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Structural stability of lithium manganese oxides
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Department of Materials Science & Engineering, Massachusetts Institute of Technology, 77 Massachusetts Avenue,

Cambridge, Massachusetts 02139
~Received 6 October 1998!

We have studied stability of lithium-manganese oxides using density functional theory in the local density
and generalized gradient approximation~GGA!. In particular, the effect of spin-polarization and magnetic
ordering on the relative stability of various structures is investigated. At all lithium compositions the effect of
spin polarization is large, although it does not affect different structures to the same extent. At composition
LiMnO2 , globally stable Jahn-Teller distortions could only be obtained in the spin-polarized GGA approxi-
mation, and antiferromagnetic spin ordering was critical to reproduce the orthorhombic LiMnO2 structure as
ground state. We also investigate the effect of magnetism on the Li intercalation potential, an important
property for rechargeable Li batteries.@S0163-1829~99!00709-2#
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I. INTRODUCTION

Lithiated manganese oxides are of considerable tech
logical and scientific interest.1–4 Several of the Mn-oxide
crystal types can accomodate Li ions to large composit
These materials can therefore be applied on the cathode
of a rechargeable Li battery where Li is stored during
discharge cycle of the battery. Reversibility of Li insertio
and removal into the manganese oxide host is necessa
ensure multiple charge and discharge cycles. Because o
low cost and limited environmental impact, lithium mang
nese oxide has the potential to replace LiCoO2 as the mate-
rial of choice in rechargeable batteries.4,5

Lithiated manganese oxides are also interesting from
more basic viewpoint. The manganese cation is typica
high spin with a very large magnetic moment. Mn31 is a
prototypical Jahn-Teller ion, giving rise to a tetragonal d
formation of the oxygen environment around it~e.g.,
LaMnO3).6,7 Since lithium is fully ionized to Li1 in these
oxides,8 charge neutrality requires that insertion or remo
of Li from the structure is accompanied by electron trans
to and from the manganese-oxide host, changing the ef
tive valence state of the Mn ion. While the Mn ion in MnO2

is believed to have the electronic configurationt2g
3 -eg

0 , lithia-
tion up to LiMnO2 leads to occupation of the doubly dege
erateeg level. In octahedral symmetry the twoeg orbitals
consist of an antibonding combination of the 3dz2/3dx22y2

and oxygenp orbitals, so that their occupation leads to
increase in the oxygen-metal bond length. In one type
Jahn-Teller~JT! distortion, the symmetry between the occ
pied and empty level is spontaneously broken by an incre
in two of the metal-oxygen bonds along the 3dz2 orbital.
Although Mn31 is almost always a JT ion and Mn41 never
is, disagreement exists what average valence is require
cause a JT distortion in structures with mixtures of Mn31

and Mn41. In LiMn2O4 where the average valence of Mn
3.5, a tetragonal unit cell distortion has been found be
room temperature,9 with the cubic-tetragonal transition tem
perature being very dependent on Li~Ref. 10! and oxygen
stoichiometry.11,12While thec/a ratio of this unit cell is only
PRB 590163-1829/99/59~9!/6120~11!/$15.00
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about 1.01, an extended x-ray absorption fine struct
~EXAFS! study by Yamaguchiet al.13 showed that the dis-
tortion of the local octahedral symmetry around Mn is mu
larger and of the order of 20%. Recently a charge orde
phase has been characterized by neutron and elec
diffraction.14

While manganese oxides can exist in a variety of str
tures, this work will be limited to those that are relevant f
Li insertion reactions. At composition LiMn2O4, the cubic
spinel structure is the stable phase5,15 with tetragonal9 and
orthorhombic14,16–18 deformations possible at low temper
ture. The description of various structures are listed in Ta
I. The cubic spinel LiMn2O4 has space groupFd3̄m with the
Mn and Li cations, respectively, on the 16(d) and 8(a) sites
and the oxygen ions on the 32(e) site. The tetragonal spine
has been described in theI41 /amd (D4h

19) ~No. 141! space
group with Mn and Li on the 8(d) and 4(a) sites, respec-
tively, and the oxygen on the 16(h) site. Although for higher
Li content (LiMnO2) an orthorhombic structure~space group
Pmmn) is the ground state,19,20 lithiation of the spinel al-
ways leads to a phase in which the Mn cations retain
16(d) sites of the spinel but the Li ions occupy the oth
octahedral sites 16(c). To illustrate its relation to the spine
we will always write the stoichiometry of this phase
Li2Mn2O4. The Mn-O framework of spinel is tetragonall
distorted due to the JT effect and the space group is lowe
from Fd3̄m to I41 /amd (D4h

19). Neutron diffraction on
electrochemically lithiated spinels21 shows that this ‘‘ideal’’
cation distribution is not achieved and a substantial amo
of Li ions remain in the tetrahedral 8(a) sites of the starting
spinel material.

Besides the orthorhombic and spinel structure, a laye
LiMnO2 with space group C2/m was recently
synthesized.22,23 This structure is similar to thea-NaFeO2
structure of LiCoO2 and LiNiO2 but with a monoclinic dis-
tortion induced by the JT effect on Mn31. While pure
LiMnO2 has only been synthesized in the monoclinic laye
form by ion-exchange from NaMnO2,22–24 or by in situ ion
exchange in KOH mixtures,25 Al-doped layered Mn oxides
can be directly synthesized from the hydroxides.26
6120 ©1999 The American Physical Society
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TABLE I. The crystal structures and the ionic positions for lithiated manganese oxide.

Structure Space group Li site Mn site O site Jahn-Teller distort
Possible ?

LA ~Layered! R3̄m 3b 3a 6c No

MLA ~Monoclinic Layered! C/2m 2d 2a 4i Yes
SPC~Cubic Spinel! (LiMn2O4) Fd3̄m 8a 16d 32e No

SPC~Cubic Spinel! (Li 2Mn2O4) Fd3̄m 16c 16d 32e No

SPT ~Tetragonal Spinel! (LiMn2O4) I41 /amd 8d 4a 16h Yes
SPT ~Tetragonal Spinel! (Li 2Mn2O4) I41 /amd 8d 8c 16h Yes
ORTHO ~Orthorhombic! Pmmn 2a 2a O1: 2b Yes
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Given the various possibilities of metastable structu
that can be synthesized, a systematic study of the phase
bilities of the structures is useful. In this paper, we calcul
the total energies of layered, orthorhombic, and spinel-ba
manganese oxides, with and without lithium ions. For
lithiated materials the distorted variants of these structu
~monoclinic layered and tetragonal spinel! are also calcu-
lated. Exchange-correlation corrections are treated in b
the local density approximation~LDA ! and the generalized
gradient approximation~GGA!. Because of the high spin na
ture of the Mn cation, both spin polarized and non-sp
polarized calculations are presented. While spin polariza
is essential to induce the JT distortion, it does not affect
structures in the same way and significantly favors
spinel-based structures, thereby leading to qualita
changes in the relative stability of the structures. At com
sition LiMnO2 antiferromagnetic spin ordering is essential
obtain the correct ground state.

The enhanced localization offered by the GGA over
LDA is found critical to obtain the correct relative stabilit
of the various structures. This is largely due to the fact t
within the LDA the JT distortions are metastable or unstab

Finally, we investigate the average potential at which
can be inserted in the various structures and discuss its
tion to the magnetic state of the Mn ion. Our results sh
that spin polarization affects the Li insertion voltage som
what ('0.3 V). The effect of the JT distortion is more var
able.

II. METHODOLOGY

All total energies are obtained in the local density a
proximation and generalized gradient approximation to d
sity functional theory as implemented in theVASP

program.27–29Ultrasoft pseudopotentials are used to descr
the effect of the nucleus and core electrons in the vale
states. The valence electrons wave functions are expand
plane waves. For the expansion of plane waves an en
cutoff of 600 eV was used for manganese oxides and me
lic lithium. The reciprocal space sampling was done with
to 83k points~depending on the structure! for the oxide and
256 k points for metallic lithium in the irreducible Brillouin
zone. Both the volume and ionic positions were relaxed d
ing the self-consistent energy minimization. The sp
polarized calculations are performed with both ferromagn
~FM! and antiferromagnetic~AF! arrangements of the spi
s
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on the Mn ions. The application of pseudopotential tec
niques is now well established for oxides and has previou
been applied to lithium-transition metal oxides8,30–34with the
results in good agreement with all-electron full-potential li
ear augmented-plane-wave~FLAPW! calculations on the
same materials.35

Total energy calculations can be related to the averag
insertion potential between two compositions limits by me
ods previously established.8,30,31 If DGr is the Gibbs free
energy~in J/m! for the reaction:

MnO2~cathode! 1 Li ~anode! → LiMnO2~cathode! ~1!

the average insertion voltage is given by

V̄52
DGr

F
, ~2!

whereF is the Faraday constant. Although the above eq
tions imply metallic Li as the standard state for the Li pote
tial, insertion voltages with respect to other anodes can
easily obtained by combining the results with the appropri
anode reaction energies. The energy of Li metal is calcula
in the bcc structure. Since the effects due to change in
ume and entropy is very small, the change in Gibbs f
energy DGr([DEr1PDVr2TDSr) can be approximated
by only the change in the internal energy (DEr) at 0 K. This
approximation has been further verified by recent fir
principles calculation which indicated that the difference b
tweenDE at 0 K and at 300 K is only;30 meV.36

III. RESULTS

A. Non-spin-polarized „LDA …

The calculated lattice parameters and energies
the non-spin-polarized case with LDA are listed in Table
The relative stability of all the structures is shown in Fi
1~a!. In Fig. 1~a! we have plotted the formation energy, d
fined as

DEf~Li xMnO2!5ELixMnO2
2xELiMnO2

~ layered!

2~12x!EMnO2
~ layered!. ~3!

For x50 or x51, a negativeDEf indicates that the com
pound is more stable than layered MnO2 and LiMnO2, re-
spectively. For 0,x,1 a negative formation energy ind
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TABLE II. The energies and lattice parameters of various structures optimized without spin polari
effect in the local density approximation. The various structures are layered~LA !, monoclinic layered
~MLA !, cubic spinel~SPC!, tetragonal spinel~SPT!, and orthorhombic~ORTHO!. Energies are defined with
respect to the concentration weighted average of MnO2 and LiMnO2 in the LA structure. The experimentally
measured parameters are given in Table III.

Composition Structurea (Å ) b (Å) c (Å) b Internal parameter d(Mn-O! ~Å! DEf (meV)

MnO2 LA 2.74 2.74 13.45 90° x50.262 1.86 0.0
MLA relaxed to LA
SPC 7.85 7.85 7.85 90° x50.389 1.86 41
SPT relaxed to SPC

ORTHO 2.85 3.62 5.53 90° Mn:z50.680 1.71,1.88,2.03 2263
O1: z50.148
O2: z50.582

Li0.5MnO2 SPC 7.84 7.84 7.84 90° x50.384 1.89 2232
SPT relaxed to SPC

LiMnO2 LA 2.67 2.67 14.59 90° x50.254 1.93 0.0
MLA relaxed to LA

ORTHO 2.63 3.84 6.03 90° Li:z50.089 1.87,1.94,1.98 264
Mn: z50.644
O1: z50.136
O2: z50.602

Li2Mn2O4 SPC 7.84 7.84 7.84 90° x50.379 1.94 107
SPT relaxed to SPC
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cates that the material is stable with respect to ph
separation into MnO2 and LiMnO2. The choice of the lay-
ered phases as reference states for the energy is arbitrar
does not affect any conclusions.

The orthorhombic and the layered structures have
lowest energy at MnO2 and LiMnO2 stoichiometries, respec
tively, while the unlithiated and fully lithiated spinel-base
structures are higher in energy. The stoichiometric sp
(LiMn2O4) is stable with respect to phase separation.
stable JT distortions were obtained. Both the monoclinic l
ered and the tetragonal spinels relaxed back to their un
formed counterparts.

B. Spin-polarized „LDA …

1. Ferromagnetic ordering

The relative stability of various structures changes sign
cantly when the spin polarization effect is included,
shown in Fig. 1~b!. The corresponding lattice parameters a
listed in Table III. The formation energy in Fig. 1~b! is again
defined by Eq.~3!, but now with respect to the spin-polarize
layered phases. The strong magnetic moment on Mn red
the energy of the MnO2, Li0.5MnO2, and Li2Mn2O4 spinels
by, respectively, 800, 900, and 610 meV. The spin polari
tion effect also alters the relative stability of the structures
fact, the magnetic effect reverses the order of some struct
in terms of energetic stability. At MnO2 composition, the
layered structure is now the ground state with energy w
below the orthorhombic structure. The spinel structure
higher in energy than the layered one. No stable JT dis
tions were found at this composition, as is to be expected
manganese with formal valence of 41. The spin polarization
effect is again quite dramatic for the fully lithiated com
e
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pounds where the formal valence of the Mn reduces to
1. Locally stable JT distortions could be found in the tetra
onal spinel LiMnO2 and in the monoclinic structure, but i
each case the energy of the deformed structure was hi
than for the undeformed one, so that the JT distortion is o
metastable. The tetragonal deformation of the Li0.5MnO2
spinel was found to be unstable and relaxed back to the c
symmetry.

2. Antiferromagnetic ordering

In the previous calculations, the magnetic moments on
Mn ions are aligned ferromagnetically so that the symme
of the magnetic unit cell is the same as that based on
ionic positions. Recently, Singh37 reported that, at the experi
mentally measured lattice parameters and ionic positions,
antiferromagnetic state of the monoclinic layered structur
lower in energy than the ferromagnetic one. For the ort
rhombic LiMnO2 structure17 and the cubic LiMn2O4 spinel38

antiferromagnetism has been observed experimentally.
investigate whether antiferromagnetism could further mod
the relative stability at LiMnO2, we calculated the energy o
several structures with an antiferromagnetic~AF! arrange-
ment of the Mn ions@Fig. 1~b! and Table IV#. Because of the
constraints in computing resources we limited the AF cal
lations to composition LiMnO2 and Li0.5MnO2. For the
orthorhombic structure we considered the experiment
measured AF arrangements of the Mn ions.17 For the mono-
clinic structure the antiferromagnetic ordering AF3 propos
by Singh37 was considered. In both structures antiferroma
netic chains run along the direction of shortest Mn-M
bonds. While for MLA and SPT an antiferromagnetic a
rangement has lower energy than the corresponding fe
magnetic ones, this effect is not enough to make the
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formed AF structure stable over the undeformed FM o
and the ferromagnetic layered structure remains the ove
ground state.

As is typical in the LDA, the optimized lattice paramete
from our calculations are smaller than the experimental v
ues. To investigate whether the JT distortions could be
bilized at higher volumes, we performed calculations for
material under negative pressure with both antiferromagn
and ferromagnetic spin arrangements. We prefer the use
negative pressure rather than fixing the volume at the exp
mental one, since this method allows for the unbiased c
parison of various structures, even those for which no exp
mental data is available. Experimental lattice constants
the different structures were obtained for pressures in
range230 kbar to250 kbar. At these pressures the entha
of the Jahn-Teller distorted structure is slightly lower th
that of the non-Jahn-Teller structures and the overall gro
state is the antiferromagnetic orthorhombic structure.

In summary, the LDA fails to predict stable JT disto
tions. While it predicts several structures at composit
LiMnO2 to be antiferromagnetic the ground state is the f
romagnetic layered structure, in disagreement with exp
ments. Correcting the LDA volume by applying negati

FIG. 1. The phase stability of various structure as a function
Li compositionx calculated with LDA~a! for non-spin-polarized
case and~b! for spin-polarized case.
s
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pressure does bring the results in closer agreement with
periments.

C. Spin polarized „GGA…

We also performed calculations for all structures in t
generalized gradient approximation~GGA!. Since the GGA
usually leads to lattice parameters in closer agreement
experiment, we would expect it to give better results
Jahn-Teller distorted structures. In addition, the enhanced
calization offered by the GGA should further stabilize t
Jahn-Teller distortion. Volume and internal coordinates
relaxed to find the lowest energy. Since the effect of s
polarization was found to be essential we do not present
non-spin-polarized results. Ferromagnetic~FM! and antifer-
romagnetic~AF! arrangements of the Mn ions are consi
ered. The AF arrangements are the same as for the L
calculations. For composition MnO2 only ferromagnetic
states were calculated due to limited computing resour
The calculated parameters are listed in Table V. The G
improves the lattice parameters and also makes the JT
torted structures more stable relative to the nondeform
ones~both for ferromagnetic and antiferromagnetic arrang
ments!. For example, the monoclinic structure is now stab
over the layered structure and the tetragonal spinel over
cubic spinel structure. For all the structures we calculat
AF spin ordering is stable over FM spin ordering.~We did
not perform AF calculation at composition MnO2.) The rela-
tive stabilities of various structures for LixMnO2 at x
50, 0.5, and 1 compositions are shown in Fig. 2. For
delithiated MnO2 composition the layered structure remai
most stable. The suspected tetragonal distortion in the sp
phase (Li0.5MnO2) ~Ref. 9! still could not be obtained with
GGA as the deformed structure relaxed back to the cu
spinel in our calculation. The recently proposed new grou
state for this composition has too large an unit cell to
accessible with first-principle calculations.14,16 The effect of
the GGA coupled with magnetism is very dramatic at t
fully lithiated LiMnO2 composition. The antiferromagneti
orthorhombic structure is now the ground state which is c
sistent with experiment.17 The orthorhombic~AF! is 32 meV

f

FIG. 2. The phase stability of various structure as a function
Li compositionx calculated with GGA for spin-polarized case.
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TABLE III. The energies and lattice parameters of various structures optimized with ferromagnetic spin polarization effect in th
density approximation. Experimentally known parameters are given in brackets.

Composition Structure a (Å ) b (Å ) c (Å ) b Internal parameter d~Mn-O! ~Å! DEf ~meV!

MnO2 LA 2.84 2.84 13.15 90° x50.262 1.89 0
MLA relaxed to LA
SPC 7.96 7.96 7.96 90° x50.388 1.89 37
SPT relaxed to SPC

~8.04! ~8.04! ~8.04! (90°) ~0.263! ~1.95! ~Ref. 15!
ORTHO 2.81 3.73 5.63 90° Mn: z50.669 1.78,1.92,2.01 268

O1: z50.137
O2: z50.585

Li0.5MnO2 SPC 7.98 7.98 7.98 90° x50.387 1.91 464
~8.24! ~8.24! ~8.24! (90°) (x50.262) ~1.96! ~Ref. 15!

SPT relaxed to SPC

LiMnO2 LA 2.77 2.77 14.11 90° x50.257 1.94 0
MLA 5.35 2.78 5.27 116° x50.269, z50.768 1.88,2.26 296

~5.44! ~2.81! ~5.39! (116°) (x50.272, z50.771) ~1.92,2.31! ~Ref. 22!
ORTHO 2.76 4.16 5.73 90° Li: z50.106 1.89,1.96,2.08 149

Mn: z50.630
O1: z50.143
O2: z50.611

~2.81! ~4.57! ~5.76! (90°) ~0.126,0.635! ~1.89,1.95,2.29! ~Ref. 20!
~0.144,0.602!

Li2Mn2O4 SPC 7.92 7.92 7.92 90° x50.380 1.94 43
SPT 5.59 5.59 9.15 90° x50.482, z50.248 1.90,2.26 289

~5.65! ~5.65! ~9.25! (90°) (x50.485, z50.253) ~1.937,2.286! ~Ref. 9!
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lower in energy than the monoclinic~AF!. If only ferromag-
netic spin ordering is allowed the stability is reverse
namely, the MLA~FM! is lower than the orthorhombic~FM!
by 8 meV. This calculation reveals that antiferromagneti
is necessary to stabilize the orthorhombic structure over
monoclinic layered structure.

In summary, we find that the GGA can produce sta
Jahn-Teller distortion in this system, in contrast to the LD
The effect of spin ordering is relatively large, in the case
MLA and ORTHO even reversing their respective stabili
For all structures investigated, we find that antiferroma
netism is stable over ferromagnetism.

D. Electronic structure

In LiMnO2 compounds, the Mn ions are surrounded
six oxygen ions forming an octahedron. For a transit
,

e

e
.
f
.
-

n

metal in octahedral symmetry, thedz2 and dx22y2 atomic
orbitals directly overlap with thepx , py , andpz orbitals of
the oxygen along the octahedral directions. Thiss overlap
forms theeg bands. For a highly ionic system the antibon
ing bandeg

! consists of mainly the metald states, whereas
the bondingeg

b band is predominantly of oxygenp character.
The remainingdxy , dxz , anddyz orbitals point away from
theO and have nos overlap with itsp orbitals. These orbit-
als form nonbondingt2g bands. So in the octahedral cryst
field, thed manifold splits into the lowert2g and uppereg
states. In Fig. 3, we show the band structure for LiMn2
calculated with LDA in the layered structure~no JT distor-
tion! at zero pressure along the high-symmetry directions
the Brillouin zone. The up and down spin part are plott
separately. Here we show only the LDA band structures
cause the band structures obtained from GGA exhibit sim
ed
TABLE IV. The energies@with respect to LA~F!# and lattice parameters of various structures optimiz
with antiferromagnetic spin polarization effect in the local density approximation.

Composition Structure a ~Å! b ~Å! c ~Å! b Internal parameter d~Mn-O! ~Å! DEf ~meV!

LA 2.86 2.86 13.20 90° x50.267 1.89,1.93 154
LiMnO2 MLA 5.05 3.06 5.01 116° x50.270, z50.766 1.89,1.91,2.26 96

ORTHO 2.76 4.43 5.62 90° Li: z50.115 1.87,1.92,2.22 46
Mn: z50.637
O1: z50.137
O2: z50.601

Li2Mn2O4 SPT 5.57 5.57 8.94 90° x50.482, z50.246 1.90,2.27 206
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TABLE V. The energies and lattice parameters of various structures optimized with ferromagnetic and antiferromagnetic spin
tion effect in the generalized gradient approximation. Experimentally known parameters are given in brackets. The parameterb is 116° for
the MLA structure and 90° for all other structures.

Composition Structure a ~Å! b ~Å! c ~Å! Internal parameter d~Mn-O! ~Å! DEf ~meV!

MnO2 LA ~F! 2.90 2.90 15.82 x50.273 1.93 0
MLA ~F! relaxed to LA
SPC~F! 8.18 8.18 8.18 x50.390 1.93 57
SPT~F! relaxed to SPC

~8.04! ~8.04! ~8.04! ~0.263! ~1.95! ~Ref. 15!
ORTHO~F! 2.87 3.81 6.07 Mn: z50.660 1.81,1.97,2.04 332

O1: z50.158
O2: z50.579

Li0.5MnO2 SPC~F! 8.12 8.12 8.12 x50.386 1.94 2459
SPT~F! relaxed to SPC

SPT~AF! 5.89 5.89 8.04 x50.477, z50.262 1.92,1.99 2469
~5.65! ~5.65! ~9.25! (x50.485, z50.253) ~1.937,2.286! ~Ref. 9!

LiMnO2 LA ~F! 2.82 2.82 14.27 x50.255 1.97 0
LA ~AF! 2.90 2.90 13.63 x50.270 1.90,1.95 236
MLA ~F! 5.54 2.82 5.44 x50.270, z50.763 1.92,2.34 2248

~5.44! ~2.81! ~5.39! (x50.272, z50.771) ~1.92,2.31! ~Ref. 22!
MLA ~AF! 5.54 2.77 5.47 x50.271, z50.762 1.92,1.93,2.39 2375
ORTHO~F! 2.80 4.82 5.60 Li: z50.116 1.91,1.95,2.32 2241

Mn: z50.638
O1: z50.128
O2: z50.605

ORTHO~AF! 2.79 4.69 5.64 Li: z50.104 1.92,1.95,2.35 2407
Mn: z50.636
O1: z50.132
O2: z50.606

~2.81! ~4.57! ~5.76! ~0.126,0.635! ~1.89,1.95,2.29! ~Ref. 20!
~0.144,0.602!

Li2Mn2O4 SPC~F! 8.38 8.38 8.38 x50.381 2.04 223
SPC~AF! 5.82 5.82 8.21 x50.384 1.91,2.00 2221
SPT~AF! 5.61 5.61 9.52 x50.484, z50.247 1.93,2.39 2298

~5.65! ~5.65! ~9.25! (x50.485, z50.253) ~1.937,2.286! ~Ref. 9!
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features. The top twoeg bands are separated from the thr
t2g bands by a gap of about 2.5 eV. The O(2p) bands are
below the Mn(d) bands and lie about 5 eV below the Ferm
energyEF . Clearly, Mn is not fully high spin as there i
some occupation of the minorityt2g bands. To examine the
effect of Li intercalation in the electronic structure, we com
pared the bands of lithiated LiMnO2 with those of the
delithiated MnO2 ~not shown!. As Li is inserted into the hos
MnO2 structure, theeg bands shifts down and the lower po
tion of the O(2p) bands are pushed up. Upon Li intercal
tion, the Mn-O bond length increases, thus reducing thes
overlap between the O(2p) and Mn(d) orbitals. Hence the
bonding bands are pushed up and the antibonding band
pushed down. The effect of JT distortion can be seen in F
4~a! and 4~b! where the band structure for LiMnO2 with the
monoclinic deformation under the negative pressure is p
ted. The band structure is insulating with a small gap
about 120 meV. This is in good agreement with the res
from FLAPW on the experimental geometry37 and much
smaller than the gap calculated in the Hartree-Fo
approximation.39 The minority spin Mn(d) bands@Fig. 4~b!#
-

are
s.

t-
f

ts

k

are all above theEF indicating fully high spin Mn31. Both
the minority and the majority bands are relatively flat ov
the entire range of the Brillouin zone. The high spin JT d
torted Mn31 ion splits theeg bands, half of them being oc
cupied. The spin polarized bands for Li2Mn2O4 in the tetrag-
onal spinel structure also exhibit similar features, as sho
by the density of states plot in Fig. 5. For comparison
density of states for LiMn2O4 in the cubic spinel structure is
plotted in Fig. 6. Clearly, the JT distortion is essential f
obtaining a fully high spin Mn31 ion. The O(2p) bands are
about 6 eV below the Fermi energy. As can be seen fr
Fig. 6, there is some overlap between the O(2p) and the
occupied majority Mn(t2g) orbitals. There are few carriers i
the minority Mn(t2g) bands which barely crosses the Fer
level. The Mn(eg) bands are all empty.

E. Intercalation voltage

For application in rechargeable Li batteries, the Li ins
tion potential is of interest. The average lithiation potent
can be obtained from the energy of the LixMnO2 compounds
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through Eq.~1!. Potentials in the different structures wit
and without magnetic effects are listed in Table VI for t
LDA approximation and in Table VII for the GGA approx
mation. In the LDA~Table VI!, spin polarization has a sub
stantial effect on the Li potential. Oddly, the change fro
non-spin-polarized to spin polarized is not in the same dir
tion for the different structures. While the Li potential in th
layered and spinel structure decreases with spin-polariza
by about 0.3 V, the potential of the orthorhombic phase
creases by a similar amount. The Li potential for the spi
LiMn2O4 /Li 2Mn2O4 couple is reduced dramatically wit
spin polarization due to the strongly increased stability
spinel LiMn2O4. In the GGA ~Table VII! these trends
mostly continue.

IV. DISCUSSION

Our results indicate that the relative stability of structu
in the LixMnO2 system is strongly influenced by the ma

FIG. 3. The LDA band structures of LiMnO2 in the layered
structure~a! for the majority and~b! for the minority spin.
-

on
-
l

f

s

netic state of the material. For LiMnO2 the coupling between
the magnetic state and the Jahn-Teller distortion around
Mn31 ion further complicates the physics of this material

~a! CompositionMnO2. While we find that the layered
form has the lowest energy among the structures we t
~with spin-polarized LDA!, this result cannot be verified di
rectly as experimentally theb-MnO2 structure is believed to
be stable.40,41We did not consider this structure in our anal
sis. Only ferromagnetic calculations were performed
though the system is likely antiferromagnetic due to the v
short bonds between the Mn41 cations.38

~b! CompositionLiMn2O4. The fact that spinel LiMn2O4
is highly stable in this system is not surprising and w
documented by experiments. Antiferromagnetism is found
be stable, in agreement with experiments.38 Because the av-
erage valence of Mn is 3.5, only half of the oxygen octahe
will be JT distorted if the charge on Mn disproportionates
13 and 14. The unit cell and space group suggest
experimentally9,42 does not allow for such disproportionatio

FIG. 4. The LDA energy band structures of LiMnO2 in the
monoclinic structure~a! for the majority spin and~b! for the minor-
ity spin.
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as it requires all Mn ions to be equivalent. It is therefore n
surprising that in our calculation, based on t
I41 /amd(D4h) symmetry, we do not find the tetragonal di
tortion. Indirect evidence for nonequivalent Mn ions com
from EXAFS data obtained by Yamaguchiet al.13 who
found that some oxygen octahedra are clearly JT distorte
they split the Mn-O distances in a set of 4 and 2. Ve
recently Carvajalet al.14 proposed an unit cell in which
Mn31 and Mn41 are both present.

~c! CompositionLiMnO2. At composition LiMnO2, the
manganese ion has formal valence 31 and the effects of
magnetism and the choice of exchange correlation func
are most subtle. With no magnetic moment on Mn ions@in
non-spin-polarized LDA, Fig. 1~a!# the undistorted layered
structure is stable. This is actually the structure one wo
expect for LiMnO2 based on ionic size considerations.43,44

The ionic radius of high spin Mn31 ion in octahedral envi-
ronment is 0.645 Å.45 Typically, the layered structure is sta
bilized in alkali-transition-metal dioxides when the ratio
the transition metal radius to alkali radius is less than ab
0.9.43,44 The ionic radius of Li1 is 0.76 Å.45 While ferro-
magnetic spin polarization~within the LDA! clearly brings
the orthorhombic and spinel based phases closer in ener
the layered structure, the latter remains stable.

With spin-polarized LDA, onlymetastableJT distortions
could be obtained. Figure 1~b! shows that the undistorte
layered~LA ! and cubic spinel~SPC! are actually lower in
energy than their deformed counterparts~MLA and SPT, re-
spectively!. Although antiferromagnetic LDA calculation
bring the energy of the deformed structures down somew

FIG. 5. The LDA one electron density of states~DOS! of
Li2Mn2O4 in the lithiated tetragonal spinel structure~a! for the
majority spin and~b! for the minority spin.
t

s

as

n

ld

ut

to

t,

the ferromagnetic undeformed structures remain lowes
energy.

It is interesting to note that the relative magnitude of t
Jahn-Teller distortion as measured by the largest differe
in nearest neighbor manganese-oxygen distance divide
the average Mn-O bond length, is around 19% for the s
polarized LDA, in striking agreement with the experimen
values measured for the monoclinic layered and lithiated
nel structures. This seems to imply that the JT distortion
itself is not sufficient to stabilize the deformed structure
The absence of stable JT distortions has been reported b
with the LDA approximation.46 In perovskite manganese ox
ide (LaMnO3) the JT distortion has been investigated usi
the LDA, GGA, and LDA1U method. Within LDA and
GGA, the structure of LaMnO3, when relaxed, become
nearly cubic and the JT distortion is significantly suppress
Even the LDA1U method was found to underestimate t
JT distortion in this material. The fact that increasing t
volume by applying negative pressure in the LDA calcu
tions helps to stabilize the Jahn-Teller distortion can be e
ily understood. A large volume will reduce theeg band width
and the elastic energy cost of the Jahn-Teller distortion. B
effects will enhance the distortion.

Only in the GGA approximation~Fig. 2 and Table V! is
the relative stability of various structures acceptable. Fe
magnetic GGA calculations make the JT deformed ML
structure stable over the LA structure by 248 meV. Althou
we did not calculate the ferromagnetic tetragonal spine
this approximation we expect that it would also be sta

FIG. 6. The LDA one electron density of states~DOS! of
LiMn2O4 in the lithiated cubic spinel structure~a! for the majority
spin and~b! for the minority spin.
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TABLE VI. The average open-cell voltages in V calculated with LDA for non-spin-polarized~NSP! and
spin polarized~SP! cases in various structures, namely, layered~LA !, cubic spinel~SPC!, and orthorhombic
~ORTHO!.

Structure MnO2 /LiMnO2 Mn2O4 /LiMn2O4 LiMn2O4 /Li 2Mn2O4

LA 3.31
NSP ORTHO 2.78

SPC 3.24 3.85~4.10! 2.63~2.7!

LA 2.95
SP ORTHO 3.06

SPC 2.94 3.95~4.10! 1.93~2.7!
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over its cubic counterpart. However, even ferromagne
GGA calculations do not predict the correct ground state
they put the ferromagnetic MLA some 8 meV below t
orthorhombic structure. To obtain the latter as ground st
antiferromagnetic spin ordering is required. For the spin c
figurations described earlier ORTHO is stable over MLA
32 meV.

The comparison between the LDA and GGA resu
points towards the importance of charge localization. In
GGA charge gradients tend to be more pronounced tha
LDA. The resulting charge localization seems essentia
obtain stable JT distortions~as compared to metastable on
in the LDA!.

Stable antiferromagnetism is to be expected in these
ides as they have relatively low Mn-Mn distances. Antife
romagnetism~AF! is induced by the direct overlap of ha
filled orbitals in the Mn ions.47 In addition to the direct
Mn-Mn exchange, the superexchange is mostly of the
type and largely antiferromagnetic as well. The energy d
ference between the antiferromagnetic and ferromagnetic
dering is very large (2166 meV for ORTHO and
2127 meV for MLA!. This difference is considerably large
than the values obtained with unrestricted Hartree Fock
the experimental geometries.39 The effect of antiferromag-
netism on therelative stability of structures~e.g., MLA and
ORTHO! is more difficult to explain. The antiferromagnet
configurations used for both structures are very similar. T
both have AF chains along the shortest Mn-Mn bonds. T
interchain interaction is along longer bonds and cancels
due to frustration~i.e., an identical number of antiferromag
netic and ferromagnetic bonds exists between the cha!.
The only significant difference may be the more three dim
sional nature of the spin ordering in the orthorhombic str
c
s

e,
-

e
in
o

x-
-

°
-
r-

n

y
e
ut

s
-
-

ture. In this structure, there is interchain interaction not o
along thec axis ~direct Mn-Mn), but also along theb axis
through a 180° superexchange~the actual bond angle is
about 170°). The two-dimensional Li-Mn ordering of th
MLA structure prohibits these interplain couplings.

The band structures of the lithiated manganese oxides
fairly typical. They show the expected splitting of the meta
derived bands into a lowert2g and uppereg complex. For
structures with no Jahn-Teller distortion the splitting of tho
two sets of bands is too large for Mn31 to be completely
high spin and the last valence electron pairs with an elec
with opposite spin in thet2g bands@see Fig. 3~b!#. For the JT
distorted structures~MLA: Fig. 4 and SPT: Fig. 5! one of the
eg band is pushed down below the Fermi level allowing t
Mn31 ion to become fully spin polarized. The higher ma
netic moment of the Mn31 ion in the deformed structure
explains why their stability benefits from the appropria
spin ordering.

Several implications for practical Li-intercalation oxide
can be deduced from the results. Clearly, the spinel LiMn2O4

is highly stable. Its formation energy in the GGA approx
mation is almost 0.5 eV. This may explain why, when t
Li content of orthorhombic and monoclinic layered LiMnO2,
is reduced by electrochemical reaction in a battery, b
transform to the spinel structure.24,48,49 We found that the
spinel structure is also stable in most other 3d lithium-
transition metal oxides, although none of them has as larg
formation energy than LiMn2O4.50

The average Li-intercalation potentials in Tables VI a
VII show fair to good agreement with experiment, although
consistent underprediction occurs. This was already obse
in previous calculations on a large number of transitio
rious
TABLE VII. The average open-cell voltages in V calculated with GGA for spin polarized case in va
structures, namely, layered~LA !, monoclinic layered~MLA !, cubic spinel~SPC!, tetragonal spinel~SPT!,
and orthorhombic~ORTHO!. AF energies were used at all compositions except at the MnO2 composition
where the FM energy was taken into account.

Structure MnO2 /LiMnO2 Mn2O4 /LiMn2O4 LiMn2O4 /Li 2Mn2O4

LA 2.58
MLA 2.95
ORTHO 3.32
SPC 2.86 3.62~4.10! 2.10
SPT 2.93 3.62 2.25~2.7!
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metal oxides.51,52 The substantial error for the LiMn2O4/
Li 2Mn2O4 couple could be related to the fact that the expe
mentally observed structure has somewhat different site
cupancy than the one used in the calculations. In addit
the energy of LiMn2O4 represents a system with no JT di
tortions. Recent experimental evidence indicates that lo
JT distortion can still exist even when there is no distort
of the cell.13 This effect may also contribute to the error
the intercalation potential.

V. CONCLUSION

We have presented a series of LDA and GGA calculati
with ferro and antiferromagnetic spin ordering for lithiate
manganese oxides. Due to the large magnetic moment on
mangenese ions, spin polarization has a significant effec
the energies and relative stability of various structures. T
level of exchange-correlation correction as well as the s
ordering are found to be essential for reproducing the cor
ground state at composition LiMnO2. Globally stable JT dis-
tortion could only be obtained within the GGA or in LDA
with the use of negative pressure.

Although the Jahn-Teller distortion is important fo
LiMnO2 structures, it does not suffice to explain their re
tive stability as all structures have similar JT distortions.
-
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more appropriate view may be that the JT distortion is n
essary to localize charge~i.e., into a singleeg orbital! which
in turn increases the magnetic moment on the Mn ion. I
the interaction between these moments which determines
stability of orthorhombic LiMnO2 over monoclinic layered
LiMnO2.

The realization that orthorhombic LiMnO2 is stabilized
over monoclinic layered LiMnO2 by antiferromagnetism of-
fers exciting possibilities for engineering the relative stabil
between these two structures. The layered structure is o
favored as its Li diffusion constant is believed to be high
We will report on this in a subsequent paper. For all stru
tures at composition LiMn2O4 and LiMnO2 we found stable
antiferromagnetic ordering of the Mn ions. Our results a
point out the potential pitfalls of using the local density a
proximation in these materials.
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