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The crystal structures of (NaLa)(MW)O6 (M=Co, Ni) suggest that both adopt a monoclinic perovskite-type structure [M=Co:
a=5.546(3 ), b=5.545(4), c=7.903(6 ) Å, b=89.99(3 )°; M=Ni: a=5.517(5), b=5.518(7), c=7.862(2) Å, b=90.02(4)°; space group
P21/m]. The structure consists of an ordered arrangement of MO6 and WO6 octahedra (in B sites) which share corners and
alternate planes of La and Na cations along the c-axis (in A sites). This structure is analysed on the basis of a general group–
subgroup symmetry relationship for some perovskites that were previously described, and the electronic and magnetic properties
of both compounds are discussed.

Mixed oxides ABO3 with the cubic perovskite structure show A large number of mixed oxides with a common perovskite-
type structure have so far been reported, in which there areoctahedral coordination for B atoms and cuboctahedral coor-

dination for A atoms, and the parent structure is described in deviations from the ideal stoichiometry, various A and/or B
cations, and which very frequently belonging to non-cubicthe space group Pm3m (or P4/m 32/m in its complete form).

In the cubic unit cell, atom A is located on the Wycko� space groups. Bearing in mind our previous studies in this
context, this paper reports the structural characterization andposition 1b (site symmetry m3m) with coordinates (1/2, 1/2,

1/2), atom B on the 1a position (site symmetry m3m) with some physical properties of two isomorphic phases,
(NaLa)(MW)O6 (M=Co, Ni); both structures are discussedcoordinates (0, 0, 0 ), and oxygen atoms occupy the 3d positions

(site symmetry 4/mm.m, coordinates (1/2, 0, 0; 0, 1/2, 0; 0, 0, 1/2). and a broad description of the symmetry group–subgroup
relationship in the perovskite field is also shown.The perovskite crystal structure can be described in several

ways:1–3 (1) by stating its space group and the equivalent
positions that are occupied; (2 ) starting from the BO6 Experimental
octahedra sharing corners with other similar polyhedra; this

Polycrystalline samples (NaLa)(MW)O6 were prepared byscheme allows BMOMB and OMBMO bond angles of 180°
sol–gel techniques from powdered mixtures of WO3 , NaNO3 ,and 90° respectively. The centres of eight octahedra define a
La(NO3)3 ·6H2O and M(NO3)2 ·6H2O (M=Ni, Co) (allcube which corresponds to the parent unit cell, as is depicted
reagents supplied by Merck, Germany) in stoichiometric ratio.in Fig. 1. There is a rather large cuboctahedral cavity in the
Each mixture was preheated in an aluminia crucible at 498 Kcentre of the unit cell that is occupied by A cations; (3 ) con-
for 24 h, and 773 K for 72 h. Finally, the samples were heatedsidering cubic close-packing of A and oxygen atoms, in the
in air at 1173 K for 1 day.stoichiometric ratio 153, in which a 1/4 of the octahedral holes

X-Ray di�raction patterns were recorded with a Philipsare occupied by B cations in an ordered fashion.
X’Pert-MPD di�ractometer and a 3051/100 goniometer, usingMore detailed studies on perovskite-type structures have
Ni-filtered Cu-Ka radiation. A 2h step size of 0.04° was used.been carried out by Glazer4 for the ABX3 derivatives, based
The Rietveld profile analysis method8 was employed foron BX6 tilting and the possible space groups derived from the
refinement of the X-ray di�raction results in the perovskitesstructural characteristics. Anderson et al.5 reported a survey
(NaLa)(MW)O6 . The X-ray di�raction patterns were analysedof A∞A◊B∞B◊O6 double perovskites, discussing the factors that
using the Rietveld method,4 using the program Fullprof.9influence B cation arrangement in several compounds, but this

The magnetic susceptibility measurements were carried outstudy was limited to the ordering in the B sublattice. In this
using a DSM8 pendulum susceptometer based on the Faradaysense, Sekiya et al.6 proposed a new kind of ordering in the A
method. The maximum applied magnetic field was 15 kG withsublattice on the basis of X-ray di�raction and IR spectra.
H(dH/dz)=29 kG2 cm−1 . The equipment was calibrated withSuch assumptions were confirmed by neutron di�raction data
Hg[Co(SCN)4] and Gd2(SO4)3 ·8H2O, which have x indepen-for the isomorphic phase (NaLa)(MgTe)O6 .7 dent of the field in the temperature range of the measurements.
The magnetic susceptibility data were corrected taking into
account the ionic diamagnetic contribution.10

Results and Discussion

Structural characterization

Structural characterization of the title compounds,
(NaLa)(MW)O6 , was carried out by means of X-ray di�rac-
tion. The powder patterns were characteristic of a perovskite-
type structure. The expected reflections were split, correspond-
ing to a noticeable distortion from the ideal cubic symmetry.

Fig. 1 Ideal perovskite structure All the reflections could be satisfactorily indexed on the basis
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of a monoclinic unit cell, space group P21/m, with the param-
eters a#b#ao√2, c#2ao (where ao is the unit cell parameter
of the ideal perovskite), and b is close to 90°. Structural data
obtained from the Rietveld refinement are reported in Table 1
and the R factors indicate a reliable structural model. Atomic
coordinates are given in Tables 2 (M=Co) and 3 (M=Ni).
The model provides a good agreement between observed and
calculated X-ray di�raction profiles as shown in Fig. 2. From
these data the most representative bond lengths are obtained
and they are gathered in Tables 4 (Co) and 5 (Ni) as well as
the comparison with the sums of Shannon ionic radii for each
case. The above results indicate that the MO6 and WO6octahedra are very distorted, although the mean bond distances
are similar to the Shannon ones, and the Na and La polyhedra
are defined by ten oxygen atoms in both compounds as a
result of the structure distortion.

Fig. 3 shows a structural model for (NaLa)(MW)O6 , in
which each WO6 octahedron shares all its corners with other
MO6 units in an ordered two-dimensional arrangement and
vice versa (depicted by shaded and white polyhedra). Na and
La cations are intercalated between such planes of octahedra
in an alternating manner, along the c axis. However, the best
refinement is obtained when some degree of disorder is taken
into account for the distribution of A cations in both phases;

Fig. 2 Observed (,), calculated (−) and di�erence profiles forfinal results correspond to 5.6% (for Co oxide) and 6.6%
(NaLa) (WM)O6 : (a) M=Co, (b) M=Ni(Ni oxide).

Table 1 Crystallographic data for NaLaMWO6 (M=Ni and Co)

Table 4 Bond distances of NaLaCoWO6NaLaCoWO6 NaLaNiWO6
d/Å d/Åa/Å 5.546(3 ) 5.517(5 )

b/Å 5.545(4 ) 5.517(7 )
Na–O(1) 2.328(3)×2 La–O(1 ) 2.765(3)×2c/Å 7.903(6 ) 7.862(2 )
Na–O(1) 3.003(1)×2 La–O(2 ) 2.419(2)×2b/degrees 89.99(3) 90.02(4 )
Na–O(2) 2.816(1)×2 La–O(2 ) 2.848(4)×2V /Å3 243.04 239.33
Na–O(3) 3.028(2 ) La–O(4) 2.926(1)Z 2 2
Na–O(3) 2.523(1 ) La–O(4) 2.621(1)Rp (%) 13.6 11.3
Na–O(3) 2.830(1)×2 La–O(4 ) 2.776(5)×2Rwp (%) 18.5 15.2

Re (%) 6.06 5.24
dmean 2.751 dmean 2.717RB (%) 6.84 5.96
dShannon 2.58 dShannon 2.56

W–O(1) 1.866(1)×2 Co–O(1) 2.159(1)×2
Table 2 Fractional atomic coordinates of NaLaCoWO6 W–O(2) 2.102(4)×2 Co–O(2) 1.897(4)×2

W–O(3) 1.683(2 ) Co–O(3) 2.165(1)atom position x y z occupation W–O(4) 2.214(1 ) Co–O(4) 1.928(3)

La(1)a 2e 0.260(1) 0.250 0.004(3) 0.06 dmean 1.972 dmean 2.034La(2)a 2e 0.226(7) 0.250 0.507(7) 0.94 dShannon 2.00 dShannon 2.05Na(1)a 2e 0.226(7) 0.250 0.507(7) 0.06
Na(2)a 2e 0.260(1) 0.250 0.004(3) 0.94
Co 2e 0.758(6) 0.250 0.254(7) 1.00
W 2e 0.745(1) 0.250 0.731(3) 1.00
O(1) 4f 0.465(1) 0.434(7 ) 0.712(8) 1.00

Table 5 Bond distances of NaLaNiWO6O(2) 4f 0.024(8) 0.041(0 ) 0.216(5) 1.00
O(3) 2e 0.681(1) 0.250 0.523(2) 1.00

d/Å d/ÅO(4) 2e 0.732(5) 0.250 0.011(3) 1.00

aDisordered in A-plane: 5.6%. Na–O(1) 2.188(2)×2 La–O(1 ) 2.801(1)×2
Na–O(1) 2.993(3)×2 La–O(2 ) 2.410(2)×2
Na–O(2) 2.788(1)×2 La–O(2 ) 2.831(1)×2Table 3 Fractional atomic coordinates of NaLaNiWO6 Na–O(3) 2.905(1 ) La–O(4) 2.748(4)
Na–O(3) 2.622(4 ) La–O(4) 2.774(2)atom position x y z occupation
Na–O(3) 2.806(1)×2 La–O(4 ) 2.766(1)×2

La(1)a 2e 0.224(3) 0.250 0.507(6) 0.93
dmean 2.708 dmean 2.714La(2)a 2e 0.258(8) 0.250 0.003(4) 0.07
dShannon 2.58 dShannon 2.56Na(1)a 2e 0.258(8) 0.250 0.003(4) 0.93

Na(2)a 2e 0.224(3) 0.250 0.507(6) 0.07
Ni–O(1 ) 2.085(2)×2 W–O(1) 1.968(1)×2Ni 2e 0.762(1) 0.250 0.252(4) 1.00
Ni–O(2 ) 1.872(1)×2 W–O(2) 2.107(2)×2W 2e 0.740(7) 0.250 0.729(5) 1.00
Ni–O(3 ) 2.198(3 ) W–O(3) 1.598(1)O(1) 4f 0.441(7) 0.439(6 ) 0.698(6) 1.00
Ni–O(4 ) 1.844(1 ) W–O(4) 2.270(1)O(2) 4f 0.024(8) 0.041(5 ) 0.216(5) 1.00

O(3) 2e 0.698(6) 0.250 0.528(4) 1.00
dmean 1.993 dmean 2.003O(4) 2e 0.761(3) 0.250 0.017(9) 1.00
dShannon 2.09 dShannon 2.00

aDisordered in A-plane: 6.6%.
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Fig. 5 Magnetic susceptibility vs. temperature for (NaLa)(CoW)O6

Fig. 3 Structural model for (NaLa)(NiW)O6

Fig. 6 Magnetic susceptibility vs. temperature for (NaLa)(NiW)O6

Fig. 4 log s vs. reciprocal temperature for (NaLa) (MW)O6 : #, M=
Co; %, M=Ni

Physical properties

Electronic conductivity in perovskite-like materials is highly
dependent on the nature of the B–O and B–O–B interactions.
In the title compounds, B sites are orderly occupied by two
kinds of cations, M2+ and W6+ , having di�erent electronic
configurations (d7 Co2+ , d8 Ni2+ and d0 W6+ ) and these
characteristics could a�ect their transport properties.

Fig. 4 shows the experimental dependence of log s vs. T −1 .
Fig. 7 xT vs. T for (NaLa)(NiW)O6The conductivity is quite low and the activation energy is

relatively high in both cases suggesting that these materials magnetic cations located on the same ab plane, that isare poor semiconductors. This fact could be due to the very NiMOMOMNi in which these oxygens form the equatorialdi�erent energies between the d orbitals of the transition metals edge of the WO6 octahedra; (b) between next-nearest-neigh-(3d for Co and Ni and 5d for W) which interact with the bour (nnn) cations superposed along the c axis, involving aoxygen p orbitals. On the other hand, there are significative path defined by NiMOMWMOMNi in which the oxygensdistortions both in each particular BO6 octahedron and in occupy the axial vertices of WO6 octahedra.their tilting in the structure which are responsible for lowering In principle, path (a) seems to be the most likely to explainthe unit cell symmetry. The resulting conduction band should the antiferromagnetic properties in perovskites, although neu-be mainly defined by discrete levels because of the imperfect tron di�raction data should be obtained to confirm thisoverlap between B–O orbitals. assumption.The magnetic susceptibility (x) vs. temperature graphs for
cobalt and nickel compounds are given in Fig. 5 and 6. Both

Symmetry relationships in perovskitesmaterials follow a Curie–Weiss law in the temperature range
50–300 K and below 50 K a maximum appears for the cobalt A large number of structures related to the parent perovskite

structure can be described by considering displacements of thederivative. Such a maximum is not detected in the nickel
sample although when the product xT vs. T is plotted (Fig. 7) anions (oxygen in the following discussion) or by ordering of

the cations, either A or B. Simultaneously, such cations may bea remarkable decrease below 40 K is observed, reaching a
value of 0.12 emu K mol−1. Thus, the above data suggest of di�erent chemical nature, giving the general compositions

(AA∞) (BB∞)O6 . At this point we shall discuss how the spaceantiferromagnetic ordering for both compounds. This kind of
superexchange interaction in perovskites has been widely stud- group P21/m (which was deduced for the title phases,

NaLaMWO6) is related to the cubic perovskite one, Pm3m. Theied previously11–14 and an antiferromagnetic coupling between
paramagnetic cations in these materials could be produced in particular examples that illustrate the di�erent symmetry oper-

ations correspond to some perovskites previously reported by us.two possible ways: (a) between nearest-neighbour (nn) para-
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Scheme 1 shows perovskite-type derivatives which are of about the atomic positions that are occupied in each particular
interest in the context of ordered cation or anion displacements. structure, and additional data concerning these positions are
Structural relations between these phases are defined by means necessary for every member of the family tree (atom coordinates,
of a group–subgroup family tree as proposed by Müller15 and site symmetries and number of equivalent positions).
this scheme can be set up with the aid of the International Family tree [1] in Scheme 1 shows the essential data for
Tables for Crystallography,16 in which the maximal subgroups transforming SrTiO3 into the new structure of (BaLa) (LiTe)O6of every space group are listed. and the relation between them is depicted in Fig. 8 (ab plane).

From this relation the necessity of doubling the unit cell
Double perovskites: AB0.5B∞0.5O3¬A2(BB∞)O6. When a large parameter with respect to SrTiO3 clearly arises and the sym-

di�erence, in either charge or ionic radius, exists between two metry reduction that takes place imposes eight formulae per
di�erent (B and B∞) cations, an ordered distribution of these unit cell.
cations can take place along the (111 ) planes, as occurs in
(BaLa) (LiTe)O6 ;17 in this respect, we can consider both A

Perovskite with double c-axis: La1/3NbO3¬LaNb3O9. Othercations, Ba and La, which are randomly located on the same
di�erent changes in symmetry appear when there are changessites, as identical from a structural point of view. The unit cell
in the A sublattice. For example, La1/3NbO318 is a well knownparameter (ca. 4 Å) in an ABO3 simple perovskite requires
cation-deficient perovskite where half of the A planes areenlargement when B and B∞ cations are ordered in the structure
vacant and in the remaining ones only two-thirds of such sitesand the new space group is a Klassengleiche subgroup in which
are occupied in an alternating sequence. This arrangementthe symmetry reduction is of index 2 (k2 ) belonging to the same
implies a doubled c axis and the symmetry reduction in thiscrystal class. The reduction in symmetry takes place by the loss
case is accomplished by the disappearance of the three-foldof translation operations, either by enlargement of the unit cell
axes and the maximal non-isomorphic subgroup isor by showing up a new centreing. Since the space group symbol

itself states only symmetry operations, it gives no information Translationengleiche of index 3 (t3 ). Family tree [2] shows the

804 J. Mater. Chem., 1997, 7(5 ), 801–806



of four oxygen anions located on four opposite edges in the
unit cell. Fig. 9 shows an idealized view of this transformation.
There is a movement of oxygen anions that produces a tilting
of BO6 octahedra on the [001] and [110] directions of the
parent structure.20 The space group of La2NiIrO6 is Pbnm but
it is not a subgroup of P4/mmm and therefore the changes are
somewhat complicated and several steps are necessary to
achieve the complete transformation.

The first step (family tree [3]) involves the change of
P4/mmm into P4/mbm, having in mind that the second is a k2
subgroup of the first, and the symmetry reduction takes place
by enlargement of the old unit cell. The new parameters are
related to the cubic one, ao , as follows: a=b#ao√2 and c#ao.Fig. 10 shows the oxygen displacements, which only a�ect
atoms located on equatorial positions (ab plane) of BO6octahedra. The disappearance of the two-fold axes parallel to

Fig. 8 Relationship between ABO3 and A2BB∞O6 perovskites
x or y and of the m plane normal to them, which are
transformed into translation symmetry elements of the same
nature, takes place. Such BO6 octahedra undergo severe distor-
tions (Fig. 10, left) and the oxygen atoms labelled 1–4, dis-
placed along the x and y axes, are related by a four-fold axis
located in the centre of the graph (Fig. 10, right). The full
symbol for the new space group would be P4/m21/b2/m.

A further transformation t2 allows the formation of the
maximal non-isomorphic subgroup Pbam, orthorhombic, as is
depicted in Fig. 11. The symmetry reduction in this case is
accomplished by the substitution of the four-fold axis by a
two-fold screw 21 axis and also involves the loss of the two-

Fig. 9 A-cation coordination polyhedra in perovskite showing the fold axis and the m plane parallel and normal to (110) planes,
reduction from twelve- to eight-coordination (by loss of the four respectively. The remaining symmetry elements become clearshaded circles)

in the full symbol of the new space group: P21 /b21 /a2/m.
Family tree [4] in Scheme 1 shows the above transformation.group–subgroup relationship between SrTiO3 and LaNb3O9 The last step for giving the complete description of the Aas well as the atomic coordinates and Wycko� site.
coordination polyhedra is the relation between the last space
group and Pbmn (corresponding to the phase La2NiIrO6)Oxygen displacement in perovskites. In the previous examples
shown in Fig. 12. Apical oxygens of BO6 octahedra ( locatedthe A cations possess a cuboctahedral coordination which is
on the [001] direction in the parent structure) are displacedcompatible with the relative size of the remaining ions implied
in zigzags, doubling the c-axis (c=2ao) and provoking thein such structures. A reduction in the A polyhedra takes place
concomitant symmetry reduction. The actual space group is awhen the A cations are relatively smaller; for instance, in
non-isomorphic k2. On the other hand, A cations are alsoLa2NiIrO619 lanthanum is eight-coordinate. These new
moved from their ideal sites to occupy the centres of the newpolyhedra are defined as distorted bicapped prisms which can

be related to the cuboctahedral ones by the loss from the latter distorted polyhedra (see for instance the positions of the A

Fig. 10 Structural and symmetry relationships between P4/mmm and P4/mbm
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Fig. 14 Structural and symmetry relationships between Pbmn and
P21/m

and where the high charge di�erence between Li+ and Sb5+Fig. 11 Structural and symmetry relationships between P4/mbm
formal cations provokes the ordering of the LiO6 and SbO6and Pbam

octahedra in the structure, by sharing corners (Fig. 13). The
new group, P21/n belonging to the monoclinic crystal system
(although b is always close to 90°), results from the symmetry
reduction by removal two mutually perpendicular two-fold
axes, along x and y, as well as their respective normal glide
planes. All these changes result from a t2 subgroup as is
indicated by tree [6].

Finally, when there are two kinds of di�erent cations with
a large di�erence in charge in the A sublattice, an ordered
arrangement in the ab plane is found; for instance, in the two
phases reported in this work and also in a related compound
previously described by us, (NaLa)(MgTe)O6 .7 The final space
group is P21/m and is again the result of a t2. One can deduce
from Fig. 14 that a change of origin must occur. This change,
the atom sites and the Wycko� site symmetry are shown in
tree [7].
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Fig. 12 Structural and symmetry relationships between Pbam and
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Let us consider now two particular cases derived from this
latter structure. The first example is referred to as La2LiSbO6 ,21 Paper 6/05206A; Received 25th July, 1996
in which La3+ cations are placed on eight-coordinate sites,
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