
u,

PHYSICAL REVIEW B, VOLUME 64, 094422
Charge and spin ordering in LiMn 2O4
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X-ray diffraction, neutron diffraction, and susceptibility measurements were performed on7LiMn2O4 pow-
der specimen. The Jahn-Teller lattice distortion induces a phase transition from cubic to orthorhombic structure
at T5283.5 K on cooling. A series of well-defined magnetic Bragg peaks appears belowTN565 K. A complete
charge ordering of Mn31 and Mn41 ions in the superlattice structure promotes the antiferromagnetic long-range
order. The absence of a magnetic diffuse peak indicates that a magnetic frustration is removed from LiMn2O4

at low temperatures. The dynamics of the lithium ions are also discussed on the basis of the Debye-Waller
factor.
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I. INTRODUCTION

Lithium-manganese oxide, LiMn2O4, is a promising can-
didate for application as cathode material in rechargea
lithium-ion batteries.1,2 Environmentally and economically
LiMn2O4 is more suitable for Li batteries than is the popu
product, LiCoO2. Above 290 K LiMn2O4 has a cubic spine
structure in which the Li ions occupy the tetrahedralA site,
and the Mn ions occupy the octahedralB site. The charge
neutrality for LiMn2O4 requires that a ratio of Mn31 to Mn41

ions should be one to one. The presence of Mn31 ions in the
B site induces a first-order Jahn-Teller phase transition
about 280 K on cooling.3 The Jahn-Teller distortion is rela
tively small, because Mn41 ions do not contribute anything
to the Jahn-Teller transition.3–5 The phase transition close t
room temperature is harmful to the rechargeable battery.
partial substitution of Li for Mn depresses the Jahn-Te
transition temperature, due to the reduction of the Mn31 to
Mn41 ratio.4 Li-rich spinel Li11xMn22xO4 improves the re-
chargeable cycle performance at room temperature.6

The low-temperature~LT! crystal structure is still contro
versial. Yamada and Tanaka3 proposed a mixture of the cubi
and tetragonal phases below 280 K, using the x-ray diffr
tion study. Subsequent x-ray studies also indicated the c
istence of both phases below the Jahn-Teller transi
temperature.6–8 Wills, Raju and Greedan9 also confirmed the
existence of the tetragonal phase at 100 K using neu
diffraction. Recent x-ray and neutron diffraction studie
however, supported the orthorhombic symmetry.10–13 Fur-
thermore, electron, x-ray, and neutron diffraction measu
ments revealed the existence of the superlattice reflection
the LT phase.10–13 Rodrı́guez-Carvajalet al.10 found that the
LT phase possesses space group symmetryFddd. The unit
cell in the LT phase is written as 3a33b3c, wherea, b, and
c are the lattice constants for the pseudocubic spinel.11 They
pointed out a partial charge ordering of Mn31 and Mn41 ions
below 280 K. Hayakawaet al.12 found that the orthorhombic
phase finally changes to the tetragonal phase at 65 K
cooling.
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Besides, the magnetism in LiMn2O4 is the subject of
much controversy.7–9,14–19 The existence of the spin-glas
behavior is a point in question.15,16The inverse susceptibility
x21 starts to deviate from linearity on cooling at temper
tures ranging from 70 to 40 K.8,16–18 Sugiyamaet al.18 re-
ported the existence of an antiferromagnetic phase below
K by means of7Li-NMR measurements. However, Oohar
Sugiyama, and Kontani19 observed the absence of a magne
long-range order even at 8 K in their neutron diffractio
experiment. Instead, they found an antiferromagnetic diff
peak below 100 K. They concluded that a geometrical fr
tration is responsible for the diffuse peak in LiMn2O4. Re-
cently Wills, Raju, and Greedan9 found that the magnetic
Bragg peaks appear in the background of the magnetic
fuse peak in the range between 10 and 65 K. They conclu
that a significant fraction of the spins remains disordered
10 K.

Here, we investigate the structural and magnetic natur
7LiMn2O4 using x-ray, neutron diffraction, and susceptibili
measurements. X-ray diffraction shows that the LT phas
orthorhombic. Neutron diffraction indicates that the appe
ance of superlattice reflections in the LT phase is charac
ized by the first-order phase transition. Our specimen
magnetic features that distinguish it from the others.7–9,14–19

Neutron-diffraction measurements clearly indicate an ex
tence of the magnetic long-range order below 65 K. T
transition at 65 K slightly changes the susceptibility vs te
perature relationship. Scattering amplitude of Li ion is t
small for x-ray diffraction, whereas neutron scattering amp
tude for Li nuclei is rather large. We also discuss briefly t
mobility of the Li ions using neutron scattering data.

II. EXPERIMENTAL PROCEDURE

The polycrystalline sample of7LiMn2O4 was synthesized
by a conventional ceramic technique. Stoichiometric m
tures of 99.5% enriched7Li2O4 and Mn2O3 were calcined at
700 °C in air for 12 h, pulverized, and pressed into pelle
The pellets were then fired at 850 °C in oxygen atmosph
©2001 The American Physical Society22-1
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for 48 h with intermediate grinding. The7LiMn2O4 sample
was characterized on the LT and high-temperature~HT! sides
of the Jahn-Teller transition by means of the powder x-
diffraction. X-ray diffraction measurements were taken us
Cu Ka radiation with a pyrolytic graphite monochromato
Both phases are stabilized at room temperature due to a
mal hysteresis effect. The magnetic susceptibility was m
sured using a superconducting quantum interference de
~SQUID! magnetometer in an applied fieldH51000 Oe
from T57 – 100 K. Neutron diffraction measurements we
performed using a conventional-type triple-axis spectrom
T1-1 installed at a thermal guide of JRR-3M, Tokai. T
incident neutron wavelengthl was 2.437 Å. The sample in
thin-wall vanadium can was enclosed in an aluminum ves
filled with helium gas. The aluminum vessel was attached
the cold finger of a refrigerator.

III. RESULTS

A. X-ray diffraction

Powder x-ray diffraction for the present sample indica
a single phase of the cubic spinel structure in the HT pha
Figure 1 shows the powder x-ray diffraction pattern inclu
ing ~533! and~622! peaks for the HT and LT phases at roo
temperature. The reflection indices used throughout the p
all refer to the cubic lattice. Subsidiary peak in the cub
phase is due to the CuKa2 radiation. Figure 1 demonstrate
that each peak for the~622! Bragg reflection splits into triple
in the LT phase due to the Jahn-Teller transition. Note t
the central~622! peak position in the LT phase is apparen
shifted to the lower angle with respect to the correspond
peak position in the HT phase. Furthermore, each peak
tensity due to theKa1 radiation is roughly equal. Conse
quently, these findings lead to a conclusion that the crys
line structure of the present sample is orthorhombic in the
phase. Lattice constants estimated from~622! peak area
58.2324 Å in the HT phase, and those for the LT phase
a58.2402 Å,b58.2735 Å, andc58.188 Å.

FIG. 1. X-ray diffraction patterns including~533! and ~622! re-
flections on the HT and LT sides of the Jahn-Teller transition. Th
data are taken using CuKa radiation at room temperature.
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A series of weak superlattice reflections appears in the
phase. Figure 2 demonstrates the existence of the~10/3 14/3
4! and ~171! superlattice reflections. The observed super
tice reflection positions in the x-ray diffraction pattern are
good agreement with the data reported by Oikawaet al.13 A
comparison is made with the neutron diffraction results
III C.

B. Magnetic susceptibility

Figure 3~a! plots the magnetic susceptibilityx for
LiMn2O4 as a function of temperature. Ourx values in the
observed temperature range are roughly equal to the va
for the stoichiometric sample reported by Shimakawa, N
mata, and Tabuchi.8 Thex21 vs temperature plot in Fig. 3~b!
clearly show anomalies aroundT8540 K andTN565 K. On
cooling, x21 deviates slightly from a linearity atTN
565 K, and changes markedly atT8540 K. These results
are quite different from previous reports.7–9,14–19The anoma-
lies observed by previous authors are not so well defined
our data. The origins of anomalies atT8 and TN are dis-
cussed in a later section.

C. Neutron diffraction

Neutron diffraction patterns in Fig. 4 demonstrate that
strongest nuclear superlattice peak appears at 2u564.1°
(Q52.74 Å21) in the LT phase. The intensity of the supe
lattice peak at 2u564.1° is much higher than that for th
~422! Bragg peak. The diffraction pattern for theFdddstruc-
ture with 3a33b3c was calculated using theLAZY-

PULVERIX program.20 On the basis of these calculations, th
~4/3 8/3 2! reflection makes up 88% of the superlattice pe
intensity at 2u564.1°, and the~5/3 1 3! reflection forms the
remaining part. For convenience, we refer to the superlat
at 2u564.1° as the~4/3 8/3 2! reflection. Figure 5 depicts a
comparison between the x-ray and the neutron diffract
results as a function ofQ. Note that the~4/3 8/3 2! reflection

e
FIG. 2. Room-temperature x-ray diffraction patterns in the H

and LT phases. In addition to~444! and ~551! Bragg peaks, the
~10/3 14/3 4! and ~171! superlattice reflections appear in the L
phase.
2-2
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CHARGE AND SPIN ORDERING IN LiMn2O4 PHYSICAL REVIEW B 64 094422
at Q52.74 Å21 is missing in the x-ray diffraction pattern. I
contrast, the x-ray data clearly show that the~2/3 10/2 0!
superlattice reflection appears in the LT phase atQ
52.59 Å21 (2u537.04°). The calculated intensities for th
Fddd structure can account for the lack of the corresp

FIG. 3. ~a! Temperature dependence of magnetic susceptibilitx
for 7LiMn2O4 sample measured at H51000 Oe.~b! Detail of in-
verse susceptibilityx21.

FIG. 4. Expanded neutron scattering pattern for~a! the superlat-
tice reflection at 2u564.1°, ~b! ~400! Bragg peak, and~c! ~422!
Bragg peak. Open and closed circles refer to the data taken at
and 268 K, respectively. The superlattice reflection in~a! disappears
completely at 312 K. The lines are Gaussian fits.
09442
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FIG. 5. Comparison of x-ray and neutron diffraction data a
function of Q. The superlattice reflection atQ52.74 Å21 in ~b!
neutron diffraction pattern is missing in~a! X-ray diffraction pat-
tern. X-ray diffraction data were taken at room temperature.

FIG. 6. The thermal hysteresis for the nuclear peak intensitie
2u564.1°.
2-3
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FIG. 7. Neutron diffraction patterns for LiMn2O4 at several temperatures. In~a!, ~b!, and~c!, the data at 300 K are subtracted from th
data at each temperature.
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dence with the superlattice reflections between x-ray
neutron diffraction measurements.

Figure 6 shows that the~4/3 8/3 2! peak intensity clearly
reflects the characteristics of the first-order phase transit
The broken lines in Fig. 6 represent the Jahn-Teller transi
temperature where the superlattice peak intensity atu
564.1° reaches a 50% maximum. The Jahn-Teller transi
temperature is 283.5 K on cooling and 302.5 K on warmi
indicating the transition temperature intervalDT519 K. The
DT value for the present sample is larger than the va
DT513 K deduced from resistivity measurements by Rou
et al.11 and DT512 K by Shimakawa, Numata, an
Tabuchi.8 The Jahn-Teller transition temperature on warm
for the present sample is in good agreement with the va
reported by these authors.8,11The integrated intensity ratio o
the ~4/3 8/3 2! to the~400! Bragg peak is found to be 0.26
for the present results shown in Fig. 5. The present integr
intensity ratio 0.266 is larger than the calculated intens
ratio 0.182 using theLAZY-PULVERIX program.20 Further-
more, the corresponding peak height ratio 0.345 for
present result is considerably larger than the ratio 0.28
ported by Rodrı´guez-Carvajalet al.10 and the ratio 0.22 re-
ported by Oikawaet al.13 Consequently these compariso
strongly suggest that the LiMn2O4 sample used in this stud
undergoes a complete transformation to the charge-orde
state below the Jahn-Teller transition temperature.

Figure 7 shows neutron diffraction patterns obtained
various temperatures. The data at 300 K were subtracte
reveal the magnetic component clearly. The room temp
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ture data include the~220! nuclear Bragg peak at 2u
549.5°. There exist many sharp peaks at low temperatu
Most of them are magnetic in origin because they
temperature-dependent, as shown below. The magnetic
widths are comparable to the~220! nuclear peak width. Con-
sequently these results indicate the existence of a magn
long-range order for this system. However, an attempt
index these peaks systematically was unsuccessful. The m
netic structure of LiMn2O4 would be incommensurate with
the lattice periodicity.

Figure 7 shows the absence of the magnetic diffuse p
in temperature range between 7 and 65 K. The present re
exhibit a sharp contrast to the existence of the magnetic
fuse peak at low temperatures reported by Oohara, S
iyama, and Kontani19 and by Wills, Raju, and Greedan.9

Figure 8 shows the temperature dependence of the m
netic scattering peak intensities at 2u526.1°, 30.7°, 33.2°,
and 35.2°. Figure 8 also plots the nuclear superlattice refl
tion intensity at 2u524.6°. All the magnetic peaks show
similar behavior; the peak intensities attain the backgrou
counts at 65 K. From these data, the Ne´el temperatureTN for
LiMn2O4 is estimated to be 65 K. The existence ofTN can
account for one of the anomalies in the susceptibilityx
shown in Fig. 3. In spite of more remarkable anomalies inx
at T8540 K, there is no marked difference in diffraction pa
terns between 18 and 45 K@Figs. 8~b! and 8~c!#. We also
carefully studied the temperature dependence of magn
peak intensities around 40 K. The peak intensities sligh
2-4
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CHARGE AND SPIN ORDERING IN LiMn2O4 PHYSICAL REVIEW B 64 094422
increase discontinuously atT8540 K on cooling. Thus the
anomaly atT8540 K seems not to be magnetic in origin.

Figure 9 shows the temperature dependence of theu-2u
scans of the several nuclear Bragg reflections. The~11/3 3 1!
and~7/3 3 3! superlattice reflections appear on the lower t
of the ~422! peak in Fig. 9~c!. The LT phase produces a sp
between~333! and~511! reflections. The calculated intensit
shows that the observed peak in Fig. 9~d! is entirely due to
the ~333! reflection. The background near the~333! peak in
Fig. 9~d! becomes slightly high at 150 K, suggesting t
effect of the superlattice reflections such as~10/3 10/3 2!,

FIG. 8. Temperature dependence of magnetic peak intensiti
09442
l

~14/3 2 2!, and ~7/3 11/3 3!. The u-2u scans in Fig. 9 are
fitted by the solid curves using Gaussian peaks and a b
ground linear in 2u.

Figure 10 shows the temperature dependence of the
grated intensitiesI (hkl)(T). Here,I (hkl)(T) are estimated
by WI0 , whereW andI 0 are the fitted peak-width and peak
height parameters, respectively. The integrated intensity
each reflection decreases with increasing temperature.
integrated intensity is proportional to the square of the str
ture factor. In principle, the Bragg reflections in the LT pha
should be expressed in terms of the structure factor for
orthorhombic phase. In practice, the essential feature
Bragg reflections in the cubic phase is still maintained in
LT phase. For the sake of simplicity, we analyze the in
grated intensities using the structure factorsF(hkl) for the
cubic phase of LiMn2O4. The structure factors squared a
given by

@F~220!#254bLi
2 exp@22WLi~220!#, ~1!

@F~331!#25$&bLi exp@2WLi~331!#

24bMn exp@2WMn~331!#%2, ~2!

@F~442!#254bLi
2 exp@22WLi~422!#, ~3!

@F~333!#25$&bLi exp@2WLi~333!#

12bMn exp@2WMn~333!#%2, ~4!

where bLi and bMn are the scattering lengths of7Li and
55Mn, 20.220310212cm and20.373310212cm, respec-
tively; exp@22WLi(hkl)# and exp@22WMn(hkl)# are the
Debye-Waller factors for7Li and 55Mn, respectively. The
oxygen ions have no effect on these reflections. Note
both ~220! and~422! Bragg peaks entirely come from the L
ions at theA site. The Mn ions make a major contribution
the ~331! and~333! reflections. The Li ions have a conside
able effect on the~333! reflection. The Debye-Waller facto
exp@22Wx(hkl)# is given by

exp@22Wx~hkl!#5exp@2^ux~hkl!2&Q2#, ~5!

where ^ux(hkl)2& is the mean-square oscillation amplitud
of the x atoms along the scattering vectorQ. The amplitude
^ux(hkl)2& is proportional to temperature for a normal lattic
as long as an anharmonic effect is neglected. Here we in
duce an average Debye-Waller factor for each reflection.
curves in Fig. 10 are least-squares fits to the data with
equation

I ~khl!~T!5I ~hkl!~0!exp@2a~hkl!TQ2#. ~6!

The parametersa(220) anda(422) accurately correspond t
^uLi(220)2&/T and ^uLi(422)2&/T, respectively. The esti-
mateda(hkl) values are given in Table I. Values fora(220)
and a(422) are higher than those fora(331) anda(333).
The observed relationships indicate that the displacemen
the Li ions in LiMn2O4 is significantly larger than that for the
Mn ions. Higher values fora(220) anda(422) are due to the
light Li mass. Thea(333) result suggests thata(hkl) is

.

2-5
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FIG. 9. Temperature dependence of nuclear peak intensities. Theu-2u scans are fitted by the solid curves using Gaussian peaks a
background linear in 2u.
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small in the^333& direction. The negative value fora(333)
may be due to systematic errors.

IV. DISCUSSION

A. Charge ordering

The octahedralB site in spinel forms the network of th
corner-sharing tetrahedra. One of the most extensively s
ied charge-ordering phenomena is the Verwey transition
TV5123 K in magnetite Fe3O4, where a charge ordering o
Fe31 and Fe41 ions occurs at theB site in the cubic inverse
spinel structure.21 Anderson22 has pointed out that a shor
range charge ordering persists aboveTV at the B site in
Fe3O4 to minimize the intersite Coulomb energy. Similarl
two Mn31-Mn41 pairs should occupy each tetrahedron ev
in the HT phase of LiMn2O4. In view of this, a doubled
periodicity seems favorable to the Mn31-Mn41 charge bal-
ance in the LT phase. A tripled periodicity for LiMn2O4
slightly disturbs the short-range charge ordering in orde
maintain the charge neutrality. The tripled superlattice
quires an extra Coulomb energy compared with the doub
periodicity condition. The Jahn-Teller effect distorts t
Mn31O6 octahedra and simultaneously aligns the 3dz

2 orbital
in the elongatedb axis. On the other hand, the Mn41O6 oc-
09442
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tahedra practically remain undistorted. The charge orde
in the LT phase is directly associated with the systema
arrangement of the distorted and undistorted MnO6 octahe-
dra. Consequently, the strong intensity for the~4/3 8/3 2!
superlattice reflection suggests that the Jahn-Teller distor
gives rise to the orbital ordering at the Mn31O6 octahedra.
The tripled periodicity suggests that the extra Coulomb
ergy is lower than the gain in reducing the elastic ene
owing to the ordering of the distorted and the undistor
octahedra.

The charge ordering is measured by the intensity ratio
the~4/3 8/3 2! to the~400! Bragg peak. The LiMn2O4 sample
used in this study has the highest ratio, as mentioned in
III C. The charge ordering appears to be very sensitive to
sample synthesis condition. Oohara, Sugiyama,
Kontani19 classified LiMn2O4 as the charge-disordered an
magnetically frustrated system, by analyzing the magn
diffuse peak. The observation of the well-defined super
tice, however, strongly suggests that the charge-ordered
is intrinsic to the LT phase of LiMn2O4.

B. Antiferromagnetic long-range order

The present neutron diffraction results established t
both charge and spin ordering occur at the Mn sites be
2-6
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TN565 K. The same-valence ions at theB site are expected
to exhibit the geometrical frustration in the presence of
dominant nearest-neighbor antiferromagnetic interact
The previous susceptibility data indicated the absence of
magnetic long-range order8,14,17or the existence of the spin
glass behavior.15,16 These phenomena have been interpre
in the geometrical frustration scenario. The present res
however, disclose the existence of the antiferromagn
long-range order belowTN565 K in LiMn2O4. The charge-
ordered configuration in the tripled periodicity breaks t
condition that four apexes for a single tetrahedron are m
netically equivalent sites.

The existence of the antiferromagnetic long-range or
belowTN565 K is in marked contrast to the neutron scatt
ing results reported by Oohara, Sugiyama, and Kontan19

They found the antiferromagnetic diffuse peak atQ

FIG. 10. Integrated intensity as a function of tempe
ature. Solid lines are fits to the data withI (hkl)(T)
5I (hkl)(0)exp@2a(hkl)TQ2#. The estimateda(hkl) values are
given in Table I.

TABLE I. Parametersa(hkl) used for the Debye-Waller facto
(1025 K21 Å 2)

a(220) 6.5612.3
a(331) 3.161.2
a(422) 7.263.2
a(333) 21.561.6
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51.4 Å21 below 100 K, instead of the magnetic Brag
peaks. A series of magnetic peaks shown in Fig. 7 is roug
distributed in the range 1.15,Q,2.15 Å21. The diffuse
peak observed by Oohara, Sugiyama, and Kontani19 covers
the similar Q region. A possible explanation is, therefor
that the suppression of the magnetic long-range order is
cribable to the imperfect charge-order at the structural ph
transition. Wills, Raju, and Greedan9 reported that the mag
netic Bragg peaks coexist with the magnetic diffuse peak
the range between 10 and 65 K. A moderate reduction of
imperfect charge-order presumably gives rise to the magn
cally partial ordered state reported by Wills, Raju, a
Greedan.9

Many sharp magnetic peaks suggest that a complica
magnetic structure would be incommensurate with the su
lattice periodicity. This is partly due to the presence of 1
Mn sites in a unit cell within 3a33b3c, and partly due to
the coexistence of Mn31 and Mn41 ions. The Mn31 ions at
the B site have thet2g

3 -eg
1 orbital configuration (S52),

whereas the Mn41 ions have thet2g
3 configuration (S

53/2). There are three distinguished superexchange inte
tions between nearest-neighbor Mn ion pairs: the 9
Mn31-O22-Mn31, the 90° Mn31-O22-Mn41, and the 90°
Mn41-O22-Mn41, bonds. The Mn-Mn interaction for the
former two linkages is antiferromagnetic, on the basis of
Goodenough-Kanamori rules.23–25 In contrast, susceptibility
measurements on manganese-oxide spinels containing M41

ions indicate that the 90° Mn41-Mn41 superexchange inter
action is ferromagnetic.7,14The combination of these circum
stances reflects the complicated spin structure in LiMn2O4.

The anomaly in the susceptibilityx at T8540 K is not
magnetic in origin, in view of the temperature dependence
magnetic scattering peak intensities shown in Fig. 8. O
possibility is that the structural phase transition is resp
sible for the anomaly inx at T8. The study of x-ray diffrac-
tion by Hayakawaet al.12 showed that LiMn2O4 undergoes
two successive structural phase transitions; the intermed
orthorhombicFddd phase finally changes into the tetragon
I41 /amdphase at around 65 K with decreasing temperatu
They determined the phase transition by observing the c
cidence of the~400! and~040! reflection peak positions. The
precise determination of the transition temperature appea
be difficult. We can explain consistently results for the ma
netic scattering peaks and the susceptibility atT8 on the as-
sumption that the structural phase transition occurs at 4
for the present sample.

Another possibility is that the presence of Mn3O4 impu-
rity contributes to the anomaly inx at T8540 K. This pos-
sibility is based on the fact thatT8540 K for LiMn2O4 is the
vicinity of TC542 K for a ferrimagnet Mn3O4.

26 Dwight and
Menyuk26 reported the temperature dependence of magn
zation for Mn3O4 at H51000 Oe on cooling. Assuming tha
the change inx at T8 is entirely due to the Mn3O4 impurity,
our sample should be contaminated by the 0.1 wt. % Mn3O4
impurity. X-ray diffraction results, however, show that o
sample is free from the Mn3O4 impurity. The discrepancy
may be explained by the fact that the x-ray diffractome
cannot detect the low impurity level. In general, the neutr
diffraction data are insensitive to the magnetic impurity
2-7
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the order of 0.1%. We would like to stress that our neutr
scattering data show the intrinsic bulk properties
LiMn2O4, even if the 0.1% Mn3O4 impurity is responsible
for the anomaly inx at T8.

C. Debye-Waller factor

The tetrahedralA sites in spinel form a diamond lattic
and share common faces with empty octahedral sites in
^111& direction. The Li ion amplitude becomes large towa
the adjacent empty site, or the Li ion position slightly de
ates from the centrosymmetric site. The configuration incl
ing the adjacent empty site has been found for the F ion
fluorite CaF2 and for the O ions in actinide oxides UO2 and
ThO2.

27–29 An anharmonic vibration in CaF2, UO2, and
ThO2 reduces the temperature dependence of the De
Waller factor exp@22W(hhh)# in the ^hhh& direction, com-
pared with the normal behavior of exp@22W(hkl)#.27–29 Fur-
thermore, Eq.~5! does not hold for an anharmonic vibratio
the Q4 term also contributes toW(hhh). The parameter
a(333) shown in Table I contains the contributions fro
09442
n
f

he

-
-
in

e-

WLi(333) andWMn(333). By analogy with the behavior of F
and O ions in the fluorite structure, the smalla(333) value
for LiMn2O4 may be attributable to the anharmonic Li io
motion.

V. CONCLUSION

The Jahn-Teller transition transforms the cubic phase
the orthorhombic phase at 283.5 K on cooling. The existe
of the strong~4/3 8/3 2! superlattice reflection is attributed t
the charge ordering of Mn31 and Mn41 ions below the Jahn
Teller phase transition. Observations of magnetic Bra
peaks indicate that the antiferromagnetic long-range o
exists belowTN565 K. The magnetic long-range order
low temperatures strongly depends on the charge orde
between Mn31 and Mn41 induced by the Jahn-Teller phas
transition. The Debye-Waller factor in the^333& direction has
weak temperature dependence, suggesting the exist
of the anharmonic Li ion vibrations toward the adjace
empty site.
st-

,
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