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I. Introduction

During the past 15 years, compounds with the general formula of
LiMO2, where M is a transition 3d metal, have actively been
explored, and the interest in them is not lost up to date. First of all,
this is related to the prospects of considering many LiMO2

complex oxides as promising cathodic materials for chemical
power sources.1 ± 3 These prospects are usually determined by
such properties as a high positive potential, small molecular
mass and structural stability during electrochemical intercalation
and deintercalation

LiMO2 Li17xMO2 + xLi+ + x e7.

Besides this applied aspect, interesting magnetic properties of
LiMO2 complex oxides draw the attention of many theoreticians
and researchers.4 These oxides include antiferromagnetic, ferro-
magnetic, paramagnetic, diamagnetic, weak ferromagnetic mate-
rials, etc. The magnetic properties of LiMO2 oxides are largely
determined by the type of superstructures they form. The whole
spectrum of structures found in LiMO2 is based on the rock-salt
structure, the deviations being determined by the way the cations
are distributed over the positions of this basal structure. This
distribution can either be random or ordered, the latter giving rise
to the formation of a superstructure. In solid solutions of complex
oxides, the type and the degree of ordering can change depending
on the component concentrations. This is why compounds for
which the degree of structural ordering (Z) varies as a function of
synthetic conditions, which entails profound changes in magnetic

structures, are of particular interest. In this review, the studies in
which the magnetic properties of LiMO2 compounds and solid
solutions based on them are correlated with the peculiarities of
their crystal structures are analysed. Most of numerous electro-
chemical studies are beyond the scope of this review, these being
surveyed elsewhere.3 ± 5

II. Structures of LiMO2 oxides

The crystal structures of LiMO2 complex oxides derive from the
NaCl structure and differ from one another only in the way the
cations of alkali and transition metals are distributed over the
planes of the basal cubic lattice. When lithium and transition-
metal ions occupy severally the alternating (111) planes of the
sodium chloride cubic lattice, layered structures characterised by a
high diffusion mobility of alkali-metal atoms are formed. Hence,
in such compounds as, e.g., LiCoO2 and LiNiO2, deep and
reversible electrochemical intercalation of lithium can occur
which attracts the attention of scientists. The quest for a wide
array of new compounds with the layered structures favourable
for electrochemical processes stimulates the development of the
methods for the preparation of metastable LiMO2 modifications.
For this purpose, low-temperature methods which involve pre-
cursor synthesis and ion-exchange processes, chemical and elec-
trochemical intercalation, etc. are used. Usually, these phases lose
their stabilities with an increase in temperature and transform into
stable modifications.

The LiMO2 compounds preferentially form three structural
types. The first structure represents a disordered cubic lattice of
a-LiFeO2 (NaCl), the second structure of the a-NaFeO2 type
represents a trigonal superlattice on the basis of the NaCl
structure and the third compound represents a spinel in which
transition-metal and lithium atoms occupy, correspondingly, the
16a and 16b positions. The effects of the size and the charge of a
transition-metal ion on the formation of a particular lattice type
have been discussed.6 As was shown by calculation, if the ionic
radii of alkali and transition metals are close, the random
distribution of ions over the positions corresponds to the state
with the minimum energy, viz., the cubic lattice of a-LiFeO2.With
an increase in the differences in the ionic sizes, the probability of
formation of the a-NaFeO2-type layered structure also increases,
which is favoured by lower charges of transition-metal ions. The
low stability of spinel phases (e.g., the low-temperature LiCoO2

phase), which exist only in very narrow temperature and pressure
intervals is explained by the fact that their origination is governed
by kinetic factors rather than by thermodynamic ones.
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LiScO2 represents a nonconducting white powder under
ordinary conditions. A review of the structural data one can see
in Ref. 4. LiScO2 was first described in 1959 (Ref. 7). X-Ray
diffraction studies carried out for both single crystals 8 and
powders 9 and MoÈ ssbauer studies of Fe3+ impurity centres in
LiScO2 (see Refs 10, 11) have shown that the perfect ordering of
Sc3+ and Li+ cations in the basal NaCl structure produces a
superlattice with I41/amd symmetry (a=4.18, c=9.30 �A), which
is similar to the superlattice of totally ordered g-LiFeO2 phase.
This structure is characterised by the atoms of transition and
alkali metals regularly occupying the alternate positions along the
tetragonal c axis.

Yet another approach to the description of the LiScO2

structure is known.12 According to experimental results,12 the
oxygen octahedra which enclose lithium ions are shown to be
distorted in a such way as if lithium represented a Jahn ±Teller ion
(four short and two long Li7O distances). The concept of
distorted anatase seems to describe the LiScO2 structure more
precisely than the model of a tetragonally ordered NaCl modifi-
cation.

LiTiO2 has a completely disordered cubic structure of the
NaCl type (a=4.140 �A).13, 14 Extensive information on LiTiO2 is
cited in Ref. 4. Low-temperature chemical lithiation of LiTi2O4

spinel gave rise to a modification of LiTiO2.15 X-Ray diffraction
patterns of this phase virtually did not differ from those of the
parent spinel. Using the neutron diffraction technique, it was
shown 16 that the formation of LiTiO2 (Li2Ti2O4) (a=8.3756 �A)
is accompanied by transposition of lithium from tetrahedral sites
to octahedral ones unoccupied in the parent spinel. Thus, the
titanium and lithium ions in the metastable phase are distributed
over the positions 16c and 16d, respectively, of the Fd3m space
group, and a superstructure of the atacamite type is formed.17

Heating above 920 K results in irreversible transition of the
Li2Ti2O4 spinel into a stable disordered cubic phase of LiTiO2.15

This transition appears to occur in several steps, because DSC
(differential scanning calorimetry) revealed three endothermic
effects (in total, 950 cal mol71 were liberated).18

LiVO2 represents a black powder. It was described for the first
time in 1954 (Ref. 19). This compound is isostructural to the
hexagonal a-NaFeO2. Generally, such a structure is typical of this
class of compounds (Fig. 1). It is formed by the ions of alkali and
transitionmetals ordered in parallel (111) planes of theNaCl cubic
lattice. In the ordered structure, all vanadium ions have six-fold
oxygen coordination, the V7O distances are equal to 1.987 �A. At
450 K, a phase transition occurs in LiVO2,13, 20 ± 22 which is
accompanied by pronounced changes in the unit cell volume and
interatomic distances [a=2.837, c=14.775, V7O=1.98,

V7V=2.84 �A at 300 K; a=2.913, c=14.640, V7O=2.02,
V7V=2.91 �A at 550 K for Li0.7VO2 (see Ref. 23)], although the
main structural motif remains unchanged. A substantial temper-
ature hysteresis was observed. During the transition, the enthalpy
changed by 50 ± 1000 cal mol71 (see Ref. 22). It was assumed 24

that at room temperature vanadium ions are combined in V3

trimers which disintegrate during the phase transition. The
formation of trimers was confirmed experimentally. Thus, the
structure of Li0.8VO2 single crystals prepared by the flux method
(see Ref. 26) was analysed in detail using X-ray diffraction and
EXAFS techniques.25 It was shown that vanadium ions are shifted
by 0.160 �A from the positions they should occupy in the perfect
hexagonal structure. Probably, the symmetry of the low-temper-
ature phase differs from the R3m symmetry as followed from the
presence of very weak additional reflexes in the X-ray patterns of
this phase (a 0= a

���
3
p

, c 0= c).23

It was shown that stoichiometric LiVO2 can be transformed
into Li17xVO2 phases by both chemical and electrochemical
deintercalation.27, 28 Studies on the structure of deintercalated
vanadates showed that the removal of lithium from the layered
structure for x5 0.3 results in redistribution of vanadium ions.
For example, in Li0.22VO2, approximately one third of vanadium
ions occupy the octahedral positions in Li layers, which favours
stabilisation of the cubic structure. With increasing temperature,
the Li17xVO2 phase becomes unstable, and its disproportionation
can proceed by two routes 29

Li17xVO2 (172x) LiVO2 +xLiV2O4 ,

Li17xVO2 (178x) LiVO2 + 8xLi0.875VO2 .

The coexistence of hexagonal and cubic phases was estab-
lished.30

At high pressures, another polymorphous modification of
LiVO2 with a superlattice of the atacamite type was obtained.31

Heating above 700 K resulted in irreversible transition of this
phase into a stable hexagonal form.

LiCrO2 prepared by ceramic technology represents a green
powder with a layered trigonal structure of a-NaFeO2 (a=2.88,
c=14.6 �A). Like LiVO2, the LiCrO2 oxide was first prepared and
described in 1954 (Ref. 19). Single crystals of LiCrO2 were grown
by the flux method.32 In contrast to most LiMO2 compounds,
deintercalation of lithium from LiCrO2 is hindered; however,
under hydrothermal conditions, the ion-exchange reaction is
possible, which results in the formation of an isostructural phase
of HCrO2.33

LiMnO2 in the form of a brown powder (orthorhombic unit
cell) was first synthesised with the aim of studying the LixMn17xO
system.34 The crystal structure of LiMnO2 was studied in more
detail for polycrystalline material 35 and single crystals 36, the
latter being obtained by the hydrothermal method.37 A number
of structural peculiarities of orthorhombic LiMnO2 compared
with other LiMO2 complex oxides 38 are apparently caused by the
Jahn ±Teller effect.

The orthorhombic lattice of LiMnO2 (a=2.805, b=5.757,
c=4.527 �A), Pmmn (see Ref. 36) also represents one of the
versions of the NaCl basal structure ordering (Fig. 2). The
MnO6 octahedra are substantially distorted due to the Jahn ±
Teller effect. Two long distances along the b axis (2.291 �A) and
two pairs of almost identical equatorial distances, viz., 1.920 and
1.937 �A, were observed. In each (001) plane, cations of one type
are arranged in chains along either h100i (orthorhombic) or h110i
(cubic) directions. In alternate (001) planes, the chains retain their
orientation with respect to the upper and lower planes, but are
shifted forming the ABA packing along the c axis. Compared to
the hypothetical cubic lattice with a parameter a 0, the parameters
of the real lattice are as follows: a = (1/2)

���
2
p

a 0, b=
���
2
p

a 0 and
c= a 0.

Considerable anisotropy of the thermal expansion coefficient
was observed 39 at temperatures<300 K. The thermal expansion
coefficient did not exceed 1077 K71 in the directions a and b and
was 3.761076 K71 in the direction c.

O

Ni (V, Cr, Co)

Li

Figure 1. Schematic representation of the formation of layered struc-

tures for LiVO2, LiCrO2, LiCoO2 and LiNiO2 as a result of cationic

ordering in the NaCl-type cubic lattice.
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Studies on the morphological peculiarities of orthorhombic
LiMnO2 synthesised by a conventional ceramic procedure (sinter-
ing of an Mn2O3+LiOH mixture at 1073 K in an inert atmos-
phere) revealed the presence of certain cationic disordering,
namely, the existence of defects of the LiMn and MnLi types.40

The degree of disordering (3%± 12%) was attributed to the preset
excess or deficiency of LiOH. Scanning electron microscopy
showed that the sizes and shapes of grains also depended on the
LiOH content in the reaction mixture. The deficiency of lithium
favoured the formation of fine and size-uniform grains, whereas
excess of lithium resulted in a wide scatter of the grains both in
sizes and shapes. It was the former modification that demon-
strated good characteristics in the electrochemical process.41 The
stacking faults in orthorhombic LiMnO2 with a small
(d& 0.3 mm) grain size were studied in detail.42 It was concluded
that these represent monoclinic interstitial layers between the
orthorhombic blocks. The portion of such defects was 1%± 6%,
which correlated well with the degree of cationic disordering.

The existence of a low-temperature modification of LiMnO2

with a tetragonal structure, which was obtained by chemical
lithiation of LiMn2O4 spinel: a=5.662, c=9.274 �A, I41/amd,
Z=8, was reported.43. 44 Above 500 8C, the tetragonal phase
transformed into the stable orthorhombic phase.

Recently, yet another metastable low-temperature modifica-
tion of LiMnO2 has attracted great interest. This phase was first
synthesised in 1996 (Ref. 45). The phase has a monoclinic lattice
(C2/m, a=5.4387, b=2.8086, c=5.3878 �A, b=116 8). For its
synthesis, the ion-exchange method was applied in which layered
a-NaMnO2 was used as the precursor. The product also exhibited
a layered structure. In addition, it was noted 46, 47 that the ion-
exchange reaction can also proceed in amixture of g-MnOOHand
LiOH .H2O. The lower symmetry of the layered LiMnO2 mod-
ification compared, for instance, with layered LiCoO2 was asso-
ciated with the strong Jahn ±Teller effect for Mn3+ ions (see
Ref. 45). As was shown by the results of X-ray diffraction analysis
and neutron diffraction,45, 48, 49 the Li-layers of the layered
LiMnO2 modification contain 3%±9% of manganese ions. An
electron-diffraction study in a convergent beam 50 have shown
that a typical specimen synthesised by the ion-exchange method
contains, in addition to layered LiMnO2, an admixture of a
tetragonal spinel phase of Li2[Mn2]O4 and traces of orthorhombic
LiMnO2. The following atomic planes and directions were also
shown 50 to be equivalent for the spinel and layered phases:

(200)lay: (222)sp

(020)lay: (4-40)sp

[001]lay: [11-2]sp

A comparative analysis of the stability of orthorhombic and
monoclinic layered structures of LiMnO2 was carried out.51 The
calculations have shown that the antiferromagnetic exchange
coupling of Mn3+ ions plays a substantial role in stabilisation of
the orthorhombic structure; and, therefore, stabilisation of the
layered structure requires that manganese was partly replaced by
elements that weaken this interaction. The elements Al, Co, Cr, V,
Ti, Mo, Mg, Nb, Zn and Pd can serve as the dopants.

In the Li7Mn7O system, yet another monoclinic phase
designated as m-LixMnO2 (x=0.2 ± 0.3) was detected and iden-
tified.52 It can be obtained by durable sintering of intimately
mixed b-MnO2 and LiOH at 420 K. According to the results of
X-ray diffraction analysis, the new phase has a primitive mono-
clinic unit cell (a=9.38, b=5.65, c=4.906 �A, b=102.2 8) and is
stable up to 820 K.

In a thermobaric treatment (P=6.5 GPa, T=100 K) of
orthorhombic LiMnO2, a totally disordered phase with the rock-
salt structure (a=4.1658 �A) was obtained. According to crystal-
lographic data, no structural distortions caused by the Jahn ±
Teller effect were observed.4

LiFeO2 exists in several polymorphous modifications (Fig. 3).
A disordered structure of cubic a-LiFeO2 is identical to that of
NaCl (a=4.158 �A).53 The structure of LiFeO2 represents a rare
example of structures in which two different cations occupy the
same positions.54, 55 The results of electron-microscopic studies
have shown 56, 57 that the a-LiFeO2 cubic structure involves the
elements of the short-range order. For g-LiFeO2, an ordered
tetragonal structure similar to that of LiScO2 is typical
(a=4.057, c=8.759 �A).58 Apparently, the metastable b-LiFeO2

modification is intermediate between a- and g-phases. Discrepant
opinions were advanced on the b-LiFeO2 structure: some authors
(see, e.g., Ref. 53) claim the existence of a body-centred tetragonal
unit cell, while others believe it to be monoclinic.59, 60 The
monoclinic structure of the b-phase was confirmed by electron
microscopy 56 (C 2/c, a=8.571, b=11.59, c=5.147 �A, b=
145.70 8, Z=8). The tetragonal structure exhibits no ordering in
the distribution of cations over the positions. In contrast, the
monoclinic phase is ordered.

Detailed studies 53, 61 have detected the transition of a-LiFeO2

first to b-LiFeO2 at T>570 K and further to the ordered
g-LiFeO2 phase at T>870 K. The latter phase transforms back
into the disordered a-modification with further increase in tem-
perature (>920 K). The transitions proceeded slowly and
depended on the sample's prehistory.

Currently, many efforts are concentrated on the synthesis of
metastable modifications of LiFeO2 with layered structures. For

O

Mn

Li

Figure 2. Crystal structure of LiMnO2.

O

Li, Fe

Li

Fe

c

ba

Figure 3. Structural modifications of LiFeO2; (a) is the cubic a-phase,
(b) is the tetragonal b-phase and (c) is the tetragonal g-phase (1/2 of the

unit cell is shown).
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example, the preparation of LiFeO2, the corrugated layered
structure of which is similar to that of a stable orthorhombic
modification of LiMnO2, was described.62 The synthesis involved
the ion exchange reaction between g-FeOOH and LiOH .H2O.
The reaction was carried out under hydrothermal conditions at
370 ± 520 K. The structure of the phase obtained was noted to
resemble very closely that of the original g-FeOOH.The transition
from g-FeOOH to LiFeO2 presumes a shift of corrugated layers
by 1/2 along the b direction. According to the X-ray diffraction
studies, the lattice parameters of LiFeO2 are a=4.0610(5),
b=2.9621(5) and c=6.0319(11) �A. Yet another orthorhombic
structure of the goethite type with the parameters a=9.677(5),
b=2.934 and c=5.005 �A, Pmna was also synthesised by using
an ion-exchange reaction (carried out in an ethanolic solution, in
contrast to the previous reaction).63 It is interesting that at certain
Li to Fe ratios, a totally disordered cubic modification of
a-LiFeO2 (a=4.161 �A, Fm3m) can be obtained by this method,64

its conventional synthesis requires high temperatures.
The ion-exchange reaction of NaFeO2 in a lithium chloride

melt resulted in LiFeO2 with a layered trigonal structure of
a-NaFeO2, which is typical of this class of compounds.65 The
degree of cationic ordering was found to depend on the ordering
of the precursor phase.

In addition to metastable forms of LiFeO2 discussed above,
yet another low-temperature modification, viz., a phase with a
tunnel structure was documented.66 However, this has not been
described in detail in further publications.

LiCoO2 is usually obtained at 1200 ± 1300 K as a black
powder from cobalt oxide and lithium carbonate. This phase is
referred to as a high-temperature (HT) one. It is thermally stable
up to 1120 K.67 According to results of neutron diffraction
studies,68 HT-LiCoO2 has a perfectly ordered structure of the
a-NaFeO2 type (R3m) with the cell parameters a=2.8166 and
c=14.052 �A.69 The LiCoO2 structure was studied for single
crystals obtained by the flux method.70 The layered structure of
HT-LiCoO2 is very stable and, as was shown by calculations,71 the
order ± disorder transition can occur only at *5100 K. This is
substantially higher than the melting point, which makes such a
transition practically unfeasible. On the other hand, according to
calculations,72 the use of high pressures can stimulate the tran-
sition with the formation of a cubic phase.

Synthesis at temperatures below 700 K produces a low-
temperature (LT) phase with a structure somewhat different
from that ofHT-LiCoO2.73 ± 81 According to the results of neutron
diffraction analysis,75 nearly 6%of lithium sites in LT-LiCoO2 are
occupied by cobalt. The phase formed upon deintercalation of
lithium from LT-LiCoO2 (LixCoO2; 15x5 0.5) can be
described77 either as a spinel modification (Fd3m) in which up to
80% of lithium atoms occupy tetrahedral positions74 or a phase
with the trigonal layered structure (R3m). NMR studies 82 are in
favour of the second version, because the substantial structural
disordering observed by this method corresponds to the second
co-ordination sphere of lithium. Hence, the nearest neighbouring
of lithium remains octahedral so that LT-LiCoO2 may be consid-
ered as a partly disordered trigonal structure based on NaCl. A
different opinion on this problem has been advanced.83 Based on
the combined use of transmission electron microscopy and X-ray
diffraction analysis, it was concluded that the structure of LT-
LiCoO2 may be considered as an intermediate between the
structures of perfect spinel and the layered modification.

A number of studies dealt with the phase transitions that occur
both in HT- 84 ± 86 and LT-LiCoO2

75 ± 77 during electrochemical
deintercalation of these compounds. The stabilities of the phases
obtained were calculated,87, 88 and the phase diagram of LixCoO2

was constructed.
The completely deintercalated layered phase of CoO2

(a=2.822, c=14.29 �A) was first isolated and described in 1997
(Ref. 89). Unexpectedly, it was found that despite the structural
disordering processes that occur during electrochemical deinter-

calation the product exhibited a very high degree of structural
ordering. Several metastable polymorphous modifications were
formed upon electrochemical deintercalation of LixCoO2

90 syn-
thesised from Na0.7CoO2 by ion-exchange.91 Depending on the
depth of the deintercalation process, the mode of CoO6 octahedra
packing changed.

In studies of phase transitions that occur during the chemical
extraction of lithium from LiCoO2 with the formation of
Li0.5CoO2 it was found 92 that a common hexagonal structure is
retained only up to the Li0.92CoO2 composition. For deeper
extraction of lithium, a second, also hexagonal phase appears,
which becomes the only phase present starting from the
Li0.79CoO2 composition. The hexagonal structures differ in the
c/a ratio, which is substantially higher for the second phase.

LiNiO2 with a structure similar to that of a-NaFeO2

(a=2.878, c=14.19 �A) was described for the first time in 1953
(Ref. 93). This oxide is isostructural to LiCoO2 and LiVO2. The
distribution of atoms over the positions is as follows: Ni(3a)
(0, 0, 0); Li(3b) (0, 0, 1/2 ); O(6c) (0, 0, 1/4 ) (0, 0,71/4). The ratio
c/a=4.93 indicates the presence of an almost perfect face-centred
cubic sublattice of oxygen, for which c/a=2

���
6
p

=4.90. An
EXAFS study of the Jahn ±Teller co-operative effect has shown
that two long (2.09 �A) and four short (1.91 �AN7O distances are
present as a result of local distortion in NiO6 octahedra.94 ± 95

The layered LiNiO2 oxide is traditionally considered as an end
member of the series of LixNi17xO solid solutions. The cationic
ordering that takes place with increasing concentration of lithium
in LixNiO2 is well known and was discussed in a number of
publications.96 The disordered phase (x<0.56) is isostructural to
NiO (NaCl type), and the formation of a layered structure
involves the ordering of ions of transition and alkali metals in
alternate (111) planes of the NaCl-type cubic lattice, which is
accompanied by lowering of the symmetry to trigonal. Due to the
close radii of Ni3+ and Li+ ions, the degree of ordering of cations
over the positions in the alternate planes (Z) can vary widely even
for an invariant transition-to-alkali metal ratio. For example, the
synthesis and properties of virtually stoichiometric LiNiO2 with
04Z4 1 were described.97, 98 The structural order Z=0 corre-
sponds to cubic LiNiO2 prepared by quenching of LiNiO2 with
Z=1 from a temperature of 1200 K.97 The quenched phase is
metastable; hence, the ordering process can occur at temperatures
above 600 K.

The temperature of the order? disorder transition (layer-
ed? cubic structure) is 1020 K.99 The transition proceeds slowly
and is not completely reversible.

The difficulties of synthesising the stoichiometric LiNiO2 were
associated with the loss of lithium during sintering.100 ± 102 In this
case, the parameter of cubic or trigonal cell depended linearly on
the value of x in LixNi17xO.96 Different versions of the synthesis,
which allow one to minimise lithium losses, were described.103

It is of note that even upon annealing for a long time at
sufficiently high temperatures (1100 K) LixNi17xO is character-
ised by a heterogeneous bulk composition.104 The procedure of
refining of structural data turned out to be more efficient being
carried out within the framework of a multiphase system rather
than a `single-phase' one.

The cationic distribution in nonstoichiometric Li17xNi1+xO2

solutions was studied by X-ray diffraction analysis.105 It was
confirmed that, with an increase in x, the degrees of occupation of
3a and 3b positions by lithium (nickel) ions approach one another,
which results in their random distribution for x5 0.4.

Two models of cationic distribution in Li17xNi1+xO2 exist.
According to the first model, superstoichiometric nickel occupies
free sites in lithium layers, and the oxide can be described by the
formula [Li17xNix][Ni]O2.106 The second model assumes partial
mixing of cations in both sites; in this case, the oxide has the
following formula: [Li17x7dNix+d][Ni17dLid]O2.105, 106 If the
oxide composition approaches stoichiometric, then the first
model is assumed107 to be more probable.
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It should be noted that the nickel that occupies 3a positions in
the nickel sublattice of Li17xNi1+xO2 corresponds predominantly
to the Ni3+ state, whereas the lithium sublattice (2a positions)
mainly involves bivalent nickel ions.108

It was shown 106 that the concentration-induced order ± dis-
order transition in Li17xNi1+xO2 is well simulated by using the
`lattice gas' concept. The dependences of the ordering parameter
on the lithium content were obtained, and Zmax=0.96 was found
even for the stoichiometric composition. Moreover, it was shown
that even the region of the existence of cubic structures (x5 0.4) is
characterised by the effects of the short-range structural order,
which were studied in detail by synchrotron X-ray emission.109

Based on the results obtained, the sizes of short-range order
domains were assessed.

A small magnitude of the X-ray scattering factor for lithium
makes it impossible to determine the degree of cationic disorder-
ing in Li17xNi1+xO2 near the stoichiometric composition. For
this purpose, other methods, such as ESR 110 or X-ray absorption
spectroscopy 111 were used. Thus it was found111 that two differ-
ent Ni7O distances (2.07 and 1.94 �A) whose ratio varies with x
are present.

Three successive first-order transitions which occur during
electrochemical extraction of lithium 112, 113 (at high potentials,
completely deintercalated `NiO2' phases can also be obtained 114)
cause the following changes in the LiNiO2 structure:
hexagonal?monoclinic? hexagonal 0? hexagonal 00. The rela-
tionships between the unit cell parameters of monoclinic (C2m,
similar to that observed for NaNiO2) and hexagonal phases are as
follows:

am=
���
3
p

ah ,

bm= ah ,

cm=
ch

3sinb
,

b=180ÿ arctg
ch���
3
p

ah
.

It is also important that the monoclinic phase is only formed
upon deintercalation of virtually stoichiometric Li17xNiO2,
whereas intercalation of Li17xNiO2 with x5 0.05 does not affect
the symmetry.115 Stoichiometry of the initial compound also
affects the process of chemical deintercalation: with a decrease in
the lithium content, extraction of lithium and admixed nickel from
lithium layers is supplemented by ion exchange which involves
protons.116

The presence of nickel in the lithium layers plays a significant
role in the stabilisation of the monoclinic phase.117 Using EXAFS
methods, it was shown 118 that the local distortion of NiO6

octahedra in the monoclinic deintercalated phase of LixNiO2

(0.5< x<0.75) is substantially weaker compared with the stoi-
chiometric trigonal phase. This was attributed to the electron
exchange between Ni3+ and Ni4+ sites. Also, the results of
electron-microscopic studies have shown the monoclinic phase
to involve a superstructure formed by partially ordered lithium
ions (vacancies in the lithium layers).119 The deintercalated
LixNiO2 phase is thermally unstable, and the layered hexagonal
structure gives way to the cubic spinel structure at 453 K, which is
accompanied by oxygen loss.120

Efforts were undertaken to obtain the Li1+xNiO2 oxide
superstoichiometric with respect to lithium.121, 122 For instance,
a phase with x5 0.3 having a monoclinic structure was
described.122, 123 The latter was formed by closely packed oxygen
layers (slightly distorted) which separated purely lithium layers
from those filled by 1/3 with lithium ions and by 2/3 with nickel
ions.

III. Magnetic properties of LiMO2 oxides

Structural differences in the series of LiMO2 oxides, where M is a
transition 3dmetal, are not significant: the crystal structures differ
only in the mode in which the cations of alkali and transition
metals are ordered in the planes of the parent cubic lattice.
Nonetheless, these compounds exhibit fairly diverse magnetic
properties.

LiVO2. Magnetic effects which suggest phase transitions in
LiVO2 were first described by Bongers.13 Heating above 450 K
results in a fourfold increase in the magnetic susceptibility
(Fig. 4); at higher temperatures, the latter is practically independ-
ent of the temperature. To explain the magnetic properties of
LiMO2 in the region below the transition temperature, a mecha-
nism of formation of molecular orbitals in the basal plane of the
hexagonal LiVO2 structure was proposed.125 The trigonal V3

clusters thus obtained are nonmagnetic due to Heisenberg anti-
ferromagnetic exchange coupling, and the phase transition is
associated with their decomposition.

Another model proposed 4, 126 does not imply any changes in
the symmetry. This interprets the low-temperature magnetic data
in terms of the existence of a two-dimensional `metal' cluster built
by vanadium ions bound by metal7metal bonds. In the high-
temperature region, d electrons are delocalisated, and LiVO2

becomes a narrow-zone metal. This fact was evidenced by IR
spectra, results on electrical conductivity 4 and the data from
X-ray absorption spectroscopy.127 Phase transitions which, as in
the above model, were attributed to the changes in the critical
M7M distance are typical of many transition-metal simple
oxides: V2O3, VO2, V4O7, Ti3O5, Ti4O7.128 ± 131 The role the
structural changes in LiVO2 play in the first-order phase transition
from nonmagnetic to magnetic phase was discussed in detail.132 It
has been found that due to the changes in the magnetic energy the
high-temperature phase is more stable.

LiCrO2. The studies on the magnetic properties of LiCrO2 as
well as of many other oxides were pioneered by Bongers.13

Magnetic susceptibility data indicated antiferromagnetic ordering
to exist below 300 K and the Curie ±Weiss paramagnetism with
Y=7577 K and mef=3.71 mB to be present above 300 K. These
characteristics were refined later: the NeÂ el temperature (TN) was
found to be 56 K133; the value of mef obtained by ESR techni-
que 134 was 3.8258 mB (the deviation from an intrinsic spin value
by 0.0529 mB was attributed to spin-orbit coupling).

Many studies have been made of the magnetic structure of
LiCrO2.135 ± 137 The structure was assumed 135 to be two-dimen-
sional with an exchange-coupling constant inside the layer of
J=739� 1 K. Based on the results of neutron scattering on
LiCrO2 single crystals, a magnetic structure with a single prop-
agation vector k=[1/3, ±2/3, 3/3] has been proposed.137

200 600 1000 T /K
0

20

40

60

80

1074 w71 /g cm73

Figure 4. Temperature dependence of the reciprocal magnetic suscepti-
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The relative orientation of the spins of neighbouring Cr3+

ions in the magnetic planes of LiCrO2 was explained by the
competition of direct antiferromagnetic interactions and indirect
ferromagnetic double exchange coupling.

In many studies (see, e.g., Refs 138, 139), the structure of
LiCrO2 was considered as a Heisenberg trigonal lattice. Such
compounds attract attention due to the fact that ferromagnetic
compounds can involve different magnetic orders compared with
the classical NeÂ el order. A joint analysis of the data on suscepti-
bility, neutron scattering and magnetisation have led to the
following conclusions:140 first, during the magnetic phase tran-
sition, a 120-degree magnetic structure which involves Cr3+ ions
is formed in each layer; in the process, the magnetic ordering both
in the layers and along the c axis occurs at the same NeÂ el
temperature; second, the magnetic structure is characterised by
two wave vectors k=[1/3, 1/3, 0] and [72/3, 1/3, 1/2].

Figure 5 shows the temperature dependence of the magnetic
susceptibility of LiCrO2.

LiMnO2. The first information on the magnetic properties of
orthorhombic LiMnO2 can be found in Ref. 13, in which the
antiferromagnetic transition at 300 K was deduced. This fact was
confirmed by more detailed studies.39, 141 The magnetic suscepti-
bility variation is characterized by the following features: the
paramagnetic behaviour follows the Curie ±Weiss law at temper-
atures above 600 K (Y=71056 K, mef=4.82 mB perMn3+ ion);
the magnetic susceptibility passes a broadmaximum at 400 K and
its polytherms diverge below 100 K, beingmeasured upon cooling
both in the zero field and in the 100-êapplied field (Fig. 6). Based
on the results on neutron scattering, the magnetic structure
of LiMnO2 was supposed to have a propagation vector k=
[1/2, 1/2, 1/2] and a magnetic moment equal to 3.69 mB per
Mn3+ ion and preferentially oriented along the b axis. The NeÂ el
temperature, which characterises a phase with three-dimensional
magnetic order, is 261.5 K;141 above this value, the effects of
short-range 2D order are observed.

Yet another magnetic effect observed in LiMnO2 at 50 K was
probably the result of weak ferromagnetism.139, 141 Its magnitude
and the temperature of its manifestation depended on the stoi-
chiometry. It was shown 142 that even a small number of structural
defects can radically change the magnetic characteristics of
LiMnO2 in this region. The magnetic susceptibilities of
Li0.99MnO2, Li1.01MnO2 andLiMnO1.99 compositions weremeas-
ured. Presumably, the manganese ions present in lithium sites
which serve as the bridges between the double layers ofmanganese
are the most probable reason for the formation of the three-
dimensional magnetic structure.142 This is why Li0.99MnO2 was
assumed to be more prone to three-dimensional ordering than
LiMnO2. At the same time, the presence of excess lithium in
Li1.01MnO2 should apparently hinder the formation of defects of
the MnLi type and, hence, the formation of the three-demensional
magnetic structure. The results obtained for defective samples
confirmed this assumption: indeed, the appearance of MnLi
defects favoured the formation of the three-dimensional magnetic
structure. An analysis of magnetisation curves have shown the

spontaneous magnetisation to increase in the sequence
Li1.01MnO2, Li0.99MnO2, LiMnO1.99 and to be equal to 0.282,
0.333 and 0.421 G cm3 g71, respectively. The coercive force
increases in the same sequence: 1100, 2651 and 5974 ê. The fact
that the temperature of magnetic ordering is higher for lithium-
deficient and oxygen-deficient compositions compared with stoi-
chiometric LiMnO2 also confirms the hypothesis put forward.

A cubic modification of LiMnO2 obtained at high pressure
exhibits antiferromagnetic properties with TN=40 K,
Y=7200 K and m=4.90 mB.4

LiFeO2. At low temperatures, all three modifications of
LiFeO2 (a, b and g) are antiferromagnetically ordered (Fig. 7);
the NeÂ el temperature is 42 K for a- and b-LiFeO2 and 295 K for
g-LiFeO2. For all three modifications, the temperature depend-
ences of the magnetic susceptibility were shown to deviate in the
paramagnetic region from the Curie ±Weiss law, which was
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associated with the fact that distributions of iron and lithium ions
involve elements of the short-range order. Themagnetic structures
of a- and g-LiFeO2 were found 143 in studies on the MoÈ ssbauer
effect and from the results of neutron scattering. The latter
structure is characterised by tetragonal magnetic symmetry with
strong antiferromagnetic superexchange coupling of Fe3+ ions in
(001) planes and much stronger interplane interaction. Magnetic
moments of ions are directed along the [001] axis. The magnetic
structure of the a-LiFeO2 cubic phase is characterised by ferro-
magnetically ordered spins inside parallel (111) planes, the latter
being antiferromagnetically bound with one another. For this
structure to appear, it is necessary that lithium and iron ions are
substantially separated in alternate (111) planes. Such a trend was
demonstrated by the studies on the MoÈ ssbauer effect.

Magnetic properties of a metastable layered modification of
LiFeO2 prepared by the hydrothermal method were
described.144, 145 The antiferromagnetic ordering was shown to
exist below 20 K.No effects associated with the transition into the
spin-glass state typical of the isostructural LiNiO2 phase were
observed. It was shown that variations in the degree of cationic
ordering affect the NeÂ el temperature.

LiCoO2. Trivalent cobalt in LiCoO2 is in the low-spin state 146

(ta2g)
3 (tb2g)

3 (eg)0, hence, its magnetic moment is equal to zero. This
is why the magnetic susceptibility of LiCoO2 should not depend
on the temperature. However, this statement is only true for
stoichiometric specimens.147 The defects present in LiCoO27x and
the attendant paramagnetic centres which are apparently repre-
sented byCo2+ ions increase themagnetic susceptibility andmake
it temperature-dependent. This was confirmed by the results of
thermogravimetry. The paramagnetic component was also
described for LiCoO2 superstoichiometric with respect to lith-
ium.82

Above 750 K, the polytherms of magnetic susceptibility of
both stoichiometric and defective LiCoO2 were found to ascend
reversibly 13, 147 (Fig. 8). Such an increase with the temperature
indicated the appearance of paramagnetic centres. The following
assumptions on the nature of these centres were drawn.

1. At temperatures above 750 K, thermally activated centres
appear in LiCoO2 as a result of oxygen exchange with the gas
phase. The following process of defect formation is possible,
which results in the formation of paramagnetic centres Co2+

(Co 0Co):

2CoCo+OO (1/2)O2(g) + VO
..
+ 2Co0Co .

The appearance of each oxygen vacancy leads to the forma-
tion of two paramagnetic centres.147

2. The reason for the increase in the magnetic susceptibility is
the transition of Co3+ ions to the high-spin state (ta2g)

3 (tb2g)
1 (eg)2

(m2ef =24 m2B).13

The magnetic susceptibility of chemically delithiated LiCoO2

was studied.92 This was shown to obey the Curie ±Weiss law in the
temperature interval from 83 to 300 K for all compositions
irrespective of the degree of lithium extraction. The values of the
effective moment were as follows:

Oxide LiCoO2 Li0.92CoO2 Li0.76CoO2 Li0.61CoO2

mef /mB 1.157 1.164 1.731 1.733

The effective magnetic moments of the latter two composi-
tions almost coincided. This was associated with changes in the
degree of electron localisation.

LiNiO2. The magnetic properties of layered LiNiO2 depend
on both the stoichiometry and the degree of structural order. The
results of numerous experiments were often conflicting. This also
concerns the manifold interpretations of the data obtained.

Thus it was concluded 96 that magnetic properties of LiNiO2

can adequately be described on an assumption that trivalent nickel
ions are in the low-spin state [(ta2g)

3 (tb2g)
3 (eg)1]. Later, this fact has

found an experimental confirmation 148 and was substantiated
theoretically.149 However, in a number of studies (e.g., in
Ref. 150), trivalent nickel is assumed to be in the high-spin state
[(ta2g)

3 (tb2g)
2 (eg)2], which forms a Kramers doublet with S= 1/2.

A different viewpoint exists: the magnetic properties of
LiNiO2 are determined by the exchange-coupled (Ni2+7O17)
pairs.151 Charge-compensation processes in LiNiO2, which are
responsible for the appearance of holes in the oxygen zone,
resemble those observed in high-temperature superconductors
and were revealed for the first time in the studies of X-ray
absorption spectra for the LixNi17xO system.151 Similar results
were obtained in other studies.152, 153 Calculations 154 confirmed
that an electron hole appears in the 2p oxygen band rather than in
the 3d nickel band. However, the fact that such techniques as
7Li NMR and ESR 155 have not confirmed this observation
deserves mention.

In a number of studies, the magnetic properties of LiNiO2

were considered in relation to the problem of the ground state of a
two-dimensional (2D) triangular lattice antiferromagnet with
S=1/2. Thus within the framework of the model of a quantum
liquid (resonance valence zone), it was assumed for the first
time 156 that the ground state of such systems in the absence of
long-range magnetic order has a low energy compared with the
classical NeÂ el state. This problem was the subject of wide
speculation in the context of the assumption that it is the
resonance valence zone that is responsible for high-temperature
superconduction in copper complex oxides.157 The LiNiO2 oxide
characterised by S=1/2 and a structure based on face-centred
cubic packing of oxygen atoms where nickel and lithium atoms
occupy the interstices and form alternate layers (as a result, the
interlayer distances substantially exceed those between magnetic
atoms inside a layer) can well be described by the aforementioned
model.150, 155, 158, 159

The magnetic properties of a number of LixNi17xO solid
solutions andLiNiO2 as the endmember of this series were studied
in detail.96 The main attention was focused on the magnetic
transition in the temperature range of 200 ± 300 K (this temper-
ature is usually denoted as TN1), which was claimed to be of the
ferromagnetic nature. The dependences of the Curie temperature
andmagnetisation of LixNi17xOon concentration hadmaxima at
x=0.43 (Fig. 9), and the degree of structural order Z [the degree
of cationic ordering in (111) alternate planes of the basal NaCl
lattice] increased monotonically with an increase in the lithium
content and reached amaximum for LiNiO2, which, however, was
below 100%. It is the latter observation that explained the fact
that magnetic measurements carried out later 97, 98, 160 ± 162 for
LiNiO2 samples with a higher degree of structural ordering
revealed no magnetic transition described in Ref. 96. Thus, the
magnetic ordering is an indicator of Z<1. The fact that the
magnetic properties of LiNiO2 can indicate the structural ordering
of a sample stems from the structural peculiarity of perfectly
ordered LiNiO2 [namely, the fact that each plane occupied by
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magnetic ions (Ni3+) is separated from another plane by three
nonmagnetic planes (O7Li7O)] and the partial disordering
caused by the presence of nickel ions in lithium sites (and vice
versa).

A complete cationic disordering (Z=0) is typical of cubic
LiNiO2 the magnetic properties of which have been described.98

The polytherm of its magnetic susceptibility demonstrated an
anomalous feature, which allowed the paramagneticÐantiferro-
magnetic transition at 280 K to be deduced (Fig. 10).

The magnetic transition occurring in this oxide at 210 K was
studied in detail 150, 158, 159. The magnetic structure of LiNiO2 was
simulated on an assumption of a perfect ordering. However, from
the synthetic conditionsmentioned (LiOH+Ni2O3;T=1100 K)
suggest that the degree of ordering in the samples studied did not
exceed Z=0.8. Below the transition temperature, LiNiO2 was
found to exhibit the ferrimagnetic behaviour. However, in con-
trast to classical ferrimagnetic materials, the field dependence of
themagnetisation [M(H)] in LiNiO2 was nonlinear belowTN1, did
not reach saturation and infinitely increasedwith the field strength
according toM!H1/d.

It should be noted that the possibility of assigning the
magnetic transition which occurs in LiNiO2 with Z<1 in the
temperature interval of 150 ± 300 K to the ferrimagnetic type 96

was not confirmed later. In neutron diffraction studies,150, 163

magnetic reflexes were not observed below the transition point
even on long-term exposures. The ordering at 240 Kwas found 161

to be of a ferromagnetic nature. The same conclusion was made in
Ref. 98.

In addition to the magnetic transition observed in the region
of 150 ± 300 K, the temperature and even the possibility of which
depend on the degree of the structural order of LiNiO2, other
anomalous magnetic features were observed at lower temper-
atures. A broad spectrum of mechanisms were invoked for their

explanation. For example, virtually stoichiometric and perfectly
ordered LiNiO2 with Ni7Ni interactions of the 2D type was
shown 160, 162, 164 to behave as a typical spin glass. The temperature
dependence of the magnetisation measured upon zero-field cool-
ing demonstrated a sharp peak at 9 K (this temperature was
denoted as TN2; according to the results of other authors, TN2 is
35 ± 50 K, see, e.g., Ref. 165). At the same time, upon cooling in a
nonzero field, themagnetic susceptibility increasedmonotonically
(Fig. 11). The frequency dependence of the height and position of
the peak, which was obtained by measuring the AC susceptibility,
also indicated the attainment of a spin glass state. In certain
studies,159, 166 the state below TN2 was considered as the quantum
liquid state in which the spins formmobile pairs. The temperature
TN2=6 K was claimed 161 to be the Curie temperature for a two-
dimensional Ising system. Such a conclusion was drawn by taking
into account the fact that the slope of the linear dependence
ln(M/H) vs. ln(T7Tc) was found to be equal to 71.7, which
agrees with the critical factor of77/4 for the 2Dmodel of Ising.167

The temperature dependence of the magnetic susceptibility of
LiNiO2 demonstrated yet another special point in the temperature
range from 70 to 80 K, viz., TN3.165. The values of both TN2 and
TN3 depended on the sample quality.165 The magnetic behaviour
of LiNiO2 at low temperatures can be described as follows.164

1. The TN3<T<TN1 interval corresponds to nonlinear
magnetisation in the external field. The magnetic entropy
decreases by 20%. A model of the spin-system inhibition for the
antiferromagnetic triangular lattice with the planar short-range
order is realised.

2. In the TN2<T<TN3 region, magnetisation sharply
increases. The magnetic entropy decreases twofold in the absence
of any noticeable anomalies which would have indicated the
appearance of a long-range magnetic order. The interactions
between the layers are assumed to generate the effects of the
three-dimensional short-range order.

3. In the T<TN2 region, the temperature dependence of the
magnetisation tends to saturation. A noticeable residual magnetic
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entropy is preserved up to TN2. No anomalies associated with the
long-range order are observed. The existence of a frozen spin state
somewhat different from that of common spin glasses is assumed.
The difference lies in the fact that the temperature dependence of
the specific heat is quadratic in the former case and linear in the
latter case.

Due to a strong 180-degree aniferromagnetic NiLi7O7NiNi

interaction, a ferromagnetic coupling of nickel ions located above
and below the Li layer arises, and a small ferromagnetic cluster
forms around the NiLi defect.168 The existence of such a cluster
was proved experimentally by ESR in an applied field of up to
245 GHz.169 Two types of clusters were observed: those of the first
type are formed below 235 K, the other are formed below 120 K.
Such a system was proposed to be considered as a superparamag-
netic one, i.e., built of separate ferromagnetic domains.155 The
formation of the latter is consistent with the fact that spontaneous
magnetisation is suppressed in layered oxides.170

Above the temperature of magnetic ordering, the magnetic
susceptibility of LiNiO2 is adequately described by the Curie ± -
Weiss law the parameters of which found by different authors
differ substantially [mef=1.84 mB, Y=79.3 K (see Ref. 164);
mef=2.2 mB, Y=2 K (see Ref. 171)]. These parameters also
depended on the stoichiometry and the degree of structural
order. The temperature dependence of 1/w in the magnetically
disordered region was not smooth and consisted of linear seg-
ments.98 Taking this into account, it was assumed that yet another
phase transition takes place in LiNiO2, viz., a paramagnetic ± par-
amagnetic transition. A possible reason for the break observed in
1/w vs. T dependences is the transition of nickel from the low-spin
to high-spin state. Table 1 lists the parameters of the Curie ±Weiss
equation determined for the low-temperature and high-temper-
ature segments of the 1/w vs. T dependences for LiNiO2 samples
with different Z values. It is noteworthy that the magnetic
moments and the Weiss constants of two paramagnetic phases
approach one another with an increase in the degree of structural
ordering. It appears that these parameters can serve as indicators
of the completeness of the cationic ordering in LiNiO2.

It is interesting that LiNiO2, which was shown to be anti-
ferromagnetically ordered in its metastable structurally disor-
dered state and ferromagnetically ordered at sufficiently high
degrees of structural ordering [Z=0.6 ± 0.8 (seeRef. 98)], retained
its paramagnetic properties up to the liquid helium temperature
for the case of perfect ordering. The latter observation can be
explained by the fact that, as was shown by de Jongh and
Miedema,172 two-dimensional Heisenberg systems which appa-
rently involve the perfectly ordered LiNiO2 oxide 98 have no long-
range magnetic order. The experimentally observed phase tran-
sitions in these systems were caused by deviations from the ideal
behaviour, which resulted in an interaction arising between the
layers. For example, (CnH2n+1NH3)Cu4Cl2 (see Ref. 173) with a
small number of nonmagnetic layers separating the magnetic
layers has ferromagnetic properties, while the same substance
with a greater number of nonmagnetic layers exhibits no ferro-
magnetism. For LiNiO2, it is those nickel ions which occur in the
lithium layers due to partial disordering that are responsible for
the interlayer interaction.

In view of the fact that the degree of structural order in LiNiO2

is closely related to stoichiometry, the magnetic properties depend
even on small changes in x in Li17xNi1+xO2. This was confirmed
in a study 160 in which it was shown that samples with x4 0.01
demonstrate a thermomagnetic hysteresis typical of a spin glass at
8 K, whereas samples with x& 0.08 exhibit spontaneous magnet-
isation at 5 K, which corresponds to a magnetic moment of
* 0.3 mB/Ni. Similar results were obtained in another study 174:
it was observed that LiNiO2 is a spin glass, in contrast to
Li0.93Ni1.07O2.

IV. Structure and magnetic properties of
LiM1ÿxM

0
xO2 solid solutions

The LiMO2 oxides under consideration can form solid solutions.
The attention paid to solid solutions, first of all, is associated with
the prospects of stabilising the structural types which can be used
as cathodic materials in electrochemical devices. Moreover, solid
solutions formed by compounds with different types of cationic
ordering are interesting from the viewpoint of studying the short-
range order effect, the three-dimensional ± two-dimensional struc-
tural transitions and the formation of new superstructures.

LiNi17xCoxO2 (04 x4 1). Oxides LiNiO2 and LiCoO2 form
a continuous series of solid solutions, which, like the original
phases, have a trigonal structure with the R3m symmetry. With a
decrease in the content of cobalt (the ionic radius of which is
smaller than that of nickel), the cell parameters a and c decrease
monotonically. However, the concentration dependence of the c/a
ratio is not monotonic, and for x=0.3 its slope changes, i.e., the
increase in the c/a ratio slows down.175 This result was reproduced
in another study;176 however, the authors of the latter study have
attributed the singular point to the composition with x=0.5. In
their opinion, an increase in c/a from 4.96 (x=0.5) to 4.99 (x=1)
does not bring about mixing of lithium and nickel ions in the
octahedral positions of the hexagonal face-centred lattice. The
value c/a=4.99 corresponds to a perfect hexagonal unit cell. For
smaller c/a values and hence for higher nickel concentrations,
partial cationic disordering takes place, which results in a devia-
tion of the LiNi17xCoxO2 symmetry from the ideal hexagonal
towards the parent cubic one. For a perfect close-packed structure
of the Fm3m symmetry, c/a=4.90. Based on the results of X-ray
diffraction analysis (the Rietveld method), it was found 177 that, at
low cobalt contents (x4 0.2), the excessive bivalent nickel ions are
always present in solid solutions studied: Li17zNi1+z7tCotO2

[t= x(1+ z)]. An increase in the cobalt content reduces the non-
stoichiometry and stabilises the 2D structure.

The stabilising effect cobalt has on the 2D structure of the
solid solution alsomanifests itself in electrochemical intercalation.
Phase transitions that take place during electrochemical interca-
lation of LiNiO2 do not occur in solid solutions.178 This is
explained by the fact that cobalt suppresses the ordering of lithium
vacancies. At the same time, it is noteworthy that deep chemical
extraction of lithium from solid solutions enriched with nickel
results in a monoclinic distortion of the lattice.179

To avoid the distortion of the regular layered structure (2D) of
LiNi17xCoxO2 solid solutions, the low-temperature synthetic
methods were applied, using, e.g., b-Ni17yCoyOOH180 or
Ni17yCoy(OH)2181 as the starting materials. Solid solutions with
minimum cationic disordering were obtained by the sol ± gel
method 182, 183 (this also refers to pure LiNiO2), pyrolysis 184 and
co-precipitation from solutions.185

6Li and 7Li NMR studies on LiNi17xCoxO2 solid solutions
(04 x4 1) carried out in both static and dynamic modes 186, 187

have revealed structural microheterogeneities unrelated to the
cationic ordering. These microheterogeneities did not cause any
phase formation and could not be revealed by the diffraction
techniques. They represented clusters of several cobalt atoms.

Amagnetic phase diagram (Fig. 12) was constructed based on
the results of detailed studies of magnetic properties of
LiNi17xCoxO2 solid solutions (04 x4 1).188 A model was pro-

Table 1. Magnetic moments andWeiss constants of LiNiO2 with different
degrees of structural ordering.98

Z T=200 ± 400K T=600 ± 900K

mef /mB Y /K mef /mB Y /K

0.67 1.489 185 2.547 7287

0.85 1.751 131 2.201 787

0.94 1.869 31 2.061 736

0.98 1.987 33 2.237 720
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posed that described the magnetic properties of both LiNiO2 and
LiNi17xCoxO2. This model is based on an assumption of an
antiferromagnetic interaction within a layer and a weak ferro-
magnetic bonding between the layers. A conclusion that a system
of three sublattices is unstable which was drawn from this model is
of prime importance. It is with this conclusion that the absence of
magnetic reflexes (1/3 1/3 n) is related.

The data onLiNi17xCoxO2 solid solutions additionally doped
with manganese,189 magnesium 190 and strontium 191 can be found
in the literature.

LiNi17xTixO2 (04 x4 0.5). According to the results of
X-ray analysis,192 the solid solutions with 04 x4 0.3 are iso-
structural to the layered LiNiO2. At a higher titanium content, the
structure becomes cubic, due to complete cationic disordering.
The structural data refined using the Rietveld technique indicated
that LiNi0.7Ti0.3O2 also involves a certain number of transition
metal ions in the lithium layers; hence, the regular two-dimen-
sional structure is distorted. It is of note that these layers involve
bivalent nickel and trivalent titanium. This result was obtained
by means of the XPS technique. The authors of this study 192 did
not mention the mechanism of the charge compensation in
LiNi0.7Ti0.3O2 solid solutions which involve Ni2+ ions: whether
a certain number of titanium ions appears or the oxygen content
changes. It should be noted that the degee of oxidation of Ti
(Ti3+) is not typical of titanium compounds synthesised in air at
sufficiently high temperatures, i.e., under conditions in which the
solid solutions under discussion have been prepared.

LiNi17xMnxO2. Solid solutions isostructural to LiNiO2 were
studied.193 ± 199 Certain cationic disordering was described 197

within the frameworks of the hexagonal structure and later
confirmed.193 To stabilise the trivalent state of nickel ions and
thereby stabilise the layered structure, a special procedure of co-
precipitation in an oxidative medium was developed.193 As a
result, solid solutions with the composition LiNi17xMnxO2+d

(04 x4 0.5) were obtained. The oxidation states of the transition
metals in these solid solutions were determined by measuring the
magnetic susceptibilities. It was shown that both transition metals
in the sample bulk are in the trivalent state, whereas traces of
Mn4+ were detected on the surface. All solid solutions studied
exhibited a ferromagnetic transition at a temperature (TC) which
increased with the manganese content. The exception was pure
LiNiO2, which is characterised by a strong interlayer ferromag-
netic interaction of the Ni(3b)7O7Ni(3a)7O7Ni(3b) type
responsible for the high TC. The existence of the ferromagnetic
transition both in pure LiNiO2 and LiNi17xMnxO2+d solid
solutions points to the incomplete cationic ordering and to the

presence of transition metal ions in the lithium layers. Table 2
shows the magnetic characteristics of LiNi17xMnxO2+d

(04 x4 0.5).
LiNi17xFexO2. The LiNi17xFexO2 system demonstrates two

types of solid solution. Compositions with 0< x<0.22 are
isostructural to LiNiO2. Their degree of ordering gradually
decreases, which manifests itself in weaker X-ray reflections
superstructural to those of the sodium chloride cubic lattice.
Moreover, cubic solid solutions are formed in the concentration
interval of 0.42< x<1. In the intermediate region, two phases
are present.200 ± 202 By studying this systems, one can follow the
changes in the magnetic properties that occur with a decrease in
the dimensionality from 3D (LiFeO2) to 2D (LiNiO2).

At T>300 K, the magnetic susceptibilities of all
LiNi17xFexO2 compositions obey the Curie ±Weiss law. The
first group of solid solutions is characterised by a transition to a
magnetically ordered phase. The transition temperature and
spontaneous magnetisation both increase with the iron content.
The presence of magnetic ordering in the interval from 150 to
200 K points to partial cationic disordering, i.e., the presence of a
certain amount of transition metal ions in the Li layers. These
results were confirmed by crystallographic data.203 For a compo-
sition with 20% iron, the distribution of cations over positions is:
[Li0.965M0.035]3b[M0.965Li0.035]3aO2, M= 0.2Fe+0.8Ni.

The fact that X-ray patterns of the second group of solid
solutions involve no lines superstructural with respect to the NaCl
lattice unambiguously indicates that the ions of alkali and
transition metals are not ordered in the planes, in contrast to
LiNiO2. Nonetheless, atT<200 K, themagnetic susceptibility of
this solid-solution group depends on the field strength. This
dependence becomes more pronounced with an increase in the
nickel content, which points to a magnetic ordering.201 The
magnetisation polytherms statistically processed using the techni-
que of thermodynamic coefficients have revealed no spontaneous
magnetisation. Hence, the nonlinear variation of magnetisation
for structurally disordered samples is a result of the short-range
order associated with the trend of nickel ions for aggregation
within the framework of this structure. In other words, the
exchange couplings, which are the reason for the magnetic order-
ing, are limited in solid solutions by certain atomic ensembles. In
this case, the condition for percolation do not arise. Such a system
is considered 201 as a superparamagnetic one. Based on the
concepts mentioned, the cluster size was estimated. The volume
of magnetic clusters increased with the nickel content in the cubic
solid solution phase, and, at a nickel concentration above 43%,
the system first became two-phase and then a hexagonal one.

The number of atoms in clusters (n) and the mean size (d ) of
the latter for the superparamagnetic region of LiFe17xNixO2 are
as follows:201

x 0.1 0.2 0.3 0.4

n 17 28 38 116

d /AÊ 7 8 9 13

LiMn17xCoxO2 (04 x4 1). This group of solid solutions
was studied by two groups of researchers.204, 205 The lattice type
was found to be determined by the ratio of transition metal
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Figure 12. Magnetic phase diagram of LiNiO2 ±LiCoO2 system.188

(1) TN1; (2) TN2.

Table 2. Magnetic characteristics of LiNi17xMnxO2+d (04 x4 0.5).193

x Y /K mef /mB TC /K

experiment calculation

0 162 1.7 1.74 196

0.1 7118 2.1 2.06 39

0.2 755 2.2 2.37 53

0.4 796 3.0 3.00 72

0.5 7107 3.3 3.32 88
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ions;205 for x<0.2, oxides with trigonal structures are formed, for
0.24 x4 0.7, cubic structures are realised and, for higher man-
ganese contents, the symmetry of solutions is tetragonal
(I41/amd). It should be noted that, to obtain solid solutions in
the 0.24 x4 1 concentration interval, the synthesis was carried
out in a nitrogen atmosphere.

A different way 205 was chosen for synthesising solid solutions
of two layered compounds, viz., LiCoO2 and Li2MnO3. It was
shown that in order to prepare a solid solution (rather than a
mechanical mixture of the extrememembers), the synthesis should
be carried out with an excess of lithium. All solid solutions thus
obtained had monoclinic structures. The transformation of a
trigonal (hexagonal) unit cell of LiCoO2 into a monoclinic one is
expressed as follows (for parameter a as an example):

ah �
1���
3
p am .

The magnetic properties of LiMn17xCoxO2 solid solutions
(04 x4 1) formed by diamagnetic LiCoO2 and antiferromag-
netic LiMnO2 [TN=50 K, Y=733 K, mef=3.83 mB (see
Ref. 206)] change nonmonotonically: the compounds are para-
magnetic for x4 0.5 and the antiferromagnetic transition is
observed for higher manganese content. The analysis of the
concentration dependence of the effective magnetic moment
showed that the oxidation state of manganese is Mn4+ for the
manganese content >75%, whereas for its content <75% the
presence of trivalent manganese ions may be assumed.

Methods for the synthesis of LiMn17xCoxO2 solid solutions
and of LiMn17xNixO2 and LiMn17xFexO2 solid solutions with
layered structures have been discussed.207

LiCr17xFexO2. This system was studied for both polycrystal-
line specimens and single crystals.208 Like LiNi17xFexO2, this
system is formed by two phases, one of which has an ordered
layered structure and another has a cubic lattice characterised by a
random distribution of metal ions over the lattice positions. It was
found that the transition from the cubic structure to trigonal one
corresponds to the solution with 73% LiFeO2. A somewhat
different value (* 85%) was found in another study.209 The
magnetic susceptibility of structurally ordered compositions was
shown to have anomalies in the vicinity of 50 K. These anomalies
seem to indicate the three-dimensional order. Above the men-
tioned temperature, the magnetic interactions corresponded to
two-dimensional interactions. An analysis of the MoÈ ssbauer
spectra has shown 210 that 2D interactions also play the key role
at low temperatures. At temperatures above 400 ± 600 K, the
variation of the magnetic susceptibility obeys the Curie ±Weiss
law. Table 3 shows the magnetic characteristics of the system.
Divergence between experimental and calculated values of the
magnetic moment was attributed to anisotropy of magnetic
interactions.

In order to explain the parabolic shape of the dependence of
the Weiss constant (Y) on the concentration, the exchange-
coupling parameters were separated and the intra- (J1) and

interlayer (J2) exchange-coupling constants were estimated based
on the data from the magnetic susceptibility). In addition, the
partial values of the Weiss constants related to different types of
coupling were obtained. Thus for interlayer interactions,
YCrÿCr

2 =7185 K,YCrÿFe
2 =59 K andYFeÿFe

2 =730 K.
LiV17xMgxO2 and LiV17xAlxO2. These systems were syn-

thesised and studied 211 with the aim of following how the partial
substitution of vanadium for an ion with a spin S 6� 1 in LiVO2

affects the structural and magnetic parameters of the phase
transition. It was assumed that the first system involves V2+ ions
with S=3/2 and the second system involves Al3+ with S=0; the
solid solutions have sufficiently narrow homogeneity regions, viz.,
04 x4 0.06 and 04 x4 0.1, respectively. In both systems, the
phase transition temperatures were lower than those of pure
LiVO2. Moreover, a weak but systematic decrease in the Curie
constant was observed in the low-temperature region, which
indicated that `triangular' clusters V3+7V2+7V3+ with
S=1/2 separated by singlet trimers contributed to the overall
susceptibility. Based on these studies, it was concluded that the
exchange-coupling constant of V3+ ions and the transition
temperature both depend on the V7V distance and on the shift
of vanadium ions from their positions.

Other solid solutions. Information on LiAlxNi17xO2 solid
solutions (x4 0.25) with the LiNiO2 structure is availiable.212, 213

With an increase in the aluminium content, the c/a ratio somewhat
increases. It is noteworthy that introduction of aluminium in
LiMO2 compounds is considered as one of the factors that
stabilise the a-NaFeO2-type layered structure, the latter being
the most suitable from the electrochemical viewpoint. Calcula-
tions of miscibility carried out for eight compositions of the
LiAl17xMxO2 system have shown 214 that for M=Ti, V, Cr and
Mn layered solid solutions are formed at the temperatures of the
conventional synthesis. For M=Fe, Co, Ni and Cu, a low
temperature region of immiscibility exists. Special attention was
given to LiAl17xCoxO2 and LiAl17xCrxO2 systems, which,
according to calculations, were completely miscible up to
600 8C. Limitations that arose at higher temperatures were
associated with the transition of LiAlO2 into a tetragonal g-mod-
ification.215 It was experimentally shown 216 that the synthesis
carried out at 650 K results in an amorphous modification,
whereas at 700 ± 900 K a layered hexagonal structure is formed.
It is essential that in LiAl17xCoxO2 as well as in LiAl17xNixO2

aluminium can be shifted from octahedral positions.217 Synthesis
of LiAl17xCrxO2 solid solutions (04 x4 1) was described.218

Solubility of aluminium in LiMnO2 reached a maximum
(5%±7%) at 1220 K.219 As in the previous case, the existence of
the maximum was explained by the formation of g-LiAlO2.
Introduction of even minor amounts of aluminium to LiMnO2

gives rise to a layered structure of the NaFeO2 type. The use of
chromium as the dopant led to a similar result.220

In addition, the possibility of formation of LiCr17xCoxO2,
LiCr17xNixO2,221 LiFe17xCoxO2

222 and LiNi17xBxO2
223 solu-

tions was demonstrated.

Table 3. Magnetic characteristics of LiCr17xFexO2.210

x The Curie constant mef /mB Y /K Y1 /K Y2 /K TN /K J1/k /K J2/k /K

/cm3 K mol71

experiment calculation

0 1.58 3.57 3.87 7570 7472 798 15 733 76.9

0.1 1.98 4.17 4.07 7546 7399 7147 56 725 78.5

0.2 1.76 3.77 4.28 7300 7180 7120 40 717 74.3

0.3 1.90 3.91 4.49 7204 7138 766 35 711 72.2

0.4 1.81 3.83 4.69 725 7.5 732.5 50 70.70 71.1

0.5 1.82 3.83 4.90 0 16.3 716.3 55 0.58 70.6

0.6 2.40 4.39 5.10 747 735.5 711.5 45 71.8 70.7

0.7 2.64 4.65 5.30 794 780.5 713 40 73.7 70.6

Magnetic properties of complex oxides LiMO2 (M=Sc ±Ni) with different types of cationic ordering 787



V. Conclusion

Complex oxides with the general formula LiMO2 where M is a
trivalent transition 3d metal are considered as inorganic func-
tional materials of a new generation.224, 225 First of all, this is
associated with their good electrochemical characteristics. This
factor has stimulated numerous studies not only in applied but
also in fundamental directions. Of prime importance are struc-
tural and magnetic studies, because the layered structure charac-
teristic of many LiMO2 compounds not only provides adequate
diffusion of the alkali metal atoms, which is essential for electro-
chemical processes, but also is of special interest from the view-
point of studying low-dimensional magnetic interactions.

At present, the crystal structure of LiMO2 is sufficiently
thoroughly described for all stable modifications, and efforts are
mainly concentrated on the synthesis and structural description of
metastable phases preferentially with layered structures of the
a-NaFeO2 type.

The results of investigations of the magnetic properties of
LiMO2 show that structural defects may often play the key role in
the formation of magnetic structures. First of all, this refers to
compounds with variable degrees of structural order.
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