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Abstract. The effect of oxygen deficiency on a phase transition from cubic to tetragonal
phase has been investigated for the LiMn2O4−δ spinels with δ = 0–0.1 by measurements
of differential scanning calorimetry (DSC), magnetic susceptibility (χ ), 7Li nuclear magnetic
resonance (7Li NMR) and electronic resistivity (ρ). According to the DSC measurements, the
transition temperature for a stoichiometric compound (TC ) is determined to be 245± 1 K. As
δ increases from zero to 0.066, the magnitude ofTC is found to decrease by about 4 K; then,
the magnitude ofTC increases by about 41 K with further increase ofδ up to 0.10; thus, the
TC -versus-δ curve exhibits a broad minimum at aroundδ = 0.05. This relationship betweenTC
andδ is also observed by the measurements ofχ , 7Li NMR and ρ. The dependence ofTC on
δ is considered to be a result of a competition between a decrease in the average valence of
Mn ions and a dilution of the nearest-neighbour interaction between Mn ions. Both effects are
caused by the oxygen deficiency; the former raisesTC , whereas the latter reduces it.

1. Introduction

The spinel compound LiMn2O4 has attracted much attention as a cathode material for
rechargeable lithium batteries [1–3] due to a reversible intercalation of Li ions into LiMn2O4

[4, 5]. At ambient temperature, the crystal structure of LiMn2O4 belongs to theFd3m
space group [6] of a cubic system; the oxygen ions form a cubic closed-packed lattice
with the Li and Mn ions occupying the tetrahedrally and octahedrally coordinate interstices,
respectively. According to recent reports [7, 8], LiMn2O4 undergoes a structural phase
transition from the cubic phase to a tetragonalI41/amd phase with lowering temperature.
The transition temperature (TC) was reported at around 280 K by a differential scanning
calorimetry (DSC) analysis [7] and at around 230 K by an elastic measurement [8]. Since
the transition occurs in the vicinity of ambient temperature, the performance of the lithium
batteries using LiMn2O4 would strongly depend on temperature. Actually, the capacity of
the lithium battery, in which LiMn2O4 was used as a cathode and Li metal as an anode, is
known to reduce with lowering temperature [9]. Nevertheless, to the authors’ knowledge,
there is a limited data concerning the changes in physical properties during the phase
transition for LiMn2O4; at present, even the magnitude ofTC is not clear, as mentioned
above.
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Furthermore, LiMn2O4 has been found to release oxygen in a reducing atmosphere at
temperatures above 873 K [10–12]. For the oxygen deficient LiMn2O4−δ spinels, electronic
and magnetic structures are expected to be altered due to a change in a valence state of Mn
ions and/or a dilution of an superexchange interaction between Mn ions through intervening
oxygen. Additionally, for LiMn2O4−δ, as δ increases from zero, the cubic phase changes
into the tetragonalI41/amd phase at aroundδ = 0.07 even at ambient temperature [12].
Therefore, not only electronic and magnetic properties but also the magnitude ofTC would
depend onδ. As a result, the performance of the lithium batteries is considered to be a
function of both temperature andδ.

Here, we report the effect ofδ on the structural phase transition and the electronic and
magnetic properties for LiMn2O4−δ. Also, we report the dependence of the magnitude of
TC on δ and discuss the origin of this dependence using the model proposed for mixed
spinels containing Jahn–Teller ions at the octahedral site.

2. Experimental details

Powder samples of LiMn2O4−δ with δ 6 0.1 were synthesized by a solid state reaction
technique using reagent-grade Li2CO3 and MnO2 powders. The powders were thoroughly
mixed by a planetary ball mill using ethanol as solvent. After drying, the mixture was
pressed into a pellet with 30 mm diameter and∼ 5 mm thick. The pellet was calcined
three times at 1073 K for 8 h in air. In order to control the oxygen content of the sample,
the calcined powder was annealed at temperatures between 873 and 1023 K for 24 h in
an O2/Ar gas mixture flow. Then, the annealed powder was cooled to 273 K in a few
seconds. Oxygen nonstoichiometryδ was measured using a thermogravimetric technique
and an inductively coupled plasma spectrometry together with a chemical titration analysis.
The measurement accuracy ofδ was estimated to be±0.005. Powder x-ray diffraction
analyses indicated that the samples withδ 6 0.079 were of single phase of a cubic spinel
structure with the lattice parametera ∼ 0.824 nm, while the sample withδ = 0.10 consisted
of the cubic spinel phase and a tetragonal spinel phase. The preparation and characterization
of the LiMn2O4−δ samples are reported in detail elsewhere [12].

A differential scanning calorimetry (DSC) analysis was carried out using a power
compensation method (Perkin–Elmer, DSC-7). Magnetic susceptibility (χ ) was measured
using a superconducting quantum interference device (SQUID) magnetometer (Quantum
Design, MPMS). The data were measured in a field-cool mode with a magnetic field of
H = 1 T. A nuclear magnetic resonance (NMR) measurement was performed in a spin
echo pulse sequence mode using a Fourier-transform NMR spectrometer (Bruker, MSL-
300) under a magnetic field ofH = 7 T. Static powder was used for the measurement
to control the temperature of the sample accurately. The resonance frequency for free7Li
nuclei was determined from the7Li-NMR line of 1 mol dm−3 LiOH aqueous solution. Each
measurement accuracy of the shift and the full width at half maximum of the7Li-NMR line
was estimated to be±4 ppm.

Electrical resistivity (ρ) of the sample was measured by a dc four-probe method using
a sintered disc of the LiMn2O4−δ sample; the calcined powder was pressed into a disc with
10 mm diameter and∼ 2 mm thick, and then the disc was annealed at 1023 K in air.
The oxygen content of the disc-shaped sample was controlled and checked using a similar
method as described for the powder samples of LiMn2O4−δ.



Effect of oxygen deficiency on LiMnO4−δ 1731

Figure 1. DSC curves for LiMn2O4−δ with δ = 0, 0.026, 0.066, 0.079 and 0.10 in the
temperature range between 175 and 375 K: data obtained (a) on heating with a rate of 5 K min−1

and (b) on cooling with a rate of 5 K min−1.

3. Results

3.1. DSC analysis

Figure 1 shows the DSC curves for the LiMn2O4−δ samples withδ = 0, 0.026, 0.066,
0.079 and 0.10 in the temperature range between 175 and 375 K. For the LiMn2O4 sample,
as temperature rises from 113 K with a rate of 5 K min−1, the DSC curve exhibits an
endothermic peak at 247± 1 K (see figure 1(a)). In contrast, an exothermic peak was
observed at 242±0.8 K in the DSC curve measured on cooling with a rate of 5 K min−1 (see
figure 1(b)). Both peaks are attributed to the phase transition between cubic and tetragonal
phases; thus, the magnitude of the transition temperature (TC) for LiMn 2O4 was determined
to be 245± 1 K; since the difference between the magnitudes ofTC observed on cooling
and on heating (1TC) was 5± 2 K, this phase transition was thought to be discontinuous,
as had been reported [7]. For the samples withδ = 0.026–0.10, the magnitudes ofTC and
1TC were estimated to be 241± 1 and 6± 2 K for LiMn2O3.974, 242± 2 and 3± 3 K for
LiMn 2O3.934, 249±2 and 8±3 K for LiMn 2O3.921 and 286±1 and 14±1 K for LiMn 2O3.90,
respectively. Figure 2(a) shows the relationship between the magnitude ofTC andδ. As δ
increased from 0 to 0.066, the magnitude ofTC was found to decrease by about 4 K; then,
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the magnitude ofTC increased rapidly with further increase ofδ up to 0.10. As a result,
the TC-versus-δ curve seems to exhibit a broad minimum at aroundδ = 0.05. In addition,
asδ increased from 0 to 0.079, the intensity and the width of the DSC peak decreased and
extended, while, for the LiMn2O3.90 sample, the DSC peak atTC looked sharp compared
with those for the other samples (see figure 1). Figure 2(b) shows the latent heat1H of
the phase transition atTC as a function ofδ; here,1H was estimated from the area of
the DSC peak, and the error bars represent the difference between1H obtained on heating
and on cooling. Asδ increased from 0 to 0.079,1H seemed to decrease slightly, and
then1H increased rapidly with further increase ofδ. The values of1H were considerably
smaller than those for the spinels, which have Mn3+ ions at the octahedral sites and undergo
a structural phase transition from cubic to tetragonal phases, i.e.,1H∼ 21 kJ mol−1 for
Mn3O4 and 14.7 kJ mol−1 for MgMn2O4 [13]. This is probably due to a small distortion
of the tetragonal phase (c/a) of LiMn 2O4 compared with those of Mn3O4 and MgMn2O4;
that is, the value ofc/a of LiMn 2O4 was 1.011 [7] nearTC , while those were 1.13 and
1.16 for Mn3O4 and MgMn2O4 [13], respectively.

Figure 2. (a) The relationship between the phase transition temperatureTC and oxygen
nonstoichiometryδ, in which open circles represent data obtained on cooling and solid circles
twice on heating; and (b) the relationship between the latent heat1H andδ; error bars represent
the difference between the values of1H estimated using the data obtained on cooling and on
heating.

3.2. Magnetic susceptibility

Figure 3(a) and (b) shows the temperature dependences of magnetic susceptibilityχ and
1/χ respectively for the LiMn2O4−δ samples withδ = 0–0.10. For the samples with
δ = 0–0.079, as the temperature was lowered from 400 K,χ of every sample increased
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Figure 3. The temperature dependences of (a) magnetic susceptibilityχ and (b) 1/χ for
LiMn 2O4−δ with δ = 0–0.10;χ was measured in a field-cool mode under a magnetic field of
H = 1 T.

monotonically down to around 100 K and then seemed to diverge below 100 K. For the
LiMn 2O3.90 sample, as the temperature was lowered,χ increased monotonically down to
around 10 K, though the slope ofχ changed at around 70 K. In addition, the value of
χ was found to decrease with increasingδ for the samples withδ = 0–1.0. As seen in
figure 3(b), for each of the samples, an approximately linear relationship between 1/χ and
temperature was observed in the temperature range between 150 and 400 K. However, at
temperatures below 150 K, for the samples withδ 6 0.079, 1/χ of every sample began to
deviate from the linear relationship; that is, the slope of 1/χ at temperatures below 150 K
was steeper than that above 150 K. This is due to an antiferromagnetic ordering of Mn
moments at temperatures below 40 K [14]. On the other hand, for the LiMn2O3.90 sample,
the deviation of 1/χ from the linear relationship was found to be positive in the temperature
range between 4.2 and 150 K.

Figure 4(a) and (b) shows the temperature dependences ofχ and 1/χ respectively in
the vicinity of TC . For the LiMn2O4 sample, a clear change in the slope was observed at
around 250 K in bothχ -versus-T and 1/χ -versus-T curves. On the other hand, for the
LiMn 2O3.90 sample, as temperature lowered, a small increase inχ and a small decrease in
1/χ were observed at around 282 K. Although, for the samples withδ = 0.026–0.079,χ
of every sample appeared to change slope at around 250 K, it was difficult to determine the
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Figure 4. A magnification of the temperature dependences of (a)χ and (b) 1/χ for the
LiMn 2O4−δ samples withδ = 0–0.10.

magnitude ofTC precisely based only on this result. Such small anomalies ofχ at TC have
been also reported for TbVO4 and DyVO4 [15], which undergo a structural phase transition
caused by the cooperative Jahn–Teller effects.

It should be noted that, for the samples withδ = 0–0.10, the 1/χ -versus-T curve of
every sample seems to be approximately linear in the temperature range between 150 and
400 K, though the slope of 1/χ changes slightly atTC . In particular, for the samples with
δ 6 0.079, theχ -versus-T curves of every sample seem to be parallel to each other; thus,
this indicates that the macroscopic magnetic structure of the sample remains during the
phase transition atTC .

3.3. 7Li NMR

For the samples withδ = 0, 0.026, 0.079 and 0.10, the7Li NMR lines at temperatures
aboveTC appeared symmetrical, with no indications of peak split. Figure 5(a)–(d) show
the temperature dependence of the shift (K) of the 7Li NMR line for the samples with
δ = 0, 0.026, 0.079 and 0.10 respectively. The value ofK at ambient temperature for the
LiMn 2O4 sample was comparable with the results of the previous NMR studies [16, 17].
At temperatures aboveTC , K of every sample increased monotonically with decreasing
temperature. Therefore, the local magnetic field at the Li ion increased with decreasing
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Figure 5. The temperature dependence of the shiftK of the 7Li NMR line for (a) LiMn2O4,
(b) LiMn2O3.974, (c) LiMn2O3.921 and (d) LiMn2O3.90; open circles represent data obtained on
cooling and solid circles on heating.

temperature. This is in good agreement with the measuredχ -versus-T curves. Indeed, a
linear relationship betweenK and χ was obtained at temperatures aboveTC , as seen in
figure 6(a). Assuming that the temperature dependence ofK is responsible for the Mn
moment, we can estimate the hyperfine field at the Li ion to be 0.75± 0.04, 0.93± 0.04,
0.95± 0.07 and 1.12± 0.03 kOeµB for the samples withδ = 0, 0.026, 0.079 and 0.10,
respectively. Thus, the hyperfine field at the Li ion increases with increasingδ. This
suggests that the microscopic magnetic interaction between the Mn moments would be
altered by the oxygen deficiency, probably due to a change in a superexchange interaction
between Mn ions through intervening oxygen.

As the temperature was lowered fromTC , for the LiMn2O4 and LiMn2O3.90 samples,
K seemed to roughly level off to a constant value, though the accuracy of the measuredK

at temperatures belowTC was lower than that aboveTC . Additionally, for the LiMn2O3.90

sample, the magnitude of1TC was estimated to be 20–30 K. For the samples withδ = 0.026
and 0.079,K values of both samples changed the sign of the slope from negative to positive
at TC ; that is, there existed a peak atTC in theK-versus-T curve.

Figures 7(a)–(d) shows the full width at half maximum (FWHM) of the7Li NMR line
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Figure 6. The relationship (a) betweenK andχ and (b) between the full width at half maximum
(FWHM) andχ for LiMn2O4−δ with δ = 0–0.10; the four dotted lines in (a) were obtained by
fitting the experimental data measured at temperatures aboveTC .

as a function of temperature. For the samples withδ = 0–0.10, as the temperature was
lowered from 400 K, FWHM of every sample increased monotonically down toTC , and
then FWHM increased rapidly with further lowering of the temperature. This is because, as
the temperature was lowered fromTC , a shoulder of the resonance peak on the low-magnetic
field side appeared for every sample; the intensity of the shoulder increased with decreasing
temperature. Since the FWHM of every sample increases approximately proportionally to
χ at temperatures aboveTC (see figure 6(b)), FWHM is attributed to the coupling between
the Li nuclear magnetic moments and the Mn moments. The difference between the data
obtained on heating and on cooling was observed only for the sample withδ = 0.10; the
magnitude of1TC was about 20 K.

According to the x-ray diffraction analysis [7], LiMn2O4 was found to be a mixture of
the cubic spinel and the tetragonal spinel phases at temperatures belowTC , while LiMn2O4

was assigned to be a single phase of the cubic spinel structure at temperatures aboveTC .
Hence, the change in the slope of FWHM atTC suggests that there is a marked difference
between the dipole fields at the Li sites in the cubic phase (Li(c) site) and in the tetragonal
phase (Li(t) site). Furthermore, this result indicates that the temperature dependence of the
dipole field at the Li(c) site is different from that at the Li(t) site.
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Figure 7. The temperature dependence of FWHM of the7Li NMR line for (a) LiMn2O4, (b)
LiMn 2O3.974, (c) LiMn2O3.921 and (d) LiMn2O3.90; open circles represent data obtained on
cooling and solid circles on heating.

3.4. Resistivity

Figure 8 shows the relationship between resistivity (ρ) and reciprocal temperature (1/T ) for
the samples withδ = 0–0.101 in the temperature range between 295 and 225 K obtained on
heating. The samples used for theρ measurement were a different set from those used for
the DSC, NMR andχ measurements. As the temperature was raised from 225 K, logρ of
every sample decreased in proportion to 1/T up toTC , decreased by one order of magnitude
aroundTC , and then decreased monotonically with decreasing 1/T . The optimal value of
δ, at whichTC exhibits the lowest value, was estimated to be about 0.03. Although the two
sets of samples were used for the present work, the relationships betweenTC andδ for both
sets of samples were consistent with each other.

Finally, figure 9 shows the relationship between log(ρ/T 1.5) and 1/T for the LiMn2O4

sample in the temperature range between 1243 and 225 K. A sudden increase in log(ρ/T 1.5)

around 1200 K is due to a loss of oxygen from the sample. A linear relationship between
log(ρ/T 1.5) and 1/T is observed in the temperature range betweenTC and 1200 K, as
expected for small polaron formation. The activation energy for electron transfer (Ea) was
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Figure 8. The relationship between resistivityρ and reciprocal temperatureT −1 for LiMn 2O4−δ
with δ = 0–0.101.

estimated to be 0.39 eV. This value is comparable with those for the various kinds of
spinel-type compound which contain Fe ions (Mn ferrites, Ni ferrites and Zn ferrites), i.e.,
Ea = 0.1–0.5 eV [18], and that for the tetragonal Mn3O4 spinel, i.e.,Ea = 0.4 eV [19].

4. Discussion

Now, we discuss the origin of the relationship betweenTC andδ for the LiMn2O4−δ samples
with δ 6 0.1. The average valence of the Mn ions in LiMn2O4−δ is expressed by 3.5− δ;
the ratio of the amounts of Mn3+ ions and Mn4+ ions, [Mn3+]/[Mn 4+], is represented as
(1+2δ)/(1−2δ). This means that [Mn3+] > [Mn4+] in the oxygen deficient spinels, though
[Mn3+] = [Mn4+] in the stoichiometric compound. The electron configurations of Mn3+

and Mn4+ are represented as t2g3e1
g and t2g3e0

g, respectively. Since the former configuration
is in a high-spin state, Mn3+ ions at the octahedral site give tetragonal distortions due to a
Jahn–Teller effect. At that time, it is favourable to distort the nearest-neighbouring MnO6

octahedra in the same fashion; that is, the directions of elongation and shrinkage of one
MnO6 octahedron coincide with those of adjacent MnO6 octahedron [20]. This is because
the Jahn–Teller distortions do not interfere with each other in such a configuration of the
MnO6 octahedra. Therefore, the increase in the amount of Mn3+ ions in LiMn2O4−δ induces
a cooperative Jahn–Teller distortion between the MnO6 octahedra; as a result, LiMn2O4−δ
undergoes the phase transition from cubic to tetragonal phase. Indeed, the tetragonal phase
is stable in LiMn2O3.90 even at ambient temperature [12]. Consequently, one may expect



Effect of oxygen deficiency on LiMnO4−δ 1739

Figure 9. The relationship between log(ρ/T 1.5) and T −1 for LiMn2O4; where ρ is the
resistivity.

that the magnitude ofTC increases with increasingδ up to 0.1. Nevertheless, as seen in
figure 2, theTC-against-δ curve was found to exhibit a broad minimum at aroundδ = 0.05.
In order to solve this puzzle, we have to look for the effect which reducesTC , that is, we
assume that the dependence ofTC on δ is explained using a competition between two effects;
one raisesTC and another reducesTC . Here, we employ the following two mechanisms for
reducingTC ; (i) dilution of the nearest-neighbour interaction and (ii) delocalization of the
eg electron.

4.1. Dilution of the nearest-neighbour interaction

For the oxygen deficient spinels LiMn2O4−δ, two neighbouring Mn ions cannot overlap
without the intervening O; in consequence, the interaction between two neighbouring Mn
ions is expected to weaken with increasingδ. In order to estimate the effect of oxygen
deficiency on the magnitude ofTC , we employ the model for the spinels proposed by
Wojtowicz [20]. According to his work, for the spinels having the formula A[B1−xCx ]2O4,
where the B ions give Jahn–Teller distortions in the octahedral sites, while the C ions remain
the regular octahedra, the relationship betweenTC andx is simply given by

TC(x) = (1− x)TC(0) (1)

whereTC(0) is the temperature of the transition from cubic to tetragonal phases for the
pure material. In the A[B1−xCx ]2O4 spinels, the C ions act to dilute the nearest-neighbour
interaction between the B ions. Assuming that the oxygen deficiency plays a similar role
to that of the C ions, we obtainTC,calc(0.026) = 239 K for LiMn2O3.974 using the value of
TC(0) = 245 K andx = δ = 0.026. This value is comparable with the magnitude ofTC
measured for LiMn2O3.974, i.e., TC(0.026) = 241± 1 K; the discrepancy between the two
values is explained as follows.
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(i) Making a comparison with the case of the A[B1−xCx ]2O4 spinels, the interaction
between the B ions is not so affected by the oxygen deficiency. Since the connection of the
BO6 octahedra is characterized as edge sharing, there are two intervening O ions between
two neighbouring Mn ions. Thus, the effect ofδ on TC could be roughly estimated to be
half of that of the C ions; if so, we obtainTC,calc(0.026) = 242 K, and this value seems to
be in good agreement with the experimental result.

(ii) As mentioned above, [Mn3+] increases with increasingδ in LiMn 2O4−δ; hence, the
magnitude ofTC also increases with increasingδ. As a result, the decrease inTC is rather
small compared with the value obtained by (1).

In order to further understand the mechanism of the phase transition in LiMn2O4−δ,
precise structural analyses for LiMn2O4−δ should be carried out with respect to temperature
andδ at temperatures above and belowTC .

4.2. Delocalization of theeg electron

The La1−xSrxMnO3 perovskites are known to be an antiferromagnetic insulators, associated
with the cooperative Jahn–Teller distortions due to Mn3+ ions in a high-spin state. However,
for La1−xSrxMnO3 with x > 0.2, metallic conductivity occurs and the cooperative Jahn–
Teller distortion disappears. This is because the eg electron is delocalized due to a doping
of Sr2+ ions [21]. In LiMn2O4 spinel, the oxygen forms a 90◦ bridge between two Mn
ions, while the oxygen forms a 180◦ bridge between two Mn ions in LaMnO3 perovskite.
Therefore, two neighbouring Mn ions in LiMn2O4 cannot overlap with the same p orbital
of their binding O [22]. As a result, the interaction between Mn ions is considered to be too
weak to give an itinerant-electron bandwidth [23]; thus, LiMn2O4 is known to be a small
polaron semiconductor, as seen in figure 9.

Nevertheless, we may assume that the delocalized eg electron is also generated due
to the oxygen deficiency of LiMn2O4−δ. Indeed, as seen in figure 8, resistivity of
LiMn 2O3.899 decreases by about one order of magnitude compared with that of LiMn2O4 at
250 K. However, at ambient temperature,ρ of every sample appeared to be∼ 200� m.
Furthermore, the oxygen deficiency induced the increase inρ at around 1200 K (see figure 9).
Therefore, at present, this assumption is unlikely for the mechanism of the reduction inTC .

5. Summary

We have investigated the effect of oxygen deficiency on the phase transition from cubic
to tetragonal phase by measurements of differential scanning calorimetry (DSC), magnetic
susceptibility (χ ), 7Li nuclear magnetic resonance (7Li NMR) and electronic resistivity (ρ)
for the LiMn2O4−δ spinels withδ = 0–0.1. According to the DSC analysis, the transition
temperature for a stoichiometric compound (TC) is determined to be 245± 1 K with a
thermal hysteresis of 5± 2 K. As δ increases from 0 to 0.066, the magnitude ofTC is
found to decrease by about 4 K; then, the magnitude ofTC increases rapidly with further
increasing ofδ up to 0.10; thus, theTC-versus-δ curve seems to exhibit a broad minimum at
aroundδ = 0.05. This result is supported by the measurements ofχ , 7Li NMR and ρ. As
δ increases from zero, the average valence of the Mn ions reduces from+3.5 in proportion
to δ; on the other hand, the interaction between two neighbouring Mn ions is diluted. The
former effect raisesTC , whereas the latter reduces it. Therefore, the dependence ofTC on δ
is explained qualitatively using competition between the two effects. For the samples with
δ = 0.026, we can obtainTC,calc(0.026) = 242 K using a modified model as proposed by
Wojtowicz; this value seems to be in good agreement with the experimental result.
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