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Abstract

Rietveld refinement of the crystal and magnetic structures of LixMnO2 (x¼ 0.98, 1.00, 1.02) are performed using neutron and X-ray
measurements. A significant structural disorder due to the presence of manganese ions in lithium positions (MnLi) and lithium ions in manganese
ones (LiMn) is found to be a common feature of Li0.98MnO2, Li1.00MnO2, and Li1.02MnO2.

An essential anisotropy of the thermal-expansion coefficients of the lithium manganese oxides is observed in the temperature range of 1.5e
300 K. Furthermore, the distortion of the oxygen octahedral environment around the manganese ions decreases when the temperature lowers.
This is attributed to the strong exchange interactions between parallel exchange-coupled Mn chains. First-principles calculations of the effective
exchange-interaction parameters in Li16Mn16O32 confirm the essential antiferromagnetic interactions between the chains. In addition, a hypothet-
ical (Li15Mn)Mn16O32 structure where a lithium atom located between the Mn double layers is replaced by a manganese atom is considered.
The calculations reveal that the presence of such defects results in appearance of a ferromagnetic component that agrees with the magnetic
measurements.
� 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The attempts to create a high-effective cathode material for
Li-ion batteries draw an increased attention to the LieMneO
systems. Lithium manganese oxide, LiMnO2, is considered as
a possible alternative to well-known lithium manganese spinel,
LiMn2O4, due to a larger theoretical capacity of the former
[1,2]. However, to date, high characteristics of LiMnO2 have
not been reached e despite numerous attempts to employ
new techniques of synthesis [3e5]. One of the reasons that
prevent to achieve the required cathode characteristics in
LiMnO2 is the structural peculiarities of this material. Hence,

detailed structural investigations of lithium manganese oxides
with various defects are of great interest.

The orthorhombic structure of LiMnO2 (Pmmn) [6] (Fig. 1)
is one of the variants of the ordered rock-salt cubic structure.
Strong magnetic interactions between Mn3þ ions and the
JahneTeller effect are considered [7] as possible reasons for
the stabilization of an orthorhombic structure. These very fac-
tors play an important role in magnetic behavior of LiMnO2 as
well. Studies of the magnetic properties of both stoichiometric
LiMnO2 and that with structural defects are useful because of
not only the non-trivial nature of the magnetic interactions but
also the possibility to predict the material behavior in the
electrochemical cell.

The first data on the magnetic properties of the orthorhombic
LiMnO2 can be found in Bongers’ report [8], where an
antiferromagnetic transition at 300 K was observed. The results
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were later confirmed by more detailed investigations [9e11].
The main features of magnetic susceptibility are the following:
the paramagnetic behavior follows the CurieeWeiss law at the
temperature above 600 K (Q¼�949 K, meff¼ 4.79 mB/Mn3þ

[10]); a broad maximum of susceptibility polytherms at
360 K and field cooled (fc) and zero field cooled (zfc) diver-
gence below 100 K. The magnetic structure of LiMnO2 with
a propagation vector, k¼ (1/2 1/2 1/2), and magnetic moment
3.69 mB/Mn3þ with a preferred direction along the b-axis has
been proposed on the basis of neutron-diffraction data [9].
The Néel temperature, TN, characterizing transition to the phase
with three-dimensional order, is 261.5 K [9]. Short-range order
effects are observed above this temperature. As shown in
Ref. [10], at T> 300 K the magnetic properties of LiMnO2

are well described by a model of exchange-bound chains with
an exchange-interaction parameter, J¼�36.5 cm�1. At
T< 50 K, magnetic behavior which may be related to weak
ferromagnetism, has been observed [9,11].

Here, we employ both experimental and theoretical
approaches to study the role of defects in the structural and
magnetic properties of lithium manganese oxide LixMnO2.

2. Experiment

2.1. Materials

In order to investigate the role of structural defects in the
properties of lithium manganese oxides LixMnO2 samples
with deficit and excess of lithium were synthesized. Lithium
content in starting mixture was 0.94< x< 1.06. The synthesis
has been performed by mixing Mn2O3 and Li2CO3 in

calculated proportions, grinding and annealing at 750 �C un-
der helium atmosphere for 25 h. The phase composition of
the samples was checked by X-ray powder diffraction
(XRD). In the region 0.97< x< 1.02, only orthorhombic
phase was revealed. At lower lithium concentration traces of
spinel phase were detected. The samples with x� 1.03 con-
tained Li2MnO3 traces. So the Li0.97MnO2, Li1.00MnO2, and
Li1.02MnO2 compositions were selected to study. Lithium
and manganese contents were analyzed using atomic absorp-
tion analysis on samples dissolved in 2.5 M hydrochloric
acid. The observed Li/Mn ratios are practically the same as
the nominal ones (0.98, 1.00 and 1.02, correspondingly). To
determine the average manganese oxidation state permanga-
nate back-titration of the reduced samples was performed. It
was demonstrated that manganese oxidation state is the
same in all samples under consideration and does not differ
from that in stoichiometric ‘LiMnO2’.

2.2. Methods

Neutron powder diffraction data were collected in the tem-
perature region of 1.5e290 K with a G4.2 neutron powder dif-
fractometer (ORPHEE reactor, Saclay, France; l0¼ 2.343 Å;
3< 2q< 174�, 0.1� step, Dd/dmin¼ 0.2%). All the XRD pat-
terns were collected on a transmission STADI-P (STOE, Ger-
many) diffractometer equipped with a scintillation detector,
using Cu Ka1 radiation in the 2q range 2�e120� with a step of
0.02�. Polycrystalline silicon (a¼ 5.43075(5) Å) was used as
external standard. The ‘‘Base of JCPDS-ICDD PDF2 powder
standards’’ (ICDD, USA, version 2005) was used for identifica-
tion of possible impurity phases. The crystal structure of the

Fig. 1. Fragment of LiMnO2 crystal structure. C e Li, e Mn, B e O. Arrows indicate magnetic moment directions in antiferromagnetic phase.
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samples studied was refined by a GSAS program [12] using both
neutron and X-ray data. Line profile was approximated by the
pseudo-Voigt function: I(2Q)¼ hL(2Q)þ(1� h)G(2Q), where
L and G are the Lorentz and Gauss functions, respectively;
and the angular line-width of a line was done by the relationship:
(FWHM)2¼Utg2QþVtgQþW, where FWHM is a full line
width on the half maximum. Background level was specified
as a combination of 15 Chebyshev polynomials.

Magnetic susceptibility in the temperature range of 1.5e
300 K was measured by a MPMS-5XL (Quantum Design)
SQUID-magnetometer in the fields up to 50 kOe, while at
77e1000 K, it was done by the Faraday method in fields up to
10 kOe.

2.3. Theoretical methods

First-principles electronic structure investigations were
performed within a linearized muffin-tin orbitals method
[13] in the atomic-spheres approximation (LMTO-ASA).
The effective exchange-interaction parameters were calculated
as the second derivative of total energy of the ground state
with respect to the angle of the magnetic-moment rotation
[14]. To determine the exchange-interaction parameters
between the nearest manganese atoms (or next nearest ones)
that belong to (1) the same structural layer, (2) two closest
structural layers in a double layer, or (3) different double
layers, a supercell containing 16 formula units of LiMnO2

was used. In addition, 64 empty spheres were introduced
into the system because the structure is not close-packed.

3. Results and discussion

3.1. Refinement of the crystal structure of Li0.98MnO2,
Li1.00MnO2, and Li1.02MnO2

Structural data refined for three compositions of LixMnO2

are shown in Tables 1 and 2. (Standard deviations are given
in brackets; r and n indices stand for the X-ray and neutron
data, respectively.) These results are in good agreement with
those obtained previously in Ref. [6].

Based on the small differences in the chemical composition
of the samples under consideration, one can argue that the
structural parameters should not vary essentially. However,
the detailed analysis of data given in Tables 1 and 2, reveal
some important tendencies. First, we note that the size of
the unit cell of LixMnO2 increases with lithium concentration.
Lattice expansion is observed in all directions and may

be attributed to the difference between the ionic radii of
manganese and lithium.

A common feature of Li0.98MnO2, Li1.00MnO2 and
Li1.02MnO2, detected during full-profile analysis of X-ray and
neutron data, is a structural disorder caused by the presence of
manganese ions in lithium positions (MnLi) and lithium ions
in manganese ones (LiMn). Previously the cationic disorder in
LiMnO2 was assumed both from the analysis of the ESR-spectra
[11], and from X-ray diffraction study [15].

The results of the calculations suggest that both LiO6 and
MnO6 octahedra are strongly distorted as well and are elongated
along the b-axes. The tetragonal distortion observed for the
oxygen octahedra, which is found to be around 19% at room
temperature, is due to the JahneTeller effect. The type of tetrag-
onal distortion in LiMnO2 suggests that the Mn3þ(3d4) has the
electron configuration t3

2gd1
z2 d0

x2�y2 .
The parameters of the orthorhombic cell of LiMnO2 are

related to a hypothetical parent cubic lattice parameter (a0) by
the following formulae: a¼ 1/2O2a0, b¼ a0, and c¼ O2a0 (*)
[16], it follows that b/a z 1.41, b/c z 0.707, and c/a¼ 2. How-
ever, the experimental structural ratios (Table 3) suggest that the
b-parameter of the orthorhombic lattice is considerably larger
than the theoretically predicted one using (*). Thus, we can
conclude that in the case of LiMnO2, notable ‘‘tetragonal’’
distortions of the structure exist, and JahneTeller effect has

Table 1

Orthorhombic unit cell parameters of Li0.98MnO2, Li1.00MnO2 and Li1.02MnO2

Parameter Li0.98MnO2 Li1.00MnO2 Li1.02MnO2

a (Å) 2.80473(4) 2.80644 (3) 2.80661(2)

B (Å) 4.57419(8) 4.57536(7) 4.57749(4)

c (Å) 5.74873(9) 5.75092(8) 5.75147(5)

V (Å3) 73.753(2) 73.845(2) 73.891(1)

Table 2

Structural and isotropic thermal (Uiso (Å2)) parameters for Li0.98MnO2,

Li1.00MnO2 and Li1.02MnO2 (s.g. Pmnm)

Li0.98MnO2 Li1.00MnO2 Li1.02MnO2

2a x/a 1/4 1/4 1/4

y/b 1/4 1/4 1/4

z/c 0.114 (2) 0.114(1) 0.115 (2)

Uiso� 100 2.4(1) 2.5(1) 2.1(1)

Occupancy Li 0.972(2) 0.980(2) 0.990(2)

Mn 0.028(2) 0.020(2) 0.010(2)

2a x/a 1/4 1/4 1/4

y/b 1/4 1/4 1/4

z/c 0.6336(4) 0.6345(3) 0.6348(3)

Uiso� 100 1.24(5) 1.28(4) 1.24(4)

Occupancy Mn 0.995(6) 0.984(5) 0.974(5)

Li 0.005(6) 0.016(5) 0.026(5)

2b x/a 1/4 1/4 1/4

y/b 3/4 3/4 3/4

z/c 0.1414(6) 0.1418(5) 0.1415(6)

Uiso� 100 2.08(6) 1.79(5) 1.55(5)

Occupancy O1 1.00 1.00 1.00

2b x/a 1/4 1/4 1/4

y/b 3/4 3/4 3/4

z/c 0.6006(6) 0.6011(5) 0.6010(5)

Uiso� 100 1.81(6) 1.65(5) 1.70(5)

Occupancy O2 1.00 1.00 1.00

Agreement factors uRp(r) 5.25 4.03 4.53

uRp(n) 5.80 5.07 5.50

Rp(r) 3.25 2.61 2.77

Rp(n) 4.33 3.77 3.82

c2(r) 2.565 1.639 1.982

R(F2)(r) 5.94 6.28 6.27

R(F2)(n) 6.43 4.05 3.12

uRp e weighted profile factor; Rp e profile factor; c2 e goodness of fit;

R(F2) e Bragg factor; r and n denote X-ray and neutron data, respectively.
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between the changes in the unit cell parameters and the distor-
tions of the local oxygen neighbors of the manganese ions, in
particular, when the temperature decreases (Table 3, Fig. 2c).

Let us follow the changes in the structural parameters of
Li0.98MnO2, Li1.00MnO2, and Li1.02MnO2 when the tempera-
ture decreases from 300 to 1.5 K. Analysis of neutron-
diffraction data shows that the lattice compression occurs
along each of the three directions in this temperature range.
However, whereas the relative change of the a and c param-
eters for each composition does not exceed 0.1%, the com-
pression of the orthorhombic lattice along the b-axis is one
order of magnitude larger than along the other two directions

(Fig. 2a,b). Besides that when the temperature decreases, the
local environment of lithium and manganese atoms changes
due to a decrease of the degree of distortion of the oxygen
octahedra (Fig. 2c). Anisotropy of the thermal-expansion
coefficients of lithium manganese oxide can also be de-
monstrated based on the relative change of the unit cell
parameters (Table 3). Reduction of the b/c and b/a ratios
points to a decrease of the tetragonal distortions at lower
temperatures.

Usually, a stable macroscopic distortion of a crystal caused
by the JahneTeller effect is observed at rather low tempera-
tures [17]. As the temperature increases, an entropy term pre-
vails over the interaction related to the cooperative distortion
of the lattice and this tends eventually to suppress the macro-
scopic deformation. In this sense, the observed behavior of
LiMnO2 is non-trivial because the deformation lowers not
when the temperature increases but when it decreases. The
observed reduction of the oxygen octahedra distortion in
Li0.98MnO2, Li1.00MnO2, and Li1.02MnO2 (Fig. 2), testifies
that there are some additional competitive interactions in the
system which are responsible for the compression of the octa-
hedra as the temperature decreases. Since the octahedra are
extended along the b-axis of the orthorhombic structure of

Table 3

Lattice parameters ratios for Li0.98MnO2, Li1.00MnO2 and Li1.02MnO2 at 300

and 1.5 K

Compound 300 K 1.5 K

b/a b/c c/a b/a b/c c/a

Li0.98MnO2 1.631 0. 796 2.049 1.616 0.788 2.050

Li1.00MnO2 1.630 0.796 2.048 1.617 0.789 2.049

Li1.02MnO2 1.631 0.796 2.049 1.618 0.790 2.048

Fig. 2. Variations of a and b unit cell parameters and tetragonal distortion of MnO6 octahedron (D¼ 2rb/(raþ rc)) with temperature in Li0.98MnO2, Li1.00MnO2, and

Li1.02MnO2.

199D.G. Kellerman et al. / Solid State Sciences 9 (2007) 196e204
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lithium manganese oxide, the interactions that counteract such
deformation should be along the same axis. In our opinion, the
exchange interactions between manganese ions can play an
important role. As considered earlier in Ref. [10], the magnetic
properties of LiMnO2 are well described by a model of parallel
exchange-coupled chains of Mn atoms. The chains are arran-
ged along the a-axis (Fig. 1). The half-filled dz2 orbitals elon-
gated in the direction perpendicular to the chain are involved
in the exchange between the chains, namely in the indirect
180� exchange through the oxygen ion located between two
manganese ions (Fig. 3).

The phenomenon that leads to reduction of the degree of
the oxygen-octahedron distortion and to anisotropic compres-
sion of lithium manganese oxide lattice may be considered as
a magnetostriction effect: the total energy of the crystal
decreases due to the magnetocrystal energy changes caused
by stress and hence the changes in the exchange-interaction
energy [18]. Using CoO as an example, Kanamori has consid-
ered the exchange interactions as possible origin of the
striction effects [19].

3.2. First-principles calculations of the
exchange-interaction parameters in Li16Mn16O32

In order to show that the interchains exchange interactions
are important and may cause striction effects, we calculated
the main exchange-interaction parameters in the orthorhombic
structure of LiMnO2 as shown in Fig. 4. The results are sum-
marized in Table 4. To determine the exchange-interaction
parameters between the nearest manganese atoms (or next
nearest ones) that belong to (1) the same structural layer, (2)
two closest structural layers in a double layer, or (3) different
double layers, a supercell containing 16 formula units of
LiMnO2, was used in calculations to make it possible to deter-
mine the values of exchange interactions between the nearest
manganese atoms (or next nearest ones) being among (1)
a structure layer, (2) various structure layers, and (3) different
double layers. Thus the total number of atoms in a supercell is
64. Furthermore, in addition, 64 empty spheres were intro-
duced into the system because this structure was not close-
packed. First of all, we found a strong anisotropy of the
exchange interaction e in agreement with our experimental re-
sults mentioned above: according to the peculiarities of the
crystal structure of LiMnO2, the largest exchange-interaction
parameter is obtained for the linear chains along the a-axis.

This interaction is antiferromagnetic with J1¼�86.28 meV.
We note, however, that antiferromagnetic interaction between
Mn chains is also strong, J2¼�62.41 meV. Further, the calcu-
lated exchange-interaction parameters between the Mn3þ ions
which belong to a double layer, J4 and J5, are three times
smaller than those along the chains, while the exchange inter-
actions between double layers are negligible. The total param-
eter characterizing the interaction in a layer is one order of
magnitude larger than the one corresponding to the interaction
between double layers (Table 4).

X

d
z

2
d

z

2

p
z

S

Z

X

Mn MnO

X

Fig. 3. Schematic representation of the 180� interchain exchange coupling in

LiMnO2.

Fig. 4. Exchange interactions in ideal LiMnO2.

Table 4

Calculated exchange parameters for Li16Mn16O32 and (Li15Mn)Mn16O32

J (meV) Li16Mn16O32 (Li15Mn)Mn16O32

J1 �86.28 �77.03

J2 �62.41 �52.26

J3 þ1.60 þ2.04

J4 �21.15 �15.36

J5 �17.03 �8.91

J6 �0.52 �0.39

J7 �0.37 þ2.12

J8 �0.87 �0.05

J9 þ0.008 þ0.39

J10 �0.02 þ0.19

J11 þ0.00 þ0.12

JI �76.36 �48.54

JII �290.98 �262.50

JIII �1.78 þ3.46

JIV �1.5 þ3.18

Jbetween bilayers �3.28 þ6.64

Jdefect e �49.71
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Thus, first-principles calculations show that the exchange
interaction between manganese ions, which belong to the par-
allel chains along the a-axis, is large and may be responsible
for striction effects leading to the lessening of the octahedra
deformation when the temperature decreases.

3.3. Li1�xMnxO2 magnetic structure and properties

As shown in Refs. [9] and [10], the magnetic susceptibility
of LiMnO2 has a number of peculiarities. First, a broad max-
imum is observed near 360 K. This temperature is essentially
higher than the Néel temperature. The maximum has been at-
tributed to the presence of the exchange-coupled clusters, and
infinite chains along the a-axis have been considered as such
clusters [10]. At the temperature of maximum the thermal
energy becomes comparable to the energy of the exchange
interactions, so the magnetic chains break down transforming
gradually into an ensemble of single paramagnetic centers. As
seen from Fig. 5, chains with smaller concentration of LiMn-
defects are maintained up to a higher temperature: 358, 366,
and 380 K for Li1.02MnO2 Li1.00MnO2, and Li0.98MnO2,
respectively. Thus, the existence of the over-stoichiometry lith-
ium in LixMnO2 results in weakening of the two-dimensional
interactions.

Additional reflections attributed to the magnetic-ordering
process were detected on the neutron-diffraction powder
patterns of all considered samples at T< TN. There is a regular
increase of the intensity of the magnetic reflections as the
temperature decreases. Rietveld refinement of the nuclear and
magnetic components of the spectra using a GSAS program
complex, shows that main characteristics of the magnetic
structure are independent of the lithium/manganese relation
and coincide with the results [9] obtained for the stoichiometric

LiMnO2. Our calculations demonstrate that for all composi-
tions, the magnetic unit cell is characterized by the doubled
parameters in all three directions: 2a� 2b� 2c. The results of
the refinement of the magnetic structure of Li0.98MnO2,
Li1.00MnO2, and Li1.02MnO2 at 1.5 K are given in Table 5.

The magnetic structure of LiMnO2 consists of antiferro-
magnetically ordered chains along the a-axis. The interaction
between the chains located in the same plane is antiferro-
magnetic as well. Antiferromagnetic interaction also binds
(i) the chains located within a corrugation layer and (ii)
the neighboring chains. Furthermore, all magnetic moments
are ordered along the b-axis of the orthorhombic structure
of LiMnO2 (Fig. 1). We note here, that the results of the
refinement of the magnetic structure agree with the results
of the first-principles calculations that show that the main
interactions in lithium manganese oxide have an antiferro-
magnetic character.

An increase of the lithium concentration in LixMnO2 favors
some changes of the magnetic cell constants (Table 5). Be-
sides, certain changes are found in the value of the magnetic
moment that corresponds to the manganese ion. This is clearly
seen from both the data given in Table 5 and the temperature
dependence of the magnetic moment (Fig. 6). A decrease of
the magnetic moment when the temperature increases is quite
a usual behavior that reflects disappearance of the magnetic
order. However, while the variations in the values of the mag-
netic moment for Li0.98MnO2 and Li1.00MnO2 are within the
error limits, the mMn for Li1.02MnO2 is much lower (around
8%). The lower magnetic moments for the composition with
higher concentrations of lithium may be related to the pres-
ence of LiMn-type defects which are not involved in the forma-
tion of the regular magnetic structure. From the data for the
position occupancy given in Table 2, one can see that this
composition is characterized by the presence of maximum
quantity of the lithium ions in the manganese positions.
Another important thing that should be noted here, is that
for each of the three compositions studied, the value of the

200 400 600 800 1000
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     (  )
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MnO
2
(  )
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1.02
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Fig. 5. High temperature part of magnetic susceptibility for LixMnO2. Marks

indicate positions of maximum determined by differentiation of experimental

data.

Table 5

Refinement parameters for the magnetic structure of LixMnO2 at 1.5 K

Li0.98MnO2 Li1.00MnO2 Li1.02MnO2

Magnetic

cell

a (Å) 5.604(2) 5.608(2) 5.609(2)

b (Å) 9.065(2) 9.068(1) 9.076(2)

c (Å) 11.482(6) 11.487(8) 11.490(5)

Mn(2a) x/a 0.125 0.125 0.125

y/b 0.125 0.125 0.125

z/c 0.3165(5) 0.3176(6) 0.3177(9)

Uiso� 100 0.49(5) 0.94(5) 1.70(6)

Magnetic

moment

of Mn3þ

Moment

value (mB)

3.52(5) 3.56(6) 3.27(2)

Moment

direction

[010] [010] [010]

Calculated

density

(g cm�3)

4.216 4.264 4.397

Agreement

factors

uRp 4.72 6.09 6.12

Rp 3.74 4.49 4.73

c2 2.438 2.626 4.446

R(F2) 7.81 5.39 5.61
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magnetic moment is significantly lower than the theoretical
value for Mn3þ (3d4), i.e. 4 mB. Greedan et al. [9] reported
the reduced value of the magnetic moment of 3.69(4) mB/
Mn3þ for LiMnO2 too. In our opinion, this fact points to the
previously discussed phenomenon of a partial disorder of the
structure leading to a reduction of the number of the manga-
nese ions which participate in the formation of the magnetic
structure.

The temperature that corresponds to the magnetic order tran-
sition is not observed in a c(T ) curve (Fig. 7a), however, it can
be easily determined from temperature dependence, d(cT )/dT.
The basis for this are the conclusions drawn in Ref. [20] where
the temperature dependence of the heat capacity for an antifer-
romagnetic system correlates with the temperature dependence
of the derivative of the magnetic susceptibility with respect to
the temperature. As followed from a l-type dependence given
in Fig. 8, the temperature of the antiferromagnetic ordering is
259 K (it is close to results of Ref. [9]) and it is independent
of the composition. Above this temperature, a long-range 3D
magnetic order is distorted but the exchange-bound clusters
are still present. For their distortion, a significantly higher
energy is required e it can be estimated by the temperature
compatible with the maximum of the magnetic susceptibility
(Fig. 5).

At the temperatures below 100 K, a discrepancy in fc- and
zfc-dependences of the magnetic susceptibility has been ob-
served for each of the LixMnO2 compositions. In agreement
with the sharp increase of the susceptibility when the temper-
ature decreases, the discrepancy points out to the appearance
of a ferromagnetic component. An example of the low-temper-
ature part of the magnetic susceptibility of stoichiometric
LiMnO2 is shown in Fig. 7a.

As was already mentioned above, a weak ferromagnetism
(small sublattice canting) can be the reason for the ferromag-
netic component in the antiferromagnetic phase. It turns out
that the sensitivity of the neutron-diffraction investigations
carried out both within this study and by the authors of
Ref. [9] was inadequate to determine any direction and value
of the magnetic moments. However, both the decrease of the
magnetic moment (Fig. 6) determined for the antiferromag-
netic structure in the area of the presence of the assumed
weak ferromagnetic state (WFM) and the hysteresis of the
magnetization in the same temperature region (Fig. 7b) favor
the hypothesis considered. Moreover, the fact that the WFM
originates at the temperature being considerably lower than
the Néel one is a characteristic feature of WFM in both the
stoichiometric and defective lithium manganese oxide.

Fig. 6. Temperature dependence of magnetic moments obtained from neutron-

diffraction data.

Fig. 7. Magnetic susceptibility data for zero cooled (zfc) and field cooled (fc)

samples of lithium manganese oxides; applied field¼ 100 Oe (a); magnetiza-

tion of LiMnO2 (b).
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It is interesting to understand the reason which is responsi-
ble for the ferromagnetic component formation at around 50 K
in the 3D antiferromagnetic LixMnO2. Our calculations show
that MnLi-type defects, the presence of which is demonstrated
by the experimental structural investigations, may play an
important role.

3.4. First-principles calculations of the
exchange-interaction parameters in (Li15Mn)Mn16O32

Using first-principles approach, we also studied a hypotheti-
cal structure of (Li15Mn)Mn16O32 where the lithium atoms
located between the Mn double layers are replaced by manga-
nese atoms (Table 4, Fig. 9). A comparison of the effective ex-
change-interaction parameters calculated for such ‘‘defective’’
structure with those for Li16Mn16O32 mentioned above, allows
us to draw the following conclusions: due to a strong exchange
interaction between the ‘‘defect’’ (manganese atom in lithium
position) and the nearest manganese atom from the double layer
(Jdef¼�49.71 meV), the interlayer interaction decreases by
a factor of 1.6, whereas a weak antiferromagnetic interaction
between double layers of manganese changes to ferromagnetic
and becomes stronger. Thus, the theoretical results demonstrate
that the ferromagnetic component that is predicted from the
magnetic measurements given in Fig. 7a (inset) may be due
to the presence of the manganese ions in lithium layers.

Another peculiarity that should be mentioned here, is that
the strong exchange interaction in the layer (J1¼�86.28 meV
and J2¼�62.41 meV) decreases slightly for the ‘‘defect’’
structure (J1¼�77.03 meV and J2¼�58.26 meV) so that
these interactions are comparable in magnitude to the ex-
change interactions between this ‘‘defect’’ and the manganese
atoms located in the same plane with the defect along c-

direction, i.e. perpendicular to the Mn layers: namely, the
nearest manganese atom (Jdef¼�49.71 meV) and the next
nearest ones (J1-defect¼þ41.09 meV and >J9-

defect¼þ71.94 meV). Therefore, we conclude that the pres-
ence of the defects make the structure to be isotropic.

4. Summary

The crystal structure of Li0.98MnO2, Li1.00MnO2, and
Li1.02MnO2 studied using both neutron and X-ray data is found
to be partially disordered due to the presence of manganese
ions in lithium positions (MnLi) and lithium ions in manganese
ones (LiMn). The defects are responsible both for the differ-
ence between magnetic properties of LixMnO2 with various
Li/Mn ratios and for the appearance of weak ferromagnetism.
The latter was demonstrated by the first-principles calculations
for the hypothetical (Li15Mn)Mn16O32.

The reduction both of the oxygen octahedra distortion in
Li0.98MnO2, Li1.00MnO2, and Li1.02MnO2 and JahneTeller
effect as temperature decreases were observed. Exchange
interactions between infinite Mn3þe/Mn3þe/Mn3þ chains
were considered as the possible reason for this phenomenon.
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