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Abstract 

A 7Ll nuclear magnetic resonance (7Li-NMR) study was carried out to investigate the magnetic properties of powder samples of LiMn204 
and LiMn20~ 9 in the temperature range between 160 and 400 K. Lowering the temperature from 400 K to ~ 300 K, the width of the 7Li- 

NMR line was found to increase monotonically, then mcreased rapidly at temperatures below 260 K for LiMn~O4 and 290 K for L~Mn20~ ,,. 
Combining these results with those of differential scanning calorimetry ( DSC ) analyses, the transition temperature ( Tc ) was determined to 
be ~ 250 K for LiMn,O4 and ~ 290K for LIMn203 ~. This indicated that the magnitude of Tc ofL1Mn204 ~ depends on the oxygen deficiency 
(6). In addition, at temperatures below To, the NMR line seemed to decompose into two Gaussian peaks; it was a symmetrical smglet at 
temperatures above To. Thus, it is deduced that there are two possible sites for the lithmm tons in the sample at temperatures below To, and 

one equivalent site above Tc. © 1997 Elsevier Science S.A. 
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1. Introduction 2. Experimental 

It has been found that LiMn204 spinel undergoes a struc- 
tural phase transition from a cubic Fd3m phase to a tetragonal 
14~/amd phase [ 1,2]. The transition temperature (Tc) was 
reported at ~ 280 K from a differential scanning calorimetry 
(DSC) analysis [ 1 ] and at ~ 230 K from an elastic meas- 
urement [2]. This structural phase transition is interesting in 
connection with the performance of lithium secondary bat- 
teries using LiMn204 as the cathode material. Nevertheless, 
to the authors' knowledge, there are few data concerning the 
changes in physical properties for LiMn204 during the phase 
transition; at present, even the magnitude of Tc is not clear. 

Furthermore. LiMn204 has been found to release oxygen 
in a reducing atmosphere at temperatures above 873 K 
[3-5].  For the oxygen deficient LiMn204 ~ spinels, as 6 
increases from zero, the cubic phase changes into the tetrag- 
onal phase at ~5=0.07 [5], even at ambient temperature. 
Therefore, not only electronic and magnetic properties but 
also the magnitude of Tc are altered by oxygen deficiency. In 
this paper, we report on DSC analyses and 7Li-NMR exper- 
iments of LiMn_~O4 and LiMn2039 to investigate the physical 
properties of both samples in the 160-400 K temperature 
range. 
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Polycrystalline samples of LiMn204 and LiMn203 ~ were 
synthesized by a solid-state reaction technique using reagent- 
grade Li,CO~ and MnO2 powders. In order to control the 
oxygen content of the samples, the calcined powders were 
annealed at 1073 K for 24 h in an O_~/Ar gas mixture flow. 
and then quenched to 273 K. The preparation, characteriza- 
tion and physical properties of the LiMn204 ~ samples are 
reported in detail elsewhere [5,6]. 

A differential scanning calorimetry (DSC) analysis was 
carried out using a power compensation method (Perkin- 
Elmer, DSC-7) in the 113-423 K temperature range. The 
7Li-NMR measurements were performed in a spin echo pulse 
sequence mode using a Fourier-transform NMR spectrometer 
(Bruker, MSL-300). The measurements were carried out in 
the 160400 K temperature range under a magnetic field of 
H = 7 T. About 150 mg of a powder sample was placed in a 
zirconia tube, mounting on the top of the NMR probe. In 
order to control the temperature of the sample, the sample 
was static and was set into the N2 gas flow. The temperature 
of the sample was determined directly from the temperature 
of the Nz gas flow. The measurement accuracy of the sample 
temperature was estimated to be + 5 K from a 1H-NMR study 
on the melting point of water. The resonance frequency for 
free VLi nuclei was determined from the 7Li-NMR line of 
1 M LiOH aqueous solution at ambient temperature. 
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3. Results 
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3.2. 7Li-NMR 

3.1. DSC 

Fig. l ( a )  and (b)  shows the DSC curves for the 
LiMn204_ ~ samples with 8 = 0 and 8 = 0.10 in the 175-375 
K temperature range. For the LiMn204 sample, as tempera- 
ture was raised from 113 K with a rate of  5 K/min ,  the DSC 
curve exhibited an endothermic peak at 249+  3 K (see 
Fig. 1 ( a ) ) .  In contrary, an exothermic peak was observed at 
244_+3 K in the DSC curve measured on cooling (see 
Fig. 1 ( b ) ) .  Both peaks are attributed to the phase transition 
between the cubic and tetragonal phases; thus, the magnitude 
of  the transition temperature (Tc)  for LiMn204 was deter- 
mined to be 247 4- 3 K; since a difference between the mag- 
nitudes of  Tc observed on cooling and on heating ( A To) was 
5 -+ 3 K, this phase transition was thought to be discontinuous, 
as had been reported [7].  For the LiMn2039 sample, the 
magnitude of  Tc and A Tc were determined to be 288 _+ 2 and 
14_+2 K. 

On the basis of  the area of  the DSC peak, the latent heat of 
the phase transition at T¢ ( A H )  was estimated to be 
0.30 -+ 0.05 kJ /mol  for LiMn204 and 1.03 __. 0.08 kJ /mol  for 
LiMn2039. These values of  A H  were considerably smaller 
than those for the spinels, which have Mn 3+ ions at the 
octahedral sites and a structural phase transition occurs from 
the cubic phase to the tetragonal phase, i.e. A H =  ~ 21 kJ /  
mol for Mn304 and ~ 14.7 kJ /mol  for MgMn204 [7].  This 
is probably due to a small distortion of  the tetragonal phase 
(c/a) of LiMn204 compared with those of Mn304 and 
MgMn204; that is, the value of  c/a of LiMn204 was 1.011 
[ 1 ] near To while those were 1.13 and 1.16 for Mn304 and 
MgMn204 [ 7 ], respectively. 
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Fig. 1. DSC curves for: (a) LiMn204, and (b) LiMnzO)~. The data were 
obtained with the rate of 5 K/min. 

The 7Li-NMR lines at temperatures between 160 and 400 
K are shown in Fig. 2 for the LiMn204 sample; the frequency 
employed for the measurement was 117 MHz. For  each of  
the resonance lines obtained at temperatures above 260 K, 
the line shape looks symmetrical,  showing no indications of  
peak splitting: furthermore, the shape of the 7Li-NMR line 
was fitted using a Gaussian curve at each temperature. At 
temperatures below 260 K, the line seems asymmetrical  hav- 
ing a shoulder in a low-magnetic field side, i.e. on the high- 
shift side. 

Fig. 3 (a )  and (b)  shows the temperature dependence of 
the full width at half-maximum ( F W H M )  of  the 7Li-NMR 
line for the LiMn204 and LiMn2039 samples. It was found 
that FWHM increases monotonically as temperature is low- 
ered from 400 to 270 K and then increases rapidly with further 
lowering the temperature. Assuming that the change in the 
FWHM slope is responsible to the structural phase transition, 
the magnitude of  Tc was estimated to be ~ 2 6 5  K for 
LiMn204. For the LiMn2039 sample, it is seen that the 
FWHM versus T curve was similar to that of  LiMn204, 
though a sudden change in the slope of  FWHM was observed 
at ~ 285 K on cooling and ~ 305 K on heating; thus, the 
magnitudes of  Tc and ATc were estimated to be 295 ___ 10 K 
and 20 + 10 K. It should be noted that the magnitudes of  Tc 
estimated from the present NMR results were 7-18 K higher 
than those determined by the DSC curves, though the same 
sample was used for both measurements. This discrepancy, 
especially for the LiMn204 sample, is probably due to a 
difference in temperature between the sample and the N2 gas 
flow around the sample probe in the NMR apparatus. 
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Fig. 3 Temperature dependence of the full width at half-maximum 
(FWHM) of the 7Li-NMR hne for" (a) LIMn20.,, and (b) LmMn~O39. Tc 
represents the transition temperature estimated from the change m the 
FWHM slope of the 7LI-NMR line. 
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Fig. 4. Temperature dependence of the ~hfft (K) of the 7L]-NMR hne for: 
(a) LIMn_,O4, and (b) LtMn20~ 9: both open and solid circles represent K 
at the maximum intensity (KM) and crosses K at the center of the area of 
7Li-NMRpeak(Kc) T¢ represents the transition temperature esUmated from 
the change in the FWHM slope of the ?Li-NMR line. 

Fig. 4(a) and (b) shows the shift at the maximum intensity 
(KM) of the 7Li-NMR line for LiMn204 and LiMn2039 as a 
function of temperature. For both samples, as temperature is 
lowered from 400 K, KM increases with temperature down to 
Tc, and then seems to level off at temperatures below Tc. In 
order to understand the asymmetrical shape of the 7Li-NMR 
line, we introduce the shift at the center of the area of 7Li- 
NMR peak (Kc); that is, Kc is expressed as 

I(K) K dK 

Kc = (1)  
I( K) dK 

where I(K) means the intensity of the 7Li-NMR signal at the 
shift K. As seen in Fig. 4(a) and (b), at temperatures below 
To the magnitude of Kc estimated using the data obtained on 
cooling is larger than that of KM for both samples. This indi- 
cates that the 7Li-NMR peak has a shoulder in a low-magnetic 
field side at temperatures below Tc: the reason of the 
appearance of the shoulder will be discussed later. 

4. Discussion 

Since the 7Li-NMR lines of both samples are symmetrical 
and can be fitted using a Gaussian curve at temperatures above 
Tc, all Li ÷ ions are considered to be located on one equivalent 
site. On the other hand, the asymmetrical shape of the 7Li- 
NMR line at temperatures below Tc suggests that there is at 
least one more possible site for Li + ions in the sample at 
temperatures below Tc. This is in a good agreement with the 
result of the X-ray diffraction analysis [ 1 ], e.g. both the 
tetragonal and the cubic phases co-exist in LiMn204 at tem- 
peratures below To whereas LiMn204 is a single-phase cubic 
Fd3m system above Tc. Indeed, the 7Li-NMR lines at 160 K 
for both samples can be decomposed into two Gaussian peaks, 
as seen in Fig. 5(a) and (b). Since the spin of the 7Li nucleus 
is 3/2, both the shift and FWHM are affected by the quad- 
rupole effects in the tetragonal phase. Hence, the distribution 
of the local magnetic field at the lithium site in the tetragonal 
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Fig. 5 . 7 L I - N M R  spectrum at 160 K for :  ( a )  L i M n 2 0 4 ,  and ( b )  L i M n 2 0 3 9 .  

It should be noted that both spectra can be decomposed into two Gaussian 

peaks. 
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phase would be different from that in the cubic phase. As a 
result, the FWHM versus T and shift versus T curves exhibit 
changes in the slope at Tc. 

The magnitude of Tc of LiMn203 ~ is found to be higher 
by ~ 30 K than that of LiMn204. In order to balance the 
charge in the sample, [Mn 3+] > [Mn 4+ ] in LiMnzO3~, 
though [Mn 3+ ] = [Mn 4+ ] in LiMn204, where [Mn 3÷ ] and 
[ M n  4÷ ] m e a n  the amount of Mn 3+ and M n  4+ ions. There- 
fore, the magnitude of  Tc is considered to rise with increasing 
[Mn 3+] due to a co-operative Jahn-Teller distortion of 
Mn 3 + ions at the octahedral site, as had been reported for 
Zn,Get _ ,Co 2 + Mn~_ + 04 spinel [ 8 ]. 

above To. Therefore, this result can be explained by the co- 
existence of both the tetragonal and the cubic phases at tem- 
peratures below To, and a single-phase cubic above To. 
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