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The effect of mixed Mn valences on Li migration in LiMn >0, spinel:
A molecular dynamics study
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Previous molecular dynamid$/D) simulations have shown that, with good choice of potential
shapes and parameters, the structure and properties of stoichiometrigQ,ilgen be reproduced to

good accuracy. In particular, the experimentally observed self-diffusion of Li ions was shown to
occur only for a discrete, mixed Mn valence model. Here, those MD studies have been extended,
demonstrating that periodically switching the Mn valence states, reflecting an electron hopping
model, greatly facilitates the Li ion self-diffusion. The interaction is mediated by the O atoms, which
coordinate both cations and temporarily adopt local distortions based on the three coordinating
Mn valences. Although the O atoms continue to vibrate harmonically about a displaced mean,
permitting the Li atoms to migrate, the time and spatial average remains that of the ideal spinel with
distributed Li. © 2004 American Institute of Physic§DOI: 10.1063/1.1644320

Lithium manganese spinels are attractive candidates fovhereZ; is the effective charges is the elementary electric
cathode materials of rechargeable lithium ion batteries andharge, r;; is the interatomic distancef, is a constant
have the advantage of low cost and low toxicity over cobalt{4.1868 kJmol*A~1), and a; and b; represent the size
or nickel-containing oxides. LiMyO, presents a first-order and stiffness parameters, respectively. The potential param-
structural phase transition at 290K adopting a high- eters derived by Suzulkit al*® were also used in this study.
temperature(HT) ideal spinel phasdcubic a=8.2468 A,  Those parameters reproduce the unit cell parameters, mean
Fd3m)® above the transition and a low-temperatitd) atomic coordinates, and other experimental observations
orthorhombic phase @8x 3axa;Fddd)’ below. This mate- very well 1%
rial is believed to be a mixed valence compound comprised In the current simulations, three distinct models were
of distinct Mn" and MY ions>® and the phase transition is assumed(l) A model in which the arrangement of Mn va-
considered to arise from partial charge ordering of the Mrlences were invariantjl) a model in which the arrangement
ions! In the HT phase, a single site of Wychoffd8ymme-  of Mn valences were changed with time, preserving overall
try is populated by Mn in the ratio MhkMn'V=1:1, whereas charge neutrality; andlll) a model in which Mn valences
there are five independent Mn sites in the LT phase, twavere charge-ordered in the same manner as in the LT phase.
having MV character with three other Mnlike sites. Li Models | and Il contained 512 Li, 512 Mh 512 Md",
ion dynamics in the HT and LT phases are also differentand 2048 O atoms in a pseudocubic MD cell of dimension
Self-diffusion of Li ions is only observed in the HT phase, 33.004 A, being four times larger than the ideal L)
where Li ions diffuse along & 16¢c-8a diffusion pathways, spinel lattice parameter. Th& values were assumed to be
changing from tetrahedral to octahedral O atom1.0 for Li', 1.4 for Md", 2.4 for MAY, and—1.2 for 0'.13
coordinations. Molecular dynamicgMD) simulations have The Mn" and MrY atoms were randomly assigned to the
also suggested that Li and O atoms adopt harmonic distribu=d3m 16d sites as initial configurations. Periodic boundary
tions about mean positions displaced from the HT phaseonditions were applied in all directions. Atomic motions
ideal, and that the local structural disorder is strongly depenand Coulomb interactions were calculated using the Verlet
dent on the local distribution of MlYMn'" at 16 sites’®In  algorithm* and Ewald method® respectively. A temperature
this work, additional MD simulations were performed to ex- of 300 K was simulated by controlling the atomic velocities
amine the correlations between local structural disorder anend lattice parameters of an NTP ensemble calculated at 2 fs
Li ion migration in stoichiometric LiMBO,. intervals for 320 ps. The model Il simulation was identical,

MD simulations were carried out using théXDORTO  except that, after stabilizing for 100 ps, the Mn charges were
program developed by KawamutbA Gilbert—Ida-type pair then randomly redistributed at 40 ps intervals, preserving

potential functioh® was used: overall charge neutrality. Model Ill contained 216 Li, 240
U(r;))=ZZ;€2/r;;+ fo(b;+by) Mn”'-llke,_ 192 MHV, and 864 O atoms in a rectangular MD
cell of dimensions 24.743524.840224.5967 R corre-
xexfd (aj+a;—rij)/(bj+bj)], (1) sponding to X1x3 units of the LT phas&ddd cell. The

effective charges of Mh-like atoms were modified from

1 intai ;
dAuthor to whom correspondence should be addressed; electronic maiﬁ"l-4 (Mn| ) FO "”_1-5 to mamtam charge neutrality. )
ishizawa@nitech.ac.jp The distribution of Li atoms along thea816c¢c-8a dif-
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FIG. 1. Two-dimensional frequency distribution map of all Li atoms ob- FIG. 3. MSD of Li atoms.

tained from the model | MD simulation with an inset of residual electron

density distribution'see Ref. 15in the (110) plane obtained from synchro- . .
tron x-ray powder diffraction. to the random walk theorY, the MSDs of diffusing atoms

should increase linearly with time. The Li MSD in model |

fusion pathway for model | is shown in Fig. 1. It represents,becomes constant within about 30 ps as structural relaxation

the superposition of all Li atom positions after applying a|o-'S gttaln%d.l Thg s?ﬁgeiths thﬁt L(ljat;ﬁmsl_.b&rglg Q|ﬁuse dalt ﬁOO
propriate rotational and translational operations to bring thé< In modet !. ©n the other hand, the LI In mode

HT phase equivalent sites into coincidence. The experimer{pcreases with every Mn valence reshuffle, indicating sub-

tally observed charge or difference electron density distripyStantial Li self-diffusion can occur at 300 K. Figure 2 shows

tion, as revealed by powder x-ray diffraction and the inde-that the radial distribution of Li atom displacements in model
Il extends much further than in model I, with some Li dis-

pendent atom model with all Li contributions omitted, is also T " :
inset for comparisof® The two important features of the P/aced by up to 6.0 A from their initial positions, covering
residual electron density distribution along the diffusionf[he second-nearest-ne|ghborcl@ctahedraI Interstices. Th's.
pathway are peaks around 1.40 A away from @enoted A IS more cI_earIy seen by comparing the two-d,mensmnal dis-
in Fig. 1) and the aspherical distribution around 8xtend- f[r|bu_t|ons n Figs. 1 and 4. In model Ill, the Li MSD §hown
ing lobes towards 16 (denoted B. The model | simulation in Fig. 3 is even s.maller thani for model 1, sugge'_stmg that
was previously analyzed elsewhéPeThe results showed almost no Li d|.ffu3|c%n occurs in the LT phase. This agrees
that the Li-omitted independent atom model difference eIecWeHIW':E expe.rlmelnt.. Li diffusi q |
tron density distribution at B could be interpreted as a super- n these simulations, L1 diffusion occurred purely as a
position of harmonically vibrating Li atoms displaced by consequence of the lattice Qynamlcg._lt arose only_whe_n the
around 0.16 A from their ideal 8 sites, while the density spinel lattice was undergoing significant local distortion,
accumulating at A, 1.40 A away from7a85ite reflected a such as during the initial 30 ps of structural relaxation, or
v , ; v ;
diffuse distribution of Li atoms located outside their ideal foII(()jWIInI? _[t_ezr\]{ery resih;J_fer of th? MWMS | .valehn.c;]asL.m .
tetrahedral bonding environment. This information is alsomot.e o (;S co(;re_alon surp])po.rs a mol el w 'IC t | mi-
contained in the radial frequency distribution of all Li atoms gration IS Induced via a mechanism invoving pelectron
as a function of distancefrom initial positions (&) shown hopping and is mediated by resultant distortion modes of the
in Fig. 2 mutually coordinating O atoms. It is also consistent with
Fi'gu.re 3 shows the mean square displacemévi&Ds) observations of electrical transport properties in Ly®p

of Li atoms as a function of time in three models. Accordingthalt are do_mlnated by _nonadlabatlc small polaron hopfing.
Distortions of the LiQ tetrahedral faces that form bottle-

necks along the & 16¢-8a diffusion pathway can be char-
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FIG. 2. Frequency distributions of the radial displacement of all Li atoms asFIG. 4. Two-dimensional frequency distribution of all lithium obtained from
a function of distance from initial positions. the model Il MD simulation.
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opening the tetrahedral face bottlenecks beyond the critical
radius and permitting Li to pass. The converse should also
occur in order for Li to migrate forwards into subsequeat 8
sites. We therefore feel confident in stating that Mn atgym
orbital electron hopping is the trigger of the Li atom diffu-
sion mechanism but it is dependent on the transient distribu-
tion of the Mr" and Mr" species and mediated by accom-
panying O atom displacements.
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