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Behavior of Li in LiMn;O, Structure: Molecular Dynamics Study
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Molecular dynamics (MD) was used to study ionic conduction processes in mixed valence compound LiMn,0;.
The evolution of three different Mn valence distribution models was examined. For two models, I and II, the
ideal spinel structure was adopted with randomly assigned valences. For model II the Mn valences were periodi-
cally randomly altered while preserving overall charge neutrality. In the third simulation, III, a charge ordered
Mn valence model resembling the observed low temperature LiMn,04 phase was adopted. Model I reproduces
structural characteristics of the ideal spinel well, exhibiting modest Li ion self-diffusion. In model II the Li diffu-
sion was greatly enhanced and in the charge ordered model III almost no diffusion was observed at all. Model 1I
therefore reproduces the observed physical properties of the high temperature cubic spinel phase best, strongly
supporting a Mn valence electron hopping model. Structural distortion indices were also calculated confirming
that Li diffusion from the ideal tetrahedral LiO4 environment is strongly associated with tetrahedral distortion.
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Introduction

LiMn,0, and related materials are promising candidates
for cathode materials of rechargeable lithium ion batteries.
However, LiMn,0O, has a problem in that its capacity for Li
intercalation and deintercalation falls rapidly with repeated
charge/discharge cycles. To some extent the problem is allev-
iated by partially substituting Mn with other metals M (M=
Li, Co, Cr, Ni, Mg and Ga)."¥

LiMn,0;, is believed to be a mixed valence compound com-
prised of two distinct Mn?* and Mn** species in equal propor-
tions, presenting a first order structural phase transition
around 290 K.%® This transition results from partial charge
ordering on the octahedrally coordinated Mn sites.'” The high
temperature (HT) phase adopts a cubic spinel structure of
symmetry Fd3m (a=8.24 A, Li: 8a, Mn: 16d, O: 32¢) with no
preferred ordering between Mn3* and Mn** sites. EXAFS
measurements suggest that distinct Mn?** and Mn*" ions coex-
ist with distinctly different Mn®**-O and Mn*"-O bonding
environments.!" At low temperature (LT) a preferred charge
ordering mechanism arises lowering the symmetry to or-
thorhombic with space group Fddd (3ax3axa).

Using synchrotron powder X-ray diffraction, Ishizawa et al.
observed significant residual electron density associated with
the ideal Li and O atoms sites of the HT phase,'? implying a
statistical distribution of atoms displaced from the ideal 8a
and 32e sites. This model was supported by MD calculations
which showed that such O atom displacements were strongly
dependent on the valence of the coordinating Mn atoms and
that the Li atom displacements were in turn dependent on the
distribution of their coordinating O atoms.!»>'¥

Concerning the Li ion dynamics affecting the performance
of batteries, it is becoming more apparent that it is closely
correlated to electron hopping between Mn?" and Mn**
ions. Verhoeven ef al. reported from NMR experiments of
Li[Mn, g6, Ligos 1O, that Li is present at 8a, 16¢ and 16d sites
and that Li diffusion occurs in the HT phase but not the LT
phase.!” They indicated that Li ion dynamics and charge
ordering on Mn sites are correlated. Also, it was recently
demonstrated using MD simulations that self-diffusion of Li
atoms is greatly facilitated by changes of Mn valences as a
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function of time.!¥

Here our objectives were to use MD simulations to reveal
the correlation between structural disorder, especially LiO,
tetrahedral distortion, and Li ion dynamics in more detail. In
addition to the three Mn charge distribution models, another
MD potential function and parameters'” were assessed.

Experimental
MD simulations were carried out using the MXDORTO
program developed by Kawamura.'®’ The pair potential func-
tion used primarily in this study was of Gilbert-Ida type:'”
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Here Z; is the effective charge, e is the elementary electric
charge, r;; is the interatomic distance, fj is a constant (4.1868
kJ-mol~!-A~1), and @; and b, represent the size and stiffness
parameters, respectively. The first and second terms in Eq.
(1) represent Coulomb interaction and short-range repulsion,
respectively. The potential parameters used here are those
derived by Suzuki et al.'®

Simulations were made assuming three distinct models: 1) a
model in which the arrangement of Mn valences does not
change with respect to time, II) a model in which the arrange-
ment of Mn valences changes with time preserving overall
charge neutrality and III) a model in which Mn valences are
charge ordering in the same manner as the LT phase.

Model I contained 512 Li, 512 Mn3*, 512 Mn** and 2048 O
atoms in a cubic MD cell with a dimension of 33.004 A, being
comprised of 64 ideal LiMn,O, spinel unit cells. The Mn?* and
Mn** atoms were randomly assigned to the Fd3m 16d sites as
initial configurations. Periodic boundary conditions were
applied in all directions. Atomic motions and Coulomb inter-
actions were calculated using the Verlet algorithm®” and
Ewald method,?V respectively. A temperature of 300 K was
simulated using an NTP ensemble at 2 fs intervals for 320 ps
by controlling the atomic velocities and cell parameters.

The simulations of model II were identical to model I except
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that the effective Mn charges were redistributed randomly at
40 ps intervals after an initial 100 ps structural relaxation
phase. Overall charge neutrality was maintained.

Model III contained 216 Li, 240 Mn3*-like,!? 192 Mn**
and 864 O atoms in a rectangular MD cell with dimensions of
24.7435 x 24.8402 x 24.5967 A corresponding to 1x1x3 of
the Fddd unit cell. The effective charges of Mn**-like were
modified from +1.4 (Mn?") to+1.5 in order to preserve
charge neutrality.

Results and discussion

The vast amounts of atomic position and velocity data
amassed in MD simulations are greatly simplified via statisti-
cal methods such as time and spatial averaging. Figure 1
shows the displacement frequency distributions P(A4x),
P(Ay) and P(Az) accumulated for all Li atoms in the extend-
ed P1 symmetry MD cell used for model I. For each Li atom,
its displacement is measured with respect to the idealized 8a
sites averaged over the extended pseudo-cubic lattice. Figure 1
shows that each of the displacement frequency distributions
P(A4x), P(Ay) and P(A4z) is strongly maximized at zero dis-
placement so that on average the MD cell strongly resembles
the Fd3m symmetry cell. In contrast, displacement frequencies
accumulated for individual Li atoms such as those for Lil and
Li2 shown inset in Fig. 1, exhibit relatively sharp Gaussian-
type profiles maximized away from their associated ideal
8a sites.'” Figure 2 shows a schematic diagram of two
atoms vibrating harmonically about positions around 0.16 A
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Fig. 1. Frequency distribution of all Li atoms as a function of the
displacements Ax, Ay, Az from initial positions.
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Fig. 2. Schematic diagram of two atoms vibrating harmonically
about the positions around 0.16 A away from their ideal sites.

from their respective 8a sites. Although two Gaussian-type
profiles maximized away from their respective 8a sites, the
spatial superposition of those leads to a non-Gaussian-type
single profile maximized at zero displacement. The frequency
distribution accumulated for all Li atoms shown in Fig. 1 is
precisely a superposition of this kind and is completely analo-
gous to the time and spatial averaging that occurs during an
X-ray diffraction experiment. Analogous mean displacements
were also observed for the O atoms associated with their
respective 32e sites. The implications are that although the
time and spatially averaged LiMn,0, structure strongly resem-
bles a lattice with Fd3m symmetry, locally the structure is dis-
ordered.

The model I displacement distributions shown in Fig. 1 con-
tain additional information about local maxima centered
about 0.8 A from the 8a sites along x, y and z. This is better
illustrated by Fig. 3 showing the frequency distribution of all
Li atoms translated and rotated to a similar orientation in a
(110) plane and accumulated over 10000 steps (100<¢< 120
ps). This figure shows that over the duration of the MD simu-
lation, Li have migrated away from the 8a tetrahedral sites
and become localized near the 16¢ octahedral vacancies. The
analogous distribution for model III is presented in Fig. 4,
showing that a charge ordered model strongly impedes Li
diffusion.

Fig. 3. Frequency distribution of all Li atoms on (110) plane
obtained from model I.

Fig. 4. Frequency distribution of all Li atoms on (110) plane
obtained from model III.
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For the HT spinel phase each tetrahedral 8« site is coordi-
nated by 4 O atoms which are in turn coordinated by 3 Mn and
1 Li atoms. Because there are many different combinations in
which Mn®* and Mn** valences can be assigned to the 12
coordinating Mn atoms, there is a similarly large number of
LiO, tetrahedral distortion modes. Each apical O atom shifts
to adopt a local equilibrium position compatible with its par-
ticular configuration of Mn**-0O and Mn**-O bond lengths.
This is different for the LT phase in which the Li atoms are lo-
cated at 8a, 16e, 16f and 32e of Fddd. The charge ordered
arrangement of second nearest neighbor Mn atoms means that
only four tetrahedral distortion modes can occur. In model I
the O atom displacements from their ideal positions were larg-
er than those observed in model III suggesting that relatively
large tetrahedral distortion is required to initiate Li ion migra-
tion beyond the tetrahedral constraints.

Although the model I MD simulation was run for up to 300
ps, after the initial 100 ps structural relaxation phase no fur-
ther Li migration was observed. For model II on the other
hand, after each 40 ps interval the spontaneous reassigment
of Mn valence was followed by subsequent Li migration.
Figure 5 shows the planar distribution frequency accumulated
for model II, showing that some Li migrated as far away as
their nearest neighbor 8a sites and even a very small fraction as
far as the second nearest neighbor 16c¢ sites.

The MD simulations clearly suggest that Mn valence depen-
dent LiO, tetrahedral distortion is required to initiate Li ion
migration in the HT spinel phase. It is reasonable to expect
that relatively large tetrahedral distortions are needed, possi-
bly only occurring transiently as the lattice relaxes after each
spontaneous charge reassignment.

From the MD data several distortion indices (DI) were cal-
culated to quantify the degree of LiO, tetrahedral distortion.
They were defined as follows:2?

1 N /MO;—MO,\?
DI(MO) =— _— 2
(MO) Ni:1< MO ) @
1 N (/00— 00,\*
DI(00) =— -— " 3
00) -1 % ( . ) 3)
1 N /OMO;— OMO,\*
DI(OMO) =— _ 4
( ) N;( OMO,, ) @

where MO; represents the individual distances from the 8a site
to oxygen atom, OO; the individual lengths of the tetrahedral

Fig. 5. Frequency distribution of all Li atoms on (110) plane
obtained from model II.

edges, OMO; the individual angles O-8a-O and m signifies the
mean value. For regular tetrahedra the DI values are zero.
Indices for four tetrahedra that experienced Li ion migration,
for example, are given in Table 1. Values were calculated for
periods both before and after the Li ions migrated. The data
show that DI values tend to increase after the Li escapes,
presumably reflecting a degree of instability of an unoccupied
O, tetrahedron. For reference, DI values averaged about all
LiO, and unoccupied O, tetrahedra are also given in Table 1.
In a previous study,'” it was found that when Li atoms mi-
grate, the tetrahedral O; faces through which Li atoms pass
form bottlenecks which should be larger than the critical
radius of 1.97 A. That is the sum of conventional ionic radii*
(0*: 1.38A, Li*: 0.59A). By taking into account these
results, it is presumed that Li ion diffusion is only favorable
when tetrahedral distortion is relatively large and one of the
bottlenecks is larger than the critical radius.
The results described above and in previous work'®-' using
a Gilbert-Ida type potential function are quite consistent with
experimental observations. To examine the sensitivity of the
MD simulations to the nature of the potential we also adopted
a Born-Mayer-Buckingham type potential with parameters
reported by other authors.!” The Born-Mayer-Buckingham
type function is as follows:
U(r,-,-) =ZiZje2/r,-j+A,-j eXp <—ﬁ) _216' (5)
Pij)  Tij
Here A;; and p;; are the coefficients used for the short-range
repulsion in the second term, and Cj; are those used for the
Van der Waals interaction in the third term. Formal charges
are assumed for Z; in the first term representing Coulomb in-
teraction. The shapes of the two potential functions of Li-O
areillustrated in Fig. 6. The Gilbert-Ida type Li-O interatomic
potential presents a steeper barrier rising rapidly at greater
separations than the Born-Mayer-Buckingham type leading to
a potential minimum at slightly longer radial separation for
the former function.
The model I MD simulation was repeated using the Born-
Mayer-Buckingham type potential. The resultant planar Li
displacement distribution is shown in Fig. 7. The distribution

Table 1. Distortion indices of tetrahedra 1-4 and total average for
all tetrahedra in model II

tetrahedra Li DI(MO) DI(00) DI(OMO)

1 occupied  0.0020  0.0026 0.0043
unoccupied  0.0030  0.0012 0.0029

2 occupicd  0.0020  0.0023 0.0057
unoccupied  0.0085  0.0024 0.0060

3 occupied  0.0032  0.0012 0.0041
unoccupied 0.0053  0.0035 0.0049

4 occupied  0.0043  0.0013 0.0019
unoccupied  0.0075  0.0055 0.0037

average  occupied  0.0024  0.0024 0.0038
unoccupied 0.0051  0.0040 0.0047
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Fig. 6. Gilbert-Ida type (GI) and Born-Mayer-Buckingham type
(BMB) potential functions of Li-O used for MD calculations.

Fig. 7. Frequency distribution of all Li atoms on (110) plane
obtained from model I using Born-Mayer-Buckingham type potential
function.

of Li atoms around the 8a site is much broader than that deter-
mined using the Gilbert-Ida type potential and shown in
Fig. 3. The averaged displacement of Li atoms from initial
positions is 0.36 A in the former while that of the earlier
Gilbert-Ida type study was 0.16 A. The shape of the Born-
Mayer-Buckingham type potential is primarily responsible for
the broader Li distribution, it having a broader but deeper and
more strongly attractive potential well. Figure 7 also shows
that no Li could migrate to the neighboring 16c¢ sites, even dur-
ing the initial structural relaxation.

We assumed a structural model in which a Li atom exists in
A-MnO, (Li,Mn,0,4, x=0) and calculated the potential energy
of a Li atom along the 8a-16¢ tie lines using both Gilbert-Ida
type and Born-Mayer-Buckingham type potential functions.
Potential energies were shown as a function of the displace-
ment from initial 8« site in Fig. 8 and Fig. 9. For both poten-
tials the 8« site is most stable, but only for the Gilbert-Ida type
potential there is a metastable saddle point at the 16¢ site.
Because experiments have suggested that Li atoms also occupy
at positions close to the 16c¢ sites, we believe that a Gilbert-Ida
type potential is better suited to reproduce the distribution and
dynamics of Li in LiMn,O, spinel.

Conclusion
Our MD calculations reproduce both the structural and

Displacement of Li /A

Fig. 8. Potential energy profile of Li along 8a-16c¢ tie line in A-MnO,
assuming Gilbert-Ida type potential function.
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Fig. 9. Potential energy profile of Li along 8a-16c tie line in A-MnO,
assuming Born-Mayer-Buckingham type potential function.

dynamical features revealed by experiments without incon-
sistency. Li ion dynamics is strongly correlated with the distri-
bution and rate of change of Mn valence. When Mn valences
remained invariant, Li atoms were distributed around both 8a
and 16c sites but self-diffusion seldom occurred after the ini-
tial structural relaxation period. When the Mn valences were
charge ordered, Li remained locked at the 8« sites. Apprecia-
ble self-diffusion of Li atoms only occurred when the distribu-
tion of Mn valences was periodically adjusted reflecting an
electron hopping model. The self-diffusion of Li was greatly
facilitated when the bottlenecks formed by the LiO, tetra-
hedral faces were distorted to an extent larger than a critical
radius of 1.97 A.
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