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There is increasing interest in recent years in the structural chemistry and properties of layered metal
oxides possessing the K;NiF, or related structures. Many new oxides of this structure exhibiting novel
properties are being reported from time to time in the literature. The crystal chemistry of the oxides of
the general formula A,BOQ, with particular reference to the stability of the K,NiF, structure and the
relations between the different structures exhibited by this family of oxides is discussed. Non-stoichi-
ometry in these oxides is another aspect of interest discussed in the article. While K,NiF, itself is a
well-known two-dimensional antiferromagnet, oxides of this structure with a variety of magnetic
properties are examined in some detail. Besides the ternary 4,80, oxides, the structure and magnetic
properties of complex oxides, where the A or/and the B ions are partly substituted by other cations. is
discussed. Some of the problems related to this family of oxides that are worth investigating are
indicated. Much of the discussion in this article would have relevance in understanding the structure

and properties of layered materials.

1. Introduction

K:>NiF, is a prototype, two-dimensional
antiferromagnetic material (/). The tetrago-
nal K;NiF, structurc consists of alternating
layers of KNiF; perovskite layers and KF
rock-salt layers. Antiferromagnetic interac-
tions between the transition metal ions oc-
cur only in the planes containing the KNiF,
perovskite layers. There is no Ni—-F-Ni in-
teraction in the direction parallel to the ¢
axis. A variety of oxides are known to crys-
tallize in structures related to K,NiF, (2—
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14). Besides the tetragonal KsNiF, struc-
ture, A,BQ,4 type oxides with monoclinic,
orthorhombic, and other tetragonal struc-
tures have been characterized in recent
years (6—9, 13-15). The main objective of
this article is to examine the stability of the
K,NiF, structure and the relations between
the different structures of metal oxides in
this family and to rationalize their proper-
ties in terms of the structurcs. We have dis-
cussed at length, the crystal chemistry of
various oxides of the A,BO, type in terms
of the nature of A—O and B-0O bonding and
the consequences of the bonding on the
structure and properties of the oxides.
Non-stoichiometry in these oxides has also
been discussed briefly.

Oxides with K,>NiF, or related structures
exhibit interesting magnetic and electronic
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properties. It was reported a few years ago
(2) that La,N1O4 shows an activated electri-
cal conductivity behavior at low tempera-
tures, but the resistivity has a positive tem-
perature coefficient above 550 K. Such a
semiconductor—-metal transition is indeed
of great interest. La,CuO, is reported to ex-
hibit a temperature-independent electrical
resistivity (~107! ohm cm), but other rare
earth derivatives of the general formula
Ln,CuQy are semiconductors (2). Electron
transport properties of more complex ox-
ides of the K,NiF, family such as LaSr;
Co0,04 are quite different from those of the
corresponding perovskite oxides.

Magnetic properties of oxides possessing
K;NiF, structure have been investigated
more extensively than electron transport
properties. Some of the oxides such as
Ca;MnO, show long-range antiferromag-
netic ordering while others such as La;NiO,
do not. Ferromagnetism is known to occur
in oxides such as LaSr;Co0,0g. The K;NiF,
structure appears to preferentially stabilize
certain spin states of transitional metal ions
and accordingly, some of the transition
metal oxides of this family exhibit spin-
state transitions. We shall discuss magnetic
properties of a variety of oxides possessing
K;>NiF, type structure in the light of their
crystal chemistry.

2. Crystal Chemistry

Compounds of the general formula
A>BX, with the K;NiF, structure (Fig. 1)
may be considered to be built up of alternat-
ing lavers of perovskite (ABX3) and rock-
salt (AX) structures. There are no close-
packed A,X, layers in A;BX, similar to the
close-packed AX; layers (Fig. 2a) present in
perovskites. In a close-packed A,X} layer,
there would be considerable electrostatic
repulsion between the two A ions since
they are forced to be adjacent to each other
if the perovskite AX; layers are to be re-
tained within the structure (see Fig. 2b).
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FiG. 1. The K;5NiF, structure of A,B0, oxides show-
ing O; and Oy ions. B-O; and A-O,, bonds are also
shown. Shaded portion shows close-packed AO; lay-
ers.

The two AX; layers can, however, be dis-
placed (Fig. 2c) to give alternating layers of
rock-salt and perovskite structures. It is ev-
ident from Fig. | that along the {110} planes

F1G. 2. (a) AX; close-packing: hatched circles are A
ions and open circles are X ions; (b) hypothetical A,X,
close-packing built up from AX; layers; (c) displace-
ment of AX; layers to give A X, packing as found in the
ideal K,NiF, structures; (d) corrugated packing of
A, X, layers as in La,NiQy.
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of the K,;NiF; structure, the {110} planes of
the perovskite layers are stacked alter-
nately with the {100} planes of the rock-salt
layer. In order to obtain the A,X, packing
shown in Fig. 2c, the {111} planes of the
perovskite layer should be coplanar with
the {100} planes of the rock-salt layer. This
is roughly what is achieved along the {111}
planes of the K;NiF, structure (see Figs. 1
and 2d), the two planes being corrugated
instead of being coplanar. This results in a
better packing efficiency. The low ¢/a ratio
(3.25-3.30) found in several A-BO, oxides
(compared to the theoretical value of 3.414
(¢ = (2 + V2)a)if the B octahedra were
regular and the A-O distances were identi-
cal) is perhaps due to the corrugated nature
of the packing in the {I11} planes. The
perovskite (AX3) layers (Fig. 3a) are dis-
placed in the K;NiF, structure as repre-
sented in Fig. 3b. Structures of the related
Ruddlesdon-Popper type compounds of the
general formula AX(ABX5), with n = 2 and
3 are shown in Figs. 3c and d where 2 and 3
layers of perovskites are displaced, respec-
tively. Insertion of an AX layerinthe n =2
case (Fig. 3c) between the two perovskite
bilayers and a reshuffling of the perovskite
layers could give rise to the hypothetical
compound (AX),(ABX3), with alternating
bilayers of rock-salt and perovskite (Fig.
3e) instead of the monolayers found in the
K,NiF, structure. We shall discuss later
why such compounds are not readily
formed.

2.1. Stability of the K-NiF, structure in
oxides. Just as for perovskite oxides, a tol-
erance factor 1 may be defined for A,BO,
oxides as

. r(A-0)
V2r(B-0)
Here, r(A-0O) and H(B-0) are distances ob-

tained from ionic radii. Poix (3) has defined
the tolerance factor for oxides as

t=palV2 By (2)

(1)

F1G. 3. Projection drawings of (a) ABO; perovskites
and (b) A,BO, oxides with K,NiF, structure. Projec-
tion drawings of # = 2 and n = 3 members of the series
AO(ABQ,), are shown in (c¢) and (d). Projection draw-
ing of hypothetical (AO),(ABO:), is shown in (e). After
Tilley, Ref. (45).

where 4 and fg are invariant values (3, 4)
associated with B—O and A-O distances in
six- and ninefold coordinations, respec-
tively. The tetragonal K,NiF, structure is
assumed to be stable (3) within the limits
1.02 > t > 0.85. This criterion is conceptu-
ally more appealing than Ganguli’s criterion
(5) according to which the tetragonal struc-
ture is stable when r5/rg is between the lim-
its 2.4 and 1.7 when one employs the ionic
radii of Shannon (/6). Such a criterion in
terms of A-O and B-O distances is indeed
equivalent to Poix’s criterion. In this ar-
ticle, we shall adopt Poix’s criterion while
examining the stability of the tetragonal
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structure. We have calculated ¢ and 4 for
various oxides by using the following rela-
tionship proposed by Poix (3):

Bs + V2, = 0.996V"3 (3)

where V is the volume of the unit cell and
B is available in the literature (4). In Table
I, we have listed the values of ¢ thus ob-
tained for several compounds. We note that
t values of La;NiO4, La,CuO,, and La,
Co0Q, are close to the lower limit. The
orthorhombic structure (6-8) of La,CoOy
and La,CuQ, and the tetragronal structure
(6) of La,NiQ4 would seem to be consistent
with By; being less than B¢, or B¢,. The
monoclinic distortion in Nd,NiO, and

TABLE 1

LATTICE PARAMETERS, .3+ AND ¢t VALUES FOR
soME OXIDES WiTH K,NiF, STRUCTURE

a ¢
(A) (A) cla

Compounds Yy - t
LaSrAlO 3.761 12.649  3.363  2.586 0.978
LaSrvO, 3.87 12.65 32700 2.563 0914
LaSrCrO, 3.85 12.50 3.25 2.549  0.928
LaSrMnO, 3.804 13.10 3.44 2.537 0.901
LaSrFeO, 3.88 12,76 3.29 2,602 0.922
LaSrCoO, 3.806 12.503  3.285 2.626 0.989
LaSrNiO, 3.80 12.51 3.292  2.521  0.935
La,CoOs 3.896¢ 12,66 3.249  2.561 0.852
La,NiQy 3.855 12,652  3.282 2.558 0.867
La,CuO, 3.807¢ 13.17 3.459 253 0.834
LasLigsCoosOqf  3.784 12.624  3.336  2.519 0.861
La;LipsNips04¢  3.756 12.87 3426 254 0877
PrSrAlO, 3.732 12.54 3.36 2,523 0.966
PrSrCrO, 3.836 12.377  3.226 2.485 0.909
PrSrFeO, 3.838 12.597 3.282 2.511 0.906
Pr:NiOy 3.845¢  12.44 3.235  2.53 0.857
NdSrAlO, 3.726 12.49 3352 2.504  0.963
NdSrCrO4 3.834 12.36 3.223  2.501 0919
NdSrMnO, 3.768 12.98 3.445 2461 0.888
NdSrFeO, 3.846 12.594 3.274 2.521 0.908
NdSrNiO,4 3.786 12.26 3,238 2.448 0.922
Nd;NiOQ, 3.810 12.31 3.231 2491 0.844
GdSrAlO4 3.701 12,362  3.340 2.442 0.952
GdSrCrO, 3.823 12.263  3.207 2.442  0.902
GdSrMnO, 3.754 12.87 3.428 2418 0.88]
GdSrFeO, 3.853 12.554 3.258 2.523 0.908
GdSrNiO, 3.768 12.23 3.245  2.416 0.916
Gd,CuO, 3.89 11.85 3.046 2452 0.806

« Based on the present study.

b Lattice parameter data from Ref. (54).

< Pseudo-tetragonal lattice parameters.

4 Lattice parameter data from Ref. (25). Rest of the lattice
parameter data from Ref. (35, 36).
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Pr;NiO, (9) can be attributed to the low tol-
erance factor in these two oxides.

In compounds where ¢ is close to the
lower limit of stability of the tetragonal
K;NiF, structure, it is possible to increase ¢
by several possible mechanisms. In com-
pounds of the type La,BO,, 85 can be re-
duced by the incorporation of a small pro-
portion of B3" ions. Thus, La,NiO,
possessing the tetragonal structure almost
always contains a finite proportion of Ni3*
ions. Low Bp can also arise if the B ions are
in the low-spin state instead of in the high-
spin state. In Sm,CoQy, there is crystal
structure evidence (8) for two different en-
vironments for the Co’" ions.

Investigations on polycrystalline as well
as single crystal samples (6, 10, 11) of La;
NiO, have established the structure of this
oxide to be tetragonal. Indeed, it was the
first oxide to be shown to have the K,NiF,
structure. Recently (/2), supercells corre-
sponding to V2 a unit cells (with crystals
grown from a skull melter) have been ob-
served in the electron diffraction patterns.
Subsequently, it has been found that elec-
tron diffraction patterns of La,NiOy4 pre-
pared by the ceramic method also show
such superlattice reflections. These reflec-
tions are similar to those in the neutron dif-
fraction pattern of three-dimensional, anti-
ferromagnetically ordered K,;NiF,. Such
superlattice reflections are also observed in
La,CuO,. Compounds such as LasLLiBOg
which have similar tolerance factors show
superlattice reflections similar to those ob-
served in La,NiQ,. In Fig. 4a we show
electron diffraction patterns corresponding
to the tetragonal [111] zone axis of LasLi
Co0Og and to the tetragonal [110] zone axis
of La,NiO, (Fig. 4b) as well as of LayLi
CoOg (Fig. 4c). Such superlattice reflec-
tions have not been seen in the case of
other LaSrBO; compounds including
La,Sr;NiTiOg; these oxides have higher tol-
erance factors. The superlattice reflections
may be associated with two different envi-
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F1G. 4. Electron diffraction patterns corresponding to (a) the [111] zone axis of La,LiCoOy. (b) [110]
zone axis of La,NiOy, and (c) [110] zone axis of La,LiCoOs;.

ronments of the B ions arising from the de-
viation of the B—O;—B angle from 180° or
from changes in the B-O distance. The
former can happen if r = 0.85 and the BO
octahedra get rotated about the ¢ axis (Fig.
Sa) or if the octahedra are tilted in the (100)
or the (110) directions (Figs. 5b and c). The
latter is likely to happen in compounds such
as LasLLiBOg where the nature of Li—O and
B-0 bonds is quite different. The distor-
tions (and hence the superlattice reflec-
tions) in many of the K-NiF, related com-
pounds may be similar to those depicted in
Fig. 5.

Several structures can result from a rear-

rangement of the oxygen ion positions In
the K,NiF, structure. Three of these arise
from monoclinic distortions with y # 90°.
Of these, there are two structures with ¢ =
b which can be indexed on the basis of a
orthorhombic unit cell; two types of
orthorhombic structures O and O’ have
been distinguished (/3). For the O struc-
ture, the conditions for the allowed reflec-
tionsare h + k=2nk+[=2nandh +1 =
2n while for the O’ structure, the condition
is k + [ =2n.In the O' structure (8, 13, 14)
found in La,CuO,, La;CoO,, and CayY
CrQ,, the BOg octahedra are tilted as in
Fig. Sc. The O structure was established for
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Fi1G. 5. (a) Rotation of BO¢ octahedra along the ¢
axis; (b, b’) Tilting of the octahedra in the (100) direc-
tion by rotation along the b axis, the sense of rotation
for adjacent B ions along the b axis being different in
(b), and the same in (b’); (¢) Tilting of octahedra in the
(110) direction. Larger circles are above the plane of
the paper and broken circles are below the plane. (d)
BOg octahedra with different B~Oy; and possibly B-O;
distances (¢) Movement of A-O,—A linkages (Ref.
(13)) to give rise to O or O’ structures.

Sm,Co0Oy4 which has the Fmm2 symmetry
with two Sm-0; and Co-0Oy distances (8);
the BO octahedra in this oxide may be ar-
ranged as in Fig. 5d. Although the
orthorhombic nature of the unit cell is ap-
parent in Fig. Sc (with the a’ parameter
greater than the b’ parameter), the
orthorhombic nature of the distortion in the
O structure is not apparent from Fig. 5d.
The O structure has been considered (/3) to
be due to a change in the A-O,—A angle
from 180° along the b direction by a shift of
the A—O,—A linkages along the a direction
as shown in Fig. 5¢ (a > b).
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In a study of the evolution of the tetrago-
nal (T) K;NiF;, structure as a function of x
in the series La;_, Y CaCrO, and as a func-
tion of temperature in CaYCrQO,, it has
been found that the sequence O' — O — T
occurs in both cases (/3). Furthermore, as
the O phase approaches the O’ phase, the »
parameter decreases, but the a parameter
remains constant. This is consistent with a
continuous decrease in the A—Op,~A angle.
In the O’ phase, decreasing t or tempera-
ture, has the opposite effect (b remaining
nearly constant and ¢ decreasing rapidly).
This can be understood by assuming that in
the O’ phase, the A-O,,—A angle resists
further reduction and that the decrease in
the tolerance factor imposes a strain on
the A—Oy,—A linkage (15). Since the A-O,~
A angle deviates from 180° in this phase, «
approaches » with decreasing ¢. Accompa-
nying these changes the B—O—B angle also
changes in the O’ phase and the BOy octa-
hedra get tilted as shown in Fig. Sc. It
would thus appear as though the O struc-
ture is superimposed on the O’ structure
shown in Fig. 5¢ so that one may expect
two different B—Qy distances even in the O’
phase (15). This has, however, not been ob-
served in the crystal structures of La;CoOq
or La,CuOy (8, 14).

The truly monoclinic (M) distortion with
a # b # c and y # 90° has not been reported
so far. Pr;NiO, and Nd,NiO4 were reported
to be monoclinic (9), but with a = b, so that
the unit cell can be indexed on the basis of
an orthorhombic cell. On rechecking the
lattice parameters of Pr,NiO, (15), it is
found that the structure is indeed truly
monoclinic with @ # b. We have observed
that La,NiO,,s on heating for long periods
in CO, at 1150°C gives rise to a monoclinic
structure with a # b; in such a sample, &
would be zero or even slightly negative. As
mentioned earlier, small amounts of Ni**
seems to stabilize the tetragonal structure
of La;NiQO;,.

The tetragonal to monoclinic distortion
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could be associated with changes in the tol-
erance factor. The monoclinic structure
would be associated with the tilting of the
BOg octahedra of the type shown in Fig. Sb;
the sense of tilting of the octahedra be-
tween nearest neighbor B ions may be as-
sumed to be the same for a row of octahe-
dra along the b or ¢ axes (Fig. 5b").
Another modification of the tetragonal
K,NiF, structure is the tetragonal T' struc-
ture (Fig. 6) found in the copper oxides
(17, 18) Ln-CuO,4 (Ln = Pr, Nd, Sm, Eu,
Gd). The small ¢/a ratio of the Ln,CuOyq
compounds was initially associated with
compressed CuOg octahedra (7) in the same
manner as compressed CuFg octahedra
were initially postulated in K,CuF, (/9). In
the oxides, the a parameter is ~3.97 A and
in order to obtain compressed octahedra,
the Cu-0; distance should be less than 1.98
A. The suggestion of Longo and Raccah (7)
that CuQO4 octahedra are compressed is
therefore subject to some doubt. The T’
structure is derived form the T structure by
a shift of the oxide ions from the (0, 0, z)
positions in the T structure to (0.5, 0.0,

F1G. 6. The T' structure of Ln,CuO, compounds.
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0.25) position in the T’ structure. As a con-
sequence, the oxide ion changes its coordi-
nation from 6 to 4 in the T’ structure. In
such a structure, the rare earth and Cu ions
have no intervening anion along the ¢ axis.
The structure appears to be specific to Cu?~
ions (/5) as the d* electrons can provide
sufficient screening to minimize repulsion
between the Cu?™ and L»*" ions. The rela-
tionship between K,NiF, related structures
and the T’ structure has been examined by
Singh et al. (20) in the case of the solid
solutions, La, Ln,CuO, (Ln = Pr, Nd). A
first-order transition occurs between the
two structures as a function of x accompa-
nied by a marked increase in the volume of
the unit cell of the 7' phase across the criti-
cal value x.; x. decreases with the decreas-
ing size of the Ln** ion. The T’ structure
may be considered to be composed of alter-
nating layers of (CuQ,)>~ layers with the
Cu?* ions in the square-planar, fourfold co-
ordination and (Ln,0,)** layers with the
fluorite structure containing L#'* ions in
the eightfold coordination. The increase in
volume in the T’ phase is atiributed to the
lower packing efficiency while the collapse
in the ¢/a ratio is attributed to the change
from the rock-salt-like packing of the
(Lny0,)** layers in the K-NiF, structure to
the fluorite type of packing in the T’ struc-
ture.

The driving force for the transition from
the K,NiF, related structure to the T’ struc-
ture in the La,_,Ln ,CuQ4 compounds can
perhaps be understood in terms of the com-
petition between the A and B ions for cova-
lency with the Oy ion in the A-O—-B link-
ages. The higher acidity of the smaller Ln3*
ion could further elongate the Cu-Q; bond
(compared to that in La,CuQ,) and drive
the Cu? ions to a square-planar coordina-
tion.

It is interesting that the relationship be-
tween Ln,NiO4 and Ln,CuOy4 (La = Pr, Nd)
with respect to the unit-cell volume and c¢/a
ratio is similar to that between K;NiF, and
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K,;CuF,. This would suggest an antiferro-
distortive ordering (Fig. 7a) of CuQ¢ octa-
hedra enhancing the a parameter to be the
driving force for the transition to the T’
structure in Ln,CuQO,4 compounds. An anti-
ferrodistortive type of ordering of elon-
gated BOg octahedra of the type found in
K,CuF, (21, 22) would be unstable in
A,BQO, oxides. In the fluorides of K,NiF,
structures (f = 1), a mechanism which en-
hances the a parameter would be favored.
In A;BO, oxides, since t < 1, mechanisms
that reduce the a parameter should be oper-
ative and it is perhaps for this reason that
La,CuO, has a ¢/a ratio suggestive of ferro-
distortive ordering (I8, 22) of elongated
CuOg octahedra (Fig. 7b).

The relationship between the O {or O’),
T, M, and T’ structures may be obtained
from a study of the solid solutions of La,
NiO4 (T) and La,CuO4 (O) and that be-
tween ProNiO4 (M) and Pr,CuOy4 (T'). In
the series LasNi;-,Cu,Qy4, the O structure

FiG. 7. (a) Antiferrodistortive ordering of elongated
CuQ, octahedra (arrows indicate direction of displace-
ment of oxide ions). (b) Ferrodistortive ordering of
elongated CuQy octahedra. (c¢) Ordering of elongated
CuOg octahedra as in the ac or the bc¢ planes of
KCuF;.
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is obtained (20) from the 7 structure for x =
0.9. Since B¢, > Bni. the changes may be
considered to be due to changes in the tol-
erance factor. However, in the Pr;Ni,_,
Cu, O, series (15), the M structure which
is stable in the range 0 < x = 0.1 goes over
to the T structure for 0.25 < x = 0.50. In the
range 0.50 < x < 0.90, a mixture of Tand T’
phases is obtained. For 0.9 = x = 1.0, the
T’ structure is obtained. The M — T transi-
tion in PrNi;_,Cu,Q, is in the opposite di-
rection to that expected from tolerance fac-
tor effects. Both the O and O’ structures
are found (/3) in oxides of the formula
La;_.Y,CaCrO, which have high tolerance
factors. The fact that such a distortion has
not been observed (23) in CaYAlO, proba-
bly implies that distortions in La,_,Y,Ca
CrO, are associated with the high energy
required to distort the CrOg4 octahedra so
that the Ca-0,. and Y-Oy. distances are
constrained to be different. This is in effect
reduces the tolerance factor just as Jahn-
Teller effects associated with Cu®* ions
could enhance it. The immiscibility range in
the Pr,Ni,_,Cu,0;, solid solutions is consis-
tent with the requirement that two d.2 elec-
trons are necessary to be stabilize the T’
structure.

2.2. Ratios c¢/a and the nature of A-O
and B-O bonds in A,BO, oxides. When the
tolerance factor 1 = 1, there is a perfect
match of the B-O-B and A-O-A distances,
in both perovskites and A,BO, oxides.
When ¢ < 1, the situation in A,BO, oxides is
different from that in perovskites. In the
latter, there is buckling of the three-dimen-
sional corner-shared octahedrai network
tending to make the B—-O-B angle less than
180° so that the effective B—O-B distance is
reduced. In A,B0, oxides, however, the in-
tervening rock-salt layer imparts a rigidity
to the two-dimensional octahedral network
and prevents the buckling of the octahedra.
Instead, there is a pressure effect on the B~
Op-B bond tending to reduce the distance
while the A-O-A distance is stretched in



LAYERED METAL OXIDES WITH K,NiF, STRUCTURES

order that the two distances match in the
tetragonal K,NiF, structure. In most oxides
including Sr>TiOy, t < 1 and hence the B-
O,—-B distance would be expected to be
smaller than that computed from the ionic
radii. As a consequence, we would expect
the B-O; bond to be lengthened and the A~
O, bond to be shortened. Accordingly, fluo-
ride ions in Sr.FeO3F substitutes for the Oy
ions in keeping with the weaker B-O, bond
strength (24).

Evidence for covalent Ln-0O, bonding in
LnSrBO; and Ln.BO, compounds may also
be obtained indirectly by the application of
the method of invariants. Poix (3) has ap-
plied successfully the method of invariants
(Eq. (3)) to oxides of the formula Sr,BO,

and to other oxides where the B ions are in
the 4+ state. We have evaluated the value
of ys;, for a series of compounds of the type
Ln>BO, and LnSrBO, (Table 1) and find that
i, 1s not really an invariant. The reason for
this may lie in the covalency of the Ln~0O,
bonds and the possible competition be-
tween Ln—0,; and B-0O; bonds.

Elongation of the BOg octahedra in
A->BO; type oxides can lead to the stabiliza-
tion of unusual electronic configurations of
the B ions. Thus, intermediate-spin Co*~
ions (tia’izd,“z,r\.z) are found to exist at low
temperatures in LagliCoOy and LaSrCoO,
(25-27). At high temperatures, they are
transformed to the high-spin configuration
(13,¢3). High-spin Fe*~ ions are found in
La;SrLiFeOx (28). In LayLiNiOg, ESR and
magnetic susceptibility studies (29) have
shown that the Ni*~ ions are in the low-spin
(15,d'2d%_2) configuration. In Sr,FeOsF.
the Fe'” ions are in the low-spin configura-
tion due to the apical positioning of the fluo-
rines (24); SryFeTaOy also seems to show
Fe*' ions in the low-spin configuration (/6).

Elongated BOg octahedra, short B-Oy -8B
bonds as well as short A-O,. bonds (A-O,
bonds along the ¢ axis), are commonly
found in many of the A>BQ, oxides. Thus,
in LaSrFeOy and LaSrCrO,, the values of
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the a parameter (3.86 and 3.84 A, respec-
tively) are considerably smaller than the
pseudo-cubic unit cell parameters gf La
FeO; and LaCrO; (3.931 and 3.883 A, re-
spectively); similarly, the a parameter of
Sr,TiO, (3.88 A) is smaller than that of Sr
TiO; (3.90 A). In general, pressure on the
B-Oy—B distance increases as ¢ decreases
from unity or as the size of the B ion in-
creases (or the formal charge decreases).
Accordingly, the B-0y distance in La-NiO,
is 1.93 A (6) compared to the value of 2.09
A in NiO (30). The A-O,. distance would
be expected to decrease as the charge of the
A ion Increases. In La)NiOy, the La-0Oy
distance (2, /1) is around 2.36 A compared
to the value of 2.616 A computed from ionic
radii (/6).

Pressure effect on the B~O;—-B bond can
be viewed in another manner. Along the ¢
axis, there are A—O-B-O—-A - - - A-O—-B-
0O-A linkages. There would be strong elec-
trostatic repulsion between A --- A ions
with no intervening anions between them.
The Oy; ions in the basal plane could come
closer and screen the charge of the 4 ion
and thereby reduce the « parameter. Elec-
trostatic repulsion between the A ions
could push the A ions closer toward the Oy
ions. Strong A-O; bonding would reduce
the effective charge on the A ion and hence
the A --- A electrostatic repulsion. If we
consider the ionic potential of A ions. we
would expect the smaller ions to increase
the A - - - A electrostatic repulsion. Further-
more, because of the competition between
A and B ions for bonding with Oy ions, the
A=0Oy,. bond will get shorter (and the B-0O,
bond longer or BOy, octahedra elongated) as
the charge on the A ion increases. Accord-
ingly La—0O,, bond distances in LaSrAlO,
and La-NiOg4 are 2.53 and 2.40 A. respec-
tively (6, /5). A compression of the BO,
octahedra may therefore be taken to indi-
cate a weakening of the A-O,. interaction.

It is interesting to examine the varnation
of the lattice parameters and the ¢/« ratios
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in LnSrBO, (Ln = rare earth) type com-
pounds with the size of the rare earth ion.
In general, the a parameter shows a linear
dependence on the size of the rare earth
ion. In Fig. 8, we have shown the variation
of the ¢/a ratios in a series of compounds of
the formula LaSrBO, (B = Al, Cr, Fe, Ni)
with the size of the rare earth ion. In
LnSrAlO4 (15, 31), there is alinear variation
of the a parameter with the size of the Ln
ion and a small change in the ¢/a ratio be-
tween Pr and Nd (Fig. 8a). Refinement of
the positional parameters has shown (/5)
that the Al-O; distance in LaSrAlO, (2.01
A) is larger than that in GdSrAlQ, (1.95 A);
the Al-O distance computed from ionic ra-
dii (16, 32)is 1.935 A. A compression of the
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FiG. 8. Variation of the c/a ratio in LnSrBO, as
function of the radius of the Ln ion.
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AlOg octahedra implies that the Gd-O,.
interaction is weaker than the La—O;, inter-
action. The average AI-O distance in
LaSrAlO, is 1.92 A while that in GdSrAlO,
is 1.885 A. The average (Ln,Sr)-0y. dis-
tance is 2.53 A in LaSrAlO, and 2.48 A in
GdSrAlO,4 compared to the computed val-
ues of 2.66 and 2.61 A for the (La,Sr)-0O
and (Gd,Sr)-0 distances and 2.62 and 2.51
A for the La—0 and Gd-O distances. While
the Gd-0,. distance in GdSrAIQ, is close to
that predicted by ionic radii, the La-0,,
distance in LaSrAlO, is considerably
smaller. This would again imply that La-—
O, interaction is stronger than the Gd-0O,,
interaction.

In LnSrNiO, (33), the a parameter de-
creases linearly with the size of the Ln ion,
but there is an abrupt change in the ¢ pa-
rameter and in the ¢/a ratio (Fig. 8c). Since
the size of low-spin Ni*" is comparable to
that of AlI**, the markedly different behav-
ior of LaSrNiO; compounds cannot be due
to ionic size effects; electronic factors seem
to be important. A similar behavior is ob-
served in LnSrFeQ4 and LaSrCrO, (34) as
can be seen from Fig. 8.

When the A ion is kept constant and the
B ion is varied, systematics in lattice pa-
rameters are not obvious. In Fig. 9, the lat-
tice parameters and c/a ratios (35, 36) of
some Sr.BO; compounds are plotted
against the ionic radius of the B ion. The a
parameter varies linearly with the radius of
the B ion provided that it has partially filled
d orbitals. Thus, ions such as Sn**, Hf 4,
and Zr** do not fall on this straight line.
Poix (3) has, however, found a linear rela-
tionship using the Bp parameters. What is
important is that there is no linear relation-
ship between the ¢ parameters or the c¢/a
ratios and the size of the B ion in these
compounds. Furthermore, compounds con-
taining B ions with partially filled d orbitals
exhibit larger c¢/a ratios than those with
filled or empty d orbitals. When the B ions
have partially filled d orbitals, the ¢/a ratio
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represent partly filled d orbitals.

seems to increase with the decreasing size
of the B ion (of the same period). In the
case of LaSrBO,4 compounds (35, 36) even
the a parameter does not show systematic
changes with the radius of the B ion. In
Sr,BO4 compounds, the high charge of the
B** ion compared to that of Sr>" ensures
that the BO¢ octahedra are regular since the
B-0; bonds would be much stronger than
the Sr—0O. bonds. In LaSrBO, compounds,
however, competition between La and B
ions for covalent bonding with the oxygen
ions could complicate the situation. When
the B ion is a 3d transition metal ion such as
Mn?" or low-spin Ni**, further complica-
tions enter because of the possibility of
static Jahn—-Teller distortions.

In Fig. 10, we have plotted the ¢/a ratios
in some LaSrBO, compounds where the B
ion (Fe, Cr, V) is neither a Jahn-Teller ion
nor expected to occur in the low-spin state,

¢ parameter: triangles. ¢/a ratio: closed symbols

against the octahedral crystal field stabiliza-
tion energy (37) and the optical electroneg-
ativity of the B ion in B,O; compounds (38).
The linear relationships found here indicate
that B ions which do not form strong cova-
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F1G. 10. Variation of the ¢/a ratio of LaSrBO, (B =
Cr, V, Fe) with the octahedral crystal field stabiliza-
tion energy, ACy, and the optical electronegativity of
the B ions in B,0O; compounds.
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lent bonds (or which favor an octahedral
environment) also favor a low c¢/a ratio.
Thus, we may conclude that when ¢ < 1,
increasing covalency of the B—Oy bond fa-
vors an elongation of the BO¢ octahedra.
This elongation is a consequence of the
pressure on the B—Oy; bond in the ab plane.
In Sr,BO4 compounds, ¢ = 1| and the pres-
sure on the B—Oy bond is considerably re-
duced. Nevertheless, the above consider-
ations account for the high ¢/a ratios in
Sr,BO, compounds containing B ions with
partially filled d orbitals. Elongation of the
BO¢ octahedra associated with B ions
which are Jahn-Teller ions, may favor a
cooperative, ferrodistortive ordering of oc-
tahedra elongated parallel to the ¢ axis. The
unusually high ¢/a ratios (=3.40) in La,
CuO4 and LaSrMnQOy (7, 39) could be in-
dicative of such ordering.

Another feature of A;BO, oxides with the
K,NiF, structure is that the average B-O
distance is less than that computed from
ionic radii especially when ¢ is considerably
less than unity. Thus, in La;NiO4 and La,
CuO., the average Ni-O and Cu-O dis-
tances are 2.03 and 2.07 A, respectively (6,
7), while the values from ionic radii are 2.09
and 2.13 A, respectively (16, 32). When the
average B-O distance is very small, the
question arises as to whether a dispropor-
tion of B ions can occur. Thus, Cu>" can
disproportionate to Cu'* and Cu**. The av-
erage (Cu'", Cu*")-O distance is coinci-
dentally 2.07 A, which is the average Cu-O
distance in La,CuQO4 (7). Significantly
again, the lattice parameters of La,CuQOy
are close to that of LagLi Cu’* Oy (40) and
the radius of the Li* ion (0.76 A) is only
slightly smaller than that of Cu’* ion (0.77
A). Although we do not propose that there
is actually a static disproportionation of
Cu?* ions in La,CuQy, the above arguments
suggest the possible presence of charge-
density waves. Transition metal ions with
incompletely filled d orbitals have a mecha-
nism to adjust their ionic radii toward a
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more favorable value of ¢ by disproportion-
ation or by forming charge-density waves.
For example, disproportionation of Fe**
ions into Fe’* and Fe’* ions is known to
occur in CaFeO; (4/) but not in SrFeO;
with a higher tolerance factor. Studies on
Ca;FeO, and Sr,FeO, would be interesting
to establish whether the disproportionation
is associated with the tolerance factor.

It is clear from the above discussion that
the ¢/a ratio in A,BQ, oxides is determined
by several factors. Besides the covalency
of the B—Oy-B bond and the competition
between A-O, and B-O; linkages, other
factors may also be important. Thus,
LaSrCuO, in which the Cu®* ion is in the
low-spin state has an unusually high ¢/a ra-
tio (40); the preference for square-planar
coordination of low-spin Cu*~ ion is possi-
bly an important factor here. LaNaTiO, and
compounds of the formula LayLiBOg (B =
Co, Cu, Ni) also have unusually high ¢/a
ratios (33, 36). In the former, the Ti-O-Ti
distance is unusually short (3.77 A) com-
pared to 3.88 Ain Sr;TiOy; in line with our
earlier arguments, we expect the TiOg octa-
hedra to be elongated. Since the LiOg octa-
hedra would be elongated because of the
short Li-Oy distances we would expect in-
creased c/a ratios in LayLLiBOg compounds.

2.3. One-dimensional antiferromagnet
model of K>NiFy structure. It is in-
structive to visualize the K,NiF, structure
as having a stacking sequence
RPRPRPRPRPRP . . . where R is a rock-
salt layer and P is a perovskite layer. In so
doing, we ignore the displacement of alter-
nate perovskite layers mentioned earlier.
Such a sequence is formally analogous to a
one-dimensional antiferromagnetic Ising
chain where R and P are treated as pseudo-
spins with anisotropy. Long-range order is
provided by an ordering field which can, in
principle, arise from several mechanisms.

When ¢ is less than unity, compression of
the B—0O;—-B bond (and expansion of the A—
O;-A bond) is necessitated. Long-range
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one-dimensional RPRPRP order would be
favored because of the higher energy asso-
ciated with interactions such as RR or PP.

In compounds with the Ruddlesdon-
Popper structures (42) such as (SrO) (Sr
Ti0;),, compounds with n = 1 have an a
parameter of 3.88 A (compared to 3.906 A
in SrTi0;) while the a parameter of com-
pounds with n = 2 and 3 is 3.90 A, implying
that in these compounds, the perovskite
layer cannot be compressed. Furthermore,
since the Ti—O-Ti distance in these oxides
is larger than the (1/V2) A-O-A distance,
it would require considerable energy to
stretch the Sr-O bond in a bilayer of SrO.
Consequently, compounds of the type
(S1r0O),, (SrTi0s), are not known including
the type m = n = 2 shown in Fig. 3e. The
(AX),, (ABX3), system may be possible,
however, with larger A ions and it would
be interesting to investigate systems such
as LaMBO, (M = monovalent ion) and
Ba,TiO4~Sr-TiO; where Ba,TiO4 has the
K>SOy, structure with Ti in the tetrahedral
site (43). In compounds such as La,BO,,
the (La0O)* layer is positively charged while
the (LaBOs)~ layer is negatively charged.
The stacking sequence in such oxides is
therefore a favorable one for ordering along
the ¢ axis, . . . RT" P R" PP R P R
. In oxygen excess La,BO,.; com-
pounds (e.g., La,NiQO,), if the §B*" ions are
randomly distributed, the LaBO; layers
would be electricaly neutral (P"). We can
then have intergrowths of P~ Pland P~ PO P
type of layers; intergrowths of the composi-
tion La;Ni307 and LZL;Ni]Om have been ob-
served (44) in oxygen-excess La>NiQO,. Til-
ley (45) has carried out an electron
microscopic investigation of the SrO-TiO,
system with special reference to Sr,TiO;.
Besides the intergrowth of Ruddlesdon-
Popper phases such as Sr;Ti,O,; and Sry
T1;,0,y, intergrowth of SrO-rich phases has
been observed by Tilley. In the La,BOy
phases, intergrowth of two (LaO)" layers
adjacent to each other would not be likely
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unless at least one of the LaO layers adjusts
its oxygen and La content in such a manner
as to make the layer neutral. Since this 1s
unlikely, some La,0O; should be precipi-
tated out in oxygen-excess La,BO, com-
pounds. Another possibility is that the ex-
cess oxygen is accommodated by A-site
deficiency. In compounds such as Sr,BO,,
R and P layers are both neutral and inter-
growth of RR and PP sequence would be
possible.

2.4. Superlattice ordering in A;BO,4 com-
pounds. Ordering of B ions in compounds
of the type A,BB’'0, due to charge differ-
ence potential between B and B’ ions in dif-
ferent oxidation states would be analogous
to antiferromagnetic ordering of spins in
K,NiF, due to an exchange potential. Since
a three-dimensionally ordered antiferro-
magnetic structure of K-NiF, is known (/),
it seems reasonable to expect that B and B’
ions may similarly get ordered. However,
not all possible antiferromagnetic interac-
tions can be satisfied in the K>NiF, struc-
ture (46) and this frustration leads to a two-
dimensional order.

In compounds such as La;LiBOg (B =
Co, Ni, or Cu) or SryBB'O; (B = Co, Fe,
Ni, etc.; B’ = Nb, Ta), X-ray diffraction
studies do not reveal any evidence for an
ordered superlattice (47, 48). Demazeau et
al. (25) have found evidence for a V2 in-
crease in the tetragonal a parameter by em-
ploying neutron diffraction and X-ray dif-
fraction (with monochromatized Cu K,
radiation) in La,LiCoQOg. Our electron dif-
fraction studies also reveal such ordering as
mentioned earlier; the electron diffraction
patterns of La,L.iCoOy show streaking par-
allel to the ¢* axis (Fig. 4c¢) similar to the
ridges found in the neutron diffraction pat-
tern of K,;NiF, in the temperature range
where there is only two-dimensional anti-
ferromagnetic ordering (/). We feel that the
streaking in Fig. 4c may indeed be associ-
ated with two-dimensional ordering of Li*
and Co?*” ions.
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Three-dimensional antiferromagnetic or-
dering in K,NiF, is associated with an
orthorhombic distortion. It is interesting
that the distortion which gives rise to M, O,
and O’ structures involves the movement
of O; ions along the ¢ axis (Fig. 4) besides
that of Oy ions in the ab plane. By analogy
with the three-dimensional antiferromag-
netic ordering in K,NiF,, we would expect
three-dimensional ordering of B ions in
A,BO; only in distorted structures or when
t is close to 0.85.

In A,BO, oxides, there are eight A ions
surrounding the B ions as in the perovskite
structure and two A ions linked through Oy
ions with the B ions along the ¢ axis. Ran-

dom occupation of these sites by La and Sr
ions in LaSrBO, (33) could give rise to a
distribution of crystal fields. Of these, the
most important are those involving the O
ions. La~O-B-0-La arrangement would
give rise to the lowest crystal field while
Sr—0-B-0-Sr arrangement would give
rise to the highest crystal field. Evidence
for a distribution of sites is seen in the Fe**
ESR spectra of LaSrAlyes Feq0:04 (Fig.
11). There are two prominent lines at g = 6
and g = 4.25 which may be associated with
Fe3* ions in axial and orthorhombic sym-
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metry (49—51); the g = 6 line is also found
in oxide glasses containing Fe3* (57). There
is also a line at g = 2.1. The deviation from
g = 2 may be attributed to spin-orbit cou-
pling effects in Fe** ions in distorted octa-
hedra. Similarly, LaSrAlO, containing
small amounts of Ni3* ions clearly shows
evidence for the simultaneous existence of
low-spin and high-spin Ni** ions (52). Ran-
dom ordering of B ions in LaSr (B,B")O,
has been used to explain percolation effects
in electrical and magnetic properties of
these compounds (16, 52).

The only AA’'BO4 compound which
shows ordering is LaNaTiO, (53). Ordering
in this compound interestingly involves
(Lay0,)** and (Na,0,)?~ layers (53). There
is considerable pressure on the Ti-Qy-Ti
bonds in LaNaTiO, (a = 3.78 A compared
to 3.88 A for Sr;TiO,), consistent with the
low tolerance factor. As discussed earlier, a
structure containing bilayers of rock-salt
and pcrovskitc (Fig. 3e) such as (Lngs
Na()'jo)'_) (Ln()jNa(,.gTiO}): would also 1m-
pose considerable pressure on the Ti-Oy~
Ti bond. We have observed that X-ray
diffraction line intensities calculated for
such a structure by assuming a random dis-
tribution of Ln and Na ions are comparable
to those reported by Blasse (53).

2.5. Non-stoichiometry. Oxides with the
K,NiF, structure can accommodate consid-
erable non-stoichiometry. This could lead
to a significant variation in lattice parame-
ters as indeed found in oxides such as LaSr
FeO,, Pr;NiQ,, or Nd.NiO4, (9, 10, 15,
54). In the La;NiQOy,5 system, Drennan et
al. (44) have shown that intergrowth of
Ruddlesdon—-Popper type phases such as
La;Ni,O; and LayNiyO,¢ would account for
anion-excess non-stoichiometry. Lewan-
dowski et al. (55) have found A-site defi-
ciency in lanthanum cobalt oxide; such a
defect structure would be favored by 8B
10ns.

Oxygen-deficient non-stoichiometry is
more difficult to account for. Poeppelmeier
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et al. (56) have observed that Ca,MnO;;
can be obtained topotactically from
Ca,MnQO, by reduction, just as CaMnO- s
can be obtained from CaMnO;. In CaMn
0.5, Mn’* lons are in five-coordinated
square-pyramidal coordination. It is as-
sumed that the same situation may be
present in Ca,MnQ;s. The idealized struc-
ture proposed for Ca,MnO; s is shown in
Fig. 12 with the O} atoms being labile. The
loss of Oy; atoms instead of O; atoms is con-
sistent with 1 < I since the B—-[0-B (O =
vacancy) distance would be smaller than
the B—O—Bdistance, it wouldfavor the K-
NiF, structure. In Sr-CuOs, half the Oy ox-
ygen sites are vacant (/8) and this is possi-
ble with Cu’* because of the presence of ¢
electrons. In this laboratory, a layered
brownmillerite phase of the formula Ca,Fe
O;5a = 14.768, b = 13.724, and ¢ = 12.20
A) has been recently synthesized (57). This
structure seems to have alternate columns
of octahedra and tetrahedra in the ab plane
with oxygen vacancies in both O; and Oy
positions. It is possible that in Ca>MnOs s,
fivefold coordination of Mn is achieved by
the loss of O; oxygens. In any case, it is
important to to note that anion-deficient
non-stoichiometry can be achieved by the
loss of Oy or Oy oxygens.
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F1G. 12. Proposed ordering scheme in the ab plane
of fivefold coordinated Mn*~ ions in Ca,MnO; 5. Oxide
ions above the plane of the paper and Ca ions are not
shown (from Ref. (56)).
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3. Infrared Spectra

Infrared spectra of A,BO, type oxides
provide useful, diagnostic information on
the nature of the BO, polyhedra. Thus, the
spectra clearly distinguish Ln,CuQ,; com-
pounds of orthorhombic structure contain-
ing distorted CuQq octahedra from those of
tetragonal structure containing square-pla-
nar CuQy polyhedra. We see from Fig. 13
that the Cu-O asymmetric stretching vibra-
tion band is split into a doublet (~690 and
520 cm ') in La,CuOy (suggesting Dy, sym-
metry of the isolated octahedron), while it
appears as a single band in other Ln,CuQ,
compounds with square-planar coordina-
tion. The spectrum of La,NiO, possessing
distorted NiQOg octahedra is similar to that
of La,CuQy4. In the spectra of La. Pr,
CuO;, Cu-O asymmetric stretching is a
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doublet when x < 0.75 and a single band
when x = 0.75 and Cu coordination is
square-planar. In LaSrBO, (B = Al or Fe),
there seem to be three bands in the B-O
stretching region suggesting a low symme-
try of the BO4 octahedra. The B-O stretch-
ing mode in LaSrBO; shifts to higher fre-
quencies compared to that in the
corresponding La,BO;. It is interesting that
the B-O stretching frequency in AA'BQ,
oxides is higher compared to that in the
corresponding ABQO; perovskites. In
GdSrAlQq, for instance, the Al-Oy; stretch-
ing frequency increases by as much as 75
cm~! compared to that in GdAIO; and by
about 50 cm~! compared to that in
LaSrAlQ,. The Al-O stretching frequen-
cies in LaAlO; and GdAIO; are similar,
consistent with our earlier observation that
in ABQO; perovskites, lowering of ¢ leads to
a buckling of the octahedra, the B-0O dis-
tance remaining roughly the same. In
A-,BO, oxides, the layered structure does
not allow buckling and there is greater pres-
sure on the B—O;—B bond with decreasing
1.

4. Magnetic Properties

4.1. Spin-state equilibria of transition
metal ions. Transitions between low-spin
and high-spin states of transition metal ions
have been found in perovskite oxides (58,
59) such as LaCoOs. There is evidence for
such transitions between spin states in ox-
ides of K,;NiF, structure as well. The earli-
est evidence for such a transition was ob-
tained with LasLiCoOg by Blasse (60).
Because of the elongated nature of the BOs
octahedra in this oxide, the degeneracy of
the e, orbital is expected to be lifted, shift-
ing the d,2_,> orbital to higher energies.
This orbital can remain unoccupied under
certain conditions and this indeed appears
to be the case with Co’" ions in La,Li
Co0Osg. In Fig. 14, we have shown the in-
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verse susceptibility—temperature curve of
La,LiCoOg and this is best interpreted in
terms of a low-spin to intermediate-spin
state transition. The intermediate-spin state
with the configuration £3,d2d%_,> seems to
be stabilized (at intermediate temperatures)
in compounds such as La,LiCoOyg (25) and
also perhaps in Sr;CoNbOg and Sr,CoTaOq
(52). In the last two compounds, there is
some evidence of ordering of the two spin
state (just as in LaCo0Qs), the inverse sus-
ceptibility—temperature curve showing a
plateau.

An interesting example of spin-state
equilibrium between low- and high-spin
Ni** jons has been reported in LaBaNiQy
on the basis of ESR evidence (6/). The av-
erage Ni—O distance of 2.03 A in this com-
pound is consistent with the Ni—O distance
expected from the ionic radius of high-spin
Ni**. Magnetic susceptibility studies (52)
on LaSr;_,Ba,NiO,, however, reveal that
the susceptibility can be entirely described
on the basis of an equation of the form x =
[CAT + 6)] + a where a is of the order of 6
x 10 4 emu and C is of the order of 0.01-
0.1 emu/K: C increases with increasing x
while 6 (in the range 10-20 K) decreases
with increasing x. Magnetic susceptibility
measurements show no evidence for an ac-
tivated behavior. It would therefore seem
that most of the e, electrons of the Ni** ions
are in extended states (as in LaSrNiQy,
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with x = 0, where the d,2_,2 electrons from
a op2_,2 band) with only a few of the elec-
trons being localized. Localized electrons
in LaBaNiO, may be associated with Ni
sites with high crystal field, introduction of
Ba2* in LaSrNiQ, increasing the number of
localized Ni** states along with the unit-cell
volume. It is possible that the ESR evi-
dence of Demazeau et al. (61) is associated
with such localized states.

An unusual configuration change of low-
spin Ni'" has been observed (52) in the
solid solution LaSrAl,_,Ni1,O;. For small
values of x, the Ni** ions are predominantly
in the low-spin state showing an ESR signal
similar to that observed in La,LiNiOy (29)
in which the Ni** ions have the configura-
tion 18,d2d>_,>. For x = 0.75, the ESR sig-
nal disappears and the magnetic suscepti-
bility decreases sharply. The change in
magnetic properties is accompanied by a
significant decrease in the c¢/a ratio. This
points to a change to the configuration 18,
d%d!> 2 with the d,2-,2 electrons forming
o2 band-like states. It is significant that
the magnitude as well as the temperature
dependence of the susceptibility of the x =
0.75 sample (52) is close to that of pure
LaBaNiO,. It seems therefore extremely
unlikely that the bulk of the Ni** ions in the
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latter compound are involved in a low-spin
to high-spin transition.

4.2. Antiferromagnetic ordering. When
the A 1on is nonmagnetic and the B ion is
magnetic, A.BO, oxides may be expected
to behave as the fluorides with strong intra-
layer coupling and weak interlayer cou-
pling. The earlier study (62) of such an ox-
ide was on Ca,MnO,. In this oxide, Mn**
ions are coupled antiferromagnetically with
the spins parallel to the ¢ axis. The mag-
netic structure determined by neutron dif-
fraction (62) is shown in Fig. 15, Inter-
planar magnetic ordering leads to a
doubling of the unit-cell parameter. Poeppel-
meier ef al. (56) have recently reported that
the ¢ parameter of Ca,MnQ, is actually
twice that of the value reported earlier.
Considerable work has been carried out at
Bordeaux on magnetic ordering in insulat-
ing A>BO, oxides in which the spins couple
antiferromagnetically. In Fig. 15, we show
the magnetic structure of 3-Sr-MnO, (63)
and LaCaFeQ,. In the latter, the magnetic
moments are aligned along the «a axis.

Le Flem er ai. (64) have pointed out that
B-Sr:MnO, (63), LaSrCrO, (65), and La-
rich La;_, Y ,CaCrO,, show strong two-di-
mensional behavior as indicated by the crit-
ical exponents in the vicinity of the ordering

{€)
CaLaFeO,.

F1G. 15. Magnetically ordered structure of (a) Ca;MnO,. (b) 8-Sr-MnQ;,. and (¢) LaCaFeQ, (from

Ref. (64)).
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temperatures as well as by neutron scatter-
ing investigations. Compounds such as
Ca,MnO, and CaYCrO, have essentially
three-dimensional magnetic correlations.
These authors also point out that the
change from two-dimensional to three-di-
mensional correlation depends on the ex-
tent of covalency of the A—O bond. Making
use of Goodenough’s arguments in the case
of perovskites (66), these authors suggest
that there is competition between #,—O)—
t,, interaction (involving the ¢#,, orbitals of
the B ions) and o4_g, bonding (involving
the A ions in the perovskite layer with a 90°
A-O-B linkage). The greater the cova-
lency of the A—Oy; bonding, the weaker is
the B—Oy-B interaction and the stronger is
the three-dimensional coupling. Thus, ions
such as Cr** and the isoelectronic Mn**
with only 1, electrons, have their magnetic
interactions strongly determined by the na-
ture of A—O interactions. The smaller the A
cation, the stronger is the A-Oy linkage
(and the three-dimensional correlations)
and the lower is the antiferromagnetic or-
dering temperature. Applying the same ar-
guments to oxides containing Fe3* ions, it is
stated that since the magnetic interactions
are strongly determined by the e, electrons,
the influence of the A ion is considerably
diminished. Accordingly, there is not much
difference in the ordering temperatures of
LaCaFeO, (373 K) and LaSrFeO, (380 K).
However, compounds such as LnSrFeO,
show a marked dependence of the magnetic
ordering temperature on the size of the Ln
ion (67). Although the above arguments
seem plausible, we should note that we
have ignored the A-O;-B linkage which
would be exected to play a role. The col-
lapse in the c¢/a ratio of LnSrBOs com-
pounds with the decreasing size of Ln ion
(Fig. 4) is consistent with a decreased B-0,
distance. Since the B—O,—O;-B interaction
determines the interlayer coupling, we may
expect the three-dimensional character to
increase with decreasing B—0; bond length.
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In LaSrAl,_,Fe, O, solid solutions (/5),
the Néel temperature drops to zero when x
> x. where x. (0.59) is the critical percola-
tion threshold for nearest-neighbor interac-
tions in a square-planar array (68). The
results are similar to those found in the
Rb,Mg, Mn.F, system (69). The surpris-
ing conclusion, therefore, is that even in
oxides, long-range magnetic ordering is
dominated by nearest-neighbor interac-
tions.

4.3. Unusual Behavior of La,NiOy, La,
Cu0,, and La,CoO4. LaNiO, shows a
Curie—-Weiss behavior at high temper-
atures with high 8 (~ —500 K) and w.
(~3.00 upg) values (70). Below 200 K, there
is deviation from the Curie-Weiss law,
but neither neutron diffraction nor mag-
netic susceptibility studies down to the
lowest temperature show any evidence
for long-range antiferromagnetic ordering
(70, 71). It has been found recently
that below 100 K, the magnetic sus-
ceptibility again conforms to a Curie—
Weiss behavior of (Fig. 16) with a . of

1000/T(K)

800 |

°
log p

I i

| 1 1
200 300
Tk}

1
100

FiG. 16. Plots log p vs 1/T and XM] vs T of La.NiQO,
(from Ref. (2) and unpublished results from this la-
boratry).
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1.8 up indicating the presence of one un-
paired electron (/5). The 6 value obtained
from the slope of the x5 vs T plot is consis-
tent with the expression § = CW with a
nearly temperature-independent W and
with a C corresponding to two unpaired
electrons above 200 K and one unpaired
electron below 100 K. Such a behavior is
also observed in the La,Ni;_,Cu,0,4 system
in the range 0.75 = x = 0.0 below 100 K
with a . value corresponding to one un-
paired electron ¢/5) per g. atom of Ni. Be-
low 200 K, there is also an increase in the
activation energy for electrical conduction
(Fig. 16) suggesting that there is spin-pair-
ing of the d,2_,2 electron around 200 K. It is
rather surprising that in La,NiO4, below
200 K, the d,2_,2 electrons are coupled into
nearly dimagnetic spin-paired states while
the d2 electrons are localized and coupled
antiferromagnetically without the onset of
long-range order. Since La,NiO, prepared
by ceramic techniques always has an ex-
cess of oxygen due to the presence of Ni**
ions, it is not clear whether long-range or-
der is frustrated by the presence of such
ions. Singh et al. (15) propose that a dispro-
portionation of the Ni** ions to Ni!'* and
low-spin Ni** (which could result in the for-
mation of charge-density waves) would sta-
bilize the diamagnetic nature of the spin-
paired states involving the d.2_,2 electrons.

La,CuQ, was first reported to show
nearly temperature independent magnetic
susceptibility which was attributed to anti-
ferromagnetism (7). Because of the low
value the electrical resistivity, it was as-
sumed that the oxide exhibited broad-band
Pauli paramagnetism. It was subsequently
shown (72) that there is an enhancement in
the susceptibility at the lowest temperature
with an anomaly around 200 K (Fig. 17).
The anomaly in the susceptibility at low
temperatures can be attributed to paramag-
netic impurities and it has been shown by
Saez-Puche et al. (73) that starting with
high purity oxides, the paramagnetic be-
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Fi16. 17. xi' vs T plot of La,CuQ, at 4000 G (dotted
curve); after subtraction of the contribution from the
ferromagnetic component (line of circles) (from Ref.

(15)).

havior at low temperature is suppressed al-
though there is a tendency toward an in-
crease in the susceptibility below 100 K.
Singh et al. (15) have since found that at
low temperatures, there is a marked in-
crease in the resistivity with p(12 K)/p(300
K) = 102. Careful magnetic susceptibility
studies show that above 200 K, the suscep-
tibility obeys a Curie law with a u.y corre-
sponding to the contribution from about
16% of Cu’" ions. At low temperatures,
point by point calculation of w.g (assuming
a Curie law) shows a linear decrease in the
concentration of paramagnetic Cu?* ions
with decreasing temperature. Such a be-
havior seems to be consistent with the dis-
proportionation of Cu?* to Cu'* and Cu3*
as mentioned earlier (/5) and the formation
of charge-density waves. The two B-Oy dis-
tances in the O (or O') structure of La,
CuO, would be consistent with orbital or-
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dering of the type shown in Fig. 7c and it is
interesting to speculate on the conse-
quences of such ordering.

There are several intriguing features as-
sociated with Cu?* ions in such oxides
which are not readily understood. A com-
parison of the high-temperature susceptibil-
ities of the oxides in the series La,Ni,-Cu,
04 and Lag,hSrg_KNil,xTixO‘t shows that
there is no contribution to the magnetic sus-
ceptibility at high temperatures from Cu?*
ions (/5). It has been observed that Cu?*
ions do not contribute to the susceptibility
of Ln,CuO, compounds (Ln = rare earth) at
low temperatures and this has been taken to
indicate antiferromagnetic ordering (72—
74).

It is extremely difficult to prepare stoi-
chiometric La,;CoO4. Magnetic susceptibil-
ity of La;CoQOy s measured in this labora-
tory (75) shows a broad maximum around
500 K and a sharp maximum around 400 K.
DSC studies show a large number of the
phase transitions in this temperature re-
gion. The results have been interpreted in
terms of two-dimensional magnetic order-
ing with the onset of three-dimensional or-
der at low temperatures. Further work on
stoichiometric samples of La,CoO, is nec-
essary to establish the magnetic behavior of
this oxide.

4.4. Ferromagnetic oxides. One of the
earliest oxides to be studied was LaSr;
Mn,Og; and measurements on this oxide
were reported in the same paper (76) deal-
ing with the low-dimensional magnetic sus-
ceptibility behaviour of K;NiF,. The pecu-
liarity of LaSr:Mn,Oy; is that although the
high-temperature behavior is typical of fer-
romagnets (the susceptibility showing a
Curie-Weiss plot with a high negative
values of 6), there is no spontancous
magnetization at low temperatures. This
has been attributed (77) to the presence
of small superparamagnctic clusters due
to the absence of ordering of Mn'' and
Mn*' jons (since only Mn*’ -O-Mn*'
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interactions are ferromagnetic). How-
ever, the corresponding cobalt analog
LaSryCo0,04 is a true ferromagnet with
a well-defined Curie temperature (75).
In this oxide, Co** ions could have the in-
termediate-spin configuration (3,¢!) while
the Co** ions are in the low-spin configura-
tion (13,). Co**—-0-Co** would then be a
Zener double exchange pair since the trans-
fer of an electron from intermediate-spin
Co*" to low-spin Co** would have the ini-
tial and final state degenerate. Although
this oxide is semiconducting, changes in the
electron transport properties observed at
the Curie temperature (E, decreases below
T.) is consistent with a double exchange
mechanism. Such changes in transport
properties at T, have not been observed in
the  corresponding  three-dimensional
perovskite compound LaSrCo,0¢. The weg
value calculated from the x3/' vs T plot (Fig.
18) above the Curie temperature also sup-
ports the existence of intermediate-spin
Co** and low-spin Co**. At high tempera-
tures (Fig. 18), the x/ vs 7T plot shows a
Curie behavior with the p. corresponding
to high-spin Co®" ions, and low-spin Co*~
ions. This could be associated with a low-
spin to high-spin transition. It should be
mentioned that the nature of the xy' vs T
plot is similar to that predicted by Ander-
son and Hasegawa (78) for double ex-
change systems.

LaSrMnO, has been reported to be ferro-

Lasry a0y

OO pr)

200+ >

L Y: L L L L 1 I L
100 200 300 @0 500 600 700 800 900
T

FIG. 18. x4 vs T plot of LaSr,Co.0y above 300 K.



LAYERED METAL OXIDES WITH K,NiF, STRUCTURES

magnetic (79). The electronic configuration
of Mn** being the same as that of Cr’™, we
would expect ferromagnetism in LaSrMnO,
by analogy with halides of the formula
A-CrX, which are transparent ferromagnets
(80). Ferromagnetic LaSrMnO is reported
to have a tetragonal structure with a small
¢/a ratio while the A,CrX; compounds are
orthorhombic with unequal Cr-X distances
in the basal plane indicative of antiferrodis-
tortive ordering of CrXy octahedra. Re-
cently, stoichiometric LaSrMnO, with a
large ¢/a ratio (value) has been reported
(39); we would expect ferrodistortive or-
dering of the elongated MnOg octahedra in
such an oxide with the ¢, electron in the d.2
orbital. Considerations based on the
Goodenough—Kanamori rules (87) indicate
that the interaction would be ferromagnetic
if the transfer of the d'2 electron is to the
empty d%2_,> orbital. Magnetic measure-
ments on stoichiometric LaSrMnO, have
not been reported. The small ¢/a ratio of
the earlier sample of LaSrMnO, suggests
considerable oxygen excess non-stoichiom-
etry and it is indeed known that the c¢/a
ratio of La, ,Sr;-.MnO, decreases with in-
creasing x.

Two oxides that have been recently stud-
ied in this laboratory (/5) which show evi-
dence for ferromagnetic interactions are
La>Sr-MnNiOg and La>Sr-MnCoOg which
are the two-dimensional analogs of the
three-dimensional ferromagnets La,Mn
NiO, and La,MnCoOQOs, respectively (82,
83). La,Sr-MnNiOg shows a large negative
value of the Weiss constant, but is like
LaSr;Mn,Oy in that it does not show spon-
taneous magnetization at low temperatures.
There is no ion ordering in either of these
oxides. The ¢/a ratio of the former com-
pound (3.27) is much less than that of stoi-
chiometric LaSrMnO4 (39), but similar to
that of LaSrNiO, (33). This suggests that
the electronic configurations of the Mn and
Ni ions are t3,d\> > and 1%,d!> 2, respec-
tively, the d2 orbitals being empty in both
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cases. La,Sr-MnCoQyg shows the behavior
of a true ferromagnet with a well-defined
Curie temperature. The c¢/a ratio in this
compound is similar (3.28) to that of LaSr
Co0y, (26, 27), but much less than that of
LaSrMnO, (39). Electronic configurations
of the Mn'* and Co*" ions in this oxide ap-
pear to be 13,d 2. > and 13,d} . respectively.
The presence of a localized d.2 electron is
significant. It is possible that the presence
of a localized d.» electron enhances the
three-dimensional B-O,-O;-B interlayer
coupling. A mechanism that could be of rel-
evance to compounds such as LaSrsMn-Oy
and La,Sr-MnNiOy is one where the mag-
netic moments in the ferromagnetic state
may be aligned perpendicular to the ab
plane. In the absence of intralayer cou-
pling, demagnetization effects acting on
spins aligned perpendicular to a layer
would be considerable.

5. Concluding Remarks

It should be clear from the above discus-
sion that oxides with the K>NiF, structure
offer considerable scope for research. The
anisotropic bonding coupled with strong
covalency effects in these oxides could give
rise to unique properties which have not
been adequately investigated. For example,
we are yet to understand the nature of the
semiconductor—metal transition in La>NiQOy
and other rare earth nickelates. Although
many models have been suggested (84) to
explain the transition in La,NiOy (2), all the
measurements reported hitherto are on
polycrystalline samples. Preliminary stud-
ies (/2) on single crystals of La,NiQy indi-
cate that the transition occurs sharply (550
K) with about an order of magnitude jump
in conductivity along the ab plane. Aniso-
tropic magnetic susceptibility of La;NiOy
needs to be investigated as also the effect of
Ni*" ions on these properties. The structure
of LasNiQ, itself seems to require a revi-
sion in the light of the superlattice spots
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found in the diffraction patterns. Electron
transport properties of single crystals of
La;CuO, and related rare earth compounds
are yet to be investigated. The possible oc-
currence of two-dimensional antiferromag-
netic ordering in La,CoQ;, is worth explor-
ing.

An interesting feature of some of the
A,BO, oxides is that their electrical proper-
ties are considerably different from the cor-
responding perovskites, even though the
magnetic properties are similar. For exam-
ple, LaSr;Co,0s is a semiconducting ferro-
magnet while LaSrCo,0¢ is an itinerant-
electron ferromagnet. The corresponding
manganese compounds also show a similar
behavior. Another system showing such a
behavior is that of vanadium, La;_,Sr,VO,
and La; _,Sr;,,VO,, where the latter is in-
sulating while the former is metallic for 0.3
> x > 0.05.

None of the A,B0, oxides seems to ex-
hibit a true metallic behavior down to the
lowest temperatures. Most of these oxides
show activated conduction and even those
phases that have been considered to be me-
tallic (e.g., La,CuQy) exhibit conductivities
of the order of 10 ohm~' cm™'. This is much
less than the conductivities found in metal-
lic oxides of perovskite structure (e.g., La
NiO; or LaSrCo,04 with o of ~10° ohm™'
cm~!). It is not clear whether the absence of
true metallic conductivity in A,BO, oxides
has something to do with localization in two
dimensions (85, 86).

In systems where the electrical proper-
ties are determined by the concentration of
the component ions, the A,BO, system
shows an unusual concentration depen-
dence of resistivity. For example, delocali-
zation of e, electrons is found in systems
like LaSrAl,_,Ni,O; when x > 0.6. In
perovskite systems such as La,_,Sr,CoO;
and LaFe,_Ni,Os, the oxides become me-
tallic when x = 0.25-0.30. It is interesting
to ponder whether such concentration lim-
its are related to percolation limits in two-
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dimensional and cubic systems.

Some of the well-known ferroelectric ma-
terials are perovskite oxides. No ferroelec-
tric oxide of K,NiF, structure has been re-
ported until now; similarly, other ferroic
properties (87) are yet to be explored.
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