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Abstract Both the Young's modulus sound velocity (VE) and the internal friction (e-') have 
been measured for a polycrystalline sample of L a 2 0 4  in the temperature range between 35 
and 350 K, using a vibrating-reed lechnique. The resonance frequency (fd employed for the 
mwurement ranged from 0.81 kHz to 2.69 I;Hz at 300 K. At &(300 K) = 0.81 kHe, as 
temperature is lowered from 350 K. VE decreases down to 225 K (TA). Then, VE increases 
rapidly but monotonically with lowering temperature, though the magnitude of the slope 
(-dVE/dT) reduces. The overall increase in the velocity between TA and 100 K is about 
68%. In the Q-L-versus-T curve. a large peak is clearly observed at around 210 K as is the 
forming of a large shoulder an the law-temperature side; additionally, lhere exists a small Q-' 
peak at around 120 K, though VE indicates no significant change at around 120 K. Furthermore, 
both the VE-versus-T C U N ~  and the Q-'-versus-T curve shift toward the higher-temperature 
side, by -45 K and -25 K, as f,(300 K) is increased from 1.32 kHz to 2.69 &. The observed 
elastic anomalies suggest that a phase transition WCUIS at temperatures below 290 K. This phase 
transition is probably due to an ordering of Mn3+ and Mn4+ ions on the octahedral 16d site 
in the spinel lauice. On the other hand. the origin of the peak is considered to lie in a 
stress-induced relaxation of the disthbutions of Mn ions or Li ions. 

1. Introduction 

The spinel-type compound, LiMnzO4, is known to be one of the most promising candidates 
for cathode materials of rechargeable lithium batteries [I-$]. At ambient temperature, the 
crystal structure of LiMnz04 belongs to the Fd3m space group [5]  of a cubic system; lithium 
ions occupy the tetrahedral Sa site, manganese ions the octahedral 16d site and oxygen ions 
the 32e site [6]. Since the average valence of manganese ions in LiMnz04 is 3.5, the 
same amounts of Mn3+ and Mn4+ ions are distributed randomly on the 16d site. That is, 
the distribution of cations in LiMnzOd can be represented by the following ionic formula: 
~i+)*n[Mn3+Mn4+]16dO~- 161. According to neutron and x-ray diffraction analyses [l, 
7-1 11, the MnzOd spinel framework remains during the insertion of excess lithium into 
LiMn204 as well as during lithium extraction from the stoichiometric material. In other 
words, the process of the insertion and the extraction of Li+ is found to be via intercalation of 
Li+ between two layers consisting of MnO6 octahedra. Therefore, the diffusion coefficient 

t Present address: Toyota Central Research and Developments Laboratories Inc., 41-1 Yokomichi, Nagakute, 
Aichi 480-1 1. Japan. 
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226. Japan. 
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of the intercalated Li+ is considered to strongly depend on the structure of the area between 
two adjacent MnO6 layers. 

Since the elastic properties sensitively depend on the lattice distortion, the elastic 
constants are considered to be good indicators for the evaluation of performance of cathode 
materials. Furthermore, there is a possibility that the actjvation energy for intercalating Li+ 
ions can be estimated from the measurement of anelastic relaxation, as proposed for the case 
of quartz which contains alkali ions 1121. Nevertheless, to the authors' knowledge, there 
are no elastic/anelastic studies on LiMn204, though there have been numerous studies on 
structural and electrochemical properties of LiMn204 [ 1 4 ,  7-11]. Unfortunately, single 
crystal samples of LiMnzO4 are currently not available, because LiMnzOa decomposes 
at around 950 "C 161 below its melting point. Thus, in order to understand the lattice 
distortion due to Li intercalation, we studied the elastic/anelastic properties of polycrystalline 
LiMnz04 samples using a vibrating-reed technique [13-171. Here, we report the Young's 
modulus sound velocity (V,) and the internal friction (Q-') of LiMnz04 with respect to 
both temperature and frequency. 

2. Experimental procedure 

Polycrystalline samples of LiMn204 were synthesized by a solid-state reaction technique 
using reagent-grade Li2CO3 and MnOz powders. The powders were thoroughly mixed by 
a planetary ball mill using ethanol as the solvent. After drying, the mixture was calcined 
three times at 800 "C for 8 h in a 20% 02-NZ gas mixture flow. After grinding, the calcined 
powder was pressed into rectangular bars using a cold isostatic press (CIP) apparatus. And 
then, the bars were sintered at 900 "C for 8 h in a 20% 02-NZ gas mixture flow. The 
sample was furnace cooled to  room^ temperature with a rate of -4 "C min-I. 

Powder x-ray diffraction analysis indicated that the sample was a single phase of a cubic 
spinel structure with the lattice parameter a - 0.824 nm. According to a chemical analysis 
using inductively coupled plasma UCP) spectrometry, the cation ratio in the sample was: 
LilMn = 0.95/2.00. The electrical resistivity ( p )  of the sample was measured by a dc 
four-probe method. The magnetic susceptibility ( x )  was measured using a superconducting 
quantum interference device (SQUID) magnetometer in a magnetic field of H = 1 T. 

For vibrating-reed measurements 113-171, samples were polished into thin plates of 
dimensions -15 x2  x 0.2 mm3. In order to make the sample conductive, gold was sputtered 
on the surface to a thickness of -500 nm. 

The mechanical resonance frequency ( fr) for the fundamental mode of a thin bar whose 
one end is clamped rigidly and other end is free is given by [13-171 

t 
fr = 0.1615-VE i? 

VE = fi 
where e is the length of the reed, t the thickness, VE Young's modulus sound velocity, E 
Young's modulus and d the density. The internal friction (Q-') of the reed is expressed as 

Q-' = A f l h  (3) 

when Af/fr << 1, in which Af is the full width at maximum of the resonance peak. 
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3. Results 

Figures l(a)-l(c) show the temperaturedependences of the change of VE (AVe/V~(300 K)), e-' and the magnitude of slope of VE (-dVE/dT). The value of employed for the 
measurement was 0.81 kHz at 300 K. There were no marked differences between the data 
obtained on cooling and on heating. As temperature was lowered from 350 K, VE decreased 
monotonically down to 225 K (TA); in other words, V, softened by about 5% from 350 K to 
TA. Then, VE changed sign of the slope, dVE/dT, from positive to negative at TA, increased 
rapidly with lowering temperature and levelled off at temperatures below 50 K. The overall 
stiffening of the velocity was about 63% between TA and 50 K. 
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Figure 1. Tem&ure dependences of (a) the change of the Young's modulus sound velocity 
( A v ~ l V ~ ( 3 0 0  K)), (b) the internal friction (e-'), and (c), the magnitude of the slope of VE 
(-dVE/dT) for LiMnzOa; open circles repment data obtained on cooling and solid circles on 
heating. The resonance frequency (f,) employed for the measurement was 0.81 kHz at 300 K. 

On the other hand, as temperature was lowered from 350 K, Q-' rapidly increased at 
around 250 K, having an intense peak at 210 K (TPd), and forming a large shoulder on the 
low-temperature side (see figure l(b)). In addition, there appeared a small peak at around 
160 K, though VE showed no obvious change at around 160 K. At temperatures below 
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120 K, Q-' decreased monotonically with lowering temperature. 
In an attempt to understand the temperature dependence of VE, the magnitude of 

the slope, -dVE/dT, is plotted in figure l(c) as a function of temperature. It is seen 
that the (-dVE/dT)-versus-T curve is akin to the Q-I-versus-T curve (see figure I(b)). 
Such similarity between the two curves had been reported for polycrystalline samples of 
superconducting P~~~+~)~zCU~~-~)~(S~I-~C~~)~(YI-,C~,)C~~O~+~ H71. 
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F i y r e  2. Magnification of the temperature 
dependences of (a) AVE/VE(~OO K). and (b) 
Q-' at temperatures in the vicinity of TA 
(230 K); f,(300 K) = 1.83 Wz; open circles 
represent data obtained on cooling and solid 
circles on heating. 

Figures Z(a) and 2(b) show the temperature dependences of AVE/VE(~OO K) and Q-' at 
temperatures in the vicinity of TA. The value of fr at 300 K was 1.83 kHz. The accuracy of 
the measured Q-' was lower at temperatures below 220 K than that above 220 K. This was 
because the intensity of the resonance peak became extremely weak due to a large elastic 
loss at temperatures below TA. As seen in figure 2, the values of TA and T w  were found 
to be 230 K and 215 K, respectively; thus, making comparison with the result obtained at 
fi(300 K )  = 0.81 kHz, both values of TA and Tpea* increased by 5 K. 

Figures 3(a) and 3@) show A v ~ / V ~ ( 3 0 0  K)-versus-T curves and Q-'-versus-T curves 
obtained at four different frequencies, i.e., f(300 K )  = 1.32 kHz, 1.68 kHz, 2.48 kHz and 
2.69 Wz, respectively, in the temperature range between 150 K and 350 K. As fr(300 K) 
was increased from 1.32 kHz to 2.69 kHz, not only the Q-I-versus-T curve but also the 
AVE/VE(~OO K)-versus-T curve shifted toward the higher-temperature side, by -25 K and 
-45 K. It should be noted that Tpali < TA for each of the data obtained at different values of 
&. Moreover, the height of the Q-I peak decreased with increasing &(300 K). In order to 
understand the frequency dependences of Q-', we have plotted in figure 4 the normalized 
Q-' (Q-'/Q&)-versus-T-' curves at temperatures in the vicinity of Tpd .  It is clearly 
seen that, as f(300 K) was increased from 1.32 kHz to 2.69 kHz, the Q-' peak shifted 
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Figure 3. Magnification of the temperature 
dependences of (a) A V ~ l V i ( 3 0 0  K), and (b) 
Q-' at four different frequencies: f,(300 K) = 
1.32, 1.68, 2.48 and 2.69 kHz, respectively. 
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toward the higher-temperature side by 22 K. In addition, the peak width seems to become 
large with increasing f,(300 K); the reason for this will be discussed later. 

In order to estimate the absolute value of V, [15], we have plotted in figure 5 the 
relationship between e and J%i'; at 300 K measured for several sample pieces with 
different dimensions. Based on a linear fit, the slope o f t  yields .,/- in accordance 
with equation (1); thus, VB was estimated to be 1960 m s". Using this value and 
d = 2.66 g in equation (2). we obtain E(300 K) = 1.02 x 10" N m-2. Then, 
assuming that Poisson's ratio (U) for LiMn204 takes a typical value (U = 0.3), we employed 
the following relationship 1181 for the corrections due to pores: 

(4) 
where Eo is Young's modulus of a pore-free sample and P the porosity. Since the 
theoretical density (do) for LiMn204 is 4.28 g [5], P would be roughly given by 
P = 1 - (d/do) = 38%. Therefore, EO was estimated to be 0.25 x 10'' N m-2 at 300 K. 
This value was considerably smaller than the value for Fel.~Mnl.lsO4 of a spinel stmcture, 
i.e., Eullol = 1.45 x 10" N m-* [19]. This is probably due to the effect of microcracks in 
the sample, as proposed for polycrystalline samples of YBazCu307 by Ledbetter [20, 211. 

E = Eo (1 - 1.9P +0.9P2) 

4. Discussion 

First, we should note that all the measurements were carried out using polycrystalline 
samples of LiMnz04. Therefore, the present data include the effects due to pores, grain 
boundaries andlor structural domains in the sample. However, it is unlikely that~the 
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Figure 4. The dependence of normalized Q-' (Q-'lQ,L) on thereciprocal temperature (T - ' )  
far LiMn204 at four different frequencies; f,(300 K) = 1.32, 1.68, 2.48 and 2.69 kHz. 
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Figure 5. The relationship between F. and at 
300 K measured for sevenl sample pieces of LiMnIOa; 
where e is the length of the reed and f the thickness. 

Figure 6. The relationship between log(p/T) and T-' 
for LiMnZOa; where p is the resistivity. 

large change in AVE/VE(300 K) at temperatures below 290 K and the sharp Q-' peak at 
temperatures below 245 K are caused by such effects. Furthermore, there were no marked 
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differences between the data obtained on cooling and on heating, even at temperatures 
around TA. Hence, the present results suggest that LiMn204 undergoes a phase transition at 
temperatures below 290 K. Unfortunately, no reports are available at present for the study 
on temperature dependence of the crystal strncture of LiMn204. Here, we discuss the origin 
of this phase transition and/or the Q-' peak using the following two most probable models: 
(A) ordering of Mn3+ and Mn4+ ions on the octahedral 16d site and (B) movement of Li+ 
ions on the tetrahedral 8a site. 

4.1. Model A: ordering of Mn" and Mn4+ ions on the octahedral 16d sire 

It is known that one spinel compound, Fq04 (magnetite), undergoes a continuous phase 
transition at around 125 K (Tv) [22]; this transition is usually called the Verwey transition, 
which is attributed to an ordering of Fe2+ and Fe3+ ions on the octahedral 16d site 
in (Fe3+)s.[Fe2+Fe3+]1~04. As temperature is lowered from 300 K, E[llli decreases 
monotonically and suddenly increases at Tv. Moreover, there are two sharp peaks at around 
110 Kand40 K in the Q;&-versus-T curve. The two e,:,, peaks are due to stress-induced 
relaxation of the distribution of Fe2+ and Fe3+ [231. The relaxation time (7 = 1/(27rfr)) is 
known to obey the well-known Arrhenius relation 

z = q,exp(W/kBT) (5 ) 
in which ro is a constant, W the activation energy for the process, kB Boltzmann's 
constant and T the absolute temperature. For the Q&, peak at around 110 K, W and 
r0-' were estimated to be 0.36 eV per unit process and 4.3 x IO" Hz [24]; for the 
peak at around 40 K, W = 0.055 eV per unit process and r;' = 6.5 x IOz3 Hz 1241. 
Furthermore, similar dependences of E[,lol and Q;iol on temperature had been reported 
for a spinel-type compound Fe1.fiMn1.1~04 [19] (Mn ferrite); two Q-' peaks were observed 
at around 260 K and 40 K, while E11101 exhibited a minimum at around 290 K and then 
increased with decreasing temperature. For the peak at around 260 K, it was reported that 
W = 0.27 - 0.34 eV per unit process and r;' = IOL2 Hz, though both values strongly 
depended on the composition andor the homogeneity of the sample. Additionally, for the 
peak at around 40 K, it was reported that W = 0.03 eV per unit process and r;' = 1010 Hz. 

It is worth noting that the temperature dependences of E ~ l l l ]  and Q;ill of magnetite and 
of E[llol and of Mn ferrite are parallel to the present data for LiMn204. Therefore, 
the phase transition at TA in LiMn204 can be attributed to an ordering of Mn3+ and Mn4+ 
on the octahedral 16d site. The Q-' peak observed just below TA is most likely to be caused 
by a stress-induced relaxation of the distributions of Mn3+ and Mn4+ among the 16d sites; 
that is, the larger Mn3+ would tend to orient in the direction of tensile stresses, while the 
smaller Mn4+ would tend to orient in the direction of compressive stresses. However, as 
seen in figure 4, the width of the Q-' peak was found to increase with increasing h. This 
implies that the relaxation time does not obey equation (5); also, it looks difficult to apply 
the Debye equation [I31 to explain the temperature dependence of Q-'. Indeed, if we 
employed equation (5) for the present data, the values of W and si' would be estimated 
to be 0.14 eV per unit process and 1.5 x IO' Hz, based on a linear fit to the relation 
between log(.&,,*) and I / T w  This value of W is rather small compared with those for 
magnetite and Mn ferrite; moreover, the value of ti' is about five orders of magnitude 
smaller than those for magnetite and Mn ferrite, and seems to be too small to explain. 
Hence, the stress-induced relaxation of LiMnzO4 is considered to have a varying activation 
energy with respect to frequency and/or temperature. In other words, the relaxation process 
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seems to strongly correlate with the change in the crystal structure. 
If an ordering of Mn3+ and Mn* occurs below TA, both electronic and magnetic 

structures would be altered at TA. As a result, both resistivity (p) and magnetic susceptibility 
(x) should exhibit clear anomalies at around TA; indeed, such anomalies at around Tv were 
observed for magnetite [25]. For LMnzO4, both p and x exhibited no clear anomalies 
at around TA, as shown in figures 6 and 7. However, a small anomaly was detected at 
288 K by the x measurement (see figure 7(b)). The electron configuration of Mn3+ in 
LiMnzO4 is represented as $,e;. i.e., a high-spin configuration, while that of Mn" is 
represented as {,e:. Generally, Mn3+ ions in a high-spin state give a tetragonal distortion 
due to a Jahn-Teller effect. Furthermore, interactions between Mn ions are too weak 
to give an itinerant-electron bandwidth [26]. Consequently, LiMn204 is known to be a 
small-polaron semiconductor [26, 271, because the e, electrons are localized and coupled 
with the tetragonal distortion of Mn3+ at ambient temperature. Even in an ordered state 
at temperatures below TA, the eg electrons are considered also to be localized; thus, the 
change in x at TA might be rather small. Indeed, TbV04 and DyV04 undergo structural 
phase transitions at 34 K and 15 K, respectively, due to a cooperative Jahn-Teller effect 
[28, 291; for each of these compounds, as the temperature is lowered, a small decrease 
in x is observed at a critical temperature (Tc), though the elastic constant exhibits a large 
softening at Tc. Finally, the activation energy for dc p(W,,) was estimated to be 0.41 eV 
at temperatures above 220 K using the relationship, p/T o( exp(W,/kBT). The value of 
W, is about three times larger than that of W (=0.14 eV). This discrepancy also suggests 
that the mechanism of the Q-' peak cannot be explained using a simple stress-induced 
relaxation phenomenon described by equation (5). 

As fr  increased, the AVE/VE(~OO K)-versus-T curve also shifted toward the higher- 
temperature side, as seen in figure 3(a). This indicates the possibility that the phase transition 
at TA is discontinuous, though there were no marked differences between the data obtained 
on cooling and on heating. Moreover, it seems difficult to determine the value of TA, on the 
basis of just the present elastic/anelastic measurement. Assuming that the small anomaly in 
the x-versus-T curve at 288 K (see figure 7(b)) is attributable to the ordering of Mn3+ and 
Mn4', the value of TA under static conditions is determined to be -290 K. 

4.2. Model B; movement of Li' ions on the tetrahedral 8a site 

The insertion of excess lithium into LiMnz04 induces a change in the distribution of 
Li ions [8, 111; that is, the distribution of lithium in LMn2O4 can be represented as 
(Li)8a[Mn2]16,j04. while that of LizMnZOa can be represented as (Li)~(Li),6,[Mnz]16~04, 
where 16c is the vacant octahedral site. Thus, there is a possibility that Li' ions can move 
between the 8a site and the 16c site in LiMn204, though the origin of the phase transition 
at TA is most likely the ordering of Mn3+ and Mn4+ ions on the octahedral 16d site. As a 
result of the ordering of Mn ions, the distribution of Li+ ions would be altered to minimize 
an electrostatic repulsion. Therefore, an external stress could give rise to a rearrangement 
of Li+ ions; hence, the Q-' peak just below TA may be attributable to a stress-induced 
relaxation of the distributions ofLi+ ions between the 8a site and the 16c site. The activation 
energy of such a relaxation process would vary with temperature and/or frequency in the 
vicinity of TA. This is because the relaxation process depends not only on the distribution 
of Mn ions but also on the structure of the area between two adjacent MnO6 layers. If this 
assumption is true, there should exist a correlation between the Q-' peak and the content 
of Li' ions in LiMnz04. Therefore, it is necessary to investigate elastic/anelastic properties 
of various kinds of the LiXMn2O4 sagples with 0 Q x < 2. 
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Figure 7. Temperature dependences of (a) be magnetic susceptibility ( x )  and 1 / x  for LiMn204: 
x was measured in a magnetic field of H = 1 T, (b) magnification at temperatures in the vicinity 
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5. Summary 

Using a vibrating-reed technique, we have measured both the Young's modulus sound 
velocity (VE) and the internal friction (Q-') for a polycrystalline sample of LiMnzO4 in 
the temperature range between 35 and 350 K. The temperature dependences of VE and 
Q-' are found to be parallel to those for magnetite; the minimum of VE is observed at 
around 225 K (TA) and the peak of Q-' at 210 K (Tp&) at the resonance frequency of 
fr(300 K) = 0.81 kHz. Furthermore, both the VE-versus-T curve and the Q-'-versus- 
T curve shift toward the higher-temperature side by -45 K and -20 K, as f,(300 K) 
is increased from 1.32 lcHz to 2.69 kHz; it should be noted that Tpe* < TA for each of 
the data obtained at different values of f,. According to the present elastic and magnetic 
measurements, LiMn204 undergoes a phase transition at around 290 K. This phase transition 
is probably due to an ordering of Mn3+ and Mn4+ ions on the octahedral 16d site in the 
spinel lattice. On the other hand, the origin of the Q-' peak is considered to be caused 
by a stress-induced relaxation of the distributions of Mn ions or Li ions. However, some 
discrepancies between this model and the experimental results remain. In order to achieve a 
further understanding of the mechanism of the phase transition, an NMR study of LiMnzO4 

- 
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is in progress. 
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Note added in p o j ?  Just after we made OUT original submission, Yamada and Tanakn [30] reported a structural 
phase transition at around 280 K for LiMnlOl using a differential scanning calorimetric analysis and a powder 
x-ray diffraction analysis. Their result seems to be consistent with our result. 
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