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Electronic structure, magnetic, and cohesive properties of LixMn2O4: Theory
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The volume dependent electronic structure of the spinel-type lithium manganese oxides LixMn2O4 , x
50,0.5,1, is studiedab initio by employing a full-potential electronic structure method. The electronic struc-
ture, total energies, open-circuit voltage, and magnetic moments were obtained for various spin configurations
of Li xMn2O4 in the cubic spinel structure and the low-temperature orthorhombic structure. The effect of
magnetic ordering on the band structure and structural stability has been investigated and an antiferromagnetic
ordering proved to be the ground state of the LixMn2O4 spinels. Our calculations show that the manganese
majority t2g d band is filled for all LixMn2O4 compounds studied, and the filling of the minorityt2g band is
expected in the lithiation process. The lithium intercalation potential, bulk modulus, magnetic moments, and
optical properties are calculated within the itinerant band approach and are found to be in good agreement with
available experimental data, indicating, that the density-functional theory provides reliable electronic structure
of the LixMn2O4 system. The effect of the orthorhombic distortion on electronic structure and magnetism of
LiMn2O4 was investigated, and our calculations do not show a substantial charge ordering at the structural
transition from the cubic spinel to the orthorhombic structure, as proposed earlier. Instead, the low-temperature
orthorhombic structure is found to possess the lowest energy via a Jahn-Teller distortion driven by thed band.

DOI: 10.1103/PhysRevB.65.174408 PACS number~s!: 71.20.Ps, 61.66.Fn, 84.60.Dn
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I. INTRODUCTION

In the recent years a considerable interest in lithium m
ganese oxides LixMn2O4, 0<x<2, has developed due t
their application potential as rechargeable battery electro
~e.g., Refs. 1 and 2!. The cubic spinel oxides derive the
properties from the large stability region they have with
spect to the lithium content. The lithium contentx can be
varied between 0 and 1 and even higher without substa
changes in the spinel structure of these oxides. This
intercalation mechanism is the basis for its application as
electrode in a rechargeable battery.

Whereas numerous experimental investigations were
voted to electrochemical characteristics of the lithium ce
the more recent3–21 studies were aimed to investigate stru
tural, electronic, magnetic, and optical properties of
spinel-type lithium manganese oxides. Various structural
magnetic phase transitions were observed in the LixMn2O4
system.3,4,6,10,12–14The structural phase transitions are b
lieved to be caused by the cooperative Jahn-Teller dis
tions, associated with Mn31 ions.1,2,22 In particular, the
LiMn2O4 compound, with the average manganese vale
13.5, is regarded as having an equal number of rando
distributed Mn14 and Mn31 ions above room temperature
Though in the cubic spinel phase all manganese sites
equivalent, the high spin Mn31 ions favor dynamic Jahn
Teller distortions, which are presumably responsible for
structural phase transition at temperaturesTV.285 K, ac-
companied by a corresponding charge ordering. This tra
tion is believed to be analogous to the Verwey transition
magnetite, Fe3O4.22,23

A problem with the commercial use of LiMn2O4 spinel is
related to the corresponding lattice instability, and a gr
0163-1829/2002/65~17!/174408~7!/$20.00 65 1744
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deal of effort is going into the investigation of the nature
this phase transition,3–6,10,12–15,19–21which remains disput-
able. It is still not clear whether the low-temperature~below
TV.285 K) phase of LiMn2O4 is orthorhombic13,14 or
tetragonal.10 Also, according to the recent studies,10,19 the
phase transition does not lead to a total transformation of
spinel structure until a temperature of 70 K has been reac
and only partial segregation of Mn14 and Mn31 ions was
found. A hopping of Li ions between two crystallograph
cally different sites, 8a and 16c, was recently observed in
the spinel phase at temperatures above the ph
transition.8,21 This hopping is presumably not favorable fo
the charge ordering of Mn31 and Mn41. Moreover, with the
small substitution of manganese by lithium on 16d sites in
Li(Mn1.96Li 0.04)O4, no Jahn–Teller distortions were found
the temperature range 4–290 K by means of the neu
diffraction.20 This indicates that different mechanisms, su
as the lithium intersite hopping,8,21 (8a)→(16c), or substi-
tution of manganese by lithium,20 (8a)→(16d), as well as
competing magnetic interactions,10 have to be taken into ac
count to elucidate a nature of the phase transition in
LiMn2O4 spinel at 285 K.

Geometrical frustration of the antiferromagnetic orderi
in the pyrochlore network in the spinel structure, combin
with mixed-valent distribution of Mn ions, are presumab
responsible for the complex magnetic structure expecte
LiMn2O4.10,15 Spin-glass-like behavior was reported16,17 in
LiMn2O4 at low temperatures, whereas a long-range-orde
complex antiferromagnetic state with 1152 magnetic Mn io
was proposed in Ref. 10. Therefore, theoretical studies of
electronic structure, ground-state, and excited-state pro
ties are necessary to understand the complex physical na
©2002 The American Physical Society08-1
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GRECHNEV, AHUJA, JOHANSSON, AND ERIKSSON PHYSICAL REVIEW B65 174408
of the LixMn2O4 system and to analyze a wealth of expe
mental data.

Theoretical investigations have previously been carr
out to reveal basic features of the electronic structure for
lithiated manganese oxides by means of DV-Xa molecular
orbital,24 linear-muffin-tin orbital ~LMTO-ASA!,25 full po-
tential ~FP! LAPW,26 and pseudopotential27–29 calculations.
The most comprehensiveab initio calculations were per
formed in Ref. 26~for the layered manganese oxides! and in
Refs. 27–29, where spin-polarization effects were taken
account within FP-LAPW and VASP pseudopotential tec
niques, respectively. It was argued28 that stabilities of spin-
polarized spinel phases of Mn2O4 and LiMn2O4 can be de-
scribed within density-functional theory~DFT!, moreover
the generalized gradient approximation30 ~GGA! has pro-
vided somewhat better agreement with experiment than
local-spin-density approximation31 ~LSDA!.

The ab initio electronic structure calculations for mixed
valent manganese oxides represent a challenge to
density-functional theory. In LixMn2O4 compounds the dy-
namical Jahn–Teller distortions at randomly distribut
Mn31 ions are accompanied by hopping of Li ions betwe
8a and 16c sites,8,21 which can cause the transferred hype
fine coupling between Mn and Li spins.7,21 Also, it is ex-
tremely difficult to find a ground state of frustrated antife
romagnetic structure among a large number of degene
noncollinear spin configurations. In this connection, t
prime objective of the present work is to elucidate the el
tronic structure of LixMn2O4 spinels, specifically for both
systems in the vicinity of the expected Verwey transitio
including the low-temperature complex orthorhombic stru
ture of LiMn2O4, by taking into account spin polarization i
a feasible, simplified form. The related bulk, magnetic, a
optical properties of these manganese oxides were evalu
and analyzed in order to reveal possible manifestations
spin, structural, and charge ordering in the framework of
density-functional theory. The results ofab initio calcula-
tions can also be helpful in revealing trends favorable fo
suppression of Jahn-Teller distortions, which are respons
for the limited cycle lifetime and capacity loss in th
LiMn2O4 batteries.

II. STRUCTURAL DETAILS
AND COMPUTATIONAL TECHNIQUE

The cubic spinel LiMn2O4 has a face-centred Bravais la
tice ~space groupFd3̄m or Oh

7 , comprising 2 f.u. in the fcc
unit cell!, where the Li atoms occupy one-eighth of the t
rahedral (8a) sites, and the Mn atoms occupy half of th
octahedral (16d) sites in an intervening cubic closed-pack
formation of oxygen atoms~at 32e sites!. For a lithium con-
centrationx50.5, Li0.5Mn2O4, we assumed an ordered a
rangement of Li, i.e. one of two lithium sites in the LiMn2O4
cell is filled, another one is empty. The experimental valu
of the internal oxygen parameteru were fixed in our calcu-
lations, with the lattice parametera varying in a wide range
for the LixMn2O4 compounds studied.

The delithiated phase of LixMn2O4 spinels, which actu-
17440
d
e

to
-

e

he

n
-

te

-

,
-

d
ted
of
e

a
le

-

s

ally contains a small residual amount of lithium
(Li0.06Mn2O4, Ref. 9!, is calledl-MnO2. It represents one o
the metastable forms of manganese dioxides and results
electrochemical removal of lithium from LiMn2O4 cathodes
in the battery cell within the charge cycling process. Th
compound retains the basicFd3̄m structure with some lower
lattice parametera, compared to LiMn2O4, and with lithium
atoms removed from the spinel framework.

Below the Verwey-like transition atTV.285 K, the com-
plex orthorhombic phase of LiMn2O4 ~space groupFddd)
was established in Refs. 13 and 14. It can be viewed a
distorted cubic spinel structure with a tripled periodicity
two directions, a ‘‘3a33a3a’’ cell, where a is approxi-
mately equal to a lattice parameter of the cubic spinel str
ture. The structural optimization has not been performed
this orthorhombic phase due to complexity of the structu
and all structural parameters used in the calculations
taken from Ref. 13. The accepted orthorhombic structure
actually very close to a large tetragonal cell~space group
I41 /amd), which was also proposed in Ref. 10 for the low
temperature phase of LiMn2O4.

Ab initio calculations of the electronic structures we
performed for LixMn2O4 oxides,x50,0.5,1, by employing a
full-potential LMTO method32 ~FP-LMTO!. In this all-
electron method the Kohn-Sham equations can be so
without any shape approximations imposed on the cha
density or potential. An elementary cell is subdivided in
MT spheres at atomic sites and an interstitial part. Inside
MT spheres the basis functions, charge density, and pote
are expanded in spherical harmonic functions multiplied b
radial function, whereas in the interstitial region charge d
sity and potential are expanded in a Fourier series. A b
function in the interstitial part is a Bloch sum of Neuman
and Henkel functions, which are augmented by numer
basis function inside MT spheres. The spherical-harmo
expansion of the charge density, potential and basis funct
were carried out up to a cutoff in angular momentuml 56.
The tails of the basis functions outside their parent sphe
are linear combinations of Hankel or Neumann functions
pending on the sign of the kinetic energy of the basis fu
tion in the interstitial region. Further, a so-called ‘‘doub
basis’’ has been adopted, where two different orbitals for
same principal and angular quantum number are conne
at the sphere boundaries, in a continuous and differentia
way, to Hankel or Neuman functions with different kinet
energies in the interstitial region. In the present calculatio
the basis set includeds, p, andd orbitals for valence states o
all constituents, including lithium and oxygen.

The exchange-correlation potential was treated in both
LSDA ~Ref. 31! and GGA~Ref. 30! of the density-functional
theory. For the core charge density, the Dirac equation
solved self-consistently, i.e., no frozen core approximat
was used. The effect of the spin-orbit coupling, included
the Hamiltonian, appeared to be almost negligible for
calculated electronic structure of LixMn2O4, and most of the
present calculations were carried out in the scalar-relativi
approximation. The integration over the Brillouin zone in t
self-consistency cycle was performed using the special p
sampling33 with around 60k points for the cubic spin-
8-2
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TABLE I. The bulk, electronic, and magnetic properties of LixMn2O4 spinels, calculated in the local-
spin-density approximation and the general-gradient approximation. Lattice parametersa are given in Å.

Bulk moduli B are in GPa. The average intercalation voltagesV̄ are in eV. The total energiesDE, in eV/f.u.,
are defined with respect to the corresponding nonmagnetic spinel. The density of states at the Fermi level,
N(EF), is in states/~eV f.u.!. The magnetic moment within the Mn MT sphere,MMn , is in mB .

a ~Å! B ~GPa! V̄ ~eV! MMn (mB) DEsp ~eV! N(EF) (eV21)

Spinel Phase LSDA GGA LSDA GGA LSDA GGA LSDA GGA LSDA GGA LSDA GGA

l-Mn2O4 NM 7.90 8.02 221 194 0 0 7.5 7.3
FM 7.95 8.16 204 179 2.78 2.79 –1.38 –1.40 0 0

AFM 7.94 8.14 206 180 2.77 2.78 –1.45 –1.48 0 0
Expt. 8.04a 2.8b,c

Li 0.5Mn2O4 NM 7.96 8.00 214 199 2.1 2.1 0 0 7.7 7.4
FM 8.01 8.14 208 185 2.3 2.2 2.63 2.65 –1.4321.45 0 0

Expt. 8.14a 3.6a

LiMn2O4 NM 8.03 7.99 212 199 3.7 3.8 0 0 7.3 6.9
FM 8.08 8.13 204 181 3.9 3.9 2.48 2.5021.51 21.45 5.5 5.2

AFM 8.09 8.12 205 182 3.9 3.8 2.48 2.4921.50 21.48 6.9 6.6
Expt. 8.23a 200d 4.1a 3.2c

aReference 8.
bReference 9.
cReference 17.
dReference 3.
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polarized configurations of LixMn2O4, and eightk points for
the orthorhombic LiMn2O4 supercell. In this integration a
Gaussian smearing was employed with the width of 20 m
to accelerate the convergence. After achievement of s
consistency, the tetrahedron method was employed for
density of states~DOS! and optical calculations on a fin
k-point grid.

The calculations were performed for the cubic spin
structure as well as the orthorhombic structure of LiMn2O4
for nonmagnetic~NM!, ferromagnetic~FM!, and antiferro-
magnetic ~AFM! configurations. For the spinel LixMn2O4
systems in the AFM configuration two of the mangane
atoms in the unit cell were chosen as having spins ‘‘up,’’ a
the other two as ‘‘down’’ spins along the@001# direction. In
the low-temperature orthorhombic structure of LiMn2O4, the
assigned AFM configuration corresponds to alternat
planes with ‘‘up’’ and ‘‘down’’ Mn moments. Using the cal
culated self-consistent potentials, the optical dielectric ten
was calculated for the PM, FM, and AFM cubic spin
phases of LiMn2O4 with the linear tetrahedron technique,
it was proposed in Refs. 32 and 34. The absorption coe
cient I (v) is proportional to the imaginary part of the extin
tion coefficientk times the frequency,

I 52vk/c, ~1!

wherec is the speed of light, andk can be evaluated by usin
the calculated real and imaginary parts of the dielec
tensor.34 In order to reproduce experimental conditions,
lated to the finite lifetime of the excited states and the ins
mental smearing, the calculated spectra were broadened
17440
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III. RESULTS AND DISCUSSION

A. Equilibrium properties

In the framework ofab initio FP-LMTO calculations, the
total energiesE of Li xMn2O4 spinels (x50,0.5,1) were cal-
culated as functions of volumeV, and were then fitted to
analytical parametrizations for the equation of state, such
the Murnaghan and recently proposed universal35 equation of
state, both have given almost identicalE(V) curves. The
equilibrium lattice spacings and bulk moduli are evalua
from the corresponding equations of state, and are prese
in Table I ~LSDA and GGA results!. The GGA provides lat-
tice constants close to the experiment, and a bulk modulu
the antiferromagnetic phase, which is somewhat smaller t
the LSDA experimental data. On the other hand, the LS
calculated lattice parameters appeared to be consiste
smaller ~about 2%! than the experimental ones, althoug
they reproduce the lattice expansion when the lithium c
centrationx increases from 0 to 1. In addition the LSDA bu
modulus is in better agreement with experiment than
GGA result. When comparing the LSDA and GGA resu
one comes to the conclusion that they are rather similar
that the LSDA data are in somewhat better agreement w
experiment than GGA. The most obvious shortcoming of
GGA calculation is that the expansion of the lattice const
with increasing Li concentration is not reproduced. We
mark that although GGA normally improves the equilibriu
volumes of solid state matter compared to LDA, there
exceptions to this finding and the presently studied system
one more such example.

B. Open-circuit voltage

The calculations of the total energy can provide the av
age open-circuit voltageV̄ ~OCV! for the following reaction:
8-3
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Li ~anode!12MnO2~cathode!⇒LiMn2O4~cathode!. ~2!

The Li intercalation potential and the average OCV
given by27

V̄52DG/F, ~3!

whereDG is Gibbs’ free energy for the intercalation rea
tion, andF is the Faraday constant. The energy of Li w
calculated for the bcc structure of the metal. In the pres
work DG was approximated by the change in internal ene
DE, whereas both the volume (PDV) and the entropy
(TDS) contributions toDG were neglected, as has bee
proved to be sufficient in Ref. 27. The calculated lithiu
intercalation voltage is given in Table I~LSDA and GGA
results!, and both approximations result in an OCV that is
agreement with experiment for LiMn2O4. On discharging, a
change in the OCV potential can be considerable25 and not
strictly fixed for the intermediate systems, e.g., Li0.5Mn2O4.
Therefore, the OCV calculated for the Li0.5Mn2O4 system
should, with caution, be compared with the correspond
experimental data.8 Also, the lithium intersite hopping be
tween 8a and 16c sites, which is presumably the primar
lithium conduction process21 in the LixMn2O4 spinels, can
contribute to this discrepancy.

C. Electronic structure

As a whole, the electronic structure of LixMn2O4 com-
pounds is governed by a strong hybridization between
Mn d and Op states, whereas lithium atoms are substantia
ionized in these spinels. The lowest-lying states in both s
tems correspond mostly to the filledp states of oxygen. In
Li xMn2O4 spinels the Fermi levelEF lies within the non-
bonding t2g band, originating predominantly from thed
states of manganese. BelowEF a strong hybridization of
oxygenp states ands,p,d states of manganese gives rise
the filled Mn–O bonding bands. Theeg bands are found to
be empty in all non-spin-polarized systems studied in
present work.

The total densities of electronic states,N(E), calculated
for the antiferromagnetic phases of LiMn2O4 in the cubic
spinel and the low-temperature orthorhombic structures,
presented in Figs. 1 and 2, respectively. It includes the
majority spin t2g d orbitals, which are filled for all spin-
polarized LixMn2O4 compounds. For the delithiatedl-MnO2
spinel an energy gap is found between the majority and
nority t2g bands. The lithiation process is accompanied
the filling of the weakly bonding minorityt2g band. This
does not affect bulk properties noticeably, as can be s
from the calculated bulk moduli in Table I, and the mod
appeared to be in agreement with the experimental d
available for LiMn2O4.3

The density of states atEF in both spinel and orthorhom
bic LiMn2O4 systems comes essentially from thed electrons
in MT spheres of Mn, and the partial contributions of oth
states are smaller atEF @see Figs. 1~b–d!#. The conductivity
in LiMn2O4 was interpreted in terms of hopping of sma
polarons, related to distortions at Mn13 ions.1,11,19 On the
other hand, the thermoelectric power data were related19 to
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an assumed peak inN(E) at EF , which also results from the
present calculations@see Figs. 1~a,e!#. The sharp peak of
weakly bondingd states atEF in the spinel AFM phase of
LiMn2O4 implies the presence of a pronounced van Ho
singularity in the electronic spectrum. This singularity can
related to a possible instability, and it can be seen in Fig. 2~b!
that the orthorhombic~presumably Jahn-Teller driven! dis-
tortions produce a lowering ofN(E) at EF . In line with this
argument we found that the total energy of the orthorhom
phase is lower than that of the LiMn2O4 spinel~see Table II!.
A possible way to avoid this van Hove singularity atEF is to
alloy with elements that change the band filling, e.g., to
place some of the Mn ions with Cr or Fe. This may lead
avoidance of the structural transformation to the orthorho
bic phase. Also, the recent experimental data obtained
Li(Mn1.96Li 0.04)O4 alloys20 could possibly be explained b
this mechanism.

FIG. 1. Density of statesN(E) for the antiferromagnetic
LiMn2O4 in the cubic spinel structure. The Fermi level is mark
with a vertical dashed line.~a! The total DOS.~b! The contribution
to the total DOS from the MT spheres of oxygen.~c! and ~d!: The
contributions to the total DOS from the majority~dashed line! and
minority ~solid line! spin-polarized states of two Mn atoms with th
opposite magnetic moments.~e! The finer structure of the total DOS
at EF . Note the different energy scales.
8-4
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D. Spin and charge densities

As can be seen in Figs. 1 and 2, the distorted coordina
octahedra in the orthorhombic phase give rise to wider g
betweent2g and eg bands, and the wider occupied bondin
band. Next, we show the calculated charge density of
orthorhombic phase of LiMn2O4 for a cut in the~110! plane
~Fig. 3!. Although some difference in the charge-density d
tribution can be seen around different Mn ions due to
orthorhombic lattice distortions, it is much smaller than t
pronounced charge ordering for Mn13 and Mn14 ions, which
is expected for the Verwey-like transition12,13 that was pro-
posed as an explanation to the experiments in Ref. 13.
calculated spin density of the orthorhombic AFM LiMn2O4
for a cut in the~110! plane is shown in Fig. 4. The spi
density originates primarily from the AFM ordered Mn a
oms, and reflects the symmetry of thet2g d electrons.

E. Magnetic moments

The antiferromagnetic phase was calculated to be
ground state of LiMn2O4, though the total energy of the fe

FIG. 2. Density of statesN(E) for the antiferromagnetic
LiMn2O4 in the orthorhombic structure. The Fermi level is mark
with a vertical dashed line.~a! The total DOS.~b! The finer struc-
ture of the total DOS atEF . Note the different energy scales.

TABLE II. The properties of LiMn2O4 in the spinel and the
orthorhombic phases, calculated in the generalized-gradient
proximation. Average magnetic moment within Mn MT sphe
MMn , is in mB . The total energiesDE, in eV/f.u., are defined with
respect to the nonmagnetic spinel total energy. The density of s
at the Fermi level,N(EF), is in states/~eV f.u.!.

Structure Phase MMn (mB) DE ~eV! N(EF) (eV21)

LiMn2O4 FM 2.50 –1.45 5.2
Spinel AFM 2.49 –1.48 6.6
LiMn2O4 FM 2.27 –1.50 2.9
Orthorhombic AFM 2.28 –1.53 4.2
17440
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romagnetic phase is only slightly higher, for both syste
~spinel and orthorhombic, see Table II!. The magnetic mo-
ments were calculated for the spin-polarized LixMn2O4 sys-
tems, and are presented in Tables I~LSDA and GGA! and II
~GGA in the orthorhombic and spinel structure!. Note that
LSDA and GGA give similar magnetic moments. For th
delithiatedl-MnO2 spinel the calculated moment at the M
site appeared to be in a good agreement with the
perimental one evaluated from the neutron-diffracti
measurements.9 Unfortunately, there are no correspondin

p-
,

tes

FIG. 3. Calculated charge density of the orthorhombic AF
LiMn2O4 for a cut in the ~001! plane. The Mn atoms have
squared-like shape of the charge density, whereas O atoms are
spherically symmetric. No Li atoms are present in this plane.

FIG. 4. Calculated spin density of the orthorhombic AF
LiMn2O4 for a cut in the~001! plane. The spin density originate
primarily from the AFM ordered Mn atoms, and representst2g d
electrons. When going along the@110# diagonal direction, every
other atom has ‘‘spin-up’’ and ‘‘spin-down’’ density.
8-5
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data available for LiMn2O4, though a number of neutro
studies have been carried out on this system.8,13,10,14,15The
magnetic unit cell of LiMn2O4 appeared to be very complex
estimated to contain at least 1152 magnetic atoms per ce10

The complexity of this frustrated antiferromagnetic structu
is believed to be related10,14,15to the partial charge orderin
at low temperatures and to a large number of metast
states available. It is consistent with the results of our sp
polarized calculations, which give very close total energ
and magnetic moments for the FM and the AFM structu
~see Tables I and II!. We also observe in Table II that th
calculated magnetic moment is quite sensitive to the crys
line structure.

A Curie-Weiss-like behavior was observed in the tempe
ture dependence of the magnetic susceptibilityx for
Li xMn2O4 compounds.3–5,9,10,17 In the paramagnetic tem
perature regime antiferromagnetic interactions appeare
be dominant, providing comparatively large and negat
paramagnetic Curie temperatures,uQu>100 K.17 The frus-
trated antiferromagnetic structure is presumably related
the suppression of the transition temperaturesTN with re-
spect to the value ofQ,10 as well as to deviations ofx21(T)
from the Curie-Weiss~CW! behavior. These deviations, to
gether with a possible variation in the composition of t
samples, result in differing values of the Curie constants
Q.3–5,9,10,17Since our fully relativistic calculations have pro
vided small values of the orbital magnetic moments for M
in LiMn2O4 and l-MnO2 ~about 0.03mB), the Curie-Weiss
effective moment was assumed to be dependent on the sS
only,

meff5A4S~S11!. ~4!

Using the Curie constants obtained recently forl-MnO2 and
LiMn2O4 in Ref. 17, the corresponding experimental C
spin moments were evaluated and presented in Table I.
the delithiatedl-MnO2 spinel there is a good agreement b
tween the calculated Mn moment and the spin mome
evaluated either from the neutron studies9 or from the CW
analysis.17 One should, however, remember that the CW m
ment does not always agree with the low-temperature s
ration moment, and the comparison between theory and
periment is, on a formal level, best for the low-temperat
moment. In the case of LiMn2O4 spinel, the CW spin mo-
ment appeared to be larger than the calculated one. How
as pointed out above the comparison between CW mom
and the low-temperature theory~or experiment! is not always
straight forward. We conclude this section by noting that
LiMn2O4 spinel is probably not a well-behaved spin-on
material. The deviations from the CW law were observed
thex21(T) behavior,3–5,9,10,17and the apparent CW momen
per Mn ion can vary considerably from the calculated sp
only value.

F. Optical data

In general, the DFT approach has obvious limitations
describing the excited electronic states. Nevertheless
many cases the calculated optical spectra appear to b
agreement with experiment and provide a further insight i
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the electronic structure of complex oxides.34 In the present
work, the optical-absorption spectrum of the antiferroma
netic LiMn2O4 spinel has been calculated within the GG
As can be seen in Fig. 5, there is a good agreement with
recent experimental data of Ref. 18. The features at the
sorption coefficientI (v) can be associated with transition
between the exchange and crystal-field splitt2g and eg
bands.

IV. CONCLUSIONS

Theab initio full-potential LMTO band-structure calcula
tions have been performed for the spinel-type lithium ma
ganese oxides LixMn2O4. Our calculations show that the spi
polarization is essential to describe the basic properties of
Li xMn2O4 oxides. The manganese majorityt2g d bands
were found to be filled for all LixMn2O4 compounds studied
and the minorityt2g band was calculated to become filled
the lithiation process. The antiferromagnetic ordering
proved to be favorable as the ground state of LixMn2O4
spinels and the manganeseeg bands remains empty in a
systems considered in the present work.

The distorted coordination octahedra in the orthorhom
phase of LiMn2O4 gives rise to wider gaps betweent2g and
eg bands. On the other hand, one can not exclude a poss
ity that for a true ground-state spin-polarized structure
LiMn2O4 ~Ref. 10! the minority t2g band can overlap with
the majorityeg band. For the simplified AFM structures o
LiMn2O4, our calculations have not produced a substan
charge ordering at the structural transition from the cu
spinel to the orthorhombic structure, in contradiction to t
conclusion of Ref. 13. Instead, the transition seems to
driven by a Jahn-Teller-like distortion of thed band. Alloy-
ing with e.g. Fe would move the Fermi level away from t
peak in the DOS that causes the Jahn–Teller effect, and

FIG. 5. The optical absorption coefficient@ I (v)# of LiMn2O4 in
the cubic spinel phase. The solid line corresponds to the calcul
spectrum for the AFM phase. The dashed line represents the ex
mental data of Ref. 18.
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structural phase transition may be avoided.
A number of ground-state properties, such as lithium

tercalation potential, equilibrium volume, bulk modulus, a
magnetic moments are calculated within the itinerant b
approach and are found to be in good agreement with av
able experimental data, indicating that the density-functio
theory describes the electronic structure of the LixMn2O4
system in a reliable way. The DFT calculations have a
provided the optical absorption spectrum of LiMn2O4 in
good agreement with experiment.

Manganese oxides are usually considered as strongly
related systems, which presumably cannot be treated ap
priately by DFT band theory. However, the present fu
potential LMTO calculations, with GGA correction
we

en

oc

a,

em

ev

w

M

n,

ng

lid

17440
-
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il-
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or-
ro-

included, described a number of ground- and excited-s
properties observed in LixMn2O4 spinels. Finally, the presen
study supports the view that a strong coupling of the cond
tion electrons to a local Jahn-Teller distortion is importa
for understanding the kinetic properties of LixMn2O4 spinels,
as well as the magnetic ordering in these compounds.
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