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The types of structures formed when two or more cations
occupy the sodium sites in the NaCl unit cell in a non-
random manner are reviewed with reference to the cation
arrangement in layers of close-packed octahedra and the
cation arrangement in the NaCl subcell. Factors
influencing the stability of particular structure types,
including bond valence and radius ratios, are discussed.

Introduction

The NaCl or rock salt structure is one of the most common and
well known structure types adopted by compounds of composi-
tion AX. The cation, A, is often either an alkali metal, alkaline
earth or transition series cation and X is most commonly an
oxide, sulfide or halide. The cations are octahedrally coordinated
by anions, as are the anions by cations; in terms of a polyhedral
structure description, both sets of counter-ions are distributed in
a three-dimensional network of edge-sharing octahedra. The
rock salt structure is unique in displaying regular octahedral
coordination for both cations and anions.

Until a few years ago, known rock salt superstructure phases
arose almost exclusively in materials containing two crystal-
lographically distinct types of cation, occupying the sodium sites
in a non-random manner. More recently, superstructure phases
which display ordering among three cation sites have been
synthesised. We consider it timely, therefore, to describe the
ordered configurations which are observed and review the factors
which influence which type of cation order is adopted. This
review excludes substoichiometric phases, where the cation order
is not one-to-one, and non-oxide phases, such as carbides.

General considerations

The sizes of the anions and cations in any structure place an
upper and lower limit on their coordination environment and,
thus, on the type of structure which is adopted. The sizes of
ions which are appropriate for a particular structure may, to a
first approximation, be determined by geometry and expressed
by radius ratio rules. The NaCl structure often forms when
small cations occupy octahedral vacancies between cubic close-
packed (ccp) anion layers. Equally, small anions may occupy
octahedral holes in a close-packed (cp) cation array. When the
counter-ions are of similar size, either the NaCl structure or the
CsCl structure may form. If the anions (or cations) are not as
closely packed as possible (closest packed), then the structure is
sometimes termed eutactic.'”> Many rock salt phases, such as
BaO and SrO, are eutactic in nature, as are the rock salt-like
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layers in superconducting rock salt—perovskite intergrowth
phases. In general, if atoms are assumed to be incompressible
spheres, the NaCl structure is most favourable for a
composition AX with cation radius ro and anion radius ry,
constrained by the relation 0.42<ralrx<0.723* If
ralrx=0.42, the anion layers are closest-packed but for greater
values, the structure formed is eutactic since the anions are not
in contact. The above relationship applies equally well for the
inverse ratio, rx/ra, in which the cations form a closest-packed
array for rx/ra=0.42. However, whilst radius ratio rules
provide useful guidelines as a first approximation, the notion
that radii are fixed is now widely discounted. Different, but self-
consistent, tables of ionic radii are available and show, for
instance, that the radius of a given ion varies with coordination
number.

A rather useful concept is Pauling’s rule of electroneutrality.
This states that the sum of electrovalencies, z/n (z=charge,
n=coordination no.) of the nearest neighbour cations should
equal the charge, x, of the anion, ie. ¥z/n=x. A modification
to the electroneutrality rule, which takes account of differences
in bond strengths and bond lengths in more complex structures,
is the concept of bond valence.*® The bond valence rule
extends Pauling’s electroneutrality rule to structures in which
distortions occur or to structures in which the bonding cannot
be considered as ionic. The electrostatic bond strength is
replaced by a bond valence, b;;, which is defined in a similar way
to the electrostatic bond strength. Both the Pauling and bond
valence concepts are useful in discussing and classifying
ordered rock salt configurations.

In ternary rock salt oxide systems, A, B,O,,,, the two
cations, A and B, usually have different valence. However,
there are only certain A, B combinations in which local
electroneutrality around oxygen is preserved. These occur in
the general formulae ABO,, A,BO; and AsBOg, for which A is
monovalent and B is tri-, tetra- and heptavalent, respectively,
as shown by the following:

ABO; has OA;3B; octahedra; » z/n=(3x1/6)
+(3%3/6)=2

A,>BO3 has OA4B, octahedra; Z z/n=(4x1/6)
+(2x4/6)=2

AsBOg has OAsB octahedra; Y z/n=(5x1/6)+(1x7/6)=2

With other A,B combinations, specifically A3;BO4 and
A4BOs, although the structures as a whole are electroneutral,
local electroneutrality around each oxygen cannot be satisfied,
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since the total number of cations per formula unit is not a
factor of six. The structures cannot be composed of octahedra
in which the ratio of A to B coordinating cations is the same for
every oxygen. We first consider those ordered rock salt
structures in which Pauling’s rule of electrovalence is satisfied,
since most ordered rock salt structures belong in this category,
and secondly, review some which do not not conform to
Pauling’s rule.

ABO,

Almost all rock salt superstructures of formula ABO, are
isostructural with B-LiFeO,, y-LiFeO, or a-NaFeO,. In order
to compare them, the A-B cation order is discussed, with
reference to the cubic or pseudo-cubic rock salt subcell of each,
in two ways. First, it is useful to consider the A and B cation
arrangements in layers between the cp anion layers, i.e. parallel
to {1 1 1}. However, whereas there are four equivalent
orientations of such cation layers in the simple rock salt
structure, in the various superstructures, the layer arrange-
ments generally differ in the different orientations. Each case is
considered in turn; usually the cation arrangement is simplest
in one of the four orientations and this gives rise to the
preferred description. Secondly, in the NaCl unit cell (Fig. 1)
the cations lie in rows parallel to {1 1 0) at heights of z=0 and
z=0.5. Different ordering sequences occur within these rows,
and for the simpler ABO, structures, it is useful to compare
these sequences.

v-LiFeO,

v-LiFeO,f is formed by heating metastable B-LiFeO, at
500 °C;!? above 650 °C, Li and Fe disorder. The order adopted
by Li and Fe between cp oxygen layers is shown in Fig. 2. In -
LiFeO,, the A and B cations order in the sequence ABAB
parallel to both [1 1 0] and [—1 1 0] of the rock salt subcell
(Fig. 3.) to give a tetragonal body-centered unit cell with a c-
parameter which is double that of the NaCl subcell."'

Table 1 gives the crystallographic parameters of the ABO,
structure types. The y-LiFeO, superstructure is adopted by a
large family of phases, including the compounds LiMO,
(M =Sc, In),'*!* NaMO, (M=Gd, Eu, Sm, Nd, Pr, La) and
Li,MXO, (M =Mg, Mn, Co, Zn; X =Zr, Hf),'* in which the M
and X cations are disordered over the Fe sites. The anatase
(TiO,) structure is related to that of the y-LiFeO, structure type
in that the Li site (4b) is unoccupied. KSbS, has a monoclinic
distortion of the y-LiFeO, structure.'’

B-LiFeO,

B-LiFeO, forms at 450 °C from disordered LiFeO,, and is a
precursor to the formation of stable y-LiFeO,. Initially, a
body-centred unit cell was proposed for B-LiFeO,,'® but it was
subsequently shown to be monoclinic.'®? Fig. 4 shows how Li
and Fe order between cp oxygen layers. A and B order in the
sequence ABBAAB parallel to [1 1 0] (Fig.5), but ABAB
parallel to [—1 1 0], as is the case for y-LiFeO,. This ordering
pattern is adopted at both z=0 and z=0.5 of the subcell.

a-NaFeO,

In the a-NaFeO, structure, cations order into alternate layers
perpendicular to [1 1 1]; this structure is closely related to that
of CdCl,, in which layers of Cd and cation vacancies alternate
perpendicular to [1 1 1].2> Rows of like cations run parallel to [1
1 0] at heights of z=0, 0.5 (Fig. 6), but alternate ABAB parallel
to[—110].

The layered nature of ao-NaFeO, allows facile cation

iTetragonal LiFeO, is described here as y-LiFeO,, but is often referred
to in the literature as o-LiFeO,.
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Fig. 1 NaCl unit cell. Anions and cations are shown as white spheres
and black spheres, respectively.
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Fig. 2 Arrangement of Li and Fe cations between cp oxygen layers in y-
LiFeO,. Li ions are shown as white circles and Fe ions as black circles.
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Fig. 3 Crystal structure of y-LiFeO,; NaCl subcell is outlined. Li ions
are shown as small white spheres, Fe ions as small black spheres and
oxygen ions as large white spheres.

(de)intercalation and isostructural lithium oxides (LiMO,:
M=Co, N1, V, Cr)23 have been studied as potential cathode
materials in solid-state lithium batteries. Recently, layered
LiMnO, was synthesised using an ion-exchange technique.?*
The phase B-NaNiO, (space group C2/c) has a monoclinic
distortion of a-NaFeQ,.%>



Table 1 Crystallographic data for ABO, rock salt superstructures

Atom Position X y z Analogues

v-LiFeOy: 4/amd (Z=8), a=4.049, c=8.742 A

Li 4b 0 0 172 LiMO, (M =Sc, In),

Fe 4a 0 0 0 NaMO, M =Gd,

(0] 8e 0 0 1/4
Eu, Sm,Nd), LIQMXO4
(M=Mg, Mn, Co;
X=Zr, Hf)

B-LiFeO,: C2c (Z=4), a=8.871, b=11.590, c=5.147 A, B=145.70°

Lil 4e 0 9/16 1/4 None known

Li2 4e 0 13/16 1/4

Fel 4e 0 1/16 1/4

Fe2 4e 0 5/16 1/4

o1 8f 1/4 1/16 1/4

02 8f 1/4 5/16 1/4

0-NaFeO,: R3m (Z=3), a=3.025, c=16.094 A

Na 3a 0 0 0 LiMO, (M =Co,

Fe 3b 0 0 12 Mn, Ni. V, Cr)

(0] 6¢ 0 0 0.231

Li,TirO4: Fd3m (Z=8), a=8.756 A

L 16d 12 172 12 None known

Ti 16e 0 0 0

(6] 32¢c 0.2552 0.2552 0.2552

Li, Ti,04 two ordered cation arrangements are possible in the first

LiTiO, adopts the NaCl structure with statistical cation
disorder.?®?” However, a second metastable polymorph can
be synthesised by chemical lithiation of the spinel LiTi,O4.%%
The formation mechanism involves not only intercalation but a
displacement of Li in LiTi,O4 from tetrahedral to octahedral
sites. The structure of Li,Ti,0y is similar to that of a-NaFeO,,
but one quarter of the Li and Ti atoms have changed planes so
that the alternate cation layers perpendicular to [1 1 1] are ¥4Li,
VaTi and vice versa (Fig. 6). The order adopted by the Li and Ti
cations in consecutive layers between cp oxygens is shown in
Fig. 7(a) and (b).

Comparison of ABO, structure types

Coordination environment of oxygen. In rock salt phases,
ABO,, which satisfy Pauling’s rule of electroneutrality, only
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Fig. 4 Cation order between Li (white circles) and Fe (black circles) in
B-LiFeO,. These layers are perpendicular to the [2 4 —1] direction.

coordination shell of oxygen. These are termed dispersed and
clustered and are shown in Fig. 8. In a dispersed arrangement,
like cations are situated as far apart as possible, whereas in a
clustered arrangement, they are as close together as possible.
All the structures described so far are composed of either or
both of these types of octahedra which edge-share in three
dimensions. A dispersed arrangement is found in y-LiFeO, and
a clustered arrangement in a-NaFeO,. The Li,Ti,O,4 arrange-
ment is also clustered but differs from o-NaFeO, by the
manner in which the octahedra are oriented relative to one
another. In B-LiFeO,, both clustered and dispersed arrange-
ments are found.

Relative stability of ABO, phases. Brunel ez al. studied the
factors which dictate the stability fields of ABO, rock salt
phases.>! From lattice energy considerations, with cations in
ideal positions within the crystal lattice, the y-LiFeO, structure
with dispersed cation arrangement should be thermodynami-
cally stable. However, the internal energy may be modified if
there are different site size requirements for the A and B cations

[110] AN

[-110]

Fig. 5 NaCl subcell showing the cation order adopted in a-LiFeO,. Li
ions are shown as small white spheres, Fe ions as small black spheres
and oxygen ions as large white spheres.
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Fig. 6 NaCl subcell showing the cation order adopted in a-NaFeO,.
The cation order adopted in Li,Ti,Oy4 is related to that in a-NaFeO, by
the cation interchange indicated by the arrows. Na ions are shown as
small white spheres, Fe ions as small black spheres and oxygen ions as
large white spheres.

and if one or the other is particularly polarising towards
oxygen. The energy associated with cation order alone favours
the y-LiFeO, structure type (dispersed arrangement) since the
more highly charged [Fe(i)] cations are as far apart as possible;
Coulombic repulsion terms are, thus, minimised. However, the
anions are much more polarized in a clustered arrangement,
since oxygen can be displaced towards all three trivalent
cations, so a structure with this environment is preferred when
small highly polarizing B** cations are present. In such
structures, the polarisation energy of the anions is an important
factor in the crystal lattice energy. Conversely, when the
trivalent cations are too large, a dispersed environment
becomes favourable. In this cation arrangement, oxygen can
only be displaced towards a single trivalent cation such as is
found in the y-LiFeO, structure type. Thus, as a general
guideline, we can say that the structure adopted is simply a
function of the corresponding trivalent to monovalent cation
radius ratio (rg/ra).

In another investigation into the stability of ordered rock
salt phases, reported by Hauck,*? the discussion extends to
A,BO; and AsBOg systems. This work concludes that stable
superstructures form as a result of Coulombic repulsion
between the highly charged B cations: B-B cation distances
are maximized and B-B cation repulsion energies minimized,
with a consequent reduction in volume per formula unit
compared to the disordered dimorph of the same composi-
tion.

A;BO;

In A,BOj phases, there are again two types of octahedra,
shown in Fig. 9, which satisfy the electroneutrality condition.
The tetravalent B cations are either cis (clustered) or trans
(dispersed) within the OA4B, octahedra. The superstructures
which form by edge-sharing of the AOg, BOg octahedra are
most simply compared if we consider the relationship amongst
the BOg octahedra, and also how A and B order between the cp
oxygen layers.

ﬁ-LizSHO:;

Li,SnO; displays two structures, both of which are related to a-
NaFeO,, but contain a layer of Li which alternates with a layer
of one third Li and two thirds Sn, such that the formula may be
written as Li(Li;;3Sny3)O,. The high-temperature rhombohe-
dral form, a-Li,SnO3, shows a statistical distribution of Li,Sn
within the mixed cation layer and is isostructural with o-
NaFeO,. The low-temperature polymorph, isostructural with
Li,TiO3,%* has Li-Sn order within the mixed cation layer and
its symmetry is reduced from rhombohedral to monoclinic.?
Crystallographic parameters for B-Li,SnO; and the other
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Fig. 7 Order adopted by Li (white circles) and Ti (black circles) in
consecutive layers between cp oxygens in Li;Ti,Oy.

A,BOj; structure types are given in Table 2. The OLisSn,
octahedra have the Sn atoms in a cis configuration (Fig. 9).
Within the mixed cation layer, SnOg4 octahedra edge-share with

clustered coordination environment

Fig. 8 Octahedral cation arrangements in ABO; rock salt phases. A
cations are shown as small white spheres, B cations as small black
spheres and O anions as large white spheres.



trans coordination environment

Fig. 9 Octahedral cation arrangements in A,BOj3 rock salt phases. A
cations are shown as small white spheres, B cations as small black
spheres and O anions as large white spheres.

three other SnOg octahedra [Fig. 10(a)]. The Sn-Li arrange-
ment within the mixed layers [Fig. 11(a)] is identical to that of
Li and Ti in alternate cation layers of Li;Ti,Oy.

LizZl‘O3

Li,ZrO; occurs in two forms. One has a partially ordered
structure, isostructural with y-LiFeO,, in which the iron sites
are occupied by two thirds Zr and one third Li.*> The fully
ordered, monoclinic, low-temperature form has entirely mixed

Table 2 Crystallographic data for A,BO; rock salt superstructures

layers of Li, Zr and alternate layers are staggered,*® Fig. 11(b).
Within each mixed cation layer, ZrOg octahedra edge-share
with two other ZrOg octahedra to form chains; between the
layers, ZrOgs octahedra corner-share giving an open, 3D
network of ZrOg octahedra, Fig. 10(b). Both cis and trans Zr
configurations occur.

ﬁ-NathO3

Na,PtO; forms two ordered rock salt structures. a-Na,PtOj is
isostructural with -Li,SnOj3; low-temperature -Na,PtO; has
mixed cation layers as in Li,ZrO;, but a different cation
ordering pattern is observed, Fig. 11(c).?” The cation layers are
staggered to form a six-layer repeat sequence. Fig. 10(c) shows
the arrangement adopted by the PtOg octahedra within the unit
cell. Each PtOg octahedron shares with another within a layer
and also edge-shares with a PtOg octahedron in the layers
above and below.

Comparison of A,BOj; structure types

In B-LiSnOj, the Sn cations lie in Li-Sn layers which
alternate with layers of Li. Oxygen may, thus, become more
easily polarized in the same manner as in o-NaFeO,. The
polarization energy of the oxygens, associated with the
tetravalent cations lying in the same layer, would, therefore,
appear to be greater than the energy gained by maximizing B—
B cation distances. In Li,ZrO3, each cation layer is mixed; the
tetravalent cations are situated both cis and trans to each
other so, on average, there is a greater B-B cation distance.
The energy gain associated with maximizing the B-B cation
distance would, thus, appear to be dominant in this case. As
Zr*+ is slightly larger than Sn**, we may presume that, as in
ABO, systems, the choice of structure adopted is a function
of the size and, consequently, polarizing power of the B
cations. The B-Na,PtO; structure shows only edge-sharing
BOg¢ octahedra which are found in each cation layer. The
structure would appear, therefore, to be intermediate between
the B-Li,SnO; and Li,ZrO; structure types. The structures of
B-Li,SnO; and B-Na,PtOj; are related in a similar manner to
the way in which the o-NaFeO, structure is related to the
Li,Ti,Oy4 structure type in ABO, systems. Both structures are

Atom Position X y z Analogues
B-Li>SnO5: C2/c (Z=8), a=5.295, b=9.184, ¢=10.032 A, =100.13°

Lil 8f 0.239 0.078 —0.001 Li;ReO,
Li2 4d 1/4 1/4 172

Li3 4e 0 0.083 1/4

Snl 4e 0 0.4165 1/4

Sn2 4e 0 0.7508 1/4

(o)} 8f 0.1337 0.2597 0.1333

02 8f 0.1102 0.5844 0.1342

03 8f 0.1346 0.9092 0.1329

Li,ZrOs: Ce (Z=4), a=5.427, b=9.025, c=5.427 A, p=112.75°

Lil 4a 0 0.420 0 None known
Li2 4a 0 0.750 0

Zr 4a 0 0.0916 0

() 4a 0.216 0.261 0.330

02 4a 0.265 0.555 0.216

(OX] 4a 0.216 0.908 0.250

B-Na,PtOs: Fddd (Z=16), a=18.838, h=6.282, c=9.062 A

Nal 16e 0.258 0 0 None known
Na2 16e 0.579 0 0

Ptl 16e 0.0838 0 0

(0)} 32h 0.158 0.216 0.023

02 16f 0 0.211 0
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(a) B-Li,Sn0;

(b) Li22r03

(c) B-Na,PtO,

Fig. 10 Rock salt structure types of composition A,BO; showing BOg
octahedra. A cations are shown as white spheres and B cations as black
spheres.

composed of the same type of octahedral environment, but
the way in which the octahedra are oriented relative to each
other differs.

AsBOg
LisReOg

The only structure to have been observed in systems which are
strictly of composition AsBOg, is the LisReOg structure type,
adopted by phases LisBOg (B=Re, Os) and NasBOs (B=
OS, I).38’39

Mixed cation layers of Li and Re alternate with layers of Li.
The ordering of Li and Re in alternate layers is shown in
Fig. 12(a); it is similar to that of Li and Sn in alternate layers of
B-Li»SnO3, if we imagine that the A and B positions are
swapped. The cation layers correspond to the (0 0 2) planes of
the unit cell. Crystallographic data for the AsBOg¢ rock salt
superstructures are presented in Table 3.

Li3Ni2T206

LisNi,TaO¢ has Ta ordered over one set of octahedral sites
with Li and Ni partially ordered over three more octahedral
sites.*® If we consider that the Li and Ni occupancy is
statistical, the Li;Ni,TaOg structure is a second example of an
A5sBOg superstructure. Each cation layer is mixed and adopts

2224 J. Mater. Chem., 2000, 10, 2219-2230
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Fig. 11 Cation ordering patterns adopted between cp oxygen layers in
A,BOj; rock salt phases. A cations are shown as white spheres and B
cations as black spheres.

the ordering pattern shown in Fig. 12(b). A six-layer repeat
sequence corresponding to the (0 2 6) planes in the unit cell is
observed and, as in B-Na,PtOs, subsequent cation layers are

@) O ] O @)

O O ® O o

(a) LisReOg (alternate layers)

c O @) ©) O

©) O O O O
(b) LizNi;TaO,

Fig. 12 Cation ordering patterns adopted between cp oxygen layers in
AsBOg rock salt phases. A cations are shown as white spheres and B
cations as black spheres.



Table 3 Crystallographic data for AsBOg rock salt superstructures

Atom Position X y z

Analogues

LisReOq: C2/m (Z=2), a=5.0679, b=8.7315, ¢=5.0293 A, f=110.24°

Lil 4g 0 0.6686 0

Li2 2d 0 12 12
Li3 4h 12 0.3338 12
Re 2a 0 0 0

(0)} 8j 0.2706 0.3478 0.7639
02 4i 0.2756 12 0.2277

LisBOs (Re, OS), N35B06 (OS, III), Cf Li3ZnZSb06, Li3Zn2Bi06

LisNi>TaOg: Fddd (Z=8), a=8.4259, b=5.9073, c=17.7329 A

Tal 8a 1/8 1/8 1/8
Lil/Nil l6g 1/8 1/8 0.2928
Li2/Ni2 16g 1/8 5/8 0.2864
Li3/Ni3 8b 1/8 5/8 1/8
Ol 16f 1/8 0.357 1/8
02 32h 0.110 0.378 0.2969

Li}NiszOG, Li3Nizst6, Li3Mg2NbO6, Li3C02TaO6,
Li3;Co,NbOg

staggered. However, in $-Na,PtO;, a row of Na alternates with
two rows of mixed cations, whereas in LizNi,TaOg, there are
two rows of Li and one of mixed cations between cp oxygen
layers. Other phases, LizM»;XO4 (M,X=Ni,Nb, Co,Ta and
Mg,Nb), form a similar rock salt superstructure;*! the partial
order of the Li and M sites varies for different cation
combinations.

Li3Zﬂ2Sb06

Li;Zn,MOg (M =Bi, Sb) has a rock salt superstructure* in
which all three cations are completely ordered. Although,
therefore, Li3Zn,MOg cannot be considered as strictly of type
AsBOg since there are three crystallographically distinct cation
species, it is worth contrasting with Li3Ni,TaOg because of
their compositional similarity. Within the cp oxygen layers,
nets of Li alternate with nets of Zn and Sb which are ordered in
a manner equivalent to the ordering of Li and Re in LisReOg
[Fig. 12(2)]. Zn and Sb lie in the (0 0 2) plane of the monoclinic
unit cell.

Comparison of AsBOg structure types

For AsBOg¢ compositions, the only coordination environment
in which the electrovalency of oxygen is balanced is
OA;B. There are no octahedra in which two B cations are
present; the BOg octahedra are, thus, isolated from each other.
The BOg octahedra are oriented differently in LisReOg and
LizNi,TaOg. In an analogous manner to the ABO, and A,BO;
systems, the reason for this type of A-B order would appear to
be either the polarisation energy gained by aligning the B
cations into layers (LisReOg structure) or the energy associated
with maximising the B-B cation distance (LizNi,TaOg¢
structure).

Other derivative rock salt structures

As mentioned in the introduction, not all rock salt super-
structures fall into the three broad categories (ABO,, A,BO3
and AsBOg) in which Pauling’s rule of electrovalence is
satisfied. In this section, we describe structures which do not
conform to Pauling’s rule, either because of the presence of a
Jahn-Teller active cation or a highly charged cation which
induces significant covalent character between the metal-
oxygen bonds or because the A : B cation ratio does not permit
electroneutrality around any oxygen. Crystallographic data for
these phases are given in Table 4.

B-NaMnO,

The low-temperature form of NaMnO, is a monoclinic
distortion of the o-NaFeO, structure in which Mn forms

L O ®
L O ° o)
& 1§ ®

Fig. 13 (a) Crystal structure of B-NaMnO, showing MnOg octahedra;
Na atoms are shown as white circles. (b) Cation order adopted by Na
(white circles) and Mn (black circles) between cp oxygen layers.

four short and two long bonds. B-NaMnO,, however, is
orthorhombic [Fig. 13(a)]** and the octahedral distortion is
alleviated in comparison with the o polymorph. The cation
order adopted by Na and Mn between cp oxygen layers is
shown in Fig. 13(b). Na and Mn order in double rows of like
cations; these rows are staggered between consecutive layers in
a zigzag formation. Two types of cation coordination
environment are displayed around oxygen, with nearest
neighbours 4Na/2Mn and 2Na/4Mn, respectively.

NazBiO,4

A small number of phases of composition A3;BO,; form
structures analogous to NasBiO4* [Fig. 14(a)]. The BiOs
octahedra edge-share in zigzag chains in every second cation
layer between cp oxygens; every other cation layer is fully
occupied by Na. The cation ordering pattern adopted by Na
and Bi is shown in Fig. 14(b), in which the zigzag Bi and Na
chains are clearly visible. Recently, the crystal structure of
LizSbO, was confirmed to be analogous to Na;BiO4 by the
Rietveld method from X-ray powder diffraction data.*
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Table 4 Crystallographic data for other rock salt superstructure phases.

Atom Position X y z Analogues
B-NaMnO»: Pmmn (Z=2), a=4.77, b=2.852, c¢=6.31 A

Na 4f 1/4 1/4 172 None known
Mn 4b 0 12 1/4

Ol 4e 1/4 1/4 0

02 4d 0 0 1/4

Na;BiOy: P2la (Z=2), a=5.79, b=6.59, c=5.41 A, f=109.4°

Nal 2e 0 0.619 1/4 Li3SbOy, LizRuOy4
Na2 2f 12 0.874 1/4

Na3 2f 12 0.394 1/4

Bi 2e 0 0.136 1/4

(0)} 4g 0.203 0.103 0

02 4g 0.232 0.342 0.471

LisNbOy: 133m (Z=8), a=8.412 A

Li 24¢g 0.3782 0.3782 0.1046 None known
Nb 8c 0.1403 0.1403 0.1403

(0)} 8c 0.8910 0.8910 0.8910

02 24¢g 0.1247 0.1247 0.3601

0-LisTaOy: P2 (Z=6), a=6.027, b=6.004, c=12.822 A, f=103.60°

Tal Ic 0.5 0 0 None known
Ta2 2e 0.867 0.186 0.169

Ta3 2e 0.636 0.450 0.332

Ta4 1b 0 0.736 0.5

Lill la 0 0.532 0

Lil2 2e 0.340 0.747 0.165

Lil3 1d 0.209 —0.023 0.349

Lil4 la 0.5 0.233 0.5

Li21 2e 0 —0.008 0

Li22 1d 0.332 0.220 0.141

Li23 Ic 0.163 0.476 0.336

Li24 2e 0.5 0.741 0.5

Li31 1b 0.5 0.448 0

Li32 2e 0.847 0.720 0.163

Li33 2e 0.629 —0.047 0.332

Li34 1b 0 0.182 0.5

Ol 2e 0.262 0.206 -0.013

02 2e 0.268 0.726 0.006

03 2e 0.075 -0.018 0.170

04 2e 0.590 -0.019 0.157

05 2e 0.066 0.452 0.158

06 2e 0.598 0.446 0.179

o7 2e 0.439 0.216 0.335

08 2e 0.902 0.219 0.327

09 2e 0.426 0.690 0.328

010 2e 0.902 0.693 0.340

Ol11 2e 0.235 —0.038 0.493

012 2e 0.235 0.489 0.507

v-Li,CuZrOyg: Ceem (Z=4), a=9.4013, b=5.8951, c=5.8635 A

Lil 4f 1/4 1/4 172 None known
Li2 4b 0 12 1/4

Zrl 4e 1/4 1/4 0

Cul 4d 0 0 1/4

(0] 81 —0.030 0.239 1/2

02 8g 0.265 0 1/4

B-Li,CuZrOy: 14m2 (Z=2), a=4.1618, c=9.4157 A

Lil 2a 0 0 0 None known
Cu 2b 0 0 172

Zr 2¢c 0 12 1/4

Li2 2d 0 12 3/4

Ol 4e 0 0 0.233

02 4f 0 12 0.468

LisUOs: I4/m (Z=2), a=6.736, c=4.45T A

Li 8h 0.28 0.097 0 Na4UOs, LigNpOs
U 2a 0 0 0

Ol 2b 0 0 172

02 8h 0.197 0.383 0
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Fig. 14 (a) Crystal structure of Na;BiO4 showing BiO¢ octahedra; Na
atoms are shown as white circles. (b) Cation order adopted by Na
(white circles) and Bi (black circles) between cp oxygen layers.

(b)

Fig. 15 (a) Crystal structure of Li;NbO,4 showing NbsO¢ clusters; Li
atoms are shown as white circles. (b) One type of cation order adopted
by Li (white circles) and Nb (black circles) between cp oxygen layers.

8] ® O L (& [ ]

Fig. 16 (a) Crystal structure of B-Li;TaO, showing TaOg¢ octahedra; Li
atoms are shown as white circles. (b) Cation order adopted by Li (white
circles) and Ta (black circles) between cp oxygen layers in B-LizTaOy.

LizRuO, has also been shown to be isostructural with
NazBiOy; in this case, the crystal structure was determined
by energy minimisation procedures.*®

LisNbO,

The crystal structure of Li;sNbO,4 was recently verified with a
single crystal obtained from a LiCl flux.*”**® Fig. 15(a) shows
the Li3sNbOy structure in which the most striking feature is the
presence of Nb,O¢ clusters which form a body-centred cubic
lattice. Fig. 15(b) shows a layer of Li and Nb cations lying
between cp oxygens in which three niobiums in the centre of the
diagram form an Nb4O¢ tetramer with a niobium in the
subsequent layer.

B-LisTaO,

Lithium orthotantalate, Li;TaOy,, exists in three polymorphic
forms: a low-temperature 3 phase, a high-temperature o phase
and an intermediate-temperature modification which is con-
sidered to be disordered.*»>* The structure of the monoclinic p
phase, shown in Fig. 16(a), consists of edge-sharing TaOg
octahedra which form a series of zigzag chains. The structure
can also be understood in terms of layer packing of the cations
between cp oxygens (Fig. 16(b)): cation blocks of four rows of
Li and Ta are separated by blocks of four rows of only Li;
subsequent cation layers are staggered such that like blocks run
in a step-wise fashion.

a-Li3TaO4

The high-temperature o phase is related to the f polymorph by
means of an intricate series of shifts of the Ta cations resulting
in a lowering of the monoclinic symmetry from C2/c in the B
phase to P2. The structure [Fig. 17(a)] is again composed of
zigzag chains of TaOg4 octahedra but the configuration of the

J. Mater. Chem., 2000, 10, 2219-2230 2227



® O ® O @ O ®

Fig. 17 (a) Crystal structure of a-Li;TaO4 showing TaO¢ octahedra; Li
atoms are shown as white circles. (b) Cation order adopted by Li (white
circles) and Ta (black circles) between close-packed oxygen layers in o-
Li3T'dO4.

chains is different from the B phase.§ In terms of cation order
between cp layers, the relationship between the two poly-
morphs is readily seen. Whereas in 3-Li;TaOy,, the blocks of Li
and Ta extend to four cation rows and are separated by blocks
of four rows of Li, in the o polymorph, both mixed-cation and
Li blocks are composed of only three cation rows [Fig. 17(b)].

v-Li,CuZrOy4

Li,CuZrO,4 exhibits high- and low-temperature ordered
forms.”! Low-temperature y-Li,CuZrO, unusually shows
complete cation order amongst the three different cation
types. Fig. 18(a) shows the structure of y-Li,CuZrO, in which
layers, but not cp layers, of Li and Zr (labelled A) alternate
with layers of Li and Cu (labelled B). Chains of CuOg
octahedra and chains of LiOg octahedra are formed and run
parallel to each other within the B layers. The order adopted
amongst the Li, Cu and Zr cations between cp oxygen layers is
shown in Fig. 18(b).

ﬁ-LizCllZl‘O4

B-Li,CuZrO, is formed from the y polymorph by firing at
1150°C under an O, flow and rapidly quenching to room
temperature. In comparison to the y phase, the Li and Cu
exchange sites such that the CuOg octahedra no longer edge-

§For a more detailed explanation of the configuration of the chains of
TaOg octahedra in a- and B-Li;TaOy, the interested reader is referred to
ref. 50.
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Fig. 18 (a) Crystal structure of y-Li,CuZrO, showing Li-Zr layers (A)
and Li—Cu layers (B) (A and B layers are not close-packed). (b) Cation
order adopted by Li (white circles), Cu (shaded circles) and Zr (black
circles) between cp oxygen layers in y-Li,CuZrO,.

share, but corner-share; the order between Li and Cu is,
however, only partial.>? The structure of p-Li>CuZrOy is shown
in Fig. 19(a); here, for clarity, the order between Li and Cu is
considered as complete. The B polymorph adopts a \/2
relationship with the unit cell of the o phase. We can see the
relationship between the B and y polymorphs by contrasting
the order of the cations between cp layers [Fig. 18(b) and
19(b)]: swapping Li and Cu positions in every second Li—Cu
row leads to an interchange of polymorphs. y-Li,CuZrO, is
isostructural with y-LiFeO, if we imagine that Cu and Zr
disorder [¢f. Fig. 3 and 19(b)].

In both B and vy structures, Cu shows a considerable Jahn—
Teller elongation of its octahedra; the c-axis is elongated by
13% in comparison to the c-parameter in the y-LiFeO,
structure.

Li,UOs

The structure of LiyUOs, shown in Fig. 20(a), is built up of
parallel corner-sharing UOg octahedra running along the c-
direction of the tetragonal unit cell.>* There is a distortion of
the UOg octahedra along this direction, such that the U-O
bonds are stronger in the ab plane. The cation order adopted by
Li and U between cp oxygens is shown in Fig. 20(b). Na,UOs is
isostructural with Li4UOs.

Remarks on other derivative rock salt structures

In the case of rock salt phases satisfying Pauling’s rule of
electroneutrality, the type of structure which forms is
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Fig. 19 (a) Crystal structure of B-Li,CuZrOy. (b) Cation order adopted
by Li (white circles), Cu (shaded circles) and Zr (black circles) between
cp oxygen layers in B-Li,CuZrOy.

influenced by the polarization energy of the anions and the B-B
Coulombic repulsion energy; whichever term is more dominant
appears to be a function of the B to A cation radius ratio. We
have encountered three phases, p-NaMnO, and the B and y
polymorphs of Li,CuZrO,, in which the energy associated with
a Jahn-Teller distortion of the transition-metal environment is
another consideration which dictates the type of structure
formation. In these cases, the MOy octahedra of the Jahn—
Teller active cations prefer to be aligned such that the
distortion is macroscopic throughout the crystal. For rock
salt phases of general composition A3;BO,; and A4BOs, the
principles for choice of structure formation appear to be more
complex. This difficulty is highlighted in the cases of Li3NbOy,
a- and B-LizTaO4 and LizSbO,4 which form markedly different
types of rock salt superstructure despite their normally similar
crystallochemical behaviour, similar pentavalent-cation radii>*
and M(v)-O bond lengths.* As in simpler cases, the lattice
energies of these structure types must be a balance of the
Madelung potential of the cation arrangement and the degree
of partial covalency associated with the M-O bonds. The
energy differences between the stability fields of the different
crystal structures may be so small, however, that the degree of
partial covalency in the M-O bond and, in turn, the
electronegativity of the highly charged cation are critical
elements in the choice of structure which is adopted.

As an addendum, we should inform the reader that we have
omitted a number of A3BO4 and A4;BOs compositions with
rock salt superstructures from this review. With the exception
of genuine oversights, these compositions fall into two
categories: phases such as Li;WOs> and Li;MoOs whose

P B
O =,

o O O ® O g ¢

L

Fig. 20 (a) Crystal structure of Li;UOs showing UO¢ octahedra; Li
atoms are shown as white circles. (b) Cation order adopted by Li (white
circles) and U (black circles) between cp oxygens.

cations show only short-range order and those phases,
including Li3BiO4 and Li;UQO,, in which the Li positions
have not yet been conclusively determined due to the resolution
of their structure from early X-ray powder diffraction work.*’

Summary

Rock salt superstructures arise in complex systems with more
than one type of cation as a result of the non-statistical manner
in which the cation sites in the NaCl structure type are
occupied. This is most likely to occur when two cations (A and
B) with different charges are present.

In rock salt phases which satisfy Pauling’s rule of electro-
neutrality, only three A, B combinations are observed: ABO,,
A,BO; and AsBOg, where A is monovalent. In ABO, and
A,BOj; systems, the cations may be arranged in two types of
ordered environment around oxygen. The observed structure
types are formed from the edge-sharing of these octahedra in
the three crystallographic directions. The structure types may
differ by the type of octahedra adopted and/or their relative
orientation. In As;BOg systems, the cations can be arranged in
only one type of environment around oxygen. Different AsBOg
structures are formed when the octahedra adopt different
relative orientations. When Pauling’s rule of electroneutrality is
not observed, as in A;BO, and A4BOs systems, structure types
tend to be more complex. The octahedral cation environment
of oxygen may be better considered in terms of the bond
valence approach since the local environment of oxygen is not
strictly electroneutral, in terms of Pauling’s definition. More
than one type of octahedral cation environment is observed
and these octahedra are more obviously distorted with greater
covalent character in the bonds than found in the classically
‘lonic’ NaCl structure. In general, the greater complexity of
these structure types means that they are most easily
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considered, and contrasted with simpler parent structures, in
terms of the cation order adopted in the layers between cp
oxygens.

The choice of structure formed for a given composition may
be simplified as being dependent on the greater of two energy
terms which affect the crystal lattice energy: the polarisation
energy of the anions and the energy associated with the B-B
Coulombic repulsion energy. The highly charged B cations
tend to polarise the anions to a greater extent when they are
small and are, consequently, aligned in layers. In more ionic
crystals with larger B cations, the repulsion energy between B
cations is a greater consideration and is minimized by
maximizing the B-B cation distance; layered structures then
become less likely. Whereas in the ABO,, A,BO; and AsBOg
structures, the most important of these influences is often
readily apparent by inspection of the crystal structure, in
A3BO, and AsBOg systems, the structure which forms is
usually a compromise between these two opposing factors.
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