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Abstract.

We present first-principles calculations of therelative ener gies of various phases of lithiated man-

ganese oxides with and without Co. We use the ultrasoft pseudopotential method as implemented in the
Vienna ab initio simulation package (VASP). The calculations employ the local spin density approximation
(LSDA) aswell asthe generalized gradient approximation (GGA). We consider monoclinic and rhombohedral
structures in paramagnetic, ferromagnetic and antiferromagnetic (AF3) spin configurations. Spin-
polarization significantly lowersthetotal energy in all cases. The effect of Co on the stability of these phasesis

discussed.
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1. Introduction

Mn oxides would be preferable to the Co oxides currently
employed & cathode materids in  commercidly manu-
factured Li-betteries (Tarascon and Armand 2001), from
the standpoint of cost and toxicity. The structural phase-
trangtions suffered by lithisted Mn oxides during oxida
tion-reduction between Mn oxidation dates 3+ and 4+,
however, degrade ther peformance in batery applicar
tions (Thackeray 1999). These dructurd phase trans-
tions are thought to be driven by the Jehn-Tdler effect
for Mn-ions in an octehedrd oxygen-neighbour environ
ment (Marianetti et al 2001).

Alloying on the Mn sublatice may counteract the
cooperative Jahn-Teller effect, which is indigated by the
trivdent Mn ions, and thereéby improve the performance
of Mn-oxides in batery applications. Alloying the
dioxide, LiMnO,, by 10% Co (Armdrong et al 1998), for
example, was found to suppress the monoclinic distortion
(Armgtrong and Bruce 1996; Capitaine et al 1996; Tabu-
chi et al 1998) that occurs in the undloyed layered sys
tem. The dloying tranforms the monoclinic sysem to
the layered rhombohedrd a-NaFeO, dructure that is
found for severd lithisted trandtion metas dioxides
(Aydinol et al 1997). Pure lithigdted Mn dioxide is
metastable  with respect to the orthorhombic sructure
(Dittrich and Hoppe et al 1969). Trandtion to spine
occurs upon ddlithiation (Reed et al 2001).

The purpose of the present work is to explore theoreti-
cdly the suppresson of the Jahn-Teller digortion in lay-
eed LIMNO, by Co dloying. We present firgt-principles
cdculations  within  the  loca-spin-density-gpproximation
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(LSDA) framework, supplemented by the generdized
gradient approximation (GGA) (Perdew and Wang 1992).
Numericd cdculaions ae peformed with the VASP
code (Kresse and Furthmiller 1996a, b), in which the
ultrasoft-pseudopotential representation  is  implemented.
A smilar approach was previoudy employed by Mishra
and Ceder (1999) to trest a series of lithisted Mn oxides,
with severd different crystd dructures and  stoichiome-
tries. Their reaults for the reaive dabilities were con-
sstent with experiment, and provide evidence for the
auitability of the LSDA-GGA framework for the treat-
ment of sructural properties. 1t should be borne in mind,
however, that the insulaing behaviour of many trandgtion
metd oxides is not accurady modded within  this
framework. Higher-level  trestments of dectron corrda
tion are dill in a date of deveopment, and are numeri-
cdly intensve.

2. Calculational details

Cdculdtions were peformed for LiMn_,CoO, in the
layered monoclinic (Armgrong and Bruce 1996, Capi-
tane et al 1996) and rhombohedrd (Armsrong et al
1998) dructures. To keep the unit-cdl dzes rdativey
sndl, a concentration, x=0%25 was employed in the
dloyed sysems. The corresponding cell contains 4 for-
mula units, or 16 aoms. Cdculations were dso per-
formed for the unalloyed systems, with x = 0.

Diffraction measurements on (other than layered) sys
tems with compostion LiMnO, show a commensurae
antiferomagnetic  dructure  in the orthorhombic  phase

(Greedan et al 1997) of LiMnO,, but frusrated incom-
mensurate  megnetic  dructures  in - the  soind  phase
(Greedan et al 1998 Rodriguez-Cavgd et al 1998;
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Wills et al 1999, b). Susceptibility measurements on
monoclinic  LIMnO,  (Tabuchi e al 1998) ad

LiAlgpsMngesO, (Jang et al 1999) suggest posshle spin-
gass behaviour. In the dsence of a dmple magnetic
modd for the layered monodlinic and layered rhombohe-
drd crysta dtructures under consideration, we restrict our
cdculations to idedized spin configurations that are
intended to reved the basc behaviours Cdculaions are
peformed for a ferromegneticc, a smple antiferromeg-
neticc and a nonmagnetic structure. For the monodlinic
dructure, we employ the commensurate antiferromag-
netic dructure proposed by Singh (1997), designaed
AF3, which has aoms with dternating spin directions
dong the b axis (see beow). A dmila antiferromegnetic
structure is employed for the rhombohedra crystd.

In the red Co-dloyed materids the arangement of
subgtitutional Co on the Mn sublattice is presumably dis-
ordered. The cdculdtions described in this article, how-
ever, invoke periodic boundary conditions, and the Co-
aom arangement is therefore ordered. The neglect of
disorder in the present treatment must therefore be kept
in mind when comparing the theory with experiment.

The cdculations presented here were peformed using
the firgd principles planewave ultrasoft pseudopotentia
framework, within the LSDA-GGA  gpproximation
(Krese and Furthmiller 1996a, b). In previous work
(Prasad et al 1999) on the maerids under invetigaion,
LSDA cdculaions were done with the full-potentid lin-
ear muffin tin orbitd method (Wills. Owing to the large
numerica  effort for this highly precise code (Wills),
however, a full rdaxation of the aomic coordinates and
the cdl parameters was not completed. With the VASP
code, cdl paamge and internd coordinae reaxations
were performed for al of the systems studied.

Although the materids under condgderation ae insu-
laing, the LSDA predicts metdlic behaviour. To obtain
an inwlaing energy gep in these maerids, a treatment of
dectron correation beyond the levd of the LSDA-GGA
is required. Correction of the LSDA for corrdation by
the LDA+U (Bengone et al 2000) or by the GW
goproximation (Massdda et al 1997) would be desrable,
dthough numericdly intensve, for the large unit cdls
being consdered.

2.1 Monoclinic cell

The unit cel of monoclinic LiMnO, (NaMnO, structure)
contains two formula units The observed lattice con-
dants (Armstrong et al 1998) are a=544A, b=281A,
c=589A, axd the monodinic angle b=116°. It is
convenient to condder a cdl in which a¢t=a+b, b¢=b—
a, and c¢=c. In the AF3 dructure, the spins dong the b¢
axis are ordered ferromagneticdly, and those dong the a¢
axis, antiferomagneticdly. This cel contans 4 formula
units, and each layer of Li, M (Mn or Co), or O contains
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4. With trangtion-metd (M) layer aoms a (0,0,0),
£.00),(0,4,0), ad (3,%,0, the adjacent Li layer
Stes are obtained by a displacement of (%,%,1). The
oxygen layers condst of 4i dtes and have two interna
degress of freedom, x and z If one of the sites has coor-
dinates r(1)=(x, 0, 2), then the remaning seven dtes in
the primed coordinate sysem can be expressed in the
form

r(i) =sgn(r® +n(i)G. 0.0+, ())(0.3.0), (@)

where ggn() is positive or negaive when j is odd or
even, and ny()) and ny(j) are ether 0 or 1. The crysdlo-
graphic  refinement by Armsrong et al (1998) vyieded
x=02723, and z=0X706. The M layers contain either 4
Mn atoms (x=0), or 3 Mn and 1 Co aoms (x =0%25). A
supercdl could adso be condructed by doubling the cell
dong the c axis Snce the magnetic coupling (either
directly or via superexchange) is assumed to be primaily
between Mn aoms within a given layer, a doubled cel
within the layer was given primary attention. It appears,
however, tha doubling the cdl dong the c-axis gives
Smilar results.

2.2 Rhombohedral cell

The layered rhombohedrd (NaFeO,) dructure can  be
generated by cell unit vectors

~ 1?«/_¢ 1?1»\/_91“
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where a ad ¢ ae the lattice congtants, and i, ]}, and K
ae catesan unit vectors. The primitive unit cdl that
corresponds to cel vectors A;, A,, ad Az contains a Sn-
gle formula unit. The unit-cdl dimenson norma to the
layers is c¢/3, one third the size of the conventiond unit
cdl (se figure 2 in Aydinol et al 1997). To obtan
a 4 formula unit cdl, the fird¢ two cdl vectors
ae doubled: Ag=2A,, Ag=2A,. For an aomic ooordi-
nae r(j)=x()i+y(j)j+z(j)k, whee x and y ae in
units of a, and z is in units of ¢/3, the corresponding cell
vectorsinthe A systemiis

r(j):(x(j)+%y(1)- %z(j),%y(j)-éz(j), 7). @

To express r(j) in the A$-system. the coefficients of Ag
and Ag in(3) aremultiplied by 0%.

The layer zcoordinges ae zMn)=0, zLi)=0%,
Z(0y) =1-3z, 2z(0,) =3z, in units of c/3. Note that the
unit cell contains two oxygen layers labded O, and Os.
The internd coordinate, zy, is typicaly about 025 (Aydi-
nol et al 1997).
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The trangtion-metd-layer atomic coordinates (in  the
primed sysem) are (0, 0, 0), (5,0,0),(0,%,0), ad
(3,3.0), where the c-axis coordinge has been st to
zero, as in the case of the monoclinic dtructure. The lay-
es follow the ABC dgacking sequence characterigtic of
fcc metals. The postions of the O, layer (a B-type layer,
rdlative to the trangtion-metd layer, designaed an A-
type layer) are shifted by (%,—1=,1- 32) in (reduced)
catesan units Usng (3), and ranormdizing the in-layer
coordinates by a factor of 12, we obtan a ghift,
Dr(0,) =(z421-32) in primed-cel coordinates. Thus,
the O; coordinates are obtaned by shifting trandtion-
metal layer coordinates by Dr(O;). In a smilar way, we
find Dr(Li) = (0, 3 %), andDr(0z) = (- z, - %z, 32.

I!
3. Reasults

The systems treated are specified by the aloy concentra-
tion, z=00 or 025 the magnetic dructure (either ferro-
megnetic (F) or antiferromagnetic (AF)), and the crystd
gructures (either  monoclinic (m) or rhombohedrd (r)).
Congdering the two different vaues of each of these
three vaiadbles, eight systems were tregted, datogether.
The cdculations were peformed usng a st of 36 soecid
k-points generated with Monkhorst—Pack indices (4, 4,
4). Equa indices are appropriate, sSnce the three unit cell
axes for both the monoclinic and rhombohedrd structures
described above are comparable in length. For each sys
tem, the aomic coordinaes and cdl coordinates were
rdlaxed to equilibrium. In the dloyed sysems, symmetry
is broken and the aomic coordinates do not correspond
precisely to (1) and (3). Some rumpling of the layers is
introduced, for example.

Most of the results quoted correspond to the GGA,
dthough LSDA cdculaions were dso peformed. The
GGA vyidded more redigic dructurd predictions than
LSDA in previous work by Mishra and Ceder (1999) on
lithiated Mn oxides.

31 Pristine system

Before addressing the effect of dloying, we condder the
results for the prisine system. We first note that the
incluson of spin polarization lowers the total energy by 2
to 4eV per formula unit. This is not surprisng, cons-
dering the large magnetic moment of Mn (~3ng) in these
systems.

As was done by Misra and Ceder, we compare the
energies of different configurations with that for the
rhombohedra cdl with ferromagnetic ordering. The most
gsable undloyed system treated in this work is the mono-
dinic cdl with the AF3 anttiferromagnetic dructure. (The
orthorhombic  dructure, which is not caculated here, is
the most sable dtructure for the compostion, LiMnO,.)
The energy difference

DE(m, AF, 0) = E(m, AF, 0) -

E(r,F, 0) = —359(-375) meV/fu,  (4)

where the third argument of E is the aloy concentration,
z. The number in parentheses is that given by Mishra and
Ceder, and vaues are normdized per formula unit (fu).
The other two energy differences for the pristine system
ae

DE(r, AF, 0) = —178(-36) meV/fu, ®
and
DE(m, F, 0) = — 234(—248) meV/fu. 6)

The agreement between the present results and those of
Migra and Ceder for DE(m, F, 0) and DE(m, AF, 0)
appears satisfactory, in view of the different cell szes, k-
point sampling, and perhaps other minor differences. The
reason for the discrepancy in DE(r, AF, 0) is not clear.
We obtaned subgantidly  different  converged  cdl
parameters, paticularly ¢, from Misra and Ceder for
this case: a = 2:95(2:90), and ¢ = 14°36(13:63).

32 Alloy system

As was the case for prigine system, we find tha the
incluson of spin-polarization lowers the tota energy of
the dloyed sysem dgnificantly. In the case of the
dloyed system (0%25), as in the pure case, the most stable
configuration, is found to be the monodinic sructure
with AF3 magnetic order. The energy rddive to the ref-
erence,

DE(m, AF, 065) = — 111 meV/fu, )

however, is much smdler. The monoclinic sructure with
ferromagnetic order isthe next most stable system, with

DE(m, F, 025) = 50 meV/fu. (8)

The results indicate that the monoclinic dructure, with
ether type of magnetic order, is destabilized by dloying,
when compared with the reference (rhombohedra ferro-
magnetic). A sSmple linear extrgpolation of the results for
the aloyed and pure sysems would predict that the
rhombohedrd  ferromagnetic  system becomes gable  only
when the X exceeds about 0:82. Experiment, on the other
hand, indicates that the rhombohedrd <tructure is aready
dabilized & a concentration, x=04. The LSDA-GGA
cdculaions, therefore, overestimate the concentration &t
which the rhombohedrd phase is gdahilized by Co dloy-
ing. We note, however, that the expeiments were con-
ducted a room temperature and the cdculaions
correspondto O K.
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4. Discussion

Spin polarization plays an important role in determining
the totd energy and phase ability of the Mn-oxide sys
tems under condderation. An accurae trestment of spin
polarizetion is, therefore, essentid for the smulation of
their dructural properties. The present work focuses on
the effect of Co-dloying on the dructurd dability of
LiMnO,, which influences its perfformance as a Li-battery
cathode (Armstrong et al 1998).

Employing the VASP code we fully rdax the aomic
and cdl coordinaes within the framework of the LSDA—
GGA, for both dloyed and undloyed systems. We find
that the predicted destabilizing effect of Co dloying on
the monoclinic (in favour of the rhombohedrad) <ructure
is underetimated, relaive to experiment. It is reasonable
to atribute at least pat of this discrepancy to shortcom-
ings of the LSDA-GGA approximation. We note, how-
ever, two other factors that may contribute, viz.
temperature and the disorder of the subgtitutionaly-
dloyed Co on the Mn-sublatice. Our cdculaions do not
consider the effect of temperature on the magnetic struc-
ture (Tabuchi et al 1998; Jang et al 1999). At room tem-
perature, LiMnO, appears to be a disordered loca
moment system, which makes the Jahn-Tdler distortion
in the monoclinic gructure less robugt than a lower tem-
peratures. Furthermore, the disorder of the substitutiona
Co aoms, not included in the present cdculdions, is dso
expected to contribute to the destabilization of the mono-
cdinic gructure. This effect could, in principle, be inves
tigated by the use of larger supercdls.

Snce the LSDA-GGA does not account for the insu-
lating character of the present systems, other treatments
of the dectron-dectron interaction would be of interedt.
For example, if Co occurs in the 2+ dae (Pak et al
1997), with the corresponding oxidation of Mn to 4+, this
charge disproportionation would perhaps be washed out
by screening in the LSDA-GGA. Among highe-leve
treetments of eectron corrdation, the GW (Massida et al
1997) and LDA +U (Bengone et al 2000) methods would
be dedrable but computationdly intensve for the large
supercells treated in this work. A HartreeFock treatment
(Mackrodt and Williamson 1998) might be worthwhile,
dthough the spinsplitting is typicdly overestimated in
that formulation.

Acknowledgements

This work was supported a the Indian Indtitute of Tech-
nology, Kanpur, by the Depatment of Science and Tech-

nology, New Dehi via project No SPIS2/M-51/96 and a
the Argonne Nationa Laboratory, Argonne, by the Che
micad Sciences Dividon of the Office of Basc Energy
Sciences of the U.S. Depatment of Energy, under con-
tract no. W31-109-Eng-38. Most of the computationd
work was peformed a the Nationd Energy Research
Supercomputer Centre,

References

Armstrong A R and Bruce P G 1996 Nature (London) 381 499

Armstrong A R, Gitzendanner R, Robertson A D and Bruce P G
1998 Chem. Commun. 17 1833

Aydinol M K, Kohan A F, Ceder G, Cho K and Joannopoulos J
1997 Phys. Rev. B56 1354

Bengone O, Alouani M, Bléchl P and Hugel J 2000 Phys. Rev.
B62 16392

Capitaine F, Gravereau P and Delmas C 1996 Solid State lonics
89 197

Dittrich G and Hoppe R 1969 Anorg. Allg. Chem. 368 262

Greedan J E, Raju N P and Davidson | J 1997 J. Solid State
Chem. 128 209

Greedan J E, Rgu N P, Wills A’ S, Morin C, Shaw S and
Reimers JN 1998 Chem. Mater. 10 3058

Jang Y |, Chou F C and Chiang Y M 1999 J. Phys. Chem.
Solids 60 1763

Kresse G and Furthmiller J 1996a Comput. Mater. Sci. 6 15

Kresse G and Furthmiiller J1996b Phys. Rev. B54 11169

Mackrodt W C and Williamson E A 1998 Philos. Mag. B77
1077

Marianetti C A, Morgan D and Ceder G 2001 Phys. Rev. B63
2224304

Mishra SK and Ceder G 1999 Phys. Rev. B59 6120

Massidda S, Continenza A, Posternak M and Baldereschi A
1997 Phys. Rev. B55 13494

Park J H, Cheong S W and Chen C T 1997 Phys. Rev. B55
11072

Perdew JP and Wang Y 1992 Phys. Rev. B45 13244

Prasad R, Benedek R, Thackeray M M, Wills JM and Yang L
H 1999 Mater. Res. Soc. Symp. Proc. 548 137

Reed J, Ceder G and Van Der Ven A 2001 Electrochem. Solid
State Lett. 4 A78

Rodriguez-Carvgja J, Rousse G, Masquelier C and Hervieu M
1998 Phys. Rev. Lett. 81 4660

Singh D J1997 Phys. Rev. B55 309

Tabuchi M, Ado K, Kobayashi H, Kageyama H, Masquelier C,
Kondo A and Kanno R 1998 J. Electrochem. Soc. 145 L49

Tarascon JM and Armand M 2001 Nature 414 359

Thackeray M M 1999 | TE Battery Letters 1 21

Wills JM, unpublished

Wills A'S, Raju N P and Greedan J E 1999a Chem. Mater. 11
1510

Wills A'S, Rgju N P, Morin C and Greedan J E 1999b Chem.
Mater. 11 1936



