was taken to be complete. The thermal
displacement parameters of the A-site cations were
constrained to be equal, as were those of the B-site cations.
Axial oxygen, O(3) and O(5), displacement parameters
were refined individually, while the displacement para-
meters of the equatorial oxygen ions, O(1), O(2) and O(4),
were constrained to be equal. This was done to prevent
unwanted correlations between individual displacement
parameters.

4.2. Additional NaLaBB Os and NaLaB,Oyg perovskites

To further investigate the relationship between cation
ordering on the A- and B-sites several additional samples
were prepared and characterized. X-ray powder data were
collected for additional samples using the Bruker D8 X-ray
diffractometer. Pawley fits were completed on these
structures in the space groups P4/nmm (NaLaScNbOg
and NaLaMgTeO¢), Fm3m (NaLaScSbOg), and Pnma
(NaLaTi,O¢ and NalLaZr,O¢). For this manuscript the
discussion is limited to the cation ordering characteristics
of these compounds. The basic features of these structures,
as extracted from Rietveld refinements, are summarized in
Table 2. A full analysis of the structural features of these
compounds using neutron powder diffraction data is in
progress and will be published at a later date.

The X-ray powder diffraction patterns of the six
compounds investigated in this study are compared in
Fig. 4. Shaded regions denote the positions where the
strongest cation ordering reflections are expected. The peak
at ~19-20° 26, which corresponds to the 1 1 1 reflection on
a 2ap x 2ay, x 2ay, cell, is characteristic of rock salt ordering,
as is the 311 reflection. The peak at ~11° 20, which
corresponds to the 00 1 reflection on a 2a, x 2a, x 2ay, cell,
is the signature of layered cation ordering. The 201 and 221
peaks are also indicative of this type of ordering. As
previously discussed, NaLaMgWOQOg exhibits both Mg/W
rock salt ordering and Na/La layered ordering. NaLaScNbQOg
is the only other compound that was investigated in this study
which exhibits dual ordering of both the A- and B-site
cations, although Rietveld refinements indicate that the Na/
La and Sc/Nb distributions are only 62% and 84% ordered,
respectively. The degree of cation ordering is quantified with
the long-range order parameters:

LRO(A4) =2 x S9—1,

LRO(B) =2 x S5 — 1,

where Sj is the fractional occupancy of the A4 cation on the
site that is predominantly occupied by A cation, as opposed
to the A’ cation. For example in LaNaScNbOg the site
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Structural characteristics and cation ordering in a variety of NaLaBB'O4 compositions
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Compound Tol. factor Space group Tilt system A-site order® (%) B-site order® (%)
NaLaMgWOq 0.94 C2/m ah° 100 100
NaLaMgTeOgq 0.95 P4/nmm a®d®® <10 100
NaLaScNbOg 0.95 P4/nmm a®d° 62 84
NaLaScSbOg? 0.94 Fm3m a®d®d° Trace® 100

NaLaZr,Og° 0.93 Pnma abta Trace® —

NaLaTi,Oq 0.98 Pnma abta 0 —

#Cation order is calculated from the site occupancies as defined in the text.
Evidence of A-site cation ordering in these compounds is inferred from the appearance of a weak, broad 00 1 peak after prolonged annealing, which
made it difficult to accurately estimate the degree of order. If present on a long-range scale this ordering would change the space group symmetry to

P4/nmm (NaLaScSbOg) and to P2;/c (NaLaZr,Og).

5 - § % 2 - 5 F
NaLaTi,Op NaLaZzr,0,

c 2 | |

> ! =

> | S

o : | ! |

k= ! H = H H
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Fig. 4. X-ray powder diffraction patterns are shown for NaLaMgWO,, NaLaMgTeOgs, NaLaTi,Og on the left, and NaLaScNbOg, NaLaScSbOg,
NaLaZr,0Og4 on the right. The reflection markers at the bottom denote the expected peak positions for NaLaMgWOg4 and NaLaScNbOg, respectively.
Shaded areas show the locations of select peaks that originate from cation ordering. The 001, 021 and 221 peaks are indicative of layered cation order,
while the 111 and 311 peaks are indicative of rock salt cation order. The peaks are indexed on a doubled pseudo-cubic, 2a, x 2a, x 2a,, unit cell.

preferentially occupied by lanthanum contains 81% La*"
and 19% Na™, and the inverse occupancies apply to the
sodium site. The B-site LRO parameter is calculated in an
analogous manner. The B-site cation distribution is fully
ordered in NaLaMgTeOg and NaLaScSbOyg, but interest-
ingly there is little sign of long-range order of the A-site
cations in these two compounds. There is a weak and
broad 001 reflection in NaLaMgTeOyg, which suggests the
presence of short to medium range Na/La ordering. The
width of the peak indicates that the coherent size of the
ordered domains is very small. Using the Scherrer formula

the size of the ordered domains is estimated from the 00 1
reflection to be 40 A, while the overall crystallite size as
estimated from the subcell reflections is at least 1300 A.
There is little indication of long-range A-site cation
ordering in the other compositions.

5. Discussion
It was pointed out in the earlier discussion that there are

three chemically different environments for the anions in
AA'M>Xs and AA'MM X perovskites, which exhibit
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layered ordering of A-site cations. Let us consider the
implications for bonding in a compound such as NaLaMg
WOyg. We begin by calculating idealized bond valences in
the Pauling sense [33], assuming equal valences for each
type of metal-oxygen bond. The bond graph [34-36] for
this compound is shown in Fig. 5. The bond valences are
calculated by dividing the metal oxidation state by its
coordination number: s(W-0)=1, s(Mg-0O)=1/3,
s(La—O) = 1/4 and s(Na—O) = 1/12. These valences are
chosen to give the correct bond valence sums for the
cations. If Pauling’s second rule [33] is obeyed they should
also give bond valence sums of 2 for each type of oxygen.
The bond valence sum at the O, ion is given by the

Na Mg

La

\\

OC
Fig. 5. A bond graph for NaLaMgWOg. The O, ion resides in the Na
layer, corresponding to O(3) in Fig. 6. The O, ion resides in the La layer,
corresponding to O(5) in Fig. 6. The Oy, ions reside in the Mg/W layer,
corresponding to O(1), O(2) and O(4) in Fig. 6.

Table 3
Bond distances (in A) for NaLaMgWOg

following summation:

BVS(O,) = s(Mg—0) + s(W—0) + 2 x s(La—0)
+ 2 x s(Na—0)
= 1/34+1+2(1/4)+2(1/12) = 2.

This matches the ideal value in agreement with Pauling’s
second law. However, the bond valence sums at the other
two oxygen sites violate Pauling’s second law:

BVS(0,) = s(Mg—0) + s(W—-0) + 4 x s(Na—0)
= 1/3+1+4(1/12) = 1.67,

BVS(O,) = s(Mg—0) + s(W—0) + 4 x s(La—0)
=1/34+1+4(1/4) =2.33.

Thus the O, ion, which resides in the NaO layer, is
underbonded, while the O, ion, which resides in the LaO
layer, is overbonded. Use of quantitative bond valences
will alter this picture somewhat, but the underlying bond
strains will remain unless the sizes of all cations are
perfectly matched.

To better understand how these bond strains are
accommodated in NaLaMgWOg let us consider the bond
distances and bond valences in more detail. The bond
distances and bond valence sums for NaLaMgWOyg are
shown in Table 3. Bond valence sums were calculated using
the equation:

si =X exp[(Ry — R;)/b],

where R, is an empirical parameter specific to each ion-
pair, b is an empirical parameter taken to be equal to 0.37,
and Rj; is the bond distance reported in Table 3. The values
of Ry were determined by Brown and Altermatt [37]. All
bond distances and bond valence sums are reasonable,
though the magnesium ion is somewhat overbonded. In
Fig. 6, O(l), O(2) and O(4) are equatorial anions
corresponding to the Oy, ion in the bond graph of Fig. 5,
whereas, O(3) is surrounded by four Na™ ions and
corresponds to O, in the bond graph, and O(5) is
surrounded by four La®>* corresponding to O, in the bond

Atom Na La Mg w Oxygen BVS
O(1) 2.50(3) x 2 3.03(2) x 2 2.033)x 1 1.923) x 1 1.90
0(2) 2.87(2)x2 2.68(2) x 2 2.03(2)x2 1.90(2) x 2 2.05
2.88(2) x 2 2.69(2) x 2
0(3) 2.55(2) x 2 — 2.03(2) x 1 1.82(2) x 1 2.04
3.01(2) x 2
04) 3.05(3) x 2 2.57(2) x 2 2.00(3) x 1 1.98(3) x 1 2.04
O(5) — 2.57(2) x 2 2.02(2) x 1 2.14(2) x 1 1.88
297(2)x 2
Cation BVS 0.94 2.81 245 5.717

The estimated standard deviations from the Rietveld refinements are given in parentheses. Bond valence sums (BVS) for cations are given at the bottom,

and for anions on the right-hand side.
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ae #p

Fig. 6. The crystal structure of NaLaMgWOg. The larger spheres are lanthanum (dark gray) and sodium (light gray). The smaller spheres are magnesium

(black), tungsten (white) and oxygen (gray).

graph. Examination of the W—O distances reveals how the
structure is able to alleviate the bond strains imposed by
the layered ordering of Na™® and La*" ions. The W®™ ion
moves away from the overbonded O(5) ion, reducing its
valence, and toward the underbonded O(3) ion, increasing
its valence. As a result the W-O(3) bond is much shorter,
1.82 A, than the W-O(5) bond, 2.14 A. At the same time
the Mg-centered octahedron remains fairly symmetric. The
structure was analyzed using the program IVTON [51],
which revealed that the W®™ ion is shifted by 0.19A and
the Mg?" ion by 0.07 A from the centers of their respective
octhaedra. The tilt angle was estimated from the
Mg —O-W, angle, where Mg, and W, are the centroids of
the magnesium and tungsten octahedra, respectively. No
tilting is observered about the a- and c-axis, so the
Mg.—O(2)-W,. angle, 174.9°, is very close to linear. The
Mg.—O(1)-W, and Mg-—O(4)-W. angles, 160.0° and
165.1°, respectively, are reflective of the tilt about the b-
axis. Averaging these two angles gives an octahedral
rotation of about ~9°, about the b-axis.

A significant displacement of the ¢® W®* ion from the
center of its octahedral coordination environment is well
known in many compounds, including WOj5 [38-40]. The
driving force behind this distortion is electronic in nature.
It is favored when there is a small energy gap between the
empty W 5d orbitals and the filled O 2p orbitals. This type
of distortion is typically referred to as a second-order
Jahn-Teller distortion [41,42]. Interestingly such a distor-
tion does not occur in A,MW®" O perovskites (4 = Ba,
Sr, Ca) that exhibit rock salt order of W¢" cations and a
larger divalent cation [43—49]. The lack of a second-order
Jahn—Teller distortion in rock salt ordered double per-
ovskites comes from the fact that the cooperativity of the

W™ displacements, which is necessary to maintain reason-
able bond valence sums at oxygen, is disrupted by the M/W
ordering. This effect is overcome in NaLaMgWOg because
the Na/La layered ordering and the W™ displacements are
synergistic, with each one compensating for the bond
strains inherent to the other.

If the above hypothesis is correct, the stability of layered
ordering in 44’ BB’ X perovskites should be diminished if
the displacements of the B’ cation are suppressed. This
exact effect can be seen from the collective behavior of the
NaLaBB'Og compounds studied. In NaLaMgWOg and
NaLaScNbO, the M’ cations are d° metals in high
oxidation states, which are prone to undergo second-order
Jahn—Teller distortions. In these compounds a high degree
of layered La/Na ordering is observed. On the other hand,
when W®' and Nb°* are replaced with isovalent main
group cations of similar size, such as Te®" and Sb” ", the
electronic driving force for the displacement of the B-site
cation is removed, which in turn destabilizes layered
ordering of the A-site cations. This explains the lack of
A-site cation order in NaLaMgTeOg4 and NaLaScSbOgq
even though a high degree of B-site cation order is
maintained in these compounds. The lack of ordering in
these two compounds also supports our hypothesis that the
second-order Jahn—Teller distortion plays a more impor-
tant role than simple electrostatics in driving the displace-
ment of the W®* ion toward the NaO™ layer.

It is interesting to consider the behavior of NaLaZr,Og
and NalLaTi,O¢. As stated before, no indication of long-
range cation ordering is observed for the NaLaTi,Og4, and
there is little sign of long-range cation ordering in
NaLaZr,Og4. Though in NaLaZr,Og there are features in
the XRD pattern indicative of slight ordering with
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prolonged annealing (X-ray pattern not shown). Both of
these compounds contain & cations on 100% of the
octahedral sites. Apparently this arrangement is less
favorable for stabilizing A4-site cation ordering. While one
can imagine various reasons for this behavior, further
study is needed to comment definitively.

Finally it is worthwhile to note that the presence of
cation displacements does not alter the group theoretical
analysis presented earlier. The irrep (X7 ) that forms a basis
for the layered ordering of the A-site cations, is the same
irrep associated with B-site cation displacements. The B-
site cation can shift in many possible directions. The
highest symmetry directions can be described as parallel to
the Cj-axis (toward an octahedral corner), the Cs-axis
(toward an octahedral face), or the C,-axis (toward an
octahedral edge). These shifts are described by the
parameters (a, 0, 0), (a, a, 0) and (a, a, a), respectively.
However, only a shift that is primarily along the Cj-axis
will help to compensate for the bond strains associated
with layered ordering. As such the sets of parameters (a, 0,
0), (a, b, 0), (a, a, b) and (a, b, ¢) are allowed, in which the
shift along one axis may be thought of as being much
greater than the other two. Not surprisingly, the irrepro-
ducible representations corresponding to these distortions
are the same ones associated with layered A-site cation
ordering. Therefore, the presence of B-site cation displace-
ments does not alter the symmetry analysis presented in
Fig. 2.

6. Conclusions

The structure of NaLaMgWOg has been determined
from X-ray powder diffraction data. This compound
exhibits the unusual combination of layered ordering of
the A-site cations, rock salt ordering of the B-site cations,
and a®h~ ¢ octahedral tilting. A group theoretical analysis
of the combined effects of these three types of distortions is
presented for the first time. While the layered ordering of
A-site cations, especially in cooperation with anion
vacancies, has been previously observed, the connection
between displacements of the B-site cations and layered
ordering of the A-site cations has not previously been
noted. A second-order Jahn-Teller distortion drives a
displacement of the B cation, which in turn stabilizes
layered ordering of the Na™ and La®" cations. These two
distortions are synergistic and the removal of one leads to
the disappearance of the other. Of course as with B-site
cation ordering differences in charge and/or size of the 4
and A’ cations will also play a role. NaLaScNbOg also
exhibits both rock salt ordering of Sc* and Nb°>*, and
layered ordering of Na™ and La*". When the &° cations
are replaced by main group ions to form NaLaMgTeOgq
and NaLaScSbOg, respectively, the second-order Jahn—
Teller distortions of the octahedral cations are suppressed
and the Na'/La®" ordering disappears. Based on this
work it is anticipated that further examples of dual cation
ordering in AA'BB' Xy perovskites should be found when

the B’ cation is a ¢ transition metal ion in a high oxidation
state.
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