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Structural disorder along the lithium diffusion pathway
in cubically stabilized lithium manganese spinel
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Abstract

Molecular dynamics (MD) simulations were carried out to investigate the local structural disorder in LiMn,O, spinel. Small but
significant shifts of lithium and oxygen atom positions from the high symmetry sites of the Fd3m lattice were observed. The lithium
atoms are displaced approximately 0.16 A away from 8 site of the Fd3m lattice and are shifted along the diffusion pathway towards
the face midpoints of the coordinating LiOy4 tetrahedra. A diffuse population of Li atoms was also detected centered about 0.38 A
away from the 16¢ octahedral vacancy, suggesting a portion of the Li atoms are free from their tetrahedral cages at room
temperature. The tetrahedrally coordinated O atoms are displaced by as much as 0.12 A when bonded to one Li and three Mn atoms
in identical oxidation states. On the other hand, if the coordinating Mn atoms are in mixed oxidation states, much larger O atom
shifts of 0.22 A are observed. Structural features obtained in this MD simulation, especially the off-center displacements of Li and O
atoms, are in accord with the electron density distribution study of cubically stabilized Mg-doped LiMn,QOy spinel reported in Part 1.
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1. Introduction

It is often the case for solid solution compounds that
the underlying parent structure accommodates local
structural modifications by the solute atoms. This has
been well studied for the fluorite-related compounds like
cubically stabilized zirconia [1]. The lithium manganese
spinel crystals can also be stabilized in an archetypal
cubic form by partial substitution of Mn with other
metal atoms such as Mg or Co [2-5]. The cubically
stabilized lithium manganese oxides are potential
candidates for the positive electrode material of
rechargeable Li ion batteries. The local structural
disorder caused by the statistical distribution of different
atoms at the same crystallographic site is not well
known though it is deeply related to the mechanism of
Li diffusion. In cubically stabilized lithium manganese
spinel the existence of two different Mn oxidation states,
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III and IV, further complicates the structural disorder
[6-10].

The X-ray diffraction study reported in Part I
revealed the following evidence of structural disorder
in the Mg-stabilized cubic lithium manganese oxide,
Li(Mg/sMn;;6)O4: (1) the structure is essentially of
spinel-type with a faint diffuse scattering; (2) the
electron density distribution at the 8a sites with four
lobes extended along (111) suggests possible static or
dynamic disorder associated with the Li atoms at those
sites; (3) the accumulation of residual electrons 0.35A
away from the 16¢ octahedral interstices suggests the
existence of a minor population of Li atoms at those
sites; and (4) the O atoms exhibit substantial charge
density redistribution, evidence of static or dynamic
disorder associated with their ideal positions.

Since the electron density distribution obtained by X-
ray diffraction is essentially a time and spatially
averaged, static image of the unit cell, any interpretation
of the positional disorder features contained therein is
inherently ambiguous unless it can be verified by some
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complementary method. The present study of the
molecular dynamics (MD) in cubically stabilized lithium
manganese spinel by means of computer simulation, is
ideally suited to provide this complementary informa-
tion.

2. Experimental

MD calculations were undertaken using the
MXDORTO program [11]. For simplification, the
presence of Mg atoms in lithium manganese spinel
Li(Mg;,sMn,,5)O4 was neglected and the stoichiometric
composition LiMn,0,4 was assumed. An extended cubic
MD cell with a dimension of 33.004 A, containing 512
Li, 512 Mn(III), 512 Mn(IV) and 2048 O independent
atoms was modeled. The Mn(III) and Mn(IV) atoms
were randomly assigned to the Fd3m 16d sites as initial
configurations. Periodic boundary conditions were
applied in all directions. All atoms in the MD cell were
allowed to move in any direction resulting in Pl
symmetry for the MD cell. Atomic motions were
calculated using the Verlet algorithm [12] with the
electrostatic interactions calculated using the Ewald split
summation technique [13]. The pair potential used in
this study was of Gilbert—Ida-type [14]

Ul(ry) = ZiZie* [ry + fo(bi + by)expl(a; + a; — ry) [ (bi + by).
(1)

Here Z; is the effective atomic charge, e is the
elementary electric charge, r;; is the interatomic distance,
fo is a constant, and «; and b; represent the size and
stiffness parameters, respectively. The same potential
parameters as those derived by Suzuki et al. [7], were
used in this study and listed in Table 1. The short range
potential and the real space component of the Ewald
summation were truncated at 7.5 and 15 A, respectively.
Calculations were performed mainly at 300K with
supplementary ones at various temperatures below
600 K, by controlling the atomic velocities. The calcula-
tions were performed using an NTP ensemble at 2fs
intervals for 60,000 steps, 120ps in total. The MD
calculations were repeated four times with different
Mn(III) and Mn(IV) starting configurations to confirm
that the general results were independent of those
assignments. An additional MD calculation was per-

formed assuming a unique oxidation state for all Mn
atoms for comparison with the aliovalent model.

3. Results and discussion

The calculated unit-cell parameters and atomic
coordinates at 300 K are listed in Table 2. The calculated
unit-cell dimension 8.250 A is in good agreement with
8.2468 A, the reported value for LiMn,O, [15]. The
positional parameters averaged over the whole MD cell
are also in good agreement with those obtained by the
neutron diffraction for LiMn,O4 [15] and Mg-stabilized
cubic Li (Mg1/6Mn11/6)O4 in Part I.

A measure of the distribution of interatomic distances
between selected atom pairs is provided by the pair
correlation function, expressed as

i(r) = L S My (2)
I\ = NN, £ dn2 A

where V is the volume of a unit cell and N; and N; are
the number of atoms i and j, respectively, n; is the
number of atoms j in the spherical shell between radius
r — Ar/2 and radius r+Ar/2 centered on the atom i. The
pair correlation functions for Mn(III)-O and Mn(IV)-O
at 300K are shown in Fig. 1. Each curve has two peaks
corresponding to the first and second nearest-neighbor
shells. Mn(IV) is surrounded by six O atoms at an
average distance of 1.82 A while the averaged Mn(III)-
O interatomic distance is 2.00 A. The difference between
the mean Mn(III)-O and Mn(IV)-O distances for the
second shell is less significant owing to their dispersed
profiles. The Mn(Mg)-O interatomic distance deter-
mined from X-ray diffraction in Li(Mg,,sMn;;,6)O4 in
Part 1 was 1.969(1)A, which is closer to the mean
Mn(III)-O distance in the present study.

A notable feature of the present simulation results is
that Li atoms have reduced populations at the ideal 8a
sites of the spinel structure. The final atomic positions of
all Li atoms having the same tetrahedral orientation

Table 2
Calculated lattice parameter and atomic coordinates of LiMn,Oy

Lattice parameters (A)

MD Expt [15]
8.250 8.2468
Table 1
Potential parameters Atoms Atomic coordinates
Atoms z a (A) b (A) x(=y=z), MD x(=y = z), Expt [15]
Li +1.0 1.043 0.080 Li 0.12496 0.125
Mn(I1I) +1.4 1.038 0.070 Mn?* 0.50056 0.5
Mn(1V) +2.4 0.958 0.070 Mn** 0.49953 0.5
O —1.2 1.503 0.075 (¢} 0.26303 0.2625 (1)
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Fig. 1. Pair correlation functions of Mn(II1)-O (solid line) and
Mn(IV)-O (broken line) at 300 K.

Fig. 2. Distribution of Li atoms in LiMn,0y4 spinel structure. Some Li
atoms have hopped out from the coordination tetrahedron of O atoms
depicted by small sphere.

relationship are superimposed and shown in Fig. 2. It
can be seen that some Li atoms are displaced along
{111) to such an extent that they breach their ideal
LiO, tetrahedral bonding constraints. This direction lies
along the line connecting the 8a sites with the octahedral
interstices at 16c¢.

The frequency distribution of the radial displacements
of Li from the ideal 8a site, shown in Fig. 3, was
obtained numerically from the positions of the 512 Li
atoms observed over 10,000 steps for the period
100<¢<120 ps at 2fs intervals. Because this figure is
not a radial probability density function, which would
be strongly maximized at r = 0, the median radial Li
displacement as characterized by the large peak around
r=0.16 A from 8a can only be interpreted as a measure
of spread of Li atoms about that site. However, Fig. 3
does highlight the existence of a subsidiary diffuse
population peak around 1.4A from 8a of the Fd3m
lattice as well as the fact that no Li atoms diffused
further than 2.4 A from 8a. The second peak located
1.4 A from 8a corresponds to 0.38 A away from the 16¢
site.

The probability density functions (pdf’s) of selected Li
atoms for the same period are displayed in Fig. 4 in
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Fig. 3. Frequency distribution of the displacements of 512 Li atoms as
a function of distance r from 8a of the Fd3m lattice.
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Fig. 4. Probability density functions of Li3561 in a tetrahedral cage
and of Li3297 out of the cage. The displacements Ax, Ay and Az along
the principal axes are referred to their positions at 8a of the Fd3m
lattice.

order to reveal characteristic displacements of individual
Li atoms contributing to the total averaged probability
density. It is noted that each Li atom exhibits a relatively
sharp Gaussian-type pdf which is not centered around
the ideal 8a site. The Li3561 atom which is vibrating
about an equilibrium position AxxAy~Azx0.09 A
from 8a has a symmetrical Gaussian-type profile with
the full-width at half-maximum (FWHM) of 0.17A,
while the Li3297 atom which vibrates about an
equilibrium position Axx~Ay~0.85A and Azx0.75A
from 8a of the Fd3m lattice has a slightly broader profile
with FWHM of 0.22A indicating that Li3297 is
vibrating in a shallower potential well than Li3561.
The distance of the former from 8a of the Fd3m lattice is
0.16 A, which corresponds closely to the first peak in
Fig. 3. The pdf’s of other Li atoms are broadly similar to
Li3561 or Li3297 depending on their locations, i.e.,
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Fig. 5. Frequency distribution of the displacements of O atoms in four
different coordination tetrahedra composed of one Li and three Mn
with the oxidation states of ITII and IV, as a function of distance r from
the ideal 32e site in Fd3m. The distributions are weighted by the
number of O atoms in each group.

within the tetrahedral cage or not. The pdf’s in Fig. 4
strongly support a structural model in which the Li
atoms are statically disordered and vibrating harmoni-
cally rather than vibrating anharmonically about the 8a
site.

It is interesting to compare the Li atom distributions
obtained by the MD calculation with the residual
electron densities observed in the difference Fourier
map by X-ray diffraction on the stoichiometric com-
pound LiMg;,sMn;,,s04 (Fig. 5 in Part I). In the X-ray
diffraction experiment only the time and spatial average
of the Li atom positions are highlighted. So even though
the most populated Li region in the difference Fourier
map is located at the 8a site, the aspherical tetrahedral
distribution projecting along <111) is completely
consistent with a spatial average of tetrahedrally
displaced, off-centered Li atoms with a pdf maximized
around 0.16 A from the 8a site as characterized by
Li3561 atom in Fig. 4. The subsidiary Li populated
region 1.0-1.7 A from 8a of the Fd3m lattice along the
8a—16c¢ tie-line in Fig. 5 of Part I is consistent with the
superposition of a distribution of sites analogous to
Li3297 in Fig. 4. The authors consider this agreement to
be strong evidence in favor of the split Mn valence
model and the superiority of a split-site harmonic
vibration model over the anharmonic vibrational model.
The zero values beyond 24AinF ig. 3 indicate that the
self-diffusion of Li atoms did not progress further than
that point.

In LiMn,O4 spinel the O atoms are tetrahedrally
coordinated by one Li and three Mn atoms. Conse-
quently, four possible [OLiM;]" " tetrahedral configura-
tions can arise depending on the Mn oxidation state
(M =Mn(III) or Mn(IV), n=+8, +9, +10 or +11).

Probability density
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Displacement /A

Fig. 6. Probability density functions of O248 surrounded by three
Mn(IV) and one Li, and 0329 surrounded by one Mn(Ill), two
Mn(IV) and one Li. The displacements Ax, Ay and Az along the
principal axes are referred to their positions at the 32e site of the Fd3m
lattice.

This is the most probable origin of the observed O atom
displacements, which occur in order to balance the
electrostatic forces within the tetrahedra.

The displacements of O atoms in four different
coordination tetrahedra can be seen from the weighted
radial displacement frequency distributions of the O
atoms in Fig. 5, where the weight is given by the number
of sites with the same coordination. The distribution
was calculated in the same manner as for Li with sums
accumulated over the time period from 100 <7<120ps
at 2fs intervals. If one of the three coordinating Mn
atoms has an oxidation state different from the other
two, the O atom may be displaced by up to 0.22 A. The
displacements are much smaller, 0.10-0.13 A, when
three Mn ions have identical oxidation states.

The pdf’s of 0248 and 0329 are calculated in the
same way as those of the Li atoms and shown in Fig. 6.
The 0248 atom is surrounded by three Mn(IV) and one
Li, while O329 is surrounded by one Mn(IIl), two
Mn(IV) and one Li. The figure indicates that the O
atoms are vibrating almost harmonically about their
respective mean displaced positions.

Since the OLiMnj; and LiO, tetrahedra interpenetrate,
the displacement of O atoms is directly linked to the
deformation of the LiO,4 tetrahedra. When an O atom is
displaced so as to enlarge a face of the LiO4 tetrahedron,
it aids the Li diffusion through the opening. It is quite
conceivable that changes in the oxidation states of the
Mn ions as a function of time, under the influence of an
applied potential for instance, could further complicate
the LiO4 tetrahedral deformation dynamics. A dynamic
change of the oxygen atom positions should occur in
association with the electron hopping between Mn
cations, which in turn may activate the diffusion of
nearby Li atoms.
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Fig. 7. Frequency distribution of the displacements of Li and O
assuming a single oxidation state of 3.5 for all Mn from respective ideal
positions.

To confirm that these effects arise from the existence
of two distinct Mn oxidation states, a counter simula-
tion was performed in which a single, fixed oxidation
state of +3.5 was assigned to all Mn atoms. Potential
parameters for Mn were the mean of those for Mn(III)
and Mn(IV). The radial distribution functions for Li
and O atoms using this model are shown in Fig. 7. In
such a resonant state, the displacements of oxygen
atoms was very small in comparison to the MD
calculations assuming the coexistence of distinct Mn(I1I)
and Mn(IV). The Li atoms did not shift significantly
from the 8a site. Because this result is discordant with
the diffraction results as shown in Fig. 5 of Part I, the
model appears inappropriate compared with that
assuming the presence of distinct Mn(III) and Mn(IV)
electronic states in the LiMn,Oy, structure.

The mean square displacements (msd’s) of the
constituent atoms as a function of time ¢ can be
calculated from their coordinates r(z) with respect to
the original positions at ¢ = #;:

msd (1) = |r(1) = r(t) P, 3)

where the overline upon the right equation represents
the average over all the atoms of the same species in the
MD cell. The msd of Li at 300K is shown in Fig. 8,
where ¢y was taken as 0. The value increases from the
commencement of MD calculation up to 40 ps as initial
strains are relaxed and then becomes constant at about
0.27A% The msd of Li at various temperatures are
shown in Fig. 9. They also become constant after a short
relaxation time of approximately 40 ps. According to the
random walk theory, the msd of a migrating atom in a
solid increases linearly with time [16]. The time-
independent nature of the msd of Li after relaxation
therefore suggests that Li does not diffuse appreciably at
temperatures below around 400 K after relaxation.
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Fig. 8. Mean square displacements of Li in LiMn,O,4 at 300K as a
function of time.
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Fig. 9. Mean square displacements of Li in LiMn,O4 at various
temperatures as a function of time after relaxation.

The Li msd of 0.27A% was far larger than the
displacement parameter of 0.012 A% obtained from the
X-ray diffraction study in Part I. This stems from
the fact that the msd calculated from Eq. (3) includes the
relaxation phase to distribute atoms statistically among
various stable positions near the ideal positions at the
early stage of the MD simulation. To estimate these
initial offsets, msd,,; was calculated as

mdyeac(£) = [{r(1) ) gt = r(t0) . (4)

Here the time-average surrounded by the angle
brackets with subscript stat was taken over the time
interval 100 < ¢< 120 ps for all atoms in the MD cell. The
mSdherm, Which mainly arises from the thermal fluctua-
tion of atoms after relaxation, was then calculated as

r(t) = <r(@) Y gl - (5)

detherm (Z) =
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Fig. 10. Changes of static components of the mean square displace-
ment in LiMn,O,4 with temperature.
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Fig. 11. Changes of thermal components of the mean square
displacement in LiMn,O,4 with temperature.

Here the time-average was taken over 100 <¢< 120 ps.
Temperature dependence of msdg,, and msdyerm are
shown in Figs. 10 and 11, respectively. These figures
indicate that msdy,, is a major component of the overall
msd values.

The msdierm of Mn and O at 300K in Fig. 11 have
similar values to those obtained by X-ray diffraction in
Part I, and are proportional to temperature. On the
other hand, the increase of the Li msdyem contains a
higher order component. The accelerated increase of Li
msdg,, in Fig. 10 is mainly attributed to large static
displacements of the Li atoms, which hop out from the
tetrahedral bounds. The number of these Li atoms
stabilized at the positions outside the bottleneck point
on the face of O tetrahedron is shown in Fig. 12. The
number is constant below 125K and increases mono-
tonically above that temperature. The temperature
dependency of msdg,, after excluding those Li atoms
outside the tetrahedral enclosure is shown in Fig. 13.
The Li msdy,; becomes smaller than the msdg,; of O
and its dependence on temperature is less pronounced.
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Fig. 12. Temperature dependence of the numbers of Li atoms which
hop through the tetrahedral bottleneck point.
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Fig. 13. Temperature dependence of the static components of the
mean square displacement in LiMn,O, after excluding the atoms
which hopped out from the coordinating polyhedra.

4. Conclusion

MD simulations on cubic LiMn,O4 at 300K revealed
small but significant shifts of lithium and oxygen atom
positions from their ideal positions in the archetypal
crystal structure with Fd3m symmetry. Most lithium
atoms appear to be statically displaced approximately
0.16 A away from 8a of the Fd3m lattice and the
remainder are further statically distributed along the
diffusion pathway connecting the 8a tetrahedral site and
the 16¢ octahedral interstice. The tetrahedrally coordi-
nated O atoms are displaced by as much as 0.12 A when
bonded to one Li and three Mn atoms in identical
oxidation states. On the other hand, if the coordinating
Mn atoms are in mixed oxidation states then much
larger O atom shifts of 0.22 A are observed.
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The msd of Li increases with time during the earlier
stages of the 300 K simulation up to the 40 ps mark due
to structural relaxation where it stabilizes at 0.27 Az,
suggesting that further diffusion of Li no longer occurs.
The MD simulations at various temperatures show that
this tendency is retained up to approximately 400 K. The
apparently large msd of Li stems from relatively large
displacements from their ideal positions, which occur
during the relaxation phase.

Structural features obtained in the present MD
simulations, especially the off-center displacements of
Li and O atoms, are in accord with the charge density
study of cubically stabilized Mg-doped LiMn,O, spinel
reported in Part I. The presence of many available
positions for Li along the diffusion pathway may reduce
the activation energy among local minima and facilitate
the Li diffusion in the presence of chemical potential
gradient.
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