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Electronic structure, magnetic, and cohesive properties of LiMn,O,: Theory
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The volume dependent electronic structure of the spinel-type lithium manganese oxitsQ@j, X
=0,0.5,1, is studie@b 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,Mn,O, 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 theMm,O, spinels. Our calculations show that the manganese
majority t,4 d band is filled for all LiMn,O, compounds studied, and the filling of the minority 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 Li,Mn,0O, system. The effect of the orthorhombic distortion on electronic structure and magnetism of
LiMn,0O, 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 driverl inartioe
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[. INTRODUCTION deal of effort is going into the investigation of the nature of
this phase transitiofr;®1912-1519-23yhjch remains disput-

In the recent years a considerable interest in lithium manable. It is still not clear whether the low-temperatdoelow
ganese oxides |Mn,0O,, 0<x=<2, has developed due to T,=285 K) phase of LiMpO, is orthorhombit*'* or
their application potential as rechargeable battery electrodagtragonal® Also, according to the recent studi®s;® the
(e.g., Refs. 1 and)2 The cubic spinel oxides derive their phase transition does not lead to a total transformation of the
properties from the large stability region they have with re-gpine| structure until a temperature of 70 K has been reached,
spect to the lithium content. The lithium contentcan be  ang only partial segregation of MA and Mr* ions was

varied between 0 and 1 and even higher without substanti%und_ A hopping of Li ions between two crystallographi-
changes in the spinel structure of these oxides. This Li-

. . N . X N cally different sites, & and 1&, was recently observed in
intercalation mechanism is the basis for its application as athe spinel phase at temperatures above the phase
electrode in a rechargeable battery.

i 821 T P
Whereas numerous experimental investigations were d transition." This hopping is presumably not favorable for

. + .
voted to electrochemical characteristics of the lithium cellse,’Ehe charge ordering of Mri and Mrf*. Moreover, with the

the more receft?! studies were aimed to investigate struc- small substitution of manganese by lithium ondlsites in

tural, electronic, magnetic, and optical properties of the-(MN1.9d-10.0dO4, N0 Jahn-Teller distortions were found in
erature range 4-290 K by means of the neutron

spinel-type lithium manganese oxides. Various structural an{€ t€mp awre ran. _ _
magnetic phase transitions were observed in thMhiO, diffraction“” This indicates that different mechanisms, such

systen?#610.12-1The structural phase transitions are be-aS the lithium intersite hoppint?* (8a)— (16c), or substi-
lieved to be caused by the cooperative Jahn-Teller distorfttition of manganese by lithiuAf, (8a)— (16d), as well as
tions, associated with MA ions!??? In particular, the —competing magnetic interactior$have to be taken into ac-
LiMn,O, compound, with the average manganese valenceount to elucidate a nature of the phase transition in the
+3.5, is regarded as having an equal number of randoml\iMn,O, spinel at 285 K.
distributed M"* and Mr?* ions above room temperature.  Geometrical frustration of the antiferromagnetic ordering
Though in the cubic spinel phase all manganese sites aia the pyrochlore network in the spinel structure, combined
equivalent, the high spin Mf ions favor dynamic Jahn- with mixed-valent distribution of Mn ions, are presumably
Teller distortions, which are presumably responsible for theesponsible for the complex magnetic structure expected in
structural phase transition at temperatufgs=285 K, ac-  LiMn,0,.1%%® Spin-glass-like behavior was reportéd’ in
companied by a corresponding charge ordering. This transl-iMn,O, at low temperatures, whereas a long-range-ordered
tion is believed to be analogous to the Verwey transition incomplex antiferromagnetic state with 1152 magnetic Mn ions
magnetite, Fg0,.22% was proposed in Ref. 10. Therefore, theoretical studies of the
A problem with the commercial use of LiM@®, spinel is  electronic structure, ground-state, and excited-state proper-
related to the corresponding lattice instability, and a greaties are necessary to understand the complex physical nature
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of the Li,Mn,0, system and to analyze a wealth of experi-ally contains a small residual amount of lithium
mental data. (Lig 0gMn,04, Ref. 9, is called\-MnOs,. It represents one of

Theoretical investigations have previously been carriedhe metastable forms of manganese dioxides and results from
out to reveal basic features of the electronic structure for thelectrochemical removal of lithium from LiM®, cathodes
lithiated manganese oxides by means of D¥-Xwolecular in the battery cell within the charge cycling process. This
orbital?* linear-muffin-tin orbital (LMTO-ASA),® full po-  compound retains the bagic3m structure with some lower
tential (FP) LAPW,?® and pseudopotentfd° calculations.  lattice parametea, compared to LiMaO,, and with lithium
The most comprehensivab initio calculations were per- atoms removed from the spinel framework.
formed in Ref. 26(for the layered manganese oxiglesd in Below the Verwey-like transition &, =285 K, the com-
Refs. 27-29, where spin-polarization effects were taken intglex orthorhombic phase of LiM®, (space groug-ddd)
account within FP-LAPW and VASP pseudopotential tech-was established in Refs. 13 and 14. It can be viewed as a
niques, respectively. It was argif@dhat stabilities of spin-  distorted cubic spinel structure with a tripled periodicity in
polarized spinel phases of M@, and LiMn,O, can be de- two directions, a “aax3axa” cell, where a is approxi-
scribed within density-functional theor§DFT), moreover —mately equal to a lattice parameter of the cubic spinel struc-
the generalized gradient approximafforiGGA) has pro-  ture. The structural optimization has not been performed for
vided somewhat better agreement with experiment than thghis orthorhombic phase due to complexity of the structure,
local-spin-density approximatiéh(LSDA). and all structural parameters used in the calculations are

The ab initio electronic structure calculations for mixed- taken from Ref. 13. The accepted orthorhombic structure is
valent manganese oxides represent a challenge to thgtually very close to a large tetragonal cédpace group
density-functional theory. In LMn,O, compounds the dy- [4,/amd), which was also proposed in Ref. 10 for the low-
namical Jahn-Teller distortions at randomly distributedtemperature phase of LiMO,.

Mn3®* ions are accompanied by hopping of Li ions between Apb initio calculations of the electronic structures were
8a and 1& sites?* which can cause the transferred hyper- performed for LjMn,O, oxides,x=0,0.5,1, by employing a
fine coupling between Mn and Li spiis! Also, it is ex-  full-potential LMTO method? (FP-LMTO). In this all-
tremely difficult to find a ground state of frustrated antifer- electron method the Kohn-Sham equations can be solved
romagnetic structure among a large number of degeneratgithout any shape approximations imposed on the charge
noncollinear spin configurations. In this connection, thedensity or potential. An elementary cell is subdivided into
prime objective of the present work is to elucidate the elecT spheres at atomic sites and an interstitial part. Inside the
tronic structure of LiMn,O, spinels, specifically for both MT spheres the basis functions, charge density, and potential
systems in the vicinity of the expected Verwey transition,are expanded in spherical harmonic functions multiplied by a
including the low-temperature complex orthorhombic struc-radial function, whereas in the interstitial region charge den-
ture of LiMn,O,4, by taking into account spin polarization in sity and potential are expanded in a Fourier series. A basis
a feasible, simplified form. The related bulk, magnetic, andfunction in the interstitial part is a Bloch sum of Neumann
optical properties of these manganese oxides were evaluate@d Henkel functions, which are augmented by numerical
and analyzed in order to reveal possible manifestations dbasis function inside MT spheres. The spherical-harmonic
spin, structural, and charge ordering in the framework of theexpansion of the charge density, potential and basis functions
density-functional theory. The results ab initio calcula-  were carried out up to a cutoff in angular momentl6.
tions can also be helpful in revealing trends favorable for arhe tails of the basis functions outside their parent spheres
suppression of Jahn-Teller distortions, which are responsiblare linear combinations of Hankel or Neumann functions de-
for the limited cycle lifetime and capacity loss in the pending on the sign of the kinetic energy of the basis func-
LiMn,O, batteries. tion in the interstitial region. Further, a so-called “double
basis” has been adopted, where two different orbitals for the
same principal and angular quantum number are connected
Il. STRUCTURAL DETAILS at the sphere boundaries, in a continuous and differentiable
AND COMPUTATIONAL TECHNIQUE way, to Hankel or Neuman functions with different kinetic
. . . . energies in the interstitial region. In the present calculations

The cubic spinel LiMaO, has a face-centred Bravais lat- e pasis set includes) p, andd orbitals for valence states of
tice (space groug-d3m or O/, comprising 2 f.u. in the fcc  all constituents, including lithium and oxygen.
unit cell), where the Li atoms occupy one-eighth of the tet-  The exchange-correlation potential was treated in both the
rahedral (&) sites, and the Mn atoms occupy half of the LSDA (Ref. 31 and GGA(Ref. 30 of the density-functional
octahedral (16) sites in an intervening cubic closed-packedtheory. For the core charge density, the Dirac equation is
formation of oxygen atoméat 32 sites. For a lithium con-  solved self-consistently, i.e., no frozen core approximation
centrationx=0.5, LipsMn,0O,, we assumed an ordered ar- was used. The effect of the spin-orbit coupling, included in
rangement of Li, i.e. one of two lithium sites in the LiMD,  the Hamiltonian, appeared to be almost negligible for the
cell is filled, another one is empty. The experimental valuegalculated electronic structure of,Mn,0,, and most of the
of the internal oxygen parametarwere fixed in our calcu- present calculations were carried out in the scalar-relativistic
lations, with the lattice parametervarying in a wide range approximation. The integration over the Brillouin zone in the
for the Li,Mn,O, compounds studied. self-consistency cycle was performed using the special point

The delithiated phase of Wn,0, spinels, which actu- sampling® with around 60k points for the cubic spin-
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TABLE I. The bulk, electronic, and magnetic properties ofNlh,O, spinels, calculated in the local-
spin-density approximation and the general-gradient approximation. Lattice parametezsgiven in A.
Bulk moduli B are in GPa. The average intercalation voltagemre in eV. The total energiesE, in eV/f.u.,
are defined with respect to the corresponding nonmagnetic spinel. The density of states at the Fermi level,
N(Ep), is in stategeV f.u.). The magnetic moment within the Mn MT sphely,,, is in ug.

a (A) B (GPa V(e\l) Mun (#g) AEsp (ev) N(Ep) (ev_l)
Spinel Phase LSDA GGA LSDA GGA LSDA GGA LSDA GGA LSDA GGA LSDA GGA
A-Mn,O, NM 7.90 8.02 221 194 0 0 75 7.3
FM 795 8.16 204 179 278 279 -138 -1.40 0 0
AFM 794 8.14 206 180 277 278 -1.45 -1.48 0 0
Expt. 8.04 2.8¢
LiggMn,0, NM 7.96 8.00 214 199 21 21 0 0 77 714
FM 801 814 208 18 23 22 263 265 -1.431.45 0 0
Expt. 8.14 3.6
LiMn,0, NM 8.03 799 212 199 37 3.8 0 0 7.3 6.9

FM 8.08 813 204 181 39 39 248 256151 —145 55 5.2
AFM 8,09 812 205 182 39 38 248 249150 —-148 6.9 6.6

Expt. 8.23 200" 4.2 3.F
aReference 8.
bReference 9.
‘Reference 17.
YReference 3.
polarized configurations of |Mn,0,, and eightk points for Ill. RESULTS AND DISCUSSION
the orthorhombic LiMpO, supercell. In this integration a A. Equilibrium properties

Gaussian smearing was employed with the width of 20 mRy L ,
to accelerate the convergence. After achievement of self- !N the framework ofab initio FP-LMTO calculations, the
consistency, the tetrahedron method was employed for thi9t@l energies of Li,Mn,0, spinels €=0,0.5,1) were cal-
density of statefDOS) and optical calculations on a fine culate_d as functlons O.f volum¥, and were then fitted to
K-point grid. analytical parametrizations for the equation of state, such as

The calculations were performed for the cubic spinelthe Murnaghan and recently proposed univéfsaquation of

) : state, both have given almost identida(V) curves. The

structure as W‘?” as the orthorhomp|c structure of .LQKDm equilibrium lattice spacings and bulk moduli are evaluated
for nonmagnetidNM), ferromagnetic(FM), and antiferro- 40 the corresponding equations of state, and are presented
magnetic (AFM) configurations. For the spinel JMn,O4 iy Taple | (LSDA and GGA results The GGA provides lat-
systems in the AFM configuration two of the manganesgijce constants close to the experiment, and a bulk modulus of
atoms in the unit cell were chosen as having spins “up,” anche antiferromagnetic phase, which is somewhat smaller than
the other two as “down” spins along tH@01] direction. In  the LSDA experimental data. On the other hand, the LSDA
the low-temperature orthorhombic structure of LM, the  calculated lattice parameters appeared to be consistently
assigned AFM configuration corresponds to alternatingsmaller (about 2% than the experimental ones, although
planes with “up” and “down” Mn moments. Using the cal- they reproduce the lattice expansion when the lithium con-
culated self-consistent potentials, the optical dielectric tensotentrationx increases from 0 to 1. In addition the LSDA bulk
was calculated for the PM, FM, and AFM cubic spinel modulus is in better agreement with experiment than the
phases of LiMpO, with the linear tetrahedron technique, as GGA result. When comparing the LSDA and GGA results
it was proposed in Refs. 32 and 34. The absorption coeffione comes to the conclu_sion that they are rather similar a_nd
cientl (w) is proportional to the imaginary part of the extinc- that the LSDA data are in somewhat better agreement with
tion coefficientk times the frequency, experiment than GGA. The most obvious shortcoming of the
GGA calculation is that the expansion of the lattice constant
with increasing Li concentration is not reproduced. We re-
mark that although GGA normally improves the equilibrium
volumes of solid state matter compared to LDA, there are
exceptions to this finding and the presently studied system is
one more such example.

| =2wklc, (1)

wherec is the speed of light, ankican be evaluated by using
the calculated real and imaginary parts of the dielectric
tensor* In order to reproduce experimental conditions, re-
lated to the finite lifetime of the excited states and the instru- The calculations of the total energy can provide the aver-
mental smearing, the calculated spectra were broadened. age open-circuit voltage (OCV) for the following reaction:

B. Open-circuit voltage
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Li(anode +2MnO,(cathodgé= LiMn ,0,(cathode. (2)

The Li intercalation potential and the average OCV is
given by’

V=—-AG/F, 3

1,
states eV~ f.u.

where AG is Gibbs’ free energy for the intercalation reac-
tion, andF is the Faraday constant. The energy of Li was
calculated for the bcc structure of the metal. In the present
work AG was approximated by the change in internal energy
AE, whereas both the volumePQAV) and the entropy
(TAS) contributions toAG were neglected, as has been
proved to be sufficient in Ref. 27. The calculated lithium
intercalation voltage is given in Table(LSDA and GGA
resulty, and both approximations result in an OCV that is in
agreement with experiment for LiM®,. On discharging, a
change in the OCV potential can be considerabésd not
strictly fixed for the intermediate systems, e.g4 4Mn,0O,.
Therefore, the OCV calculated for theglsMn,O, system
should, with caution, be compared with the corresponding
experimental datf.Also, the lithium intersite hopping be-
tween & and 1& sites, which is presumably the primary
lithium conduction proceg$in the LiMn,O, spinels, can
contribute to this discrepancy.

B
states ev  f.u.

-1

at.

-1

i
P e T i
3 4] 1'“;\, \

states eV

-1

at.

-1

states eV

C. Electronic structure

As a whole, the electronic structure of,Mn,O, com-
pounds is governed by a strong hybridization between the
Mn d and Op states, whereas lithium atoms are substantially
ionized in these spinels. The lowest-lying states in both sys-
tems correspond mostly to the fillgzistates of oxygen. In Energy (V)

LixMn,O, spinels the Fermi levek lies within the non- FIG. 1. Density of statesN(E) for the antiferromagnetic
bonding t,4 band, originating predominantly from thé | jmn,0, in the cubic spinel structure. The Fermi level is marked
states of manganese. Belokt a strong hybridization of \ith a vertical dashed linga) The total DOS(b) The contribution
oxygenp states andg,p,d states of manganese gives rise t0to the total DOS from the MT spheres of oxygéo) and (d): The
the filled Mn—O bonding bands. The, bands are found to contributions to the total DOS from the majoritstashed ling and
be empty in all non-spin-polarized systems studied in theminority (solid line) spin-polarized states of two Mn atoms with the
present work. opposite magnetic momeni®) The finer structure of the total DOS

The total densities of electronic staté$(E), calculated atEg. Note the different energy scales.
for the antiferromagnetic phases of LiMD, in the cubic
spinel and the low-temperature orthorhombic structures, are

presented in Figs. 1 and 2, respectively. It includes the M assumed peak N(E) at E, which also results from the

majority spint,, d orbitals, which are filled for all spin- Present calculationgsee Figs. (a,8]. The sharp peak of
polarized LiMn,O, compounds. For the delithiatadMnO, ~ Weakly bondingd states ak in the spinel AFM phase of
spinel an energy gap is found between the majority and mil-iMn20, implies the presence of a pronounced van Hove
nority t,, bands. The lithiation process is accompanied bysingularity in the electronic spectrum. This singularity can be
the filling of the weakly bonding minority,, band. This related to a possible instability, and it can be seen in Rig). 2
does not affect bulk properties noticeably, as can be seeihat the orthorhombi¢presumably Jahn-Teller drivimlis-
from the calculated bulk moduli in Table I, and the moduli tortions produce a lowering dfi(E) at Er. In line with this
appeared to be in agreement with the experimental datargument we found that the total energy of the orthorhombic
available for LiMn,O,.2 phase is lower than that of the LiM@, spinel(see Table ).

The density of states & in both spinel and orthorhom- A possible way to avoid this van Hove singularityBt is to
bic LiMn,O, systems comes essentially from tthelectrons  alloy with elements that change the band filling, e.g., to re-
in MT spheres of Mn, and the partial contributions of otherplace some of the Mn ions with Cr or Fe. This may lead to
states are smaller &y [see Figs. (b—d)]. The conductivity avoidance of the structural transformation to the orthorhom-
in LiMn,O, was interpreted in terms of hopping of small bic phase. Also, the recent experimental data obtained for
polarons, related to distortions at N ions}*190n the  Li(Mn; ¢duip 09O, alloys’® could possibly be explained by
other hand, the thermoelectric power data were refdted  this mechanism.

1,
states eV f.u.
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10 T T | T T T T

1, -1
states eV~ f.u.

[010]

1, -1
stateseV  fa.

[100]

Energy (eV) FIG. 3. Calculated charge density of the orthorhombic AFM
LiMn,O, for a cut in the(001) plane. The Mn atoms have a
squared-like shape of the charge density, whereas O atoms are more
spherically symmetric. No Li atoms are present in this plane.

FIG. 2. Density of statesN(E) for the antiferromagnetic
LiMn,0O, in the orthorhombic structure. The Fermi level is marked
with a vertical dashed linga) The total DOS.(b) The finer struc-

ture of the total DOS aE.. Note the different energy scales. romagnetic phase is only slightly higher, for both systems

D. Spin and charge densities (spinel and orthorhombic, see Tabl@. [The magnetic mo-

As can be seen in Figs. 1 and 2, the distorted coordinatiof’€Nts were calculated for the spin-polarizeghln,O, sys-
octahedra in the orthorhombic phase give rise to wider gap€Mm$: @nd are presented in Tabl¢é $DA and GGA and Il
betweent,, ande, bands, and the wider occupied bonding GGA in the orthor_homplc. and spmell structuré®ote that
band. Next, we show the calculated charge density of th&SDA and GGA give similar magnetic moments. For the
orthorhombic phase of LiMyO, for a cut in the(110) plane delithiated\-MnO, spinel the calculated moment at the Mn
(Fig. 3. Although some difference in the charge-density dis-site appeared to be in a good agreement with the ex-
tribution can be seen around different Mn ions due to theperimental one evaluated from the neutron-diffraction
orthorhombic lattice distortions, it is much smaller than themeasurements.Unfortunately, there are no corresponding
pronounced charge ordering for Mhand Mn"# ions, which

is expected for the Verwey-like transitithi that was pro- R ¢/
posed as an explanation to the experiments in Ref. 13. The |

calculated spin density of the orthorhombic AFM LiMDy .

for a cut in the(110 plane is shown in Fig. 4. The spin .

density originates primarily from the AFM ordered Mn at-
oms, and reflects the symmetry of thg d electrons. g

E. Magnetic moments

The antiferromagnetic phase was calculated to be a
ground state of LiMpQO,, though the total energy of the fer-

[010]
E3

TABLE Il. The properties of LiMBO, in the spinel and the 8
orthorhombic phases, calculated in the generalized-gradient ap- 1
proximation. Average magnetic moment within Mn MT sphere,
Mun, is in ug. The total energiedE, in eV/f.u., are defined with ]
respect to the nonmagnetic spinel total energy. The density of states ]
at the Fermi levelN(Ep), is in stateggV f.u.).

1) Ra)

T T T T T T T
Structure Phase My, (ug) AE (€V) N(Ep (ev™l) [100]
LiMn 0,4 FM 2.50 -1.45 5.2 FIG. 4. Calculated spin density of the orthorhombic AFM
Spinel AFM 2.49 -1.48 6.6 LiMn,0O, for a cut in the(001) plane. The spin density originates
LiMn,O, FM 2.27 -1.50 29 primarily from the AFM ordered Mn atoms, and represents d
Orthorhombic  AFM 2.28 -1.53 4.2 electrons. When going along tH&10] diagonal direction, every

other atom has “spin-up” and “spin-down” density.
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data available for LiMpO,, though a number of neutron
studies have been carried out on this systéi%141°The
magnetic unit cell of LiMpO, appeared to be very complex,
estimated to contain at least 1152 magnetic atoms pet®ell.
The complexity of this frustrated antiferromagnetic structure
is believed to be relaté®'**°to the partial charge ordering
at low temperatures and to a large number of metastable
states available. It is consistent with the results of our spin-
polarized calculations, which give very close total energies
and magnetic moments for the FM and the AFM structures
(see Tables | and )l We also observe in Table Il that the
calculated magnetic moment is quite sensitive to the crystal-
line structure.

A Curie-Weiss-like behavior was observed in the tempera-
ture dependence of the magnetic susceptibiljy for
Li,Mn,O, compounds$>%1%17|n the paramagnetic tem-
perature regime antiferromagnetic interactions appeared to 3 2 1
be dominant, providing comparatively large and negative
paramagnetic Curie temperatur¢®,|=100 K1’ The frus-
trated antiferromagnetic stru<-:t.ure is presumably. related to FIG. 5. The optical absorption coefficieii{ )] of LiMn ,0, in
the suppression of the transition temperatufgswith re- the cubic spinel phase. The solid line corresponds to the calculated

10 . -1
spect to the value db,™ as well as to deviations of “(T)  spectrum for the AFM phase. The dashed line represents the experi-
from the Curie-Weis§CW) behavior. These deviations, t0- mental data of Ref. 18.

gether with a possible variation in the composition of the

samples, result in differing values of the Curie constants anghe electronic structure of complex oxid¥sin the present

0 .3>%1%47since our fully relativistic calculations have pro- work, the optical-absorption spectrum of the antiferromag-
vided small values of the orbital magnetic moments for Mnnetic LiMn,O, spinel has been calculated within the GGA.
in LiMn,O,4 and A-MnO, (about 0.0%), the Curie-Weiss As can be seen in Fig. 5, there is a good agreement with the
effective moment was assumed to be dependent on theSspinrecent experimental data of Ref. 18. The features at the ab-

I, 10° cm™

Photon energy (eV)

only, sorption coefficient (w) can be associated with transitions
between the exchange and crystal-field spif and e
Meit=\AS(S+1). @ pands. % g

Using the Curie constants obtained recentlyNeknO, and

LiMn,O, in Ref. 17, the corresponding experimental CW IV. CONCLUSIONS
spin moments were evaluated and presented in Table |. For
the delithiated\ -MnO, spinel there is a good agreement be-
tween the calculated Mn moment and the spin moment
evaluated either from the neutron studies from the CW
analysist’ One should, however, remember that the CW mo-". . o
ment does not always agree with the low-temperature satL]'-'XMn2O4 oxides. The manganese majority; d bands

ration moment, and the comparison between theory and exVere found to be filled for all L,Mn,0, compounds studied,

periment is, on a formal level, best for the Iow—temperatureand the minorityt,q band was calculated to become filled in

moment. In the case of LiMy®, spinel, the CW spin mo- the lithiation process. The antiferromagnetic ordering is

ment appeared to be larger than the calculated one. HowerF(_)VGd to be favorable as the ground s_tate QNHZ.O“
inels and the manganesg bands remains empty in all

as pointed out above the comparison between CW momentd idered in th K
and the low-temperature theofgr experimentis not always systems considered in the present work. .
straight forward. We conclude this section by noting that the The distorted coordination octahedra in the orthorhombic

LiMn,0, spinel is probably not a well-behaved spin-only Phase of LIMRO, gives rise to wider gaps betweeg, and

material. The deviations from the CW law were observed infu bands. On the other hand, one can not exclude a possibil-

the y~1(T) behavior~5®1°17and the apparent CW moment ity that for a true ground-state spin-polarized structure of

per Mn ion can vary considerably from the calculated spin--iMN2C4 (Ref. 10 the minority t;q band can overlap with
only value. the majorityey band. For the simplified AFM structures of

LiMn,Q,, our calculations have not produced a substantial
charge ordering at the structural transition from the cubic
spinel to the orthorhombic structure, in contradiction to the
In general, the DFT approach has obvious limitations inconclusion of Ref. 13. Instead, the transition seems to be
describing the excited electronic states. Nevertheless, idriven by a Jahn-Teller-like distortion of trieband. Alloy-
many cases the calculated optical spectra appear to be ing with e.g. Fe would move the Fermi level away from the
agreement with experiment and provide a further insight intqpeak in the DOS that causes the Jahn-Teller effect, and the

Theab initio full-potential LMTO band-structure calcula-
gions have been performed for the spinel-type lithium man-
ganese oxides IMn,0O,. Our calculations show that the spin
_polarization is essential to describe the basic properties of the

F. Optical data
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structural phase transition may be avoided. included, described a number of ground- and excited-state
A number of ground-state properties, such as lithium in-properties observed in ¥n,0, spinels. Finally, the present
tercalation potential, equilibrium volume, bulk modulus, andstudy supports the view that a strong coupling of the conduc-
magnetic moments are calculated within the itinerant bandion electrons to a local Jahn-Teller distortion is important
approach and are found to be in good agreement with avaikor understanding the kinetic properties ofMin,O, spinels,

able experimental data, indicating that the density-functionahs well as the magnetic ordering in these compounds.
theory describes the electronic structure of theMri,O,

system in a reliable way. The DFT calculations have also
provided the optical absorption spectrum of LipDy in
good agreement with experiment.

Manganese oxides are usually considered as strongly cor- This work was supported by The Swedish Natural Science
related systems, which presumably cannot be treated appr&esearch CouncilVR) and the Swedish Foundation for
priately by DFT band theory. However, the present full- Strategic Researct8SH. We are grateful to Dr. J. Wills for
potential LMTO calculations, with GGA corrections supplying therP-LMTO program.
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