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Divalent-dopant criterion for the suppression of Jahn-Teller distortion in Mn oxides:
First-principles calculations and x-ray absorption spectroscopy measurements for Co in LIMNQ
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Co doping on the Mn sublattice of layered LiMp®uppresses the Jahn-Teller-driven monoclinic distortion
in favor of a layered rhombohedral structure. First-principles calculatigrighin the local-spin-density
approximation—generalized-gradient approximation frame-ywaskng thevasp code, as well as x-ray absorp-
tion measurements, elucidate the effect of the Co doping on the atomic structure and the charge states of Mn
and Co. The analogy between Li manganate and La manganite suggests that dopants of either system that are
divalent in both the distorted antiferromagnetic phase and the symmetric ferromagnetic phase are most effec-
tive in suppressing the cooperative Jahn-Teller distortion.
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Li manganates are under intense scrutiny for their potenspects to Li manganates, although the Mn-ion density is
tial application as rechargeable lithium-battery-electroddower in the former, roughly proportional to the number of O
materialst The pronounced Jahn-Telle@T) activity of  atoms per formula unit.

Mn3* ions, however, poses obstacles to the full exploitation. €0 and Ni impurities have been investigated in both lan-

of these promising materials. The Jahn-Teller activity is reNanum manganite and lithium manganate. To understand

: : : . better their influence on the phase stabilities of the respective
Sﬁcr)]ns;]ble t]:%r d|§tort|?nst E‘; tlhe Mg?(ojgtaf:jedrafm thfa host mater!als, we explo_re the hypo_thesis th_at dqpants in
orthorhombi€ and (metastablglayered™ dioxides of com- .3+ bearing oxides, with cooperative JT distortion, are
position LiMnG,, as well as in the overlithiated spirfel, most effective in promoting a high-symmetry crystal struc-
LioMn,O,. The magnitude of the cooperative Jahn-Telleryre if they adopt a divalent st&fein both the JT-distorted
distortion varies widely and discontinuously at structuralgng the transformed structureBrevious analysis of dopant
phase transitions, during the redox cycles that accompany ldharge states has focused only on the transformed high-
insertion/extraction. These variations often cause a breakug,mmetry phase. The motivation for this criterion is that for
of the material, which is detrimental to the capacity and capzch divalent dopant atom substitution, the resultant 4
pacity retention of a battery. Efforts have the.reforg beerheighboring Mn ion is compatibléincompatible with the
made to suppress the cooperative Jahn-Teller distortion, e.qindistorted(distorted octahedral environment in the rhom-
by doping, with Co, Ni, or other elements. Doping LIMRO pohedral (monoclinid structures of lithium manganate; a
with Co tends to form nonstoichiometric materials, with Li gjmilar statement applies to the rhombohed@thorhom-
contents of 0.55-0.7, and stabilizes the rhombohedrahic) structures of lanthanum manganite. This is because
(R3m) symmetry?~*3relative to the monoclinic structure, of Mn** stabilizes the(ferromagnetit high-symmetry trans-
LiMnO,. Incidentally, theory predicté that Co doping also formed phase by promoting double exchaitge (ferromag-
stabilizes the monoclinic structure relative to the orthorhom-netic) superexchang%z, whereas MA" destabilizes théan-
bic structure, so that the stability order orthorhombictiferromagneti¢ low-symmetry untransformed phase with
>monoclinic>rhombohedral is completely reversed uponcooperative JT distortion, by interrupting the coupling along
Co doping. antiferromagnetic chains.

In this paper, we investigate by first-principles computer As divalent ions, Mg and Zn and possibly Co and Ni
simulation, and with x-ray absorption spectrosca¥AS)  appear to be the most promising candidate dopants to stabi-
measurements, the charge transfer between Mn and Clize the high-symmetry phases. Mg and Zn have been ex-
which appears to play a critical role in the stabilization of theplored as dopants in LaMnQ and may merit consideration
rhombohedral phase. A better understanding of the behavidor LiMnO,, however, transition metals may be even more
of dopants such as Co and Ni in lithium manganates is exfavorable because of their compatibility with the ferromag-
pected to provide helpful guidance for future battery materinetism of the high-symmetry phase. Whether a given
als design. Ni doping of LiMn®, has also been fouhti!®  transition-metal dopant of LiMn®(or LaMnQ;) adopts a
to stabilize the rhombohedral structure. divalent state, however, depends on a delicate balance be-

In addition to the dilution of Jahn-Teller-active Mhions  tween the ionization energy of M# and the energy gain by
by substitution of non-Mn atoms on the transition-metal subreduction of the doparift The local atomic environment
lattice, doping introduces atoms with different magneticplays a crucial role in determining this balance. First-
properties and oxidation states from those of the Mn hosprinciples local-density-functional theory enables predictions
atoms. The significance of the dopant oxidation state andf both structural and electronic degrees of freedom,
magnetic behavior was recently explored in the context otlbeit with approximate treatment of electron exchange and
doped La manganités, which are analogous in some re- correlation.
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FIG. 1. Projected Mn-iord-wave (=2) density of electronic FIG. 2. Projected Mn-ion density of electronic states calculated

states in monoclinic LiMp_,Co,0, for x=0.0 (top panel andx  for ferromagnetic LiMnQ in the rhombohedral structure. The full
=0.25 (bottom two panels Calculations were performed with the curve is the majority-spin band and the dashed curve is the

vasp code. The full curve represents the majority-spin band and theninority-spin band. The zero on the abscissa corresponds to the
dashed curve the minority-spin band. The zero on the abscissa cotermi energy.

responds to the Fermi energy. One of the three Mn atoms in the cell
(labeleda) is oxidized to charge statet4 as indicated by the di-
minished weight of the, majority-spin band, while the Co atom is
reduced to Z.

the results are consistent with this interpretation. The octahe-
dral stretching mode coordinat®z, of the oxygen octahe-
dron, driven by the Jahn-Teller effettjs reduced to a value

Calculations were performed with thvasp code?® based  of 0.103 A for thea-type Mn, from a valueQ;(0)=0.49 A
on the local-spin-density approximation—generalizedin the undoped system. Tl@; values of the Co dopant and
gradient approximatiofLSDA-GGA), for LiMn;_,M,0,, the b-type Mn are similar tdQ3(0). Furthermore, the inte-
whereM = Co or Ni, at different dopant levé’sx. The re- gratedd-electron count for Co atoms is about 0.5-electrons
sults indicate that, at smat| in either the monoclinic or the higher in the doped system than in rhombohedral Li€0oO
rhombohedral structures, Co is reduced and Mn is oxidizedCalculations  were also performed for monoclinic
relative to the average transition-metal charge statedof 3 LiMn;_,CoO, at x=0.5. In this case, no indication of
XAS measurements for nearly fully lithiated rhombohedralcharge transfer from Mn to Co is observed. Therefore, for the
LiMn,_,M,0O,, with Co concentratiox=0.1 are consistent (hypothetical monoclinic LiMn, _,Ca,0O,, charge transfer is
with these predictions. predicted to occur only over a certain range of doping.

In the calculations described below, ferromagnetic and The rhombohedral phase was assumed to be ferromag-
simple antiferromagneti¢ spin configurations were as- netic, which has been observed experimentally for Ni-doped
sumed. The invoked periodic-boundary conditidnsnply ~ systems at low temperatur&sWe note also that Co doping
ordering of Co on the transition-metal sublattice. We con-of the perovskite LaMn@ transforms the antiferromag-
sider first the monoclinic structure, which can be synthesizedietism of the host to a ferromagnetic structtitdn the
by ion exchangé: The lower two panels in Fig. 1 show the LSDA-GGA calculations for the ferromagnetianlike the
d-wave-projected I(=2) spectra of electronic energies for antiferromagneticcase, the rhombohedral structure is stable,
Mn atoms in LiMn, 7<Cq, -0, , and, for comparison, the top however, surprisingly, the Mn ions adopt a low-spin configu-
panel shows the spectrum for Mn in LiMaOThe unit cell ~ ration, as illustrated in Fig. 2. It is seen in this figure that,
contains 4 f.u. and four layers, with three Mn atoms and onénstead of a filled lower level of a split majority, band,

Co atom in the transition-metal lay&The (initial) antifer- ~ which occurs in the high-spin Mri state, the minorityt,,
romagnetic configuration on the transition-metal sublatticdoand is partially filled. In calculations for the rhombohedral
was taken from Singti for the undoped system, in which up Sstructure ax=0.25, the results suggest charge transfer from
and down spins alternate along the atomic chains parallel tbln to Co. The bottom panel of Fig. 3, similar to results in
the monoclinich axis. The converged self-consistent mag-Fig. 2, shows the Mn minority band straddling the Fermi
netic structures show a smallésut nonzerp magnetic mo- energy. The Co doparitf. middle panel of Fig. Bshows a
ment on Co than on Mn. The electronic energy spectra folarge spin splitting, in sharp contrast to the spectra for Co in
the two symmetrically distinct types of Mn in the unit cell rhombohedral LiCo@. As a result of this spin splitting, the
(we denote two of the Mn atoms as typend one as typp) ~ dopant majority band, as well as most of the minotiy

are shown in the bottom panels. The solid lines represent thigand, are occupied, which indicates at least partial transfer of
majority carriers and the broken lines the minority carriers,charge from Mn to Co. Another indication of charge transfer
and the zero on the abscissa is the Fermi energy. We note thiatthe lengthened Co-O bond lengths of 2.05 A in LiMnO
the majority-spin spectra for Mn in the undoped system andtompared to values of 1.93 A in LiCgQwhich imply Co-

for b-type Mn atoms in the doped system both hayeand  ion reduction. Note that the calculations predict a high-spin
ey bands with similar weights. Tha-type Mn atom, how-  configuration for Co, in contrast to its behavior in LiCpO
ever, has a significantly attenuateg band. This behavior The electronic spectra of rhombohedral LiMa@Fig. 2)
indicates charge transfer between théype Mn, which is  exhibits half-metallic behavior, with a large density of elec-
oxidized to 4+, and Co, which is reduced to+2 while the  tronic states at the Fermi level in the minority band and a gap
b-type Mn atoms remain in the43 state. Other features of in the majority band. The calculations also predict metallic
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FIG. 3. Projected I(=2) Mn-ion (bottom panel and Co-ion = 2% 753 7Y

(middle panel density of electronic states calculated for the ferro-
magnetic state of rhombohedral LilyipCa, ,:0,. The full curves
are the majority-spin bands and the dashed curves the minority-spin g1 4 XAS
bands. The zero on the abscissa corresponds to the Fermi energy, ;
i : @0.01d-1
For comparison, the top panel shows the density of states for pargg (Co
magnetic rhombohedral LiCgO

X-ray Energy (keV)

K-edge spectra for Co in
1-yMng 0:1C 0y 0o -, With y=0.17 and in reference diva-

0O and trivalent (LiCoQ) oxide systems. The Co-doped
specimen was obtained by discharging in an electrochemical cell a
specimen with composition N@idigg4dMnNg.901C0% 002, Ob-
behavior for the cobalt-doped system with=0.25. If Co-  tained by ion exchangéRef. 12. Spectra for the Co-doped system
doped rhombohedral LiMnOwere indeed metallic, the me- are close to those of the divalent CoO, and shifted to lower energy
tallic screening would likely attenuate the charge transfefelative to undoped LiCog in the region near the edge onset at

between Mn and Co. Since the LSDA-GGA calculations pre-2Pout 7.715 keV.

dict metallic behavior for the rhombohedral structure, wegjight shift anticipated for the MiK-edge towards that of a
would not expect the charge transfer to be as robust as in th@,adrivalent standard (,MnQ) is difficult to detect. Nev-
monoclinic structuréFig. 1), for which the predicted energy ertheless, the presence ofCcclearly implies an equal con-
spectra appear only to be semimetallic. Co doping ofcentration of MA™.
LaMnQ;, incidentally, increases polaronic conductivity but  We have asserted that dopants that are divalebbth a
does not result in metallic behavittNo electronic transport  JT-distorted antiferromagnetic phase and in a ferromagnetic
measurements on LiMn,Co,0, appear to have been done, phase of higher symmetry are effective in stabilizing the lat-
but it seems likely that the material is insulating. ter. This is because the resultant Mrions act to destabilize
We have seen that LSDA-GGA calculations, based on assne and stabilize the other. In this work, first-principles cal-
sumed magnetic configurations, predict charge transfer froraulations with thevasp code predict that Co dopants are
Mn to Co in both the monoclinic and rhombohedral phasegjiva|ent in both the monoclinic and the rhombohedral phases
of LiMn;_,C0,0,. The approximations employed in the cal- of LiMn;_,C00, at x=0.25. CoK-edge XAS measure-
culations, however, make experimental tests highly desirablénents for a specimen witk=0.1 exhibit a divalent state, or
X-ray and photoemission spectroscopies on doped LajMnOone considerably reduced relative to a trivalent state. We
demonstrate charge transfer from Mn to €3>’ believe that the divalent-dopant criterion for the suppression
In Fig. 4 are presenteld-edge XAS spectra, measured at of the JT distortion in Mn-oxides, although not subject to
the Argonne National Laboratory Advanced Photon Sotirce rigorous proof, is at least a useful working hypothesis to
(APS) for Co in Li;_yMny ¢Cay ;0,, wherey=0.17 as well guide the search for suitable dopants, and first-principles cal-
as for trivalent Co in LiCo@ and divalent Co in CoO. The culations provide a convenient tool for screening candidate

specimens, with structural symme®RBm, were synthesized dopants.
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