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Magnetic measurements were carried out on different samples of Lithium-Manganese spinel LiMn 20 4 , 
great care having been taken to avoid the presence of spurious magnetic phases, such as Mn 3 0 4 . Sus-
ceptibility data, showing deviations from paramagnetic behaviour at about 40 K, were analyzed in terms 
of local magnetic interactions, taking into account the structural and transport properties of these com-
pounds. The magnetic response of pure and stoichiometric samples suggests that the onset of a long-
range magnetic ordering is hindered by the topological frustration of the antiferromagnetic octahedral 
sublattice of the spinel. 
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1. Introduction 

Lithium manganese spinel based compounds have re-
cently received growing interest as to their application in 
electrochemistry and catalysis and in lithium ion selec-
tive detectors. They are also interesting for the coexis-
tence of Mn4+ and Mn3 + valence states [1, 2], the latter 
being a potential Jahn-Teller (JT) ion which may drive 
structural distortions by cooperative effects [3, 4]. The 
occurrence of magnetic ordering in these compounds is 
strictly related to the effective localization of the elec-
trons introduced by Li substitution; so the study of the 
magnetic features may be useful for the understanding 
of the transport features of these compounds. 

As regards the magnetic susceptibility x °f the stoi-
chiometric LiMn 20 4 spinel, different behaviours are re-
ported [1, 5-9], showing a sample dependents-increase 
at low temperature. The spread of these results is prob-
ably related in part to differences in the preparation meth-
ods, i.e. difficulty in obtaining pure and really stoichio-
metric compounds. However, concerning the magnetic 
properties of the L iMn 2 0 4 spinel, some common features 
may be remarked from the observed high temperature 
paramagnetic behaviour. The negative Weiss tempera-
ture 0 suggests a prevalent antiferromagnetic character 
of the local magnetic interactions. Moreover, the calcu-
lated magnetic moment per Mn ion [1, 6] is consistent 
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with the coexistence of Mn4 + ions (S=3/2) with Mn3+ 

ions in the high spin configuration (S= 2), with the fourth 
electron in a eg orbital. This electron localization is 
supported by charge transport measurements [1], since 
the rather low conductivity <T (KT4 O - 1 cm - 1 at 300 K) 
and the weak thermal dependence of the thermopower 
suggest the presence of an electron hopping mechanism 
with an activation energy of 0.4 eV. Moreover, indepen-
dent evidence of electron localization in eg orbitals 
comes from structural data. In fact, nearly stoichiomet-
ric Li (Li>Mn2_>,)04 compounds, from Li enrichment of 
LiMn 2 0 4 limited in the range 0<y <0.04, show structur-
al changes with lowering the transition temperature be-
low 280 K [3,4]. These changes were ascribed to the on-
set of a cooperative JT transition arising from tetragonal 
elongation of the coordination octahedra around the 
Mn3 + ions. 

This work aims at investigating the magnetic interac-
tions in Lithium-Manganese spinels, by means of sus-
ceptibility, magnetization and EPR measurements, in 
strict connection with structural determinations. 

2. Sample Preparation and Structural Details 

Several samples were synthesized by a solid state 
reaction from starting mixtures Mn0-Li 2 C0 3 with 
0.333 Lithium cationic fraction. Each mixture was heat-
ed 8 hours in air at 1073 K with heating and cooling rates 
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Fig. 1. Comparison of XRD patterns of Lithium-Manganese 
spinel a and b in a limited 2 0 range: M n 3 0 4 peaks in the 
a-sample are marked by stars. 

of 5 K/min: these will be referred to hereafter as a-sam-
ples. 

The characterization by x-ray diffraction of the a-sam-
ples showed the presence of small amounts of the M n 3 0 4 

phase, ferrimagnetic at low temperature [10]. Other pro-
cedures were also employed for comparison. Then, one 
a-sample was furtherly treated with particular care, be-
ing reheated several times at 1073 K and ground, to as-
sure the complete transformation of the impurity phase, 
so that its magnetic properties were not affected by the 
presence of M n 3 0 4 (^-sample). Indeed the characteriza-
tion by x-ray diffraction of the ^-sample showed the pres-
ence of the spinel phase alone, as proved by the pattern 
comparison (Figure 1). Both spinel lines and the most 
important peaks of the Mn 3 0 4 phase (marked by stars) 
are present in the a-sample, but the latter are absent in 
the b-one. 

Besides, the JT transition temperature TJX is a sensi-
tive indicator of the spinel stoichiometry. Actually, TJT 

changes from 280 K at y = 0 to 200 K at y=0.039 [4], 
(where y is the Lithium stoichiometry deviation) and at 
the same time the measured enthalpy of the transition 
gradually decreases. Our samples, with distinct x a n d G 
anomalies at 280 K, related to the JT transition [1, 5], 
may be considered stoichiometric. The value of the 
lattice parameter (for a-sample a = 0.8243(1) nm; for 
b-sample a=0.8239( l ) nm) is also pertinent to the stoi-
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Fig. 2. Coordination oxygen (open circles) octahedra around 
Mn sites (filled circles) in LiMn 2 0 4 . Six octahedra nearest 
neighbours to the central one are shown. The inset schemati-
cally displays the cluster considered to describe the magnetic 
interactions and the triangular network of the Mn spinel sub-
lattice. 

chiometric sample as expected from the comparison with 
literature values of 0.8246 nm [11]. 

In order to discuss the physical properties of these com-
pounds, it is important to describe the peculiar Mn sites 
and the pertinent Mn-O-Mn array. LiMn 2 0 4 is cubic, spi-
nel type (Fd3m) with atomic positions deduced from [11]. 
More details about the structure can be given by refer-
ring to the coordination octahedra of oxygen ions around 
the Mn site, as shown in Figure 2. The average Mn-0 
distance is 0.1983 nm. Six neighboring octahedra are 
centered on other Mn ions and share the edges with the 
central one. The Mn-O-Mn angles are about 95° while 
the O-Mn-O angles are about 85°. 

3. Experimental Procedure 

Static magnetic susceptibility and magnetization 
measurements were carried out from 300 K down to 4 K, 
in magnetic fields ranging between 50 and 4500 G, by 
using a Faraday balance susceptometer with a continu-
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ous-flow cryogenic apparatus. The final accuracy of the 
mass susceptibility (£m) data results in an error of a few 
%. The magnetic field dependence was analyzed by 
changing the field intensity at fixed temperatures. 

EPR measurements were carried out by using a Bruk-
er spectrometer at 9.12 GHz between 120 and 473 K. 

Diffraction data were obtained by a Philips PW1710 
powder diffractometer equipped with a Philips PW1050 
vertical goniometer. Use was made of the CuKa radia-
tion ( K a ^ 1.54056 Ä; K a 2 = 1.5443 Ä) by means of a 
graphite monochromator. Patterns were collected in the 
angular range 15° < 2 6 < 130° in the step scan mode (step 
width 0.025°; counting time 10 s). Further details and 
computational procedure have been given in [1, 2], 

4. Results 

In Fig. 3 the Xm(T) and Xm(D curves of the ^-sample 
are reported down to 4 K. The change in the slope of l /£ m 

at about 40 K might suggest the onset of a magnetic or-
dering. The paramagnetic region is not characterized by 
a well defined Weiss temperature 6 because for T>280 K 
a pronounced deviation from linearity is observable. 
However, a negative temperature intercept 0 = - 3 2 O K 
may be argued. This value is confirmed in [8], where the 
Xm(T) curve is reported up to 800 K. For the same sam-
ple, data of the mass magnetization M vs. applied field 
at different temperatures are reported in Figure 4. M fol-
lows linear behaviours strictly proportional to the field 
intensity, also below 40 K, as in non magnetically or-
dered compounds. The extrapolated zero field M(0) val-
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Fig. 3. Temperature dependence of Xm (open marks) and Xm 
(filled marks) of the £>-sample. 

ues are reported in Fig. 5, as functions of the tempera-
ture for the b- and a-sample. Only the a-sample shows a 
weak net resultant magnetic moment, due to the presence 
of few % of M n 3 0 4 phase (=1.5%) (see the inset of 
Fig. 5), while the b-sample shows a negligible M{0) val-
ue. This behaviour of M(0) confirms the lack of M n 3 0 4 
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Fig. 4. Mass magnetization curves at different temperatures of 
the ^-sample. 
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Fig. 5. Mass magnetization curves vs. Temperature of the 
£>-sample (triangles), of an a-sample (squares) and of M n 3 0 4 
(inset). 
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Fig. 6. Resonant field vs. Temperature of the EPR signal for 
the ^-sample (triangles), an a-sample (squares) and M n 3 0 4 (cir-
cles). 

phase in the reheated spinel. This assertion is also sup-
ported by Fig. 6, reporting the different behaviour of the 
resonant field (RF) of EPR spectra for spinel samples and 
Mn 3 0 4 : only the ^-sample shows a RF which does not 
depend on the temperature while the RF behaviour of the 
a-sample is similar to that observed in Mn 3 0 4 , although 
less pronounced. 

5. Discussion 

At a first glance, the l /£m curve in the spinel (Fig. 3) 
suggests an antiferromagnetic-like behaviour below 
40 K, as also reported in [8]. This is also consistent with 
the negative 0of the paramagnetic phase, i.e. with a prev-
alent AF character of the local magnetic interactions. 
Nevertheless, we cannot observe a clear-cut magnetic 
transition but only a deviation from the paramagnetic re-
gime, suggesting that the onset of a true magnetic ordered 
phase is hindered. 

Consideration of structural and transport features of 
these materials may clarify the origin of this behaviour. 
The electronic conduction is characterized by the hop-
ping of electrons through Mn4+ ions, and this is consis-
tent with the value of the conductivity at high tempera-
ture (a few Q_ 1 cm"1 at about 1000 K) [1]. Nevertheless, 
the hopping conductivity at room temperature is very low, 

and the electrons are to be considered effectively local-
ized in Mn4 + to form Mn3 + sites. This localization is ev-
idenced by the JT distortion, which pertains to the d4 con-
figuration of the Mn3+ ions. The discussion of the mag-
netic properties will now be done, starting from the anal-
ysis of the possible interaction pictures in the local envi-
ronments of the Mn sites, in order to permit a compari-
son with the experimental data. 

We remark that the cubic to tetragonal transition at 
280 K of the Mn 3 + 0 6 octahedra splits the energy levels 
of the e^ orbitals. By performing crystal field calcula-
tions on the octahedral coordination, according to the dis-
tortion c/a= 1.011 [3], we obtained an energy splitting of 
0.08 eV between the d 3 z 2 _ r 2

 a n d the ^xi-yi states, with 
the former at lower energy. In the case of Mn3 + in high 
spin configuration, the d 3 z 2 _ r 2 state is half-filled while 
the dx 2_y 2 one is empty. These orbitals should give the 
main contribution to 90° superexchange interactions via 
oxygen orbitals. Even though in the stoichiometric spi-
nel each Mn ion has six next neighbours, at a mean dis-
tance of 0.2916 nm, it is convenient to consider the pos-
sible interactions within the cluster, or magnetic and 
structural unit, reported in the inset of Fig. 2, which gen-
erates the spinel lattice by translation. 

The following cases regard superexchange interac-
tions mediated by a single oxygen orbital: between A and 
B ions (see Fig. 2), two ferromagnetic (F) interactions 
with (d t f ) character from the overlap between dx 2_y 2 and 
DXY and two antiferromagnetic (AF) (KK) interactions 
from the overlap of dvz and dxz. Between A and C, D ions, 
two F interactions occur with (OK) character between 
dX2-Y2 and dxz (or d v z ) and two A F ( K K ) interact ions bet-
ween d^ and dxz (or dyz) (Fig. 7 (I, II)). This process 
should not be likely, owing to the high energy of the ex-
cited levels due to Coulomb interaction. Moreover, all 
these superexchange contributions should be rather small 
involving weak K overlap between p and d orbitals. 

Superexchange interactions via two orthogonal oxy-
gen orbitals are also possible: one F (oo) between A and 
B ions, and another F (cr o) between A and C, D ions aris-
ing from the overlap of orbitals with p oxygen orbi-
tals taking into account the Hund rule for the spins of the 
two half-filled orbitals of the oxygen (Fig. 7 (III)). The 
full cr character of these interactions suggests that these 
should prevail over the others, also because they do not 
call for orbitals already involved into direct interactions. 

In fact, since the coordination octahedra share a com-
mon edge, direct magnetic interactions take place be-
tween Mn ions through half-filled t2g orbitals [12]. These 
interactions are AF and the more intense the smaller the 
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Fig. 7. Magnetic interaction mecha-
nisms in Mn 3 + -0-Mn 3 + complexes 
via one oxygen p-orbital (I and II) and 
two oxygen p-orbitals (III): (I) ferro-
magnetic interaction d ^ - ^ - p - d ^ ; 
(II) antiferromagnetic interaction 
c l ^ - p - d ^ ; (III) ferromagnetic inter-
action dj-2-^2-Py: Px~dx2-y2 • The 
same mechanisms hold in the cases of 
M n 3 + - 0 - M n 4 + and M n ^ - O - M n 4 * 
interactions, provided that the d3z2_r2 
orbital of one or both cations, respec-
tively, is empty. The Hund's rule inter-
action is indicated by J

H
, and the Cou-

lomb interaction by C.I. 

distance between the cations. A direct AF interaction will 
be active between d 3 - d 3 or d 4 - d 4 and d 3 - d 4 ion couples 
through the overlap of d ^ , dxz and dyz orbitals. 

In summary, the A - C , D interaction results from two 
direct AF and a superexchange F one, while the result-
ing A - B interaction arises from a direct AF interaction 
and a superexchange one comprising F contributions. 
Both could be in principle either F or AF, but experimen-
tal data and transport and structural features of these com-
pounds (similarly to other insulator oxides with half-
filled t2g orbitals [12,13]) suggest that the direct interac-
tions play the relevant role in determining the magnetic 

properties, and the resulting local interactions should be 
AF. 

Consideration of the local geometry in the spinel lat-
tice (see Fig. 2) shows that magnetic ions lie in the sites 
of a triangular network of the transition cation sublattice. 
No magnetic long-range ordering of spins is possible, be-
cause of the frustration of the AF interaction between 
some ion pairs. This is a typical situation occurring in an 
octahedral AF sublattice giving rise to a spin-glass type 
behaviour, according to [9]. By contrast, more evident 
deviations or magnetic transitions observed in the same 
range of temperature in other spinel samples (as in our 
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a-samples) are to be attributed to spurious magnetic phas-
es, as ferrimagnetic M n 3 0 4 . 

6. Conclusion 

Susceptibility and magnetization measurements, com-
pared with data from conductivity [1], thermal analysis 
[3, 4], and x-ray powder diffraction [2] measurements, 
allowed us to put forward a correlation among electron 
localization, onset of cooperative JT effect and magnet-
ic features below 40 K in the LiMn 20 4 spinel. 
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The magnetic response of pure and stoichiometric sam-
ples was detailed by considering the possible local mag-
netic interactions consistent with the structure. This anal-
ysis, together with geometrical arguments on the magnet-
ic sublattice, suggests that the onset of a long-range mag-
netic ordering is hindered by the topological frustration of 
the antiferromagnetic octahedral sublattice of the spinel. 
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