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Jahn-Teller mediated ordering in layered Li,M O, compounds
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Lithium ordering in layered LiM O, compounds i = Ni, Co, Mn) is investigated with first-principles cal-
culations. We found that apart from the in-plane Li-Li interactions, the stability of orderdd@j structures
strongly depends on the interlayer Li-Li interactions throughNheations. When several stacking sequences
are possible, the selection of stacking is shown to be driven by the electronic structure of the transition-metal
cations(metallic for Co™® "4, localized for Ni¥** and Mn"¥*4). In Li,CoO, the stacking is chosen so as to
minimize the variations in coordination of the symmetrically different Co sites, thus enhancing electronic
charge delocalization. In LNiO,, lithium ordering couples to orbital and Jahn-Teller ordering so as to form
180° Li-O-Ni*3-O-Li complexes. The presence of these 180>-0i-M-O-Lig interactions ensures distinbt
environments and charge localization. We indicate how the coupling betweeeg’thand Li-2s orbital
hybridization and the Jahn-Teller distortion produces a long-range attractive interaction between Li ions.
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[. INTRODUCTION transition metal determines the particular interlayer stacking
that is adopted.

Ordering between cations, or between cations and vacan- In the fully lithiated LiM O, compounds, the metal cation
cies, is a common phenomenon in oxideShe effective Is in a +3 valence state. Hence Li removal will create a
interactions that drive this ordering result from a subtle bal-mixture of +3 and +4 cations. While C6° and Ni"® have
ance between electrostatic and size effects. For example, fimilar ionic radii they differ in electronic configuration. In
rocksalts with composition&BO,, theA andB cations form  these oxides CB’ is low spin with () configuration,
the electrostatically favored-LiFeO, structure wher and ~ Whereas Ni? has ([29_)6(99)1 configuration. The degeneracy
B have similar ionic radif For large radii difference the Of the twoe levels gives the Ni® potential Jahn-TellefJT)
a-NaFeQ structure is formed as it allows for optimal relax- ?:)Crtrll\wltlet)é. oFr(])rlg\j)vapé}rlson, Some ca(IjCL;]IgtLons will algo bel per-
ation of individualA-O andB-O bond lengths. Such a com- +3 PIn 1g)"(€5)" and high spin (g)*(€g)”
bination of relaxation and electrostatic effects can be used tgggon. The latter has a strong JT-active electronic configu-
gi%gg T}a?%SOfpise?bv\slgr\:ggOsrtruoztuir;?iénor:jlg?iaznlﬁg?eig Layered LiCoQ crlstallizes in a rhombohedral lattice

driven through the orbital interaction with Jahn-Teller cat-that belongs to theR3m space group. Within this cpace
ions, leading to indirect but very long-range interactions. Oud"0UP. Li occupies the@ NI the 30, and O the @ sites.’ A
focus is on LiCoQ and LiNiO, in the layereda-NaFeq  collective Jahn-Teller distortion of th@3m structure along
structure. one of the octahedral axes can lower the symmet@2am.
Layered transition-metal  oxides MO, (M This is found in layered LiMnQ which is a metastable com-
fpound. In theC2/m space group Li occupies thed2Ni the

=Mn, Ni, Co) have been the focus of considerable attentio I
2a, and O the 4 sites! LiNiO, adopts a rhombohedral sym-

due to their application in lithium batteries. These com- : ) :
pounds can be viewed as “ordered rocksalts” in which gl-metry at all temperaturés in spite of the Jahn-Teller dis-
torted low spin Ni 2 ions [(tzg)ﬁ(eg)l]. This fact is likely

I f L M*3j h | si . ;
ternate layers of Li and lons occupy octahedral sites connected to the departure from stoichiometry in the pre-

within the cubic close-packed oxygen array. The lithium ions o . . .
can be reversibly removed from and reinserted into this‘p.ared LINIG, compounds, whereby excess Ni occupies Li

ruct i hilati : ithin the ES (Li,_,Ni; . ,0,).21 1 However, local Jahn-Teller dis-
ﬁtt?ifnl]]r;,ancersamg or annihiiating vacancies within €, +,ns have been observed with extended X-ray-absorption

» . . fine structurg EXAFS) experiments even in nonstoichiomet-
When Liis removed electrochemically fromMiO; com-  yic | iNi0 .12 First-principles calculations predict that at low
pounds, Li-vacancy ordering can occur, and has been ogmperature the most stable form of stoichiometric Lipi©
served in LiCoO, (Ref. 3 and LiNiO, (Ref. 4. First-  monoclinic distortel? (C2/m). Therefore, in the present
principles calculations have confirmed the occurrence of Lisyork we consider monoclinic LiNiQas the fully lithiated

vacancy ordering in I,gCoOZ.S_Lithium and the transition-  compound, from which deintercalated, NiO, is obtained.
metal cations occupy alternatif@11} planes of the oxygen

host. Hence, the sites in the lithium plane form a triangular
network. Different lithium planes are relatively far aparts
A) and are separated by the transition-metal layer. In this
paper, we show that indirect interactions through the The fragment of thex-NaFeQ- type structure in Fig. 1
transition-metal layer can strongly couple the different Lishows the lithium and metal layers surrounded by oxygen
layers, and that the specific electronic characteristics of thiayers. These oxygens form a network of edge-sharing octa-

A. Ordered structures in the two-dimensional triangular
lattice
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FIG. 3. Two different stacking sequences of the Li ordering in
FIG. 1. () Schematic representation of the layerediO, Fig. 2(c) for a Lip,sM O, compound in th€a) A0.25 structure and
structure. Lithium ions in planed and B are denoted with solid (b) B0.25 structure. Filled small circles represent lithium ions in the
circles or triangles. The triangles are those Li ions that are at thaext plane, and open circléd ions. The unit cell is indicated with
extension of theM-O bond from the centrail ion. These Li ions a bold line and theéM sites indicated as | and II.
form three 180° Li-O-M-O-Lig pairs with the centraM ion. (b)
Projection of the structure onto the basal plane showing two planegjfferent Co sites, whereas the opposite occurs iNID,.
of lithium ions A andB, and the 180° Li-O-M-O-Lig interactions  |n |j NiO,, lithium ordering couples to orbital and Jahn-
through the centralA ion (dashed ling Teller ordering so as to form 180° Li-O-Ki-O-Li com-
plexes. The selection of stacking will be shown to be driven

hedra around the triangular planes of Li sites. Effective infy the electronic structure of the transition-metal cations
teractions between Li sites are expected to be repulsive a’t‘iﬁetallic for Co ¥4, localized for Ni-3/+4).

decaying with distance, as they are likely determined by
screened electrostatics and some oxygen displacement. In-
deed this was found in a first-principles study of thgQaO,
systen? For short-range repulsive interactions, possible To calculate the internal energy of MO, compounds
ground states of the triangular lattice are kndf/i and we used theab initio pseudopotential method as imple-
some are shown in Fig. 2. All the in-plane lithium-vacancymented in the ViennaAb initio Simulation Package
ordering observed in either JCoO, or Li,NiO, fall into  (vasp).'®” This method solves the Kohn-Sham equations
those of Fig. 2, confirming the existence of short-ranged rewithin the local densityLDA) or the generalized gradient
pulsive interactions. However, in-plane Li-vacancy orderingapproximation(GGA) using ultrasoft pseudopotentials. Cal-
does not completely specify the structure. In most cases, dieulations were performed within the generalized gradient ap-
ferent stackings of these ordered planes in subsequent laygeoximation as GGA was found to be essential for correctly
are possible. For example, Fig. 3 shows two possible stackeproducing the Jahn-Teller distortion in LiMaOLINiO»,

ing variants of the ordered phases witk0.25. Large and and LiCuQ.'*!® A plane-wave basis set with a kinetic-
small filled circles indicate different lithium planes. For the energy cutoff of 400 eV was used, which is adequate for
ordering atx=3% and atx=3% shown in Fig. 2b) only one these structures. The reciprocal space sampling was done in a
variant is possible. 6X6X6 k-point grid for structures containing two MO,

In this paper we demonstrate thatNiO, and LiCoO, formula units, and in a A4X 4 k-point grid for larger su-
consistently choose a different stacking variant for the Li-percells. Relaxation was allowed and the final energies of the
ordered planes. In LCoO, the stacking is chosen so as to optimized geometries were recalculated so as to correct for
minimize the variations in coordination of the symmetrically changes in basis during relaxation, MO, structures were

IIl. METHOD

(al) (c)

ground state at x=1/2 ground state at x=2/3  ground state at x=3/4

FIG. 2. In-plane lithium ordering in LMO, atx=(a) % (b) % and(c) % Circles represent the sites occupied by lithium ions and squares
are vacant sites. If the circles are denoted as vacancies and the squares as Li idibg réiers to Li ordering at<=% and(c) refers to Li
ordering atx=7.

144107-2



JAHN-TELLER MEDIATED ORDERING IN LAYERED . .. PHYSICAL REVIEW B63 144107

TABLE I. Bond lengths and oxidation states forghiM O, in 1.0 . : . . .
the A0.25 andB0.25 structures. 0.8 [ (8)A0.25 1
0 6 i ° N1 (I) ,ﬁ
o BT N ¢ ]
Number of AverageM-O  Oxidation 04l s ]
Structure M ion atoms(%) distance(A) state R= 0'2 F
o 02r & .
I d
A0.25  Nil) 75 1.8937 +4 S 0.0 et
Ni(ll) 25 1.9619 +3.2 Z 0.4 :f(b) B0.25 i
B0.25  Nil) 50 1.8933 +4 o2 | 1
Ni(Il) 50 1.9237 +3.7 0.0 | 3
A0.25 Cdl) 75 1.8876 charge PP
Co(ll) 25 1.9092 delocalization 00 03 08 .0'9 A1.2 15
B0.25 Cdl) 50 1.8889 charge Radius (A)
Calll) o0 1.8993 delocalization FIG. 4. Net electron spin around Ni in J4NiO, as a function
of the integration radius in thé) A0.25 structure andb) B0.25

. . structure.
studied aix values of3, 3, 3, and; taking supercells of up to

four LIMO, formula units. In LjNiO, the energy of 14 N )
structures was calculated at=0.25 and 0.5, while eight have a lower positive valence charge. However, as we will
structures were consideredat 1 and2. For Li,CoO, com- ~ Show later, important interplane A-iO-Ni-O-Lig interac-

pounds the energy of 9 structures were calculated. Finally, ifons explain this unusual behavior.
Li,MnO, only some particular configurations were IntheB0.25 structure two distind?l ions are present, but

studied. in a 1:1 ratio. C@) and Cdll) have even closer average
M-O distances than in thé0.25 structure. The valence
states of the Ni ions can again be inferred from the Ni-O
distance and from the electron-spin difference shown in Fig.
A. Ground states atx=0.25 and 0.5 4(b). Ni(l) has a slightly net electron spieffectively 0.02,

1. Lig,MO suggesting that it is a Nf ion. Ni(ll) with 0.3 electrons in

o0 the e, orbital is approximately a N ion. Consequently, in
. ) . . 9
An energetically favorable configuration for Li-vacancy B0.25 no Jahn-Teller active Kf is present.
configuration in a plane at=0.25 is that of Fig. &). The Regarding the relative stability of these structures, the en-
stability of this structure can easily be understood since, conergy of A0.25 is about 5 me\below that of B0.25 for
sistent with repulsive interactions, it puts individual Li ions | j ,NiO, whereas it is 18 meVabove .25 for
as far apart as possible. Two possible stacking sequences o, ,:C00,. Hence L, NiO, prefers as ground state the
successive lithium planes are possitiég. 3). We refer to  strycture A0.25, where electronic charge localization and
this asA0.25 andB0.25. Table | summarizes the calculated therefore  Jahn-Teller-active Ki ions are possible.
M-O distance data for thie! octahedra in the two structures, | j ,.Co0, prefers theB0.25 ordering to thé\0.25, since the
and an approximate value for the Ni oxidation state obtainedormer favors a better charge delocalization.
by integrating the spin-polarization density upa 2 A ra-
dius around each Ni ion is given. 2 Li-MO
In the A0.25 structure two distincM ions are present, P08

M(l) and M(Il), in a 3:1 ratio.M(l) has the shorter bond Figure Za) show the most likely lithium-vacancy in-plane
lengths to oxygen, indicative of a higher positive valenceordered arrangementst 0.5. The ordered arrangement in
than M(ll). However, in the case of LCoO,, the average Fig. 2a2) is a potential ground state when considering only
distance of Cd) and Cdll) to oxygen is too similar to as- repulsive interactions up to second neighbor. The ordered
sign them different oxidation states. This fact already indi-arrangement in Fig.(a1) becomes a potential ground state
cates a strong charge delocalization in this compound. Owhen a third-neighbor interaction is introduc€dFigures
the contrary, the difference in averagk-O distances for 5(a) and 3b) correspond to the two possible stacking se-
Ni(l) and Nill) ions is large, suggesting the existence ofquences taking the in-plane ordering of Figa2 denoted as
localized Ni"® and Ni** ions. We have confirmed this by structuresA0.5 andB0.5, respectively. Table Il shows some
integrating the spin-polarization density around each Ni ionM-O data corresponding to §4NiO, and Li sCoG, in each
(see Table)l Figure 4a) shows the total electron-spin dif- of these structures. In {NiO, the oxidation state has been
ference, taken as the electron spin up minus the electron spisbtained by spin difference integration up & 2 A radius
down as a function of the integration radius around Ni. Thearound Ni ions.
Ni(l) ion has a filled '(zg)6 shell with no net electron spin, StructureA0.5 has two types oM ions in a ratio 1:1,
whereas Nill) has approximately one net electron spin. ThiswhereasB0.5 has only one distindl site. In the structure
implies that Nill) is a Ni*® ion and N{l) is a Ni**ion. This  A0.5 forM=Co, both Cdl) and Cdll) have similar average
may at first be surprising since (\i is more closely coordi- Co-O distances, reflecting electronic charge delocalization.
nated by Li" ions than N{ll). Pure electrostatic charge- For M= Ni different Ni-O bond lengths occur. As indicated
compensation consideration would therefore favotl)Nio ~ from the average Ni-O distance, and confirmed by the spin

IIl. RESULTS AND DISCUSSION
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(A) A0.5

(B) BO.5

FIG. 5. Stacking sequences for the in-plane lithium ordering

shown in Fig. 2a). (a) StructureA0.5 and(b) structureB0.5. Filled

small circles represent lithium ions in the plane above, and oper

circlesM ions. The unit cell is denoted with a bold line and tie

sites indicated as | and II.

difference integrationgsee Fig. 6a)], Ni(ll) is a Ni*3 ion

and Nil) is a Ni*#ion in the A0.5 structure. In the structure
BO0.5 there is only one type dfl site, so theM valence state
should be+3.5. Figure @b) shows the total electron-spin
difference for L} sNiO, in the BO.5 structure. A net spin of

0.4 electrons indicates a Ni® ion.

Regarding the relative stability of these two structures, i

LigsNiO,, structureA0.5 is 26 meVbelow structureB0.5.
This energetic stability is reversed inglsCoO, where struc-

ture BO.5 is more stable thaA0.5 by 33 meV. Consistent

with the observation in li,sMO,, the nature of théVl ions

TABLE II. Bond lengths and oxidation states forylsM O, in

the A0.5,B0.5,C0.5,D0.5, andEO.5 structures.

Number of AverageM-O Oxidation
Structure Mion atoms(%) distance(A) state

A0.5 Ni(l) 50 1.8956 +4
Ni(ll) 50 1.9696 +3.2

B0.5  Ni(l) 100 1.9283 +3.6

C0.5  Ni(l) 50 1.9059 +3.9
Ni(ll) 50 1.9561 +3.3

DO0.5 Ni(l) 50 1.9132 +3.85
Ni(Il) 25 1.9442 +3.4
Ni(lll) 25 1.9491 +3.4

EOQ.5 Ni(l) 100 1.9289 +3.6

A0.5 Cdl) 50 1.8925 charge
Cao(ll) 50 1.9140 delocalization

B0.5 Cdl) 100 1.9054 formak-3.5

C0.5 Cdl) 50 1.8998 charge
Ca(ll) 50 1.9044 delocalization

D05 Cdl) 50 1.9013 charge
Ca(ll) 25 1.9004 delocalization
caoll) 25 1.9017

EOQ.5 Cdl) 100 1.9029 formak-3.5

n
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FIG. 6. Net electron-spin difference around Ni i) ENiO, as a
function of the integration radius in thi@ AO0.5 structure andb)
BO0.5 structure.

determines the ground state. Co ions prefer stacking se-
uences that result in equivalent environments for all the Co
ions. This ensures maximal charge delocalizafistnucture
B0.5). Ni ions rather adopt structures with distiridt sites,
which allow charge localizatio@T effec). Thus electronic
properties ofM are the driving force in stabilizing a particu-
lar Li,M O, structure.

This dependence of the structural stability with the elec-
tronic nature of the transition metal is confirmed for any
other in-plane ordering. We could consider, for example, the
in-plane ordering of Fig. @1) for which three possible
stacking sequences are possible. These are denoted as struc-
turesC0.5,D0.5, andEO.5 in Fig. 7 and Table II. The en-
ergetic stability of these three {4M O, structures depends
on the nature oM as follows:

+10 meV +17 meV

M=Ni: CO0.5 DO0.5 EO0.5

+24 meV
M=Co: EO0.5 C0.5

+14 meV
D0.5

This points out once more the tendency for Co ions to
delocalize the electronic charge, and for Ni ions to localize it.

B. Out-of-plane Li-Li interactions

In the previous section we consideredMiO, structures
with the same in-plane lithium-vacancy ordering but differ-
ent stacking sequencesA@.25-B0.25, A0.5-B0.5, and
C0.5-D0.5-E0.5). Changing the stacking sequence implies
an alteration of the environments arouMdsites. Hence the
preference of thévl ion for a particular environment deter-
mines the stacking sequence. This site selection depends on
the electronic characteristics bf: charge localizatioridelo-
calization needs distinctequivalent M sites. The next ques-
tion to solve is how the environment bf sites acts to local-
ize or delocalize electronic charge. Since the studied
structures differ only in the stacking sequence of Li-vacancy
planes, this matter has to be obviously related to some Li-Li
interplane interactions.

The schematic representation of theVl®, structure in
Fig. 1 shows two planes of lithium ior& andB). We will
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Li2s

(A)CO5 ~ o® T @ 4@

M 3dz® Li2s

M 3dx*-y*

(B) D0.5 0 2s

FIG. 8. Overlapping of atomic orbitals involved in the
= Li5-O-M-O-Lig interactions.

the energy of thaeg* orbital. For this reason, as we will
demonstrate in subsequent sections, the Li ions iiNiO),
prefer second-neighbor positions to the*Niions. The
s-orbital of Li forms ao overlap with theeg* of its second
nearest neighbor Ni but not with its first nearest neighbor
(NN) Ni. Hence the presence of lithium lowers tbéé* of its
second NN Ni, making it lower in valence than its first NN
Ni. However,everyLi site can form ao overlap withsome
second NN Ni ions and it remains to be explained why this
FIG. 7. Possible ordered structures in #MO, with the in-  leads to favoring particular interplane Li-Li interactions. We
plane ordering shown in Fig(&1). (a) StructureC0.5, (b) structure ~ now argue that attractive 180° J-lO-M-O-Lig interactions
D0.5, and(c) structureE0.5. The filled small circles represent are created by the Jahn-Teller instability of orbitals.
lithium ions in the plane above, and open circMsons. The unit In the simplest description for the Jahn-Teller distortfon
cell is denoted with a bold line and thé sites indicated as | and Il.  the energy of an isolated center consists of two parts: an
electronic term that is linear in the distortiof) and an elas-
discuss the Ld-Lig interaction through a particulavl ion,  tic term that varies quadratic with the distortion
whoseM -0 octahedra is indicated in Fig. 1. In an octahedral
environment, the fivel orbitals of a transition-metal atom E=\6+B&.
are no longer degenerate, but split in two groups, tthe
group (dyy.d,,,d,,) pointing away from oxygen atoms, and
the ey group (d,2_,2,d,2). The latter overlap directly with
the p,, py, and p, oxygen orbitals forming bonding,

©E0s ~ ®o @ O

It can easily be deduced that in this model the Jahn-Teller
stabilization energy scales quadratically with the electron-
phonon coupling parametéx)

bands and antibonding,* bands. The antibonding,* E.-«)\2/B
. ! . JT .
bands are predominanttyin character, and lie above tig,
bands. Each oxygen at the vertex ofMroctahedron is also If we assume that a half-filled spin orbital corresponds to

connected through thepz, 2p,, and 2, orbitals to the 2  about half the strength of of a filled spin orbital, a system
orbital of a lithium ion. Hence if the Li site is occupied, that with two Ni*3° jons would only generate half the Jahn-
lithium ion shares an O-42 orbital with M. This multiple  Teller distortion energy than the combination of & Rland a
bonding M- (3d)-0-(2p)-Li-(2s) is represented in Fig. 8. Ni** Through its quadratic dependence on orbital filling, the
The six lithium ions interacting in this way with the or- ~ Jahn-Teller distortion therefore provides a mechanism for
bitals (dy2—,2 andd,2) of the centraM ion are indicated by charge localization. This leads to attractive interplanar Li
the upward pointing triangles in Fig. 1. We argue that theseénteractions whenever those Li ions hybridize with the same
orbitals in LiNiO, generate attractive interactions betweeney* orbital, i.e., whenever they form a 180°t0D-M-O-Lig
Li ions in 180° Liy-O-M-O-Lig configurations. The argu- configuration. This follows from the argument that hybrid-
ments for such attractive interactions will be made in twoization of two Li ions with the same.* orbital lowers the
parts:(1) the presence of Li at the extension oMaO bond  energy of that orbital, allowing it to be completely filled, and
lowers the energy of thm‘g* orbital and(2) the ability of the  hence obtain maximum benefit of the Jahn-Teller distortion.
M ion to Jahn-Teller distort leads, in a system with noninte-In the case when two of the 180° positions around a Ni ion
ger metal valence, to charge localization in filled and unfilledare occupied with Li and the other four are empty, it can be
orbitals. expected that thd,2 orbital is filled and oriented along the
Li-2s, O-2p, and metald,2_,2, d, orbitals have the Li,-O-M-O-Lig directions. The Ni ion would be in a mode
proper symmetry to hybridize. Our results suggest that thef positive Jahn-Teller distortiotwo long and four short
presence of Li ions at the extension oM&O bond lowers bondg. In the case of four Li iongtwo 180° pair$ around
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@ LiPlane A @ LiPlane A

o LiPlane B e LiPlane B

© M) o M@

oM OM@
<+—» JT distortion <+— JT distortion
............ 180° Li_O_M_O_Li sersnannene 180° Li.o.M-o.Li

~ FIG. 9. Representation of the cationic arrangement Bh® FIG. 10. Representation of the cationic arrangement MA®
distances in the LjsMO, ground state fofa) M=Ni and (b)) M distances in the Lj;MO, ground state in(@ Li,NiO, and (b)
=Co. AverageM-O distances are N)-O=1.90A, Nill)-O  |j,.Co0, AverageM-O distances are Nij-O=1.93 A, Ni(l)-O

=1.96A, Cdl)-0=1.89A, and C@l)-O=1.89A. =1.97A, Cdl)-0=1.914, and Cal)-O=1.92 A,
Ni, the dy2_2 orbital will hybridize with the Li-2 orbitals. 1. LiysMO,
Its filling will lead to a negative Jahn-Teller distortigfour Figure 9 shows the representation of this structure with

long and two short bondisThe presence of six Li iongll ~ the M-O distances if@M = Ni and (b)M =Co. Two differ-
180° pairs filled will lower both e * orbitals, but may still ~ ent types oM atoms are present in a ratio 2:1. Im&NiO,
lead to a Jahn-Teller distortion, as is predicted for Lipio the M-O distances, as well as the integrated spin density,
Since with six second-neighbor Li ions the Jahn-Teller disindicate that Nill) is a Ni*® JT distorted ion. Ni® ions sit in
tortion is not assisted by the Li hybridization, the distortion
is expected to be somewhat smaller in magnitude.

In Li,CoG, the situation is different as itsg* orbitals are
empty. Hybridization of theg* orbitals with Li-2s orbitals
will, therefore, not affect the energy, and the system will not
have the attractive 180° LiO-M-O-Lig interactions.

@ Li Plane A

e LiPlane B

@ M

OM®O

<+—» JT distortion
............ 180° Li-O-M-O-Li

C. Lip-O-M-O-Lig interactions and JT distortion

In this section we will demonstrate that the attractive 180°
Lia-Lig interaction across a transition-metal center couples
to the Jahn-Teller distortion. As argued above, the presenci
of these Lj-O-M-O-Lig interactions leads to the preferen-
tial filing of some e,* orbitals, hence charge localization
and an associated JT distortion.

First we will examine the ground states sat % and 2 kY - AN
where no different stacking of the stable in-plane ordering is -
possible. Later we will discuss the structurd8.25 and
CO0.5, which are the most stable in theg,NiO, system. All
these structures are represented in Figs. 9—12, which show
the location of distinctM sites (between two successive  F|G. 11. Representation of the cationic arrangement in the
lithium layers, the distances to their six nearest-neighborao.25 structure andvi-O distances distribution itta) Lig ,NiO,
oxygen ions, the direction of the JT distortion, and the 180%nd (b) Li, ,.C00,. AverageM-O distances are i)-O=1.89 A,
Lip-O-M-O-Lig configurations. Ni(I1)-0=1.96 A, Cdl)-0O=1.89 A, and Cdl)-0O=1.91A.
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content, N{ll) is surrounded by six lithium ions forming

¢ Lf Flanieia three Lj,-O-Ni-O-Lig chains. This leads to a weak JT dis-

® LiFlane® tortion of this octahedron. Consequently this cooperative JT

@M distortion gives rise to a monoclinic {3 NiO,. As can be

OMQ) seen in Fig. 1(b), replacing Ni by Co in this structure sup-
4—p T distaition presses the monoclinic_distortion, giving a rhombohedral
____________ ABOP TRELNGEL compound(space grougR3m).

4. LiggMO5 in the CO.5 structure

Figure 12 shows th€0.5 ground-state configuration. The
M-0 distance distribution in kisNiO, fully responds to the
expectations from the lithium arrangement. Two 180°
Lio-O-Ni-O-Lig chains around Nil) stabilizes a negative JT
distorted Ni"® octahedraoccupation of thed,2_2 orbital),
and one 180° Ly-O-Ni-O-Lig chain stabilizes a slightly dis-
torted Ni** octahedra. The corresponding, LCoO, does not
have such different Co-O bond lengths.

D. Confirmation in Li ,MnO,

FIG. 12. Representation of the cationic arrangement irC0& In the previous section we have shown that interplane
structure andV-O distances distribution iifa) LigsNiO, and (b)  lithium ordering allowing 180° Li-O-M-O-Lig leads to dis-
LigsCoO,. AverageM-O distances are Ni)-O=1.91A, Nill)-O tinct M sites favoring electronic charge localization and local
=1.96A, Cal)-0=1.90A, and Cdl)-O=1.90A. or cooperative Jahn-Teller distortions. Absence of these in-

) o teractions favors charge-delocalized ,MiO, structures
elongated octahedra with (42) coordination. The longest \ynere theM ions are as equivalent as possible. Up to now
Ni(11)-O bonds(2.09 A) are poin;ing towards Li atpms in.the we have demonstrated this with the,NiO, and LiCoO,
plane above and below, forming a,tD-M-O-Lig chain  gystems. In order to generalize the rules controlling the sta-
with a Li,-M-Lig angle of 180°. In the other four equivalent hjjiv of ordered LM O,, these criteria should also apply to
Ni(l1)-O directions, where the Ni)-O bond length is 1.89 iher Li,MO, systems. Among other possible,M O, com-

A, this position is a vacancy, resulting i-O-M-O-0 55,045 we focus on LEMNO, with the different stacking
chains. As commented on in Sec. Il B this situation corre—Sequences shown in Fig. 5.

sponds to the local filling of th&1 d,2 orbital, hence the JT Since M2 in its high spin(HS) configuration , % b)
9 ~g

axis is lined up with the Li-O-M-O-Lig configurations. The s 5 strong JT-active ion, confirmation of the 180° interaction
elongated Ni*-O bonds are aligned in the structure resultlngJT distortion coupling can be found inddVinO, structures

ina coope_rativ_e_Jahn_—TeIIer distortion. The l_\li | ion has sev-(Fi . 5). As expected from Sec. Il A2, structu0.5 with
ergl NN Li po_smons filled but no second_N.(‘tle_., no .180? n09180° interagtions provides only one type of Mn site, and
pairs. Hence it does not benefit from hybridization with &i- there is no possibility to localize the electronic charge
and is a Ni* ion_in agreement with its shorter_bqnd IengthS'JT-active Mri3). StructureA0.5 possesses 180° interactions
In the case of LiCo0, all bond lengths are similar. that allow the presence of JT distorted HS MnThe calcu-
5 LiMO lated energies for LisMnO, indicate that structur@0.5 is
FoAsTEe more stable than structu0.5 by 84 meV. Thus, the order
In Li,3NiO, [Fig. 10@)] two distinct types of Ni ions, of relative stability is the same as ingNiO, but the dif-
labeled as Ni) and Nill), are present in a ratio 2:1. Both ferences in energy are larger inglsMnO,, likely due to the
Ni-O distances and spin charge integration indicate thé) Ni stronger JT effect of HS Mi¥. Features in ordered {MnO,
is a Ni*3°ion, whereas Nil) is a Ni*2ion. Ni(ll) has four  therefore corroborate those observed in theNiD, system.
Li ions in second NN positioniwo 180° pair$. Hence the Furthermore the analysis of {4MnO, can bring new in-
dy2_y2 orbital is filled and a negative Jahn-Teller distortion sights by examining the relative energy of #@.5 andB0.5
takes place around this iofiour long and two short Ni-O  structures for low spin Mi® (t,,*). These energies have
bond lengths Because Ni | is a Ni*°, it may have weak peen calculated by forcing Mi electronic configuration to
Jahn-Teller activity. This seems to b(_e the case, as can Bse low spin(LS) (t29)4(eg)0. In this way the JT distortion is
observed by the longer bond lengths in the direction of theyiminated and Mn should behave similar to Co, in the sense
180° Li pair. Again, in the equivalent Co structure all bond that electronic states tend to delocalize. Effectively, the en-
lengths are similar. ergy of Lip sMn-S0, in the B0O.5 structure is 20 meNbwer
than that of theA0.5 structure. Suppression of the JT distor-
tion reverses the stability of the structures, making the stack-
The lowest-energy configuration of LiNiO, is repre- ing sequence without 180° A4iO-M-O-Lig interactions
sented in Fig. 11. Surprisingly, in spite of the lower lithium more stable. This demonstrates that non-JT-ackivéons

3. Lig2gM O, in the A0.25 structure

144107-7



M. E. ARROYO y de DOMPABLOet al. PHYSICAL REVIEW B 63 144107

prefer to sit in equivalent sites that allow electronic chargeand the lowest-energy interplanar stackings are those that
delocalization. The features observed in ordergdbt°0O, lead to Co sites that are as equivalent as possible. This is

corroborate those observed in,CioO, system. consistent with a Co¥Co** tendency for charge delocaliza-
tion, as is observed in this materfal.
IV. CONCLUSIONS Transition-metal induced attractive interactions between

ions have been observed before. For example, in

Our results show that the electronic natureMfplays a  YBa,CusOg. 4, hybridization between Cu and O orbitals
dominant role in determining the relative stability betweenleads to the attractive interactions that produce the character-
different ordered structures. While short-range electrostatitstic defect chain structures in this matefial.
interactions dominate the Li arrangement in the lithium In conclusion, we have shown that coupling between Li
plane, the stacking sequence of these planes in layeramtdering, Ni-valence ordering, and Jahn-Teller distortions in
Li,MO, is determined by the electronic nature of theLi,NiO, compounds gives rise to attractive Li-Li interac-
transition-metal ion. Metallic properties of Co and Mread  tions. Evidence of these results through experiments is lim-
to ground states where th\ sites are nearly equivalent, so ited. Experiments are performed at finite temperatures so one
the delocalization of charge is possible. On the contrary, théas to be aware of the possibility that the transition tempera-
charge localization in LNiO, and LiMnO, is favored when ture of an ordered state could be below the temperature of
M2 andM "4 sites have different environments. InNiO,  the experiment. If this were the case, no ordered state would
and LiMnO, we find evidence for an important attractive be detected. There is also the possibility that a new structure
interaction between Li planes even though they are separateday appear at finite temperatures as an intermediate phase
by 5 A. In fact the distance between ,Liand Li in a  between the ordered structure and the disordered one. If so,
Li,-O-M-O-Lig chain is around 8.5 A. An occupiedg* the experimentally detected ordered structure could be dif-
spin orbital in these compounds can lower its energy by hyferent from those reported in this work. At this point,
bridization with a Li % orbital. Since the energy of Jahn- LixMO, phase diagrams are crucial in determining the tem-
Teller distortion is largest when charge is localized in com-perature stability of the ordered ground states. Th€a0,
pletely filled spin orbitals, Li ions will preferentially phase diagram has already been repottadd the LiNiO,
hybridize with the same,* orbital. Hence the combined One is currently in progress. Further experimental efforts are
effect of e,*-Li-2s overlap with the Jahn-Teller activity of &S0 required SINce, as far as we know, experimental pro-
the Ni or Mn ion leads to attractive Li interactions acrossPoSed mo_def‘sz “““only examine the in-plane lithium or-
180° Liy-O-M-O-Liz connections. We found that all dering. This neglects the important interplane interaction and

Li NiO, structures that have such 180° Li pairs have lower €stricts possible comparison to the presented calculations.
energy than structures Wlt.hO.Ut these conflguratlons but W|°th ACKNOWLEDGMENTS
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