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Jahn–Teller instability in spinel Li–Mn–O
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Abstract

Various compositions in the spinel Li–Mn–O system were prepared and characterized by thermal analysis, X-ray diffraction, and
Ž . 3q Ž .X-ray absorption spectroscopy, with special attention to the Jahn–Teller JT instability of Mn . Of particular interest are 1 the

discovery of JT structural phase transitions around 280 K, demonstrating that LiMn O involves large JT instability in spite of its cubic2 4
Ž .symmetry at room temperature, 2 the use of transition temperature, T , and latent heat, D H, as sensitive parameters of JT instability int

Ž .the practical composition region of the spinel Li–Mn–O ternary system as a 4 V cathode, and 3 the identification of the large,
non-cooperative local JT distortion around Mn3q in the cubic phase. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Recently, much attention has been focused on lithiated
manganese oxides as candidates to replace expensive
LiCoO in cathodes, especially for large-scale recharge-2

able lithium ion batteries, where the cost of unit
weightrvolume is a crucial factor. In particular, low-cost
lithium-ion batteries for electric vehicles would encourage
development of a more environment-friendly society.

Among the large family of Li–Mn–O compounds,
ŽLiMn O -based materials with a spinel structure cubic2 4

.space group Fd3m are of technical interest because they
provide a large number of tetrahedral 8a sites for mobile
lithium ions within the Mn4qr3q redox couple and hence

w xhave large electrochemical capacity in the 4 V region 1 .
Although LiMn O spinels are now about to be commer-2 4

cialized, metastable polymorphs of LiMnO with various2
w x w x w xspace groups, e.g., Pmnm 2 , C2rm 3 , R3m 4 , and

w xamorphous forms of lithiated manganese oxides 5 are
being studied as alternatives.

It is important to note, however, that all Li–Mn–O
cathodes using the Mn4qr3q redox couple suffer from

Ž .large Jahn–Teller JT instability caused by trivalent man-
Ž 3 1 .ganese ions electron configuration: t e at the octahe-2g g

dral sites. JT instability is a potential negative characteris-
tic of battery cathodes and deserves careful investigation.
The anisotropic volume change on passing through the

) Corresponding author. Tel.: q81-45-353-6857; Fax: q81-45-353-
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cubic-tetragonal transition leads to a loss of electrode-stor-
w xage capacity on repeated dischargerrecharge cycling 6 .

The instability is especially enhanced in a nonequilibrium
discharge condition which forms the Mn3q-rich region at

w xthe surface of the electrode 7 .
In trivalent manganospinels, e.g., MgMn O and2 4

Ž .ZnMn O , a cooperative JT transition from cubic Fd3m2 4
Ž .to tetragonal I4 ramd takes place at temperature T ;l t

Ž .1400 K and the tetragonal distortion cra is as large as
w x1.15 at room temperature 8 . The transition temperature Tt

and the distortion cra have a moderate correlation to the
9yŽ 3q.electronic structure of the MnO Mn octahedron in6

the ground state because of the thermal excitation of
Ž 2 2 2electrons over the energy gap D d to d orbital inz x yy

. Ž . w xtetragonal D symmetry , D;k T A cray1 9 , i.e.,4h B t
Ž .Drk is approximately ;1400 K see Fig. 1 .B

The replacement of the trivalent manganese ions by
Ž 3 2 . Ž 3 0.divalent t e or tetravalent t e manganese ions re-2g g 2g g

duces the instability. Consequently, T decreases and thet

magnitude of cra decreases and approaches unity as the
average manganese valence number increases from Õs

w xq3.0 to Õsq3.5 10–12 . In the lithium manganospinel
system, LiMn O is of particular interest because it takes2 4

the threshold manganese valence, Õsq3.5, where the
cubic lattice is apt to exhibit JT distortion when the
manganese valence is slightly reduced by lithium insertion
w x w x13 or oxygen extraction 10,14,15 .

This situation led us some years ago to an investigation
of the low temperature structure of LiMn O and the2 4

discovery of the unique cubic-tetragonal transition in the
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Fig. 1. Electronic structure of Mn3q in oxygen octahedra.

w xvicinity of T s280 K 11 . Previously published workt

done at the Sony Research Center exploring this topic
w x9–12,16,17 is reviewed in this paper. The large local JT
distortion around Mn3q in the cubic phase will also be

Ždiscussed in analogy with the La A MnO AsSr, Ca,1yx x 3
.Pb perovskite system.

2. Experimental

2.1. Materials synthesis

The LiMn O sample was prepared by reacting Li CO2 4 2 3
Ž .and Mn O . The starting materials, Li CO 4 N and2 3 2 3

Ž .Mn O 3 N powders, were coarsely mixed at a 1:22 3

Li:Mn ratio and ball-milled for about 24 h in ethanol. After
evaporating the ethanol at 708C, the samples were re-
ground and calcined at 7508C in air, after which they were
fired at 8708C in O for 24 h and slowly cooled to room2

temperature. The LiMn O obtained and Li CO were2 4 2 3
Ž .mixed in various molar ratios to form Li Li Mn Ox 2yx 4

and calcined at 6508C in O for 15 h. l-MnO was2 2

prepared by conversion from LiMn O . LiMn O in a2 4 2 4

HCl solution was stirred for 3 h. The solution was then
decanted and the remaining solid materials were washed,
filtered in a sintered glass filter, and dried in vacuum.
ZnMn O was synthesized by a solid-state reaction. The2 4

stoichiometric mixture of ZnO and MnCO was ball-milled3

with ethanol for 12 h, calcined at 7008C for 10 h, then
sintered at 9008C for 20 h. The composition and crystal
structure were confirmed by inductively coupled plasma
Ž .ICP emission spectroscopy and X-ray diffraction analy-
sis.

2.2. Characterization

The characteristics of LiMn O after oxygen extraction2 4

at elevated temperatures and their dependence on the
oxygen partial pressure were investigated using thermo-

Žgravimetric and differential thermal analysis TGrDTA,
.Shinku-Rico, TGD-7000 in various atmospheres. The

sample was 200 mg of LiMn O powder. The standard2 4

sample used for DTA measurements is 200 mg of a-Al O2 3
Ž .5 N . The partial pressure, P , was controlled from 0 to 1O2

atm by changing the O rN ratio. The flow rate of the2 2

mixed gas was 50 cm3rmin.

Ž .Differential scanning calorimetric DSC measurements
were performed at a rate of 5 Krmin in the temperature
range between 150 K and 400 K to detect the phase

Ž .transitions in Li Li Mn O . The 50 mg samples ofx 2yx 4
Ž .Li Li Mn O and a-Al O with 99.999% purity werex 2yx 4 2 3

packed into small aluminum cells and were set in the
Ž .measuring apparatus Shinku-Riko, DSC-7000 . The mea-

surements were performed in dry nitrogen at a pressure of
500 mmHg.

The temperature dependence of the powder X-ray
diffraction pattern for LiMn O was recorded in a dry2 4

nitrogen flow from 220 K to room temperature with an
automated Rigaku diffractometer and CuKa radiation.
The temperature of the sample was held constant during
the measurements and was controlled by balancing the
liquid nitrogen flow and the heat.

X-ray absorption measurements were performed for
LiMn O , using l-MnO and ZnMn O as reference sam-2 4 2 2 4

ples, at beam line BL-10B in the Photon Factory of the
Ž .National Laboratory for High Energy Physics KEK in

Tsukuba, Japan, using synchrotron radiation from the 2.5
GeV storage ring. A white X-ray beam was monochroma-

Ž .tized by a Si 111 double-crystal monochromator with
detuning to 60% in intensity to eliminate the harmonics.
The intensity of the incident and transmitted X-ray beams
were measured in ionization chambers filled with nitrogen
gas.

3. Results and discussion

3.1. Phase diagrams

Fig. 2 is the phase diagram of LiMn O in the tempera-2 4
Ž .ture–oxygen partial pressure system T–P obtained byO2

w xTGrDTA analysis 10 . The metastable samples of high-
temperature phases were obtained by quenching from the
corresponding temperatures in the regions B and C in Fig.
2. The sample was quickly taken from the furnace and
dropped into liquid nitrogen. The X-ray diffraction study
for samples quenched from various temperatures revealed
that line 1 in Fig. 2 represents the onset of oxygen
extraction and line 2 corresponds to the formation of

Ž .orthorhombic LiMnO Pmnm . Oxygen extraction in re-2

gion B via complicated processes leads to the formation
of a tetragonal spinel with the nominal composition

Ž . w xLiMn O I4 ramd, cras1.07 18 . However, the2 3.86 1

defect structure models for the oxygen released metastable
w xphase are still controversial 18,19 .

w xIt should be noted, for either lithium insertion 13 or
w xoxygen extraction 10,14,15 , that quite a small perturba-

tion reduces the manganese valence and immediately in-
duces the JT distortion. Fig. 3 shows the suppression of JT
distortion by dilution with non-JT ions, Mn2q and Mn4q,

w xat room temperature 10–12 . The important point is that
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Fig. 2. Phase diagram of LiMn O in the temperature–oxygen partial pressure system.2 4

LiMn O is positioned on the boundary between the cubic2 4

and the tetragonal phases, thus, LiMn O is apt to exhibit2 4

JT distortion with only a slight increase of Mn3q. Consid-
ering the position of LiMn O in the phase diagram, we2 4

speculated that low temperature JT transitions occur when
the temperature change enhances cooperative JT interac-
tion. In order to test the validity of this speculation, low
temperature thermal analysis and X-ray diffraction studies

w xwere performed 11 .

3.2. Temperature-induced JT transition

As shown in Figs. 4 and 5, both DSC and X-ray
diffraction data clearly show a first-order transition at

Ž . Ž .T ;280 K from Fd3m T)T to I4 ramd T-T with at t l t
w xtemperature hysteresis of ca. 10 K 11 . The thermal

expansion and its temperature coefficient also showed a
w xdiscontinuous, stepwise anomaly at T 11 . This transitiont

is induced by the weak and almost undetectable JT effect
of Mn3q in the mixed valence state with JT inactive Mn4q

w xions 9 . The cubic phase remained stable below T , how-t

ever, with up to ca. 35% in volume, and the tetragonal
w x Ž .distortion was as small as cras1.011 11 Fig. 6 . These

Fig. 3. The suppression of the JT effect of Mn3q by non-JT ions, Mn2q

and Mn4q.

values were obtained from the separation of the diffraction
Ž .peak at 440 , assuming that the low-temperature phase is

a mixture of the cubic Fd3m and tetragonal I4 ramdl

phases. The single tetragonal phase does not appear until 8
w xK 20 . This stable phase segregation may come from a

charge-ordered state, that is, a formation of Liq-rich
Ž 3q . q Ž 4q .Mn -rich and Li -poor Mn -rich regions, as indi-

7 w x w xcated by Li NMR 21 and resistivity data 22 .
w xAfter our first report of the transition in 1995 11 ,
w xvarious physical properties, e.g., the elastic constant 23 ,

w x w xelectronic conductivity 22 , magnetic susceptibility 22 ,
w xand the infrared absorption spectra 24 , were investigated

in the vicinity of T and were found to show a cleart

anomaly at T . It should be noted that highly sophisticatedt

structural analysis of material in the low temperature phase
w xis recently performed by Oikawa et al. 25 , Hayakawa et

w x w xal. 33 , and Rousse et al. 34 using Rietvelt analysis of
neutron and X-ray diffraction patterns. They concluded the
low-temperature phase to be single phase orthorhombic
instead of the cubic–tetragonal mixture and observed su-

Fig. 4. DSC trace for LiMn O .2 4



( )A. Yamada et al.rJournal of Power Sources 81–82 1999 73–7876

Ž .Fig. 5. Peak separation analysis of the superimposed peak of Fd3m 440 ,
Ž . Ž .I4 ramd 224 , and I4 ramd 400 in X-ray diffraction data.1 1

perlattice reflections with tripled periodicity in the electron
diffraction patterns. The superlattice reflections were in-
dexed by the 3a=3a=c supercell with partial charge

w xordering 34 . Further studies are required to elucidate the
detailed mechanism of the transition.

The usual way to suppress JT instability in LiMn O2 4

and to improve the cycling performance of a battery
cathode is to substitute 1–2% of Mn with another element

Ž .to form Li A Mn O , which causes a reduction of they 2yx 4

concentration of octahedral-site Mn3q ions per formula
unit. Much work has been done on the cathode perfor-

Ž . w xmance of Li A Mn O 26 . However, there has al-x 2yx 4

ways been a trade-off between cycling performance and
rechargeable capacity. The origin of the reduction in ca-
pacity can be quantitatively accounted for as a simple
function of the initial manganese valence.

Conversely, there has been no direct, quantitative mea-
Ž .sure of JT instability in the system Li A Mn O withx 2yx 4

the goal of improving cycling performance. Although it is
well known that the Mn16d site in LiMn O accepts some2 4

elements for substitution, we have chosen Li-substituted
Ž . w xspinel Li Li Mn O 6,27 as a model system for ax 2yx 4

quantitative evaluation of JT instability with respect to the
w xphase transition at 280 K 16 . Our choice was based on
Ž .two technical considerations: 1 A small amount of substi-

tution is effective with minimal influence on the random-
q Ž . qness because of the monovalent Li , and 2 Li is a

lightweight, inexpensive element easily substituted for
Ž . w xMn 16d in LiMn O 16 .2 4

As shown in Fig. 7, the phase transition temperature, T ,t

as given by the DSC peak position in the heating process,

dramatically decreases from 282.3 to 214.3 K when a very
Ž .small amount of Mn is replaced by Li x-0.033 . At the

same time, the latent heat D H is suppressed from 271.0
calrmol to 28.9 calrmol. Finally, the transition disappears
at around xs0.035, which corresponds to merely -2%
Li substitution of Mn. A similar phenomenon has been
reported in other LiMn O -based materials which have a2 4

Mn valence larger than 3.5, e.g., defect-type spinels,
w xLi Mn O 28 .1yx 2y2 x 4

ŽThe JT transition just below room temperature T ;280t
.K proves that spinel LiMn O inherently involves large2 4

JT instability. The lower transition temperature and the
Ž .smaller latent heat in Li Li Mn O indicate thatx 2yx 4

charge-compensating holes occupy the Mn3d e band tog

increase Mn valency and stabilize the cubic phase. The
measurement of the transition temperature T and the latentt

heat D H derived from thermal analysis is straightforward,
and these parameters are very sensitive to the composition.
Thus, this phenomenon provides a simple yet powerful

Ž .Fig. 6. The temperature dependence of a the volume fraction of the
Ž .tetragonal phase and b the lattice distortion cra in LiMn O .2 4
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technique for quantitative estimation of JT instability for
materials design.

3.3. Local distortion around Mn3q

Thus far, we have discussed JT instability based on the
average crystallographic structure. However, regardless of
where the redox process is within the Mn4qr3q couple,

Ž 3q .9yeach Mn O octahedron is locally influenced by the6

JT effect even if the average structure is cubic. This occurs
because lithium manganese oxides are small polaron con-

w xductors 29 where hopping electrons are localized within
the time scale corresponding to the period of the optical
vibration mode which traps them in a local potential well.
In this situation, the microscopic rearrangement of the
local structure, which cannot be detected in average crys-
tallographic data, may affect battery performance. There-
fore, thorough investigation of JT instability, using both
macroscopic and microscopic techniques, is necessary.

Indeed, there are many reports that local structure is
quite distinct from that suggested by the average crystallo-
graphic structure of a mixed valence transition metal ox-
ide, where polarons link with the specific mode of the
optical phonon. A direct link between the JT distortions
and the polaron is possible in analogy with the case of
Ž .La Sr MnO perovskite; local JT distortion as large as1yx x 3

that in LaMnO was evident even in the wide rhombohe-3
Ž .dral phase x)0.16 not only from EXAFS data but also

Ž .from pair-density-function PDF analysis of pulsed neu-
w xtron diffraction data 30–32 .

Accordingly, we tried to identify similar local JT distor-
Ž 3.5q .tion in LiMn O Mn , cubic Fd3m by an EXAFS2 4

Ž 3q .study using ZnMn O Mn , tetragonal 14 ramd and2 4 1

l-MnO as reference samples, all have different valence2

Fig. 7. The change in the phase transition temperature T and the latentt
Ž .heat D H as a function of Li substitution x in Li Li Mn O .x 2yx 4

Fig. 8. Radial distribution around Mn in LiMn O obtained by Mn2 4

K-edge EXAFS. Solid line: experimental data, thin dashed line: calcu-
lated values fitted to the two-shell model, thick dashed line: fitted to the

w xthree-shell model 17 .

states but maintain the framework of the spinel structure.
Details of the experimental data and their analysis are now

w xbeing summarized and will be reported elsewhere 17 .
Here, we briefly mention the results.

For l-MnO and ZnMn O , local structure models2 2 4

consistent with the crystallographic spinel structure were
quite effective for fitting, where the residual factor R was
as small as 0.07–0.09. On the other hand, for LiMn O it2 4

was found that structural parameters based on X-ray
Ždiffraction data the ‘2-shell model’ with six oxygen ions

at the nearest neighbor and six manganese ions at the
.second nearest sites did not reproduce the damping ob-

Ž .served in EXAFS Rs0.12 . The fitting was significantly
improved to Rs0.06, which is as small as that of the

Žreference samples, by using the local distortion model the
‘3-shell model’ with one long Mn–O, five short Mn–O,

. 4qand one Mn–Mn assuming the cubic Mn O octahedra6

and the distorted Mn3qO octahedra with cras1.17, as6

shown in Fig. 8. It should be noted that the magnitude of
the local distortion is as large as that of tetragonal
ZnMn O .2 4

ŽThus, it is most likely that large JT distortion cras
. 3q1.17 is locally present around Mn , even in cubic

LiMn O and that the magnitude of JT distortion is un-2 4

changed by introducing Mn4q. This is clearly seen in the
La Sr MnO perovskite system, where the orientation1yx x 3

of local JT distortion varies from site to site where the
cubic symmetry is only maintained as an average.

4. Conclusion

The discovery of the JT transition just below room
Ž .temperature T ; 280 K demonstrated that spinelt

LiMn O inherently involves large JT instability. Sensitive2 4

parameters, T and D H, were provided for quantitativet

estimation of JT instability in the practical composition
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region in the spinel Li–Mn–O ternary system. The EX-
AFS analysis showed a significant large local JT distortion
Ž . 3qcras1.17 around Mn even in cubic LiMn O . Fur-2 4

ther investigations of this issue are now in progress.
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