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Dopant-induced stabilization of rhombohedral LiMnO , against Jahn-Teller distortion
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Dopants introduced into layered LiMpQa candidate cathode material for lithium batteries, tend to suppress
the Jahn-Teller-effect-driven monoclinic distorti¢ggymmetryC2/m) in favor of the layered rhombohedral

structure(R3m), which has superior Li insertion/extraction cycling properties. First-principles calculations,
within the Local-Spin-Density-Approximation Generalized-Gradient-Approximatio8DA-GGA) frame-
work, implemented in the VASP code, are performed fdrt@ansition-metal, as well as Mg, Zn, Al, and N
dopants, in order to assess their relative effectiveness in stabilizing3imesymmetry. At the concentration
x=0.25, the selected cation dopafigth the exception of Co and Fare found to adopt the same oxidation
state(divalent or trivalent in both monoclinic and rhombohedral structures. Transition metals earlier than Fe
are trivalent, whereas those later than Co are divalent. Co in monoclinic LjMxkibits(stable trivalent and
(metastabledivalent states that are only narrowly different in energy. Fe is trivalent in the monoclinic struc-
ture, but is mixed valent in the rhombohedral structure. Divalent dogeutiieh oxidize a neighboring Mn to

the [non-Jahn-Teller-actile4+ oxidation state promote rhombohedral structure stabilization to a greater
extent than trivalent dopants. Within the class of divalent dopants, the filled shell systems Mg and Zn are more
effective than those with partially filledy shells. Within the class of trivalent dopants, those with partially
filled tog shells are more effective than those with filled or empty shells. Breathing t@gdeand Jahn-Teller
active (Q,, Q3) phonon coordinates of transition metal octahedra are analyzed.

DOI: 10.1103/PhysRevB.71.134111 PACS nunt®er61.66.Fn

I. INTRODUCTION spectra, they do yield accurate predictions of structural prop-

o ~ erties for most materials.
The standard cathode material in commercial lithium |n an earlier articlé? we presented first-principles calcu-

batteries is LiCoO,. It would be desirable, from the stand- |ations for Co impurities in layered LiMn,M,O,. It was
point of cost, toxicity and safety, to replace Co, or at leastfound that Co adopts a divalent state, which suppresses the
reduce its concentration, and Mn is an attractive candidate toooperative Jahn-Teller distortion by oxidizing Mn-atom
substitute for Co. The stable form of LiMnQOhowever, is neighbors to the 4+ state. In this article, several other pos-
orthorhombic with symmetryPmmn a less favorable struc- sible dopants are addressed. Incidentally, our discussion here
ture for lithium insertion/extraction cycling than the layeredis restricted to fully-lithiated stoichiometries, although the
thombohedral(R3m) structure of lithium cobaltate, which transformation from rhombohedrédayered to cubic spinel

has a higher symmetry. Nevertheless, a metastable Iayer%ﬁ: ggﬁglrj eggt?gnigrtslaiﬂgg eog ;I\éale\/l xOz Is an impor-
form of LiMnO, does exist and can be synthesized by ion '

. - ; In the simplest picture, a dopant tends to destabilite-
exchange in NaMn©** The Jahn-Teller activity of Mif in bilize) the monoclinic(rhombohedral structure by diluting

this compound results in a cooperative monoclinic distortionne number of Jahn-Teller active Ninsites by on(the site
that is absent from most compounds with compositiongs sypstitution in the case of a trivalent dopant and tétbe
LiIMO, (where M=V,Co,Ni) that adopt thea-NaFeG  sjte of substitution and the site of the neighboring“¥rin
structure. However, doping, for example with €sup-  the case of a divalent dopant. To test this picture, the oxida-
presses the monoclinic distortion in favor of tR8m sym-  tion state of a given dopant must be determined. Our analysis
metry. Other dopants in layered LiMpChave also been indicates that the relatively early transition element dopants
studied experimentalfr.® Sc, Ti, V, and Cr are trivalent, the later ones Ni and Cu are
To guide future materials design, it is of interest to char-divalent, and Fe and Co show mixed-valent character with a
acterize the properties of dopants in candidate cathode mathigher oxidation state in the monoclinic than in rhombohe-
rials. Since the experimental synthesis of homogeneoudral structure.
single-phase specimens is often difficult in practice, com- The results of this work indicate that divalent dopants are,
puter simulation offers an attractive alternative to elucidateas expected, the most effective in stabilizing the rhombohe-
trends in the behavior of selected dopants. Although practicadral structure against a cooperative Jahn-Teller distortion.
implementations of the first-principles approach based omithin the class of trivalentdivaleny dopants, the stabiliz-
density functional theory are approximate, particularly in re-ing ability of the dopant depends on the filling of thg (e;)
gard to calculated energy gaps and electronic quasiparticlshell.
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o

IIl. METHOD

A
®

Calculations were performed with the VASP cdde,
which implements the local-spin-density-functional approxi-
mation (LSDA) of density-functional theory in the ultrasoft
pseudopotential representation, with a plane wave basis. We ‘
employ the generalized gradient approximatig@GA) ?
correctiod* to LSDA, which was fountP to give improved A
accuracy for Mn-oxides, compared with the LSDA. Recent 2
work has demonstrated that greater accuracy for electronic
and magnetic properti¢§, as well as electrochemical
propertie$’ relative to the LSDA-GGA, can be achieved
with the LSDA+U (or GGA+U) approximation, which ac-
counts for the on-site Coulomb interaction by penalizing par-
tial occupancy of atomid-states on the transition-metal sub-
lattice. For atomic structure calculations, however, LSDA- ’
GGA often yields respectable accuracy, even though the
predicted spectral positions of the occupied transition metal
d-bands relative to the oxyggmbands tend to be too high.
Most of the present calculations were performed using
16-atom supercells for rhombohedral or monoclinic structure

with R3m and C2/m symmetry, respectively. Some test cal- kG 1. Filled circles denote atomic positions in a single layer of
culations on cells with 32 and 64 atoms were also performedne monoclinic structure of LiMn@ Dashed lines represent the
To make the calculations more tractable, idealized magnetigrimitive unit cell, and solid lines, the magnetic unit cell for a
structures are assumed. simple antiferromagnetic spin configuration. Up and down arrows
represent oppositely directed Mn spins in the Mn layers.

A. Dopants

We consider the first transition series, as well as Mg, Zn,lcr’]W tﬁmhpedratlurlt_e% Thl\?l gssum|tot_|otn ?; ferrom.?jgnettllsm tm

and Al, as dopants on the transition-metal sublattice. N dop’-'omPonedral LIVIR-Jvi,2J, restricts the C.OQS' era’lion o
latively smallx; LiCrO, is antiferromagnetié® and LiAIO,

ants on the oxygen sublattice are also considered. Most ¢f'a v 27
the doped systems are treated at a concentration of 0.2§nd LiFeQ favor nonlayered structurés:
Naturally, there is no guarantee that solubility for all of the

above dopants is achievable in practice at that level, but C. Monoclinic crystal structure
experimerft® indicates that at least some of these dopants

have a range of solubility in layered LiMRO The nonmagnetic primitive unit cell of monoclinic

LiMnO, (C2/m symmetry contains two formula units. The
experimentally observed lattice constansse a,=5.44 A,
B. Magnetic structure bn=2.81 A,c,=5.39 A, and the monoclinic angle=116°.

Neutron diffraction measurements on orthorhombic(For simplicity, the subscript, which denotes the mono-
LiMn02 revea' a commensurate antiferromagneticclinic Structure, W|" be Om|tted in the fO”OWing equatiOhS.
structuré® below the Neel temperatuf,=261.5, with alter- A (nonprimitive magngtic uni_t cell, with four formula units,
nating up and down spins a{gng Mn atomic chaiN-Mn  can be constructed with basis vectors
spacing approximately 2.8)Aparallel to the monoclinic _ —h_ -
b-axis. That the ground state of layered monoclinic LiMnO Ai=atb, A;=b-a As=c. @
exhibits antiferromagnetic chains along close-packed atomi¢his choice is convenient, because four-formula-unit cells
rows, analogous to the orthorhombic system, has notill be employed in most of the calculations presented for
been verified experimentally. However, first-principles both monoclinic and rhombohedral structures. In the limiting
calculationd® suggest that such a structure is at least relacase ofa/b= 3, theab (or A;A,) plane layers become hex-
tively favorable energetically. For simplicity, the magnetic agonal, and the cell lattice constafig=A,=2b are twice
structure proposed by Singldesignated AFBwill be as-  those of the primitive hexagonal layer unit cell. For the lat-
sumed in the present work. Incidentally, several lithiated Mn-ice constants quoted above for the monoclinic structure, the
oxides, such as Li-Mn spinels?>-23 which have the addi- ratio a/b=1.94, about 12 percent larger than for the hexago-
tional complication of mixed valence, exhibit complex nal cell. The(a,b) and (A,A,) unit cells are illustrated in
incommensurate magnetic structures, and are therefore moFég. 1.
difficult to model, despite their technological significance. In the AF3 magnetic structufé,the spins along theé\,

Rhombohedral LiMp_,M,O,, in which the cooperative axis are ordered ferromagnetically, and those along/he
Jahn-Teller distortion is suppressed by a concentratioh  axis, antiferromagnetically, as illustrated schematically by
dopantM, is assumed ferromagnetic in this work. Ferromag-the upward and downward pointing arrows in Fig. 1. The
netic behavior has been observed in the Ni-doped system atagnetic(A;,A,) cell contains four formula units, and each
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C2/m

FIG. 2. The atomic structure of monoclinic LiMpOEach layer
has the structure illustrated in Fig. 1. The primitive cell lattice vec-
torsa, b, andc are indicated. The dashed lines connect correspond-
ing atomic positions in the first and fourth layers. In the limiting
case in which the monoclini¢cooperative Jahn-Telledistortion
vanishes, the dashed lines are parallel to the hexagoasis, and
correspond to the vertical lines in Fig. 3.

FIG. 3. Atomic structure of rhombohedral layered system of the
a-NaFeQ type. The conventional hexagonal unit cell, with 12
Satomic layers is illustrated; the primitive cell contains four layers.

layer of Li, Mn, or O contains four atoms. If we consider a
cell in which a Mn layer intersects the origifayer1=0), a
possible basis for this layer is given by the coordinate
(0,00, (3,0,0, (0,3,0), and (},3,0), where the compo-
nentsr; in (rq,r,,rs) are in units ofA;, i=1,3. Theadjacent
Li layer (layer=2) sites are obtained by a displacement o
(2,1,2), relative to the Mn atoms. The oxygen layeils
=1,3) consist of 4 sites sandwiched between Mn and Li
layers, the coordinates of which have two internal degrees of . 1 . 3 .
freedom,x and z. If the coordinates of one of the sites are BY=aj, BY=-Zai+ “‘—ahj,
r(1)=(x,0,2), then the eight oxygen-site coordinates for lay- 2 2
ersl=2,4 in the(A;,A,,A;) coordinate system can be ex-

pressed in the form 1 .

P—"a] }ﬁ R } L
(i) = sartir @ + m()(2,0,0 + n()(0.,0), (2 Bs= 50 + 375 + 5ok, @

2 3
where sgfyj) is +1 or =1 whenj is odd or even, ana(j)
and ny(j) are either 0 or 1. The internal parameters
=0.2723 andz=0.7706 were obtained by Armstrorag al®
An illustration of the layer stacking of monoclinic LiMnO
appears in Fig. 2.
Considering the prominence of theaxis atomic chains

Delmas?® which refers to the octahedral coordination of the
1Ecations and its stacking periodicity. It is easiest to visualize
in terms of hexagonal coordinates. A primitive cell can be
generated with cell unit vectors

wherea,, andc;, are the lattice constants, ah,cf , andk are
dimensionless Cartesian unit vectors. The conventi@l
hexagonal cell corresponds to the stacking of three such
slabs. The primitive unit cell defined by cell vectd8 con-
tains a single formula unit of the ternary compound. The

in the monoclinic structure, it would be desirable to modelu.n't'ce" dimension normal to the layersag/ 3, one-third the

doped systems by designing cells with an identical dopan?'Ze of the conventlonal unit ceef. Fig. 3. One ce}n.obtam
concentrationx in each individual chain, not merely in the a four formula-unit cell, analogous to the monoclinic system

cell as a whole. To do so for concentration0.25, however, with cell vectorsB, bY doubling the firs_t two cell vectors
would require at least an eight-formula unit cell, with two (B1=2B%,B>=2B5), while keeping the third unchange@,
chains of four atoms each per layer. Better still would be 16~ BY). . R .
formula units, in view of the high aspect ratio of the eight An atomic coordinater (j)=x(j)ai+y(j)aj +z(j)%chk in
formula unit cell. Although we have run tests on these largethe Cartesian system can be written as

cells, most of the calculations were performed on the four-

formula-unit cells to avoid much larger computational costs. . 1 2

The main trends appear robust and would undoubtedly sur- r()= [X(J) + TSV(J) - EZ(J)}BE

vive in larger-cell calculations. '

2 1 .
D. Rhombohedral crystal structure + {_3)/(]) - EZ(J)} BY+2(j)BS (4)
The IayeLed rhombohedrdle-NaFeQ) structure, with '
symmetry R3m, is designatedO3 in the classification of in the primitive hexagonal system.
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The layerz-coordinates areg(Mn)=0, z(Li)=0.5, z(O,) dinates in which the Jahn-Teller distortion of the solute-
=1-3z, z(0,)=3z,, in units ofc,/3, where the two oxygen centered octahedron was suppressed. In the case of Fe dop-
layers are labeled Qand Q. The internal coordinate, is ~ ants, the ground state corresponds to a high-spin
typically?® about 0.25. configuration, and the initial atomic magnetic moment was

The transition-metal-layer atomic coordinates in the unitset at Sug. Low values of the initial Fe magnetic moment
cell defined byB; are taken to b&0,0,0), (%,010), (o,%,o), were found to result in spurious metastable intermediate-spin
and (2,2,0). The layer stacking follows th&BC ABCse-  States.
guence, characteristic of cubic close-packing. In-plane coor-
dinates of laye, for example, are shifted b, 3,0 rela- Ill. RESULTS
tive to those for layeA. A. Pristine system

Calculations for the rhombohedral structure with a ferro-
magnetic spin configuration as well as for the monoclinic

The layered rhombohedral structure of LiMp@hay be  structure with either a ferromagnetic or antiferromagnetic
viewed as a special case of the monoclinic structure, irspin configuration yielded results in close agreement with
which the monoclinic distortions vanish, which occurs whenthose given by Mishra and Cedérwho also employed

VASP.
am= | 3bp, (5

and B. Dopant oxidation state

E. Relation between monoclinic and rhombohedral structures

CmCOSB=—a,/3, (6) As mentioned earlier, simple arguments suggest that the
effectiveness of a given dopant in stabilizitdestabilizing
the rhombohedral(monoclinig structure is determined
largely by its oxidation stat¥. To test this hypothesis, one
F. Calculation parameters must establish the oxidation state of different solutes in the
rhombohedral and monoclinic phases of LiMnO

In principle, Mulliken population analysis or charger

and the hexagonal layer lattice constaptb,,=ay/ (3.

The 16-atom-cell calculations utilized specilpoints

generated by Monkhorst-Pakindices (4,4,4. Plane-wave spirt)) density integration provide the most direct way to

energy cutoffs of 495 eV were employed in most of the cal- xtract transition metal oxidation states. Alternatively, analy-

culations. The use of a high-precision basis enables accurag?s of local densities of electronic states and metal-oxygen
cell-parameter relaxations to be performed using the stresbsond lenaths also dive sianatures of the oxidation s{gte
tensor. We employed the harder of the two ultrasoft Li 9 9 9 '

pseudopotentials provided in the VASP pseudopotential Ii-None of these approaches gives results entirely free of am-

. . . . biguity (nor do XANES measuremenfs. In the following,
brary, designated |j because in some instances a fully . X

S . : . . . we analyze electronic spectra and Jahn-Teller coordinates to
equilibrated atomic configuration was not obtainable with the_ . s ; -
. : assign oxidation states of dopants in the monoclinic struc-

softer Li pseudopotential. . o
ture, and metal-oxygen bond lengths to determine oxidation
states in the rhombohedral structure. For most of the dopants
G. Relaxation procedure considered, the predominant valence is identifiable by these

Both internal coordinates and cell coordinates were reMmeans. In the case of Co, a trivalent state is predicted in the

laxed for each system. The internal coordinate relaxationgronoclinic structure, but a divalent state occurs in the rhom-
employed the Hellmann-Feynman forces. The cell coordiPohedral structure.
nates were relaxed, keeping the crystal symméaiyher
rhombohedral or monoclinjcfixed, to reduce absolute val-
ues of stress tensor elements to small values, below about In the monoclinic structure, thel-electron density-of-
10 kB. By this procedure, independent calculations for eithestates spectra of Mn ions that are near neighbors of the sub-
the rhombohedral or the monoclinic crystal structure can be&tituted transition metal ion provides the clearest signature of
performed even when one of the structures is, in principlethe oxidation staté? The Mn-ion density of states spectra in
unstable with respect to transformation to the other. this structure almost invariably exhibit empty minority band,
The initial atomic coordinate sets and lattice parametersully occupied majorityt,, band, and either an empty major-
for each doped system, employed at the outset of the relaxty e, band for oxidation state 4+ or a half-filled Jahn-Teller-
ation process, were taken from the equilibrium results for theeffect-splite, band for oxidation state 3+. When a substitu-
corresponding undopediMnO,) system. Although this ap- tional dopant in monoclinic LiMn@ adopts the oxidation
pears to be the most unbiased choice, there is no guarantetate of 2+, one of its near-neighbor Mn ions is oxidized to
that downhill relaxation from these initial configurations will the 4+ state. This is illustrated in Fig. 4 for the case of a Cu
yield the only equilibrium configuration, particularly in the dopant. The figure plotd-electron densities of states for ma-
case of the relatively low-symmetry monoclinic structure. Ajority (solid line) and minority(dashed lingbands; the Fermi
metastable minimum was found for Co dopants in monodevel is at zero energy. The bottom panel shows the density
clinic LIMnO,. In the case of Co dopants, the ground-stateof states for an Mn atom that is oxidized to 4+ by proximity
configuration was obtained by adopting initial atomic coor-to a Cu neighbor, and consequently has an empty majeyity

1. Monoclinic structure
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FIG. 5. Projected!=2) Mn ion density of electronic states cal-
culated for the ferromagnetic state of rhombohedral LiMn®hy-
pothetical system. The usual high-spin state ofMibes not occur
in this system. In LiMg sNig 05, in which the rhombohedral struc-
ture is stabilized, Mn avoids the unfavorable 3+ state and is oxi-
dized to 4+.

density of electronic states (/=2) [eV™]

0

4 3 2 -1 0

E (eV)
Fig. 6, the abscissa represents the averkbe-O bond
FIG. 4. Projected|=2) density of electronic states for Mn and length calculated with the VASP code for dopant idvisin

Cu ions calculated for the antiferromagnetic state of monoclinicchombohedral ferromagnetic LiNRrsMg £0,, and the ordi-
LiMn,_,Cu,O,. The full curves correspond to the majority spin, and nate represents the sum of the empirical transition metal
the dashed curves, the minority spin bands. The top panel showenic radius® for a given oxidation state at a sixfold coordi-
results for the minority spin of Cu. The second panel shows thenated site, and an additive constant of 1.36 A, the ionic ra-
density of states for Mn in the undoped system. The bottom twadius of threefold coordinated?Q The latter choice appears
panels show spectra for Mn ions that are neighbors of the Cu dopmost appropriate, although the O ions are threefold coordi-

ant. One neighbor adopts a 4+ oxidation state, while the otherfated both to M and to Licf. Fig. 3. For the transition
remain in the 3+ state of the undoped system.

T i T T T T

7
band. The second pangdhifted by 5 units shows the den- o T s P
sity of states for the unoxidized Mhneighbors, which may 22 / / 7 ]
be compared with those for Mn ions in the pristine system, Cr*s) p /
shown in the third panel. The top panel shows the density Ofog - 3‘ Fe"(;‘S’c“h/ f 4 .
states for the minority Cif band, in which one of the, = v cus) o 0/ 7
levels is unoccupied. Similar considerations enable us tc g~ 2.1 F : /sc " 1
identify transition metal solute oxidation stat®¥’*=Sc*™, ) o o
Ti%*, V3, CP*, Fe*, Co™, and NF*, in the monoclinic & i e ./.;. |
structure. These oxidation state assignments are consistel 4 3.,/ s
with Jahn-Teller-distortion analysis described below. i Nt V , 7/ LS |
N , Ve Fe*(HS)
2. Rhombohedral structure § L , / ’ 7 o z:;:s)(ﬂs) o
In undoped ferromagnetic rhombohedral LiMj@ hy- 7/ 4 .
pothetical system not found in nature, the Mn-ion density-of- 9+ y; ’. reras) @, .
states spectrérig. 5 does not show the stereotypical form 7 AP Cu™(LS)
observed for the monoclinic structure, and an intermediate . 1 ! : ! : ‘
rather than a high-spin state is predicted. In this case, the 19 2 21 22
spin splitting is reduced sufficiently so that the minortigy M-O bond length in LiMostn(nst [A]

spin band is one-third occupied. This behavior is evidence of
the frustrated character of the 3+ oxidation state of Mn in the
rhombohedral structure of LiMnQ (We note that the posi-
tion of the d-bands would be shifted in a formulation in

FIG. 6. The sum ofi) the empirical ionic radius for an octahe-
drally coordinated solute ioM in a hypothetical oxidation state,
) . X and(ii) the oxygen ionic radius, are plotted on the ordinate; average
which on-site correlations are accounted for, such as thg,teoxygen bond length, calculated by first-principles methods
GGA+U 'method%% _ for selected solutes in rhombohedral LipaMg ,<0-, is plotted on

The high symmetry of the rhombohedral structure, inghe abscissa. Filled circles correspond to oxidation states for which
which the sixM—O bond lengths of each transition metal empirical values and first-principles calculations are in best agree-
octahedron are closely similar, suggests the possibility ofent, whereas filled diamonds represent other hypothetical oxida-
identifying dopant oxidation states by comparing bondtion states. The solid line represents the limit of exact agreement
lengths with predictions based on tabulated ionic radii. Inbetween the first-principles and empirical values.

134111-5



R. PRASAD, R. BENEDEK, AND M. M. THACKERAY PHYSICAL REVIEW B71, 134111(2005

metal ions, empirical ionic radii for selected divalent and Insight may be gained into the structural distortions in-
trivalent oxidation states are plotted. For several transitioduced by solute atoms in thé2/m variant of LIMnO, by
metal oxidation states, the ionic radii are different for highanalysis ofQ;. In each doped 16-atom unit cell are four
and low spin state® In Fig. 6, we show for comparison metal-centered octahedra, one associated with sdugad
several high spin and low spin radii. three associated with host Mn atoms. The numerical values
The solid diagonal line in Fig. 6 represents the limit in of the coordinatesQ,, Q,, and Q5 for host- and solute-
which the calculated—O bond lengths are equal to those centered octahedra are listed in Table@rivalent solutes
predicted from standard ionic radii. The filled circles corre-and Il (Co and divalent solut¢sCalculated values d® for
spond to oxidation states for which calculated bond lengthd/n-centered octahedra are plotted in Fig. 7 against
are most consistent with empirical ionic radii, whereas the =
filled diamond symbols correspond to other, hypothetical, Q1 =[Ux(1) = Ux(4) +Uy(2) = uy(5) + U,(3) — u(6) /N6,
oxidation states, for which the calculated bond lengths are (8)
less consistent with the empirical ionic radii. The points de- . .
noted by filled circles mostly lie within the band bounded bythe breathing-mode coordinate. - S
the dashed lines, which represent a scatter of about one per The filled symbols circumscribed by the circle in the
cent. The transition-metal oxidation states deduced from FigoWwer left-hand corner correspond to Mn ions that are oxi-
6 for rhombohedral LiMp_,M, 0O, are Sé&*, 3+, Cr3*, Co?*, _dlzed to the 4+ state by virtue of thel_r proximity to &7* _
Ni2*, and C@*. The Fe bond length is located between thoseOM: whereas those enclosed in the circle at the gpper-nght-
predicted for divalent and trivalent high-spin states. Fe ig1and comer correspond to ¥ The center of the circle that
therefore in a lower oxidation state than in the monoclinicencloses the Mif coordinates corresponds to the;,Qs)
structure, in which it is unambiguously trivalent. coordinates for monoclinic LiMng) whereas that for the
Mn“** coordinates corresponds to tt@;,Qs) coordinates of
3. Comparison of dopant oxidation states in rhombohedral  futile MnO,; Mn in monoclinic LiMnG, and rutile MnG
and monoclinic structures may be considered reference systems for the trivalent and
) ) ) ) quadrivalent oxidation states, respectively. Tgvalues in
_Analyses in the preceding two sections have yielded prege reference systems essentially provide upper and lower
d|ct|o_ns of the _pr_edomlnant oxidation st_ates of selected dopyounds for theQ, values in the doped systems. One suspects
ants in monoclinic and rhombohedral LiMM,O,. The re-  ha; the oxidation states of Mn in the doped systems are
sults of these analyses indicate that transition elemenigjiher slightly reduced with respect to 4+ or slightly oxidized

earlier than Fe are trivalent and those later than Co are divag;th respect to 3+, but further analysis would be required to
lent, regardless of whether the structure is monoclinic Olerify that hypothesis.

rhombohedral. This behavior reflects the trend of increasing |, Fig. 8 are plots of theQ,,Qs) coordinates for the

effective third ionization potential with atomic number , 40,5 solutes under consideration, evaluated for both the

across the transition series. Co is predicted to be divalent Ihonoclinic (diamond symbols and rhombohedralfilled
the rhombohedral structure but trivalent in the monocliniccirdeg structures. In the case of Co solutes in the mono-

structure. The former prediction appears to be consistenfjinic strycture, a metastable divalent configuration is indi-

: ) ) . .
with experiment? It would be of interest to determine . ioq by a square symbols. As mentioned above, two differ-

whether the_pre_dictions for Co and Fe are borng out experiént Co configurations may be reached by adopting different
mentally or in higher-level(e.g., GGA+U) calculations.

starting configurations for the downhill relaxation procedure:
the starting atomic configuration based on undoped LiMnO
C. Jahn-Teller distortion in monoclinic structure relaxes to the metastable divalent configuration, but a start-
ing configuration based the relaxed atomic coordinates for

The oxygen octahedra that enclose Mn in monoclinicl_iCr Mng 70, [for which Qs(M) is small i
. - : ) . _ _ yields the low
LiMnO,, exhibit the polar-axis elongations characteristic of _ . %-2%" 0-72=2 L = <3 : i -
the Jahn-Teller effect for Mii. The magnitude of this elon- ;aer:ﬁrgy atomic configuration upon relaxation, with Co triva

gation is proportional to the amplitud@; of the E, (Jahn- The coordinate

Teller-active frozen-phonon mode,
Q3= [20,(6) - 20,(3) ~ (D) + U (4) - (2 + Uy (B)]N12, Q=L -u@ - @ +uBl2, @
) which couples to partially filled,,-bands, exhibits relatively
small values, since these bands are either full or empty for
where the six octahedral oxygen atoms are numbered as the majority- and minority-spin bands in the LiMp®ost
Fig. 4 of Marianettiet al.3* atoms 3 and 6 are aligned along system; and essentially vanishif) values occur for the Mn
the z-axis in the positive and negative directions respectivelypctahedra.
and atoms 1 and @ and 5 are aligned along the (y) axes. As shown in Fig. 8, the non-Jahn-Teller-active trivalent
Either a host Mn or a solute atoM is located at the origin. ions Sc, Cr, Fe, Al, etc., all exhibit relatively low values of
The quantitiesy;(j) refer to atomic displacementer bond- Qs compared to the Jahn-Teller active ions. That th@se
length changeswith respect to an undistorted octahedron,values are nevertheless nonzero reflects a competition be-
whose reference Mr-O (or M—O) bond lengths are taken tween solute ion and the host environment of the monoclinic
to be 1.98 A, the bond length in rhombohedral LiMnO LiMg2gMng 760, structure to optimize the configuration of

134111-6



DOPANT-INDUCED STABILIZATION OF... PHYSICAL REVIEW B 71, 134111(2005

TABLE I. CoordinatesQ;, Q,, andQs, in A, of octahedra in monoclinic LiMg;:Mg -0, for trivalent
solutesM. Four octahedra, centered on either Mnhor listed for each system.

System Octahedron Oxidation state Q Q- Q3
LiMnO, Mn 3+ 0.24 -0.01 0.49
LiMn g 75Al 9 250, Al 3+ -0.06 -0.00 0.12
LiMn g 75Al 9 250, Mn 3+ 0.23 -0.03 0.44
LiMn g 75Al 9 250, Mn 3+ 0.23 -0.01 0.48
LiMn g 75Al 9 250, Mn 3+ 0.23 -0.03 0.44
LiMn g 755G 250, Sc 3+ 0.36 0.00 0.16
LiMn g 755G 250, Mn 3+ 0.28 -0.02 0.46
LiMn g 755G 250, Mn 3+ 0.25 -0.01 0.48
LiMn g 755G 2:0, Mn 3+ 0.27 -0.04 0.45
LiMn g 75Tig.260 Ti 3+ 0.06 -0.01 0.04
LiMn g 75Tig.260 Mn 3+ 0.31 -0.05 0.46
LiMn g 75Tig.2602 Mn 3+ 0.29 -0.02 0.47
LiMn g 75Tig.260 Mn 3+ 0.37 -0.07 0.36
LiMng 78V 220, \Y, 3+ 0.08 -0.01 0.10
LiMng 78V g 220, Mn 3+ 0.25 -0.01 0.48
LiMng 78V g 2:0, Mn 3+ 0.24 -0.01 0.47
LiMn g 78V g 220, Mn 3+ 0.24 -0.05 0.43
LiMn g 76Crg 2605 Cr 3+ 0.07 0.00 0.07
LiMn g 75Crg 2605 Mn 3+ 0.24 -0.02 0.44
LiMn g 75Crg 2605 Mn 3+ 0.24 -0.01 0.46
LiMn g 75Crg 2605 Mn 3+ 0.21 -0.04 0.40
LiMn g 75F€ 2605 Fe 3+ 0.21 -0.01 0.21
LiMn g 747 2:0, Mn 3+ 0.23 -0.01 0.44
LiMn g 7476 250, Mn 3+ 0.24 -0.01 0.49
LiMn g 74~ 250, Mn 3+ 0.24 -0.03 0.47

oxygen ligands. We note that in rhombohedral LiMn@he  of the higher values ofAE,(x=0.25/E,,(0) for trivalent
crystal symmetry essentially excludes Jahn-Teller distortionions, determination ok, by this relation would require a

and Qs values are close to zero for all solute ions. wide extrapolation. The greater tendency of divalent solutes
to stabilize the rhombohedral structure, however, is clear.

D. Effect of solutes on relative stability of monoclinic One observes an overall trend toward increasing rhombo-

and rhombohedral structures hedral stabilization as one traverses the transition series from

Doping tends to destabilize the cooperative Jahn-Telleparlier to Iater_ glgments. Filled shell d.ivalent solut_es have the
distortion in the monoclinic layered structure of LiMp@  9greatest stabilizing effect',_V\_/hereas filled shell tr!valent .sol-
favor of the more symmetrical rhombohedral structure. Weltes have the least stabilizing effect; solutes with partially
can assess the relative strength of this tendency for differerftiled shells lie in between. In this context, €aand NF*in
solutes by comparing total energies calculated in both théhe monoclinic structure are regarded as filled-shell ions; Ni,
rhombohedral and monoclinic structures. In Fig. 9, we plotfor example, has a filled majority band and filled minottiy
the relative energy differencAE,(x=0.25/E,,(0), where ~ band.

AE,(x) is the difference in total energy between rhombohe-

dral and monoclinic phases of MiMn;_,O,. A positive IV. DISCUSSION

value of AE,(x) indicates that the monoclinic phase is the

more stable one at that composition. The results in the figure

show that atx=0.25, none of the dopants is predicted to  According to an approximate empirical réfteobeyed by

stabilize the rhombohedral structure. A linear extrapolatiorLi, . Mn,_0, spinels(0<x<0.33, cooperative Jahn-Teller

of the results, however, distortions occur when the fraction of Mion the transition-

metal sublattice is greater than half. The rule is based on the

Xim = X1 ABm(0)/(= ABm(xy) + AEm(0)), (10 assumption that thge oxidation state is the predominant fea-

where x,=0.25, predicts that the critical concentratigy,  ture that determines whether the cooperative Jahn-Teller dis-

lies in the range of 0.3-0.4 for the divalent dopants. In viewtortion occurs. If applied without modification to layered

A. Influence of oxidation state onx;n
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TABLE IlI. CoordinatesQ;, Q,, andQs, in A, of octahedra in monoclinic LiMg;7gMg 2205, for divalent
solutesM and Co. Two equilibrium configurations are listed for Co, the first of which Corresponds to the
trivalent ground state configuration, and the second to a metastable divalent configuration.

System Octahedron Oxidation state Q Q> Q3
LiMn ¢ 76C0p 2605 Co 3+ -0.03 0.00 0.02
LiMn ¢ 76C0p o605 Mn 3+ 0.21 -0.03 0.42
LiMn ¢ 76C0p o605 Mn 3+ 0.22 -0.01 0.47
LiMn ¢ 76C0p 2605 Mn 3+ 0.20 -0.03 0.41
LiMn ¢ 76C0p 2605 Co 2+ 0.23 -0.03 0.48
LiMn ¢ 76C 0y 2605 Mn 4+ -0.02 -0.02 0.15
LiMn ¢ 76C 0y 2605 Mn 3+ 0.22 -0.04 0.48
LiMn g 75C0y 20, Mn 3+ 0.20 -0.02 0.42
LiMn g 76Nig 2605 Ni 2+ 0.26 -0.04 0.18
LiMn g 76Nig 2405 Mn 4+ -0.10 -0.01 0.02
LiMn g 7eNig 250, Mn 3+ 0.21 -0.05 0.44
LiMn g 7eNig 250, Mn 3+ 0.22 -0.02 0.45
LiMn g 7:CUg 20, Cu 2+ 0.41 -0.05 0.53
LiMn ¢ 7:CUg 2605 Mn 4+ -0.09 0.00 0.01
LiMn g 76CUg 260, Mn 3+ 0.25 -0.07 0.51
LiMn g 7eCug 260, Mn 3+ 0.21 0.00 0.44
LiMn g 76Mgg.260 Mg 2+ 0.24 -0.05 0.19
LiMn g 79Mgg.260> Mn 4+ -0.08 -0.01 0.01
LiMn g 79Mgg.260 Mn 3+ 0.23 -0.04 0.46
LiMn g 76Mgg.260 Mn 3+ 0.19 -0.01 0.35
LiMn g 75ZNg 2605 Zn 2+ 0.35 -0.05 0.20
LiMn g 75ZNg 2605 Mn 4+ -0.07 0.00 0.01
LiMn g 75ZNg 260> Mn 3+ 0.25 -0.05 0.47
LiMn ¢ 75ZNg 2605 Mn 3+ 0.21 0.00 0.37

structures, the rule would imply that,,=0.25 for divalent least effective in stabilizing the rhombohedral structure. Fe
andx;,=0.5 for trivalent solutes. This simple rule somewhatdoes not immediately conform to this interpretation, because
overestimates the Jahn-Teller-distortion-suppressing propein its adopted trivalent high-spin configuratidf spin-up,
ties of solutes compared to our first-principles LSDA-GGA zero spin-down electronsn the monoclinic structure, it is a
predictions for zero temperature. filled shell ion in the same sense as Sc and Cr. It is possible
The empirical rule neglects several effects, including that the mixed-valent character of Fe in the rhombohedral
atomic-size differences between dopants and host at@ins, structure, however, which promotes the oxidation of§¥n
magnetic properties of the dopantsj) dopant covalency, enhances its ability to stabilize that structure.
(iv) oxygen participation in the charge transfer induced by Nitrogen solutegcf. point on far left of the abscissa scale
dopants,v) competition between dopant atoms and Mn forof Fig. 9) that substitute for oxygen in effect introduce
optimal coordination with shared oxygen neighbors, &g closed-shell “dopants” MH on the Mn sublattice. The
electronic subshell filling, all of which may influence,, N-substituted system is therefore, in a sense, analogous to
Featureqi)—(v) are difficult to analyze separately, however, those with trivalent closed-shell dopants, which eliminate a
Fig. 9 shows that within the classes of divalent or trivalentsingle Mr?* ion per dopant. Nitrogen, however, also distorts
dopants, the relative degree of stabilization correlates witlthe ligand sublattice and it therefore stabilizes the rhombo-
whether or not thé, or g, subshells are partially filled. This hedral structure to a greater extent than the trivalent closed-
behavior is plausible, in that an element with a partially filledshell dopants.
€y subshell(Cu) is Jahn-Teller active in the same sense as
Mn, and therefore more compatible with the hd32/m
structure than filled-shell systems with the same oxidation
state. Similarly, elements with partially filleg, shells (Ti, The LSDA-GGA treatment employed in this work is a
V) have Jahn-Teller activity that is incompatible with the zero-temperature approximation. Comparisons of such zero-
host structure, and therefore are more effective in destabilizZemperature calculations with experiments, typically done at
ing that structure than filled-shell systems with the same oxiroom temperature, must therefore be regarded with caution.
dation state. The filled-shell trivalent ions Al, Sc, and Cr areAt room temperature, the magnetic configurations are pre-

B. Influence of temperature onx,,
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FIG. 7. Amplitude of Jahn-Teller active frozen-phonon mQzie FIG. 9. Energy difference between rhombohedral and mono-

as a function of breathing mode coordinafg in monoclinic  clinic phases at dopant concentratigrn0.25, normalized by the
LiMn g 76Mo 260, for Mn-centered oxygen octahedra. Results for energy difference for the undoped systems. Divalent dopants are
M=Mg, Zn, Al and first transition series elements are superposedmore effective at stabilizing the rhombohedral structure than triva-

Filled circles denote Mn-centered octahedra. The large circles, witllent dopants. The stabilizing effect of a given dopant also correlates
radius 0.2 A, are centered on the Jahn-Teller coordinates of Mn iRyith the subshell filling.

quadrivalent (rutle MnO,) and trivalent (monoclinic LiMnO,)

structures, respectively. These circles enclose the coordinates that . . .
» TESPECHVEL. The Sumably disordered?* with short-range correlations. Total
correspond to Mft and Mr#* octahedra.

(interna) energies in the limiting case of disordered local
moments have been calculated within the coherent potential
approximation for the Co doped systéMost desirable
would be the calculation of thermodynamic free energies as a
0.6 : : : : \ function of temperature with short range magnetic

; correlationg’ and vibrational effec included. Such a cal-
* mono (stable) ' culation for the present systems, however, would be a formi-
05| » rhomb(‘ihedral - } dable task.
04 - (metasﬂab'e) Co /I In general, one anticipates that
—_ dx,/dT <0, (11
=< 0.3 - i since the free-energy change associated with temperature-
g driven magnetic and vibrational disorder should be larger for
=, 0.2 the symmetry-brokerimonoclinig phase. We suspect that
Ql the critical concentrationg,,, at room temperature may be
0.1F . reduced considerably, relative to their values at zero tem-
perature. No experimental valuesygf,, however, are avail-
0 able for any of the systems addressed here, owing to the
difficulty in synthesizing uniform, single-phase, fully lithi-
. . ! ated specimens at a series of compositions.

.'l J J. 1 {
02 -01 0 01 02 03 04 05
QI(M) [A] C. Dopant selection

FIG. 8. Amplitude of Jahn-Teller active frozen-phonon maie Itis natural to inquire as to which of the dopants would be
as a function of breathing mode coordingein monoclinic(filed ~ MOSt suitable for practical Li-battery cathode materials based
diamond$, rhombohedral (filled circles LiMng7Mo:0, for ~ ON Iayered. rhombohedral LiMp,M,O,. Our results indicate
solute-centered oxygen octahedra. The filled squares represeitat the divalent dopants, such as Mg, Zn, etc., are most
metastable configurations for Co in the monoclinic structure, agffective in suppressing the cooperative Jahn-Teller distor-
discussed in the text. The metastable configuration of Co in thdion. In practice, Ni, particularly at the composition
monoclinic structure is divalent; the stable configuration is trivalent.LiMn g gNig sO,, has been widely investigated. In the Li
Results for soluted=Mg, Ni, Co, Cu, Al, Fe, and Cr are shown. insertion/extraction cycling of this material, however, Ni
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rather than Mn is the active species and cycles between 2er e, subshell filling. The present results lend support to the
and 4+ oxidation state®. The valence-skipping property view that divalent dopants are especially effective in sup-
of Ni (2+<4+) in LiMnygNigsO, (Ref. 40 and pressing the Jahn-Teller distortion because each dopant re-
LiMn /3Ni;,5C0,,50, (Refs. 41 and 4Rresults in a higher moves two Mi* ions from the transition metal sublattice,
capacity than a material based on Mn transitions betweewhereas trivalent dopants only remove one. For other
3+ and 4+ would possess. The unfavorable3Moxidation ~ reasong? divalent dopants also turn out to be effective in
state in the rhombohedral structure, remarked upon earliesuppressing the layered-spinel transformation upon delithia-
influences the cycling behavior of lightly doped rhombohe-tion.

dral LiMn;_,M,O,, which transforms to the spinel structure
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