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First-principles investigation of the cooperative Jahn-Teller effect for octahedrally coordinated
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Fundamental aspects of the cooperative Jahn-Teller effect are investigated using density functional theory in
the generalized gradient approximation. LiNjQ.iMnO,, and LiCuQ are chosen as candidate materials as
they possess small, intermediate, and large cooperative Jahn-Teller distortions, respectively. The cooperative
distortion is decomposed into the symmetrized-strain modeskar@iloptical phonons, revealing that only the
E4 andAy, strain modes anky andA;4 k=0 optical-phonon modes participate in the cooperative distortion.
The first-principles results are then used to find values for the cooperative Jahn-Teller stabilization energy and
the electron-strain and electron-phonon coupling. It is found that the dominant source of anisotropy arises from
the third-order elastic contributions, rather than second-order vibronic contributions. Additionally, the impor-
tance of higher-order elastic coupling between Eyeand A;; modes is identified, which effectively causes
expansion ofA,;-type modes and allows for a largiy distortion. Finally, the strain anisotropy induced by the
antiferromagnetically ordered states is shown to cause a significant difference in the cooperative Jahn-Teller
stabilization energy for the different orientations of the cooperative distortion.
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[. INTRODUCTION ey States creates an electronic reduction in energy for mate-
rials with partially occupiede, states, allowing for the dis-
tortion to operate until the increase in elastic energy halts the
The cooperative Jahn-Teller distortion is an energetic ingjstortion. N#*, Mn3", and Cd" are all susceptible to
stability of the crystal structure with respect to certain mOdesEg-type Jahn-Teller distortions. The Jahn-Teller active spin
of distortion due to electronic degeneracy. In magnetic OXtonfiguration for each ion is pictured belo@ee Fig. 1
ides, the cooperative Jahn-Teller distortion is linked to many\gte that M3 is high spin while N* and C§* are low
important phenomena. In LaMnOfor example, the Jahn-  gpin |n the high-spin state, splitting tleg states will allow
Teller distortion plays a strong role in stabilizing thetype  \n3+ to realize a decrease in energy, whileNand C§*
antiferromagnetic orderinty.Jahn-Teller ordering has also will not. In the low-spin configuration, R and C&* will

been invoked to understand charge ordering in thesgsajize a decrease in energy while ¥nwill not. Strictly
compoundg. Additionally, the Jahn-Teller distortion has speaking, C¥' is not Jahn-Teller active because tgsym-
practical consequences in electrode materials for rechargenetry is broken when the interelectronic interaction is ac-
able Li batteries. In LiMn@ and LiNiO,, the transition- counted fort However, if the splitting due to the inter-
metal ions in the electrode material are cycled between Jahrdectronic interaction is small, this ion may still be
Teller active and inactive valence states during the chargingusceptible to a pseudo-Jahn-Teller effect and the energy lev-
and discharging of the battery. The resulting nonuniform vol-els will be further split by the distortion. This is the case for
ume and cell distortions can lead to rapid mechanical degra-iCuO,, which is found to have a strong cooperative Jahn-
dation of the electrodg. Teller distortion in experiment.

In this paper, we study in detail the Jahn-Teller activity of  The previous discussion pertains to a system with discrete
Mn3*, Ni**, and Cd" in octahedral environments. In par- energy levels, such as a molecule or a Jahn-Teller defect.
ticular, they are studied in the layere@3m) and spinel-like However, the discussion above is completely applicable to
(Fd3m) structures, which are observed in LiMpCand the Jahn-Teller effect in solids with somewhat localized elec-

LiNiO,. Although the active octahedra in these ordered rockrons. In solids with octahedrally coordinated transition met-
salts are edge sharing, the more general aspects of the resi§: @ set of bondingsg) and antibondingj) bands will be
probably also apply to the perovskite structures that have

A. General background

corner-sharing octahedra. E

Ligand field theory demonstrates that theorbitals of a g 4 4 —
transition-metal ion in an octahedral complex will be split N . s
into a set of threefold degeneratg, states and twofold de- i . Y . Y
generatee, stategsee Fig. 14 Bothfgthetzg and thee, states Ty A A y A ;
are split undeE,-type octahedral distortions, commonly re-
ferred to afQ, andQ; (see Fig. 4. All the systems investi- Mn3+ Nid+ Cu?*
gated in this study have filled, or half-filled,, states so
their splitting will not be considered hereafter. Splitting the FIG. 1. Jahn-Teller active spin states.
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TABLE |. Space group and Wyckoff positions of the structures evalated in this study.

Structure Schenflies International # Li Site Metal site O site
Layered(rhombohedral D34 R3m 166 b a 2c
Layered(monoclinio c3, C2/m 12 2d 2a 4i
Spinel (cubig) (o} Fd3m 227 1& 16d 32
Spinel (tetragonal D 14, /amd 141 & 8c 16h

formed, with the antibonding bands consisting primarily of portance as cathode materials in rechargeable Li batteries.
metal orbitals and the bonding bands consisting primarily ofAdditionally, calculations are performed for the spinel-like

oxygenp orbitals. Thet,q orbitals form nonbonding bands. cubic (Fd3m) structure and its distorted variant, tetragonal

Therefore, the valence electrons of transition-metal oxide§|4l/am0)_ A summary of the space groups and Wyckoff

will occupy thet,y bands and thej bands. The cooperative positions for both structures is given in Table I. The general
distortion of all the octahedra, in th@, or Q3 mode, will  conclusions of this study are similar for the layered and spi-
result in the splitting of theeg,c bands. However, there are nel structures, indicating a rather small effect of structure on
several important differences in the solid. For the solids inthe properties of the distortion.

vestigated in this study, the Jahn-Teller-active octahedra
share edges and thus they do not distort independently.

Whether or not the octahedra share edges, a given octahedra ) )
will feel a strain due to the distortion of the neighboring The layered and spinel-like structures are both ordered
octahedra. This is known as the electron-vibrational interaclock salts(see Figs. 2 and)3The layered structure can be
tion. envisioned as two interpenetrating face-centered-cubic lat-
Additionally, magnetic and gaudrupole interactions maytices, with one lattice consisting of oxygen and the other
exist between the Jahn-Teller centers. All of these interacl@ttice consisting of alternatin@.11) planes of Li and metal.
tions may cause the distortions of different octahedra to orin the R3m space group the Li and the metal ions remain
der and become cooperativéibove a critical temperature, fixed in the ideal rock salt positions, but the oxygen atoms
the entropic contribution to the free energy will overcomehave a degree of freedom allowing the wh@ld.1) oxygen
the energetic benefit of ordering the octahedra and the diglane to relax in thg111) direction. Physically, this relax-
tortion will become noncooperative. Additionally, the band-ation is caused by the broken symmetry induced by the Li-
width will create other differences between the isolated andnetal ordering. Considering the effect on the individual oc-
cooperative Jahn-Teller distortions, which are discussed itehedron, this planar relaxation corresponds toThg and
Sec. I B. the T,4 octahedral modes, commonly referred toQas Qs,
To study the Jahn-Teller distortion for these ions, weQg, andQq, Q,g, Q21, respectively(see Fig. 4. Because
chose to perform calculations for LiNiD LiMnO,, and the Li-metal ordering breaks the cubic symmetry and causes

LiCuO, in the layered rhombohedraR@m) structure and its  the oxygen atoms to relax, the point group of thsite is

distorted variant, monoclinicG2/m), because of their im- reduced fromOj, to D34 upon ordering the rock-salt lattice.
If a cooperativeQ; distortion is imposed on this structure,

@ the space group is reduced froR8m to C2/m. However,

B. Spinel-like and layered structures

M

Y4 I
Lig | &F

)

FIG. 2. Layered LIMQ(R3m). M-O bonds are designated with
thick lines. In this structure, eactill) plane is occupied by a .
single species. Every othét11) plane consists of oxygen, while FIG. 3. Spinel LIMG(Fd3m). M-O bonds are designated with
the planes in between the oxygen planes alternate between methick lines. As in the layered structure, corners of eO octahe-
and Li. TheM-O octahedra share edges half with Li-O octahedradra are only shared with Li-O octahedra. Also, t1eO octahedra
and half with otheiM-O octahedra. Corners of tié-O octahedra share edges half with Li-O octahedra and half with otMerO
are only shared with Li-O octahedréote that this is not a unit octahedra. However, thd-O octahedra share different edges in the
cell). spinel and layered structurg®ote that this is not a unit cell
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z 3 C. Cooperative Jahn-Teller distortion

5 4 Q=xl—-x4+y2—y5+z3—zé i . . ]
‘/t\‘ ! Ve The cooperative Jahn-Teller distortion can be defined as a
y y ! 2 regular ordering of local Jahn-Teller distortions. The materi-
6 Q= il "‘4‘2>’z+ ¥s als examined in this study are all found to be ferrodistortive

in experiment, and therefore we refer to the cooperative
Jahn-Teller distortion as the imposition of identichl,

Zi—2Z — X X — Yo+ i
I R LA modes on each octahedron. It turns out that Eyelattice

3
Q Q Q, vz strains. ar_1d thé k=p optical p_hono_ns are the only modes
! 2 Vi— Yot X X that will induce equivalenkg distortions on each octahe-
Q=—">5 dron. The lattice strains are homogeneous deformations of
the unit cell, while thek=0 optical phonons are displace-
XX ity ments of the basis atoms. These types of symmetrized modes
Qs Qo Qo= 2 will now be described, and the derivation of the modes using

group theory will be discussed in Sec. Il C.

TheEg lattice strains are listed in Table Il for the layered
(R3m) and spinel Fd3m) structures, and from hereon they
this is still commonly referred to as the layered structure inwill be referred to as the, andus strain modes. For spinel,
the literature on lithium-metal oxides. the E4 strain modes are completely analogous to the octahe-

The spinel-like structure is so named due to the fact that itiral modes. For example, the lattice strain in the cubic
is synethized by lithiating LiMgO,, which has the spinel cell is compression in th¥ andY directions by an amount
crystal structure (MgAlO,), to form Li,Mn,O,. Even and elongation in th& direction by an amount& It is
though the latter is not a true spinel, we shall simply refer tonteresting to note that thEg strain modes induce only the
it as spinel, which is common in the literature on lithium- E5 octahedral modes on each octahedron. However, the
metal oxides. The spinel structuréd3m) can be envi- §train mode's will alsp distort the lattice of transition metal '
sioned as a face-centered-cubic oxygen lattice with an inted©nS, changing the distances and angles between the transi-
penetrating face-centered-cubic lattice having a particulafion metal ions. This will be shown to have important effects
ordering of Li and metal. As in the layered structure, thefor thg antiferromagnetic interaction between the transition
Li-metal ordering breaks the cubic symmetry and causes th@1€tal ions. These statements also apply to the layered struc-
oxygen atoms to relax away from the ideal rock-salt positures; however, it is sl_lghtly more c_omphcated. Unlike spi-
tions, thus reducing the tiésite symmetry fronOy, to Dg. nel, theEg representation occurs twice in the representation

In both these structures, the metal-oxygen octahedra shafd the strain for the rhombohedral lattice, a.nd ther_efore the
corners with Jahn-Teller inactive Li-oxygen octahedra.l@yered structure has two setswf andus lattice strains.
Edges are shared half with Li-oxygen octahedra and half The Eq k=0 optical phonon modes for the layered
with other metal-oxygen octahedra. Edge sharing betwee(R3m) and spinel Ed3m) structures are shown in Table IlI,
metal-oxygen octahedra will be relevant because it preventand from hereon they will be referred to as theande;
the octahedra from distorting independently. However, theoptical modes. The; optical mode in spinel is shown as an
Q, and Q; components of the distortion on each metal-example in Fig. 5 and can be explained as follows. Consider
oxygen octahedra are independent of each otkee Sec. fixing all the metal and Li ions and inducing a positi@g
I C). The metal-oxygen octahedra share different edges in thectahedral distortion on all the metal-oxygen octahedra. The
spinel and layered structures. This difference will cause themall vectors indicate a displacement &fwhile the large
cooperative distortion to be distinctly different in the two vectors indicate a displacement aof. Additionally, the gray
structures, and it is most likely the reason why the Jahnarrows correspond to th@; octahedral distortion of the cen-
Teller stabilization energy is greater in the layered structuréral metal-oxygen octahedron, whereas the black arrows cor-
for all three materials. respond to the&); octahedral distortions of the neighboring

FIG. 4. Selected symmetrized octahedral modes.QhandQ,
modes are Jahn-Teller active.

TABLE Il. E4 andA,4 symmetrized strain modes for culigpine) and rhombohedralayered lattices.
The E4 andA,4 irreducible both occur twice in the representation of the strains for the hexagonal lattice.

Symmetrized strain modes

Us(Agg) us(Eg) Uy(Eg)
Cubi 1 1 1
ubic ﬁ(sxx'i'syy_"szz) %(Zszz_syy_sxx) E(Sxx_syy)
L (exxTeyy) L ( ) &
—=(exxteyy —=(exx—&yy Xy
Rhombohedral \/E V2
€7z Exz Eyz
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TABLE lll. E4 andA;4 k=0 symmetrized-phonon modes for the space grd'\?ﬁm and Fd3m. Only
the oxygen atoms participate in these modes. The position of each oxygen atom and the corresponding
displacement vector is given for both space groups.

k=0 Optical phonons

Positions €1(Ag) es(Ey) €,(Eg)
Fd3m (X,%x,% (-1-1,-1 (11-2 (1,-1,0
(spine) (X,—X+3,—Xx+13) (-1,1,0 (1,-1,2 (1,1,0
(—X+3%,X,—X+13) (1,-1,1 (-1,1,2 (-1,-1,0
(—x+3%,—x+1.X) 1,1-1) (-1,-1,-2) (-1,1,0
(—%,—X%,—X) (1,1, (-1,-1,2 (=1,1,0
(=X, X+ 5 x+3) (1,-1,-1) (-1,1-2) (-1,-1,0
(X+3%,—x,x+3) (-1,1-1) (1,-1,-2) (1,1,0
(X+%,x+3%,—X) (-1,-1, 11,2 (1,-1,0
R3m (0,02 (0,0, (21,0 (0,1,0
(layered (0,0,~2) (0,0-1) (-2,-1,0 (0,—1,0

metal-oxygen octahedra. Only the displacements of the oxysentation, and the distortions that project onto this represen-
gen atoms belonging to the center octahedron are showration do not break the symmetry. Thgy mode for the
The figure indicates that th@5; octahedral distortion of the octahedron, also known as tiy mode, is simply the uni-
central octahedron is not affected by Qe distortions of the  form expansion or contraction of all the bond lengtkse
other octahedra. However, tigg; distortion of the neighbor-  Fig. 4). The Ay, strain andA,4 k=0 optical distortions will
ing octahedra will creat€®,, Qs, Qg, Q19, Q20, andQ,;  be referred to as; ande;, respectively(Tables Il and I1).
distortions in the central octahedron, which are fhg  As explained previously, th€l11) oxgen planes in the lay-
modes and th&,,; modes(see Fig. 4. In other words, thé& ered structure can relax in tH&11) direction and this is the
optical modes induce loc@, octahedral distortions in addi- e, k=0 optical phonon. As for the; mode in spinel, the;
tion to local T,y and T,4 distortions, in contrast to thE; ~ mode in spinel can be envisioned by induci@g octahedral
strain modes. However, the optida), modes do not distort distortions on each metal octahedron. Thestrain mode in
the transition metal lattice whereas tlig strains do. It ~ spinel is simply a uniform expansion or contraction of the
should be noted that the perovskite structure does not hawelume. There are twé, 4 strain modes in the layered struc-
E4 k=0 optical modes. ture, u,, anduy, . If a hexagonal coordinate system is con-

As will be identified later in this studisee Sec. IV B the  sidered, this corresponds to a uniform expansion or contac-
A14 modes play an important role in the cooperative distor-tion of thea andb lattice parameters, or a uniform expansion
tion. TheA, irreducible representation is the identity repre- or contraction of the lattice parameter.

We shall close this section with a short summary. The
cooperative Jahn-Teller distortion in the layered and spinel
structures, evaluated in this study, is some linear combina-
tion of E; and A;4 strain modes andEy and A;g k=0
optical-phonon modes. ThE, strain modes andy k=0

O optical-phonon modes are the only two collective distortions
& C that will impose equivaleng, distortions on each Jahn-

® - Teller active octahedron. Although th,; mode exists in
the direct product of thé& irreducible representation, it is
o Y not Jahn-Teller active in the sense that it is totally symmetric
and does not split they levels. However, it will be demon-

FIG. 5. Thee; k=0 optical-phonon mode in the spinel structure Strated that there is a strong coupling betweenAhg and
(Fd3m). Thees k=0 optical phonon can be constructed by induc- Eq modes that causes th 3 modes to participate in the
ing an equivalent octahedr@); distortion on everyM-O octahe- ~ Cooperative distortion.
dron. The displacements in th2 direction correspond to &
whereas displacements in theandY direction correspond to dis- D. Materials background

placements ob. The displacements are only labeled for the oxygen ) i i g
atoms that belong to the centlér-O octahedron. Gray arrows cor- LiMnO, can be synthesized in the orthorhombapinel;
respond to displacements caused by@hedistortion of the central ~and layerell type structures. In experiment, these systems
M-O octahedron whereas the black arrows correspond to displacére all found to be cooperatively Jahn-Teller distorted with
ments caused b, distortions of neighboring octahedra. This fig- the orthorhombic structure being the ground staterhe

ure illustrates that th&; distortions of theM-O octahedra are same result is found using density functional the@¥T) in
independent of one another. the generalized gradient approximation, although the ground

Li
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state was found to depend sensitively on the magnetiwith the exception of the linear molecul&The distortion of
ordering'® Additionally, the bond lengths predicted using an octahedron can be described exactly by the 21 octahedral
DFT agree well with experiment. moded® (see Fig. 4 Van Vleck used perturbation theory to
LiNiO, can be synthesized in the layered structiire; explicitly solve theE® e Jahn-Teller problem, demonstrating
however, some small fraction of Ni atoms are found on thethat the degeneratg, states in an octahedral complex will be
lithium sites and the material has not yet been synthesizesplit by theQ, and Q; octahedral mode?. In the simplest
stoichiometrically*? Layered LiNiQ, displays a noncoopera- model, the Hamiltonian for an isolated octahedron or a Jahn-
tive Jahn-Teller distortion. X-ray diffraction data can be fit to Teller defect in an otherwise perfect crystal can be written as

the space grouR3m, which is an undistorted structure, sug- & sum of elastic and electronic energee Ref. 4 for a de-
gesting that the Jahn-Teller distortion is not present_ Howiailed derivatiOI)I. In the harmonic apprOXimation, the elastic
ever, extended x-ray absorption fine struct(E&XAFS) data  energy will be proportional to the square of the displace-
has shown that the Ni-O octahedra are locally Jahn-Tellefnent, and the electronic energy can be found by perturbing
distorted, implying that the distortion is noncooperaﬁee_ the €y states with the vibronic interaction. The lower eigen-
This is consistent with the fact that the stabilization energyalue of this simple Hamiltonian may be written in polar
of the cooperative Jahn-Teller distortion is found to be verycoordinatesequation 1 as follows(equation 2:

small in this study.

Layered LiCuQ is a relatively new material which was Qz=pcos¢ Q,=psine @
first synthesized in 1992. Initially, LiCuQwas incorrectly 1 o
assigned to the orthorhombic structdfeyntil it was cor- E=zkp"+Fep, 2

rectly identified as being layeréd.The experimentally de-
termined bond lengths of LiCufndicate the presence of an .gnic coupling constant.
extremely Ia_lrge Jahn-Teller distortion, which is also found in e energy can be plotted @,-Qs space and the result
our calculations. As far as the authors are aware, none of thg 5 gpherically symmetric potential known as the Mexican
publications regarding the initial synthesis of LICYU@Or 5 potential. The minimum of this potential is a degenerate
publications ~addressing  cathode performafceor gyl in Q,-Qj; space, indicating that all linear combinations
superconduct_lvnV_ack_now!edge th_e presence of the large Q, and Qs lying on the circle are degenerate. THg
Jahn-Teller distortion in this material. mode is defined such that a positive tetragonal distortion is in
the Z direction. It can be shown that théandY orientation

Il. OUTLINE of the Q3 mode will correspond to a rotation ofz23 and

713 in Q,-Q3 space, respectively. The same can be shown

Previous studies have indicated that density functiona B f this d ol
theory in the generalized gradient approximation can accul0r Q2. Because of this degenerate cire e@-Qs space,
e system can move freely along the circumference between

rately model structural aspects of the cooperative Jahn-Telldf X . -

distortion in LiMnO, as compared to experimelftin this ifferent amplltud(_as anq orientations of the modes. .

study, we perform first-principles calculations for LiMRO In order to attain a higher degree of accuracy, _the e_Iastlc
energy can be expanded to third ordeand the vibronic

LiNiO,, and LiCuQ for both the undistorted and coopera- .
tively Jahn-Teller-distorted systems. To our knowledge,coupl'r.‘g can pe ?Xpa’?ded t(.) fsecor!d o?%jés.ee REf' 23 for
a detailed derivation Diagnolizing this Hamiltonian and ex-

these are the firsab initio calculations that have been per- . ; . . .
formed for LiCuQ. The energy as a function of the Jahn- Pa”da',)”g to first order yields the following eigenval(egua-
tion 3):

Teller distortion is calculated using density functional theory
in the generalized gradient approximation, yielding the coop-
erative Jahn-Teller stabilization energy and the vibronic cou-
pling for theE, strain and phonon modes. The radial depenwhereGg is the second-order vibronic coupling, aBds the
dence of the higher-order terms will be exploited to revealhird-order force constant. Both the anharmonic elastic term
the fact that the higher-order elastic term is dominant oveand the second-order vibronic term end up contributing a
the higher-order vibronic term. These statements apply teos 3p term to the energy, with the elastic term goingpds
both theE, strains and optical phonons. and the vibronic term going g&. This potential is known as
Additionally, the role of A;4-type modes in the Jahn- the warped Mexican hat potential due to the fact that the
Teller distortion are explored. It will be shown that the ex- spherical symmetry has been broken, reducing the potential
pansion ofA;4 modes effectively allows for largdf, distor-  to threefold symmetry. Intuitively, threefold symmetry must
tions. Finally, the coupling between the magnetic orderingoe retained due to the equivalence of the distortion inxthe

wherek is an elastic constant arelz is the first-order vi-

E=zkp?*+Fep+Ggp? cod3¢)+Bp®cog3¢), (3

and the cooperative Jahn-Teller distortion is explored. Y, andZ orientations. Values dB, Gg<<0 support minima at
¢$=0, 27/3, and 47/3, while B, Gg>0 support minima at
lll. THEORY ¢=l3, —xl3, and 7. Most systems are found to be dis-

torted with a positiveQ; distortion (¢=0).%°
Because both higher-order elastic and vibronic terms cre-
In 1937, Jahn and Teller demonstrated that degeneratge the same type of anisotropy @,-Q5 space, it is often
electronic stategexcluding Kramers degeneracin a mol-  ambiguous as to what the dominant source of the anisotropy
ecule will always be unstable with respect to some distortionis, which is evident in the early literature. Opik and Pryce

A. The isolated Jahn-Teller center
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were the first to account for the anisotropy in the potentialdifference between the strength of the vibronic coupling and
and they used only third-order elastic contributiéhdn  the bandwidth. The materials analyzed in this study are
1958, approximately one year later, Liehr and Ballhausemarrow-band materials and phonons from the entire spectrum
explained the anisotropy with second-order vibronic cou-will be active. However, we only address the ferrodistortive
pling disregarding the third-order elastic contributidA$n-  cooperative distortion that by definition only involvks-0
terestingly, the calculations they performed using crystatype distortions.

field theory yield a negative second-order vibronic coupling, Even in narrow-band systems, finite bandwidth will have
which stabilizes the negative distortion contrary to what isan appreciable effect. In a crystal the cooperative Jahn-Teller
normally observed in experiment. They concluded that thelistortion will split energy bands that are only degenerate at
second-order vibronic coupling, as predicted by crystal fielda few k-points not discrete energy levels as in molecules.
theory, must be treated as a phenomenological constant b&he end result is that the change in electronic energy as a
cause their calculations predict the wrong sign. Further calfunction of the cooperative distortion will be nonlinear for
culations by Ballhausen and Johansen using linear combinamall distortion. This occurs for two reasons. First, bands
tion of atomic orbitals methods were also deemed notaving significant width will not split uniformly or linearly
accurate enough to calculate the second-order vibronias a function of the distortion, which is essentially a result of
coupling® A later paper by Pryceet al. discusses both the pseudo-Jahn-Teller effect. Simplified models have shown
higher-order elastic and vibronic terfsFirst, they point the electronic energy to be proportional 4 for the initial

out that the third-order elastic term would support a positivestages of the distortiot>* Second, even if the bands split
Q5 distortion in any reasonable potential model, due to thdinearly and uniformly at eachk-point as a function of the
fact that the twdMl-O bonds are contracted twice as much asdistortion, band overlap will cause the change in the elec-
the other four. Second, they reason that when the covalendyonic energy to be nonlinear. In this study, we find for
is small, the second-order vibronic coupling may be negativ&iMnO, that the electronic term is approximately quadratic
or positive by a small difference, and that it would increasefor small distortions and transitions to linear behavior once
with increasing covalency. We address the issue of anisothe bands no longer overlaigee Sec. IV € It should be

ropy more quantitatively in Sec. IV C. noted that in this context the electronic term represents the
total change in electronic energy due to the splitting of the
_ ey bands.
B. Jahn-Teller effect in a crystal Kanamori was one of the first to model Jahn-Teller crys-

Thus far, the energetics have been considered for an is¢als using the phonon formalisifi The Hamiltonian is writ-
lated octahedron. The Jahn-Teller effect in a crystal is fafen in terms of the phonon modes and strain modes. A vi-
more complicated as tieg electrons now form energy bands bronic coupling coefficient is assumed for each phonon
and not discrete energy levels. Only a small number of highmode and for thé= strain modescommonly referred to as
symmetryk-pointswill be degenerate and therefore the Jahn-the electron-phonon coupling and the electron-strain cou-
Teller effect in the solid is largely a pseudo-Jahn-Teller ef-pling, respectivelyHe also considers the ferrodistortive case
fect. The formal problem of the Jahn-Teller effect for in Which only theE, strains participate, demonstrating that
electronic states in crystals may be addressed in the sanii@e potential in the space of th; strains has the same
way Jahn and Teller addressed instability in molecules. Birfunctional form as the warped Mexican hat potenfiste
man analyzed the direct products of the irreducible represergquation (3)]. He does not considelEy k=0 optical
tation of two different space groups in order to find the activephonons, however, the potential of ttg, k=0 optical
phonon modes for those given space gro{?ﬁg_Thusl the phonons will also have the same functional form as equation
active phonons can be found for each high-symmietppint ~ (3). Therefore, there will be a vibronic coupling for both the
in the first Brillouin zone. As pointed out by Englnfdrand  Eq4 strain modes and thE, k=0 optical-phonon mode. In
Cracknell?® this formalism is severely limited by the fact the present study, it is found that the vibronic coupling is the
that the vast majority ok-pointsin the first Brillouin are not ~same for theE, strain modes anéy k=0 optical phonon
high-symmetry points and therefore little can be concludednodes(see Sec. IV ¢ However, when both the strains and
from group theory. A more practical treatment involves treat-the optical phonons are considered, the situation is compli-
ing the Jahn-Teller effect in the solid as an array of localcated by the interaction between them.

Jahn-Teller centers having several different types of interac-
tions: magnetic, quadrupole, and electronic-vibrational
interactions’ All three of these interactions may cause or-
bital ordering in the solid. Additionally, if there is significant ~ An arbitrary crystal distortion can be described by speci-
electron hopping, or bandwidth, this must be included infying the 3n atomic coordinates, whene is the number of
some manner. atoms in the primitive unit cell. However, taking the proper

Kristofel' points out that when considering electron- linear combinations will yield displacement vectors that
phonon coupling in crystals, the bandwidth must betransform as the irreducible representations of the space
considered® When considering wide bands, only select pho-group. These symmetrized displacement modes can readily
non modes may be active, while in the case of narrow bandse found using standard group-theoretical techniques and the
phonons from the entire spectrum may be active. The appraspace group of the structure. As long as a given irreducible
priate limit for a given system will depend on the relative representation only appears once in the representation of the

C. Symmetrizing the crystal distortions
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TABLE IV. Relative energies and structural parameters calculated in this study. All calculations were
performed ferromagnetically. The zero for the energy is chosen to be the undistorted layered structure for a
given compound. Experimental values are included in parentheses wherever available. Both diliO
LiCuO, have small negative distortions, and in some cases they are degenerate with the undistorted structure
or metastable by 1 meV.

M-O bond M-O bond
Structure Space Magnetic Energy lengths lengths Volume Q; Q;
Material  type group Mode ordering (meV) (A) (4) A) (2 A3 A A

LiNiO, Layered R3m F 0 1.98 1.98 34.4 0.00 0.01
(1.97)* (1.97 (34.0

LINiO, Layered C2/m +Q, F -11 1.91 2.14 346 0.04 0.27
(1.91)*? (2.07

LiNiO, Layered C2/m —Q, F 0 2.00 1.95 345 0.01-0.05

LiNiO, Spinel  Fd3m F 1 1.98 1.98 345 0.00 0.00

LiNiO, Spinel 14;/amd +Q, F -3 1.92 2.12 345 0.03 0.24

LiNiO, Spinel 14,/amd —Q, F 2 1.99 1.96 34.4 0.01-0.02

LiMnO, Layered R3m F 0 2.04 2.04 374 0.00 0.01

LiMnO, Layered C2/m +Q, F —-215 1.94 2.40 385 0.12 0.54
(1.92) (2.31) (37.0

LiMnO, Layered C2/m —Q3 F -71 2.14 1.91 37.5 0.04-0.26

LiMnO, Spinel  Fd3m F 3 2.05 2.05 37.6 0.00 0.01

LiMnO, Spinel 14,/amd +Q; F —208 1.94 2.40 38,5 0.12 0.58
(1.948 (2.29 (36.9

LiMnO, Spinel 14;/amd —Q, F —67 2.13 1.91 37.6 0.04-0.25

LiCuO, Layered R3m F —205 2.03 2.03 359 0.02 0.01

LiCuO, Layered R3m NSP 0 2.02 2.02 359 0.00 0.01

LiCuO, Layered C2m +Q; NSP -341 1.86 2.95 389 046 1.29
(1.84)4 (2.7 (37.7

LiCuO, Layered C2/m —Q; NSP 1 2.07 1.94 359 0.0:0.13

LiCuO, Spinel  Fd3m NSP 0 2.02 2.02 36.0 0.00 0.01

LiCuO, Spinel 14;/amd +Q; NSP  —290 1.87 2.87 385 042 1.18

LiCuO, Spinel 14,/amd —Q; NSP -1 2.05 1.97 359 0.01-0.09

group, the corresponding symmetrized modes are also noand A, strain andEy andA;; k=0 optical-phonon modes
mal modes or phonon modes of the crystal. For irreducibleparticipate in the cooperative distortion in the systems evalu-
representations that appear more than once, the dynamicaied in this study.

matrix must be used to find what linear combination of the

given symmetry modes is to be used to construct the phonon.

A computer code is now publicly available that will find the IV. RESULTS

symmetrized displacement modes using group theoretical
techniques® This code was used to find the symmetrized
strain modes andk=0 phonon modes for the Spine| and First-principles calculations using density functional

A. Total energy calculations

layered structures in this study. theory in the generalized gradient approximation have dem-
The representation for the=0 phonons can be decom- onstrated the ability to model the structural aspects of the
posed into cooperative Jahn-Teller distortion for LiN)OLIMnO,, and
LiCuO,. All energies were calculated with the Vienna Ab-
[A14(0) +E4(O)+ T14(0) +2T54(0) + Ayy(Li, M,0) initio Simulation Packagévasp).2*®vasp solves the Kohn-

Sham equations using ultrasoft pseudopotentfals. A

+Ey(Li, M, 0) +2Ty,(Li, M, 0) + Ty(Li, M, 0)] plane-wave basis set with a cutoff energy of 600 eV was

for spinel (Fd?m) and chosen. The results compiled in Table IV were calculated
using a minimum of 116 irreduciblk-points for the primi-
[A14(0) +E4(O)+ Ayy(Li,M,0)+ E(Li,M,0)] tive layered unit cell4 atom$ and 29 irreduciblek-points

_ for the primitive spinel unit cel(16 atom$. Higher k-point
for layered ®3m). The representation for the strain modesmeshes, 334 irreduciblk-points for the primitive layered
can be decomposed inté\{;+Ey+T,4) for a cubic lattice cell and 72 irreduciblé-points for the primitive spinel cell,
and into (2A4+2E,) for a rhombohedral lattice. Onlig,  were tested and the total energy differed by less than 1 meV
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in both cases. The tetrahedron method with Blochl correc- 0 LiNiO,-L

tions was used to integrate the band energy for all the results 50 1 /

in Table IV. All other calculations in this paper were calcu- S 100 -

lated with a lowerk-point mesh, eight irreducibl&-points §_150 |

for the primitive spinel cell, and band integrations were per- B 200 -

formed using the method of Methfessel-Paxton with a smear- 8" . LiCuO,-S
ing width of 200 meV. These changes were made in order to w -250 1 LiMnO-L

reduce calculation time and introduce errors of approxi- -300 1 LiCuO,-L
mately 5—-10 meV in the total energy, which is insignificant -350 ‘ ‘ *
for the results of this study. Calculations were performed in 04 0, w04 08 12

the spinel and layered structures for the undistorted structure
and the corresponding positive and negative amplitudes of FIG. 6. Energy vs Octahedr&); mode. All energies are per
the cooperativeQ; distortion. Additionally, the energy was formula unit. These results were obtained by starting from the un-
calculated as a function of the cooperati@g distortion for ~ distorted structure and using the method of steepest descent in order
all three materials with ferromagnetic spin polarization. Thisto determine the trajectory of the distortion. The energy is plotted as
was performed by perturbing the undistorted structure and function of theQ, octa_hedral distortion, which reflgcts contribu-
using the method of steepest descent to relax to the minfions of both theus strain mode and the; k=0 optical-phonon
mum. The energies, bond lengths, magnitude of the octahér-mde' In all cases, the_undlstorted energy is referr'ed to zero. The
dral Qs distortion, and volume are shown in Table IV with '2yered structure is designatedlas/hile spinel is designated &
the experimental values included in parentheses where avaﬁj)—iggrlt‘i'ol\f]noz has a significant stabilization energy in the negative
able. '

As shown, the calculations agree well with experiment. In
all cases, the short bonds of the octahedron are predicted @t be expected if the electronic term were linear. However,
within 1% of experiment, while the long bonds are overpre-the electronic term is quadratic for small distortions because
dicted in all three cases with an error of 3—7% as comparethese systems are solids with finite bandwidtese Sec.
to experiment. LiNiQ, LiMnO,, and LiCuQ serve as inter- 1lIB). Second, for a given material, the cooperative Jahn-
esting examples of study because they possess small, intereller stabilization energy in the spinel structure is always
mediate, and large Jahn-Teller distortions, respectivelyless than that of the layered structure. The difference is rather
where the size is associated with the magnitud®gbr the  small for intermediate distortions, as in LiMaOwhile it
stabilization energy. The values of the cooperative Jahnincreases for large distortions, as in LiCuCPresumably,
Teller stabilization energieghe energy of the cooperatively this difference is an elastic effect that arises due to the man-
distorted structure minus the energy of the undistorted strugier in which the octahedra are shared, although it is not
ture) for these materials immediately yield insight into ex- exactly clear why the layered structure is energetically more
perimental observations. Unless otherwise indicated, the fefavorable. Third, all three systems are highly anisotropic. As
romagnetic, layered energy values will be discussed fonoted in Sec. Il B, there are two sources of anisotropy when
simplicity as all the results obey the same general trends. Aeparately considering the potential of g strains or the
energies will be given per formula unit. The stabilization Eq k=0 optical phonons: vibronic anisotropy and elastic an-
energy for LIMnG is —215 meV while the stabilization en- isotropy. Both terms have a cog3lependence but the elas-
ergy for LiNiO, is only —11 meV. These values are consis- tic term goes ag® while the electronic term goes as. As
tent with the experimental observations of a strong cooperadoted in the Sec. Il A, it is not immediately evident which
tive distortion in LiMnQ, and a noncooperative distortion at term is causing the asymmetry. It is shown below that the
room temperature in LiNiQ dominant source of this anisotropy is the anharmonic elastic

We also calculated the energy as a function of the coopterm, both for the strain and optical phondsse Sec. IV €
erative distortion. As noted in Sec. | C, the cooperative dislastly, a particularly interesting feature is that LiCue-
tortion consists ofA;4 and E4 strain modes and\;, and gins with a very small slope, quite similar to that of LiNiO
Eq k=0 optical phonon modedhis is indeed found in the but the distortion continues to grow far larger than that of
calculation as the only nonzero displacement projections ard-iMnO,. This is due to the fact that LiCuyChas a small
the A4 and E; strain modes and the 4 and Egk= 0 optical linear vibronic coupling but it is elastically much softer than
phonons In order to best represent the data, we plot theliNiO, and LiMnG,, partially because of the presence of an
energy as a function of th®; octahedral mode, which will extra electron in the; band.
reflect the contributions of both the; strain ande; optical The electronic density of statéBOS) are plotted for lay-
modes. The curve for LiCugQs calculated entirely low spin ered LiMnG, and LiNiG, in the undistorted and distorted
and will be specifically discussed below. As shown in Fig. 6,structures(see Figs. 7 and)8The energy scales are shifted
the distortion is twice as large in terms @Qf and 20 times such that the center of gravity of tlﬁ bands is referenced
more energetically stable in LiMnGas compared to LINiQ  to zero. The cooperative distortion clearly splits the bands.
whereas in LiCuQit is roughly twice as large and 1.5 times  As stated in Sec. | A, Cli does not have degenerag
more stable than in LIMn® Several interesting features electrons once the interelectronic interaction is taken into
should be noted in this plot. First, the derivatives of all theaccount. Within density functional theory, all of the high-
curves are close to zero for the undistorted state. This wouldymmetryk-points will display degeneracies as prescribed by
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> > -100
@ E
s Distorted > -200
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Energy (eV) 400 +—— ‘ o T
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FIG. 7. Electronic DOS for distorted and undistorted layered 2;(A)
LiMnO,. The units are per formula unit. The center of gravity of . .
the e; bands is referred to zero in both cases. FIG. 9. Energy vs octahedr&; mode for high-spin and low-

spin LiCuQ,. The high-spin state is lower in energy than the low-

. . . . spin state in the undistorted structure. However, the low-spin state
the appropriate irreducible representations of the spacg';J

d the | | . . i break th Jahn-Teller active and becomes stable over the high-spin state in
group, and the Interelectronic interaction will not break t ethe distorted structure.

symmetry. The concern for this is that, in reality, the electron

correlation might significantly split thej bands and greatly tjons were theA;, and Eg strain modes and thé,, and
weaken the Jahn-Teller effect. However, our caIcuIationq;g k=0 optical phonons. First, the octahed€ distortion
compare well with experiment. Therefore, it is reasonable tqg decomposed into contributions of thg strain mode and
assume that the GGA is accurate enough to elucidate thga k=0 optical mode(see Fig. 10 In this plot, theQ, am-
behavior of LiCuQ reported in this work. plitude resulting from thei, strain mode is found by muilti-
LiCuQ, is also more complicated than the other two caseglying the normalized amplitude of the; mode by a factor
because high-spin LiCuOis not susceptible to the Jahn- of 5(2v2)~1, wherea is the cubic lattice parameter, and the
Teller distortion, nor the pseudo-Jahn-Teller dlstortlon,Q3 amplitude resulting from the; mode is found by multi-
whereas !ow-spin LiQu@is.susceptible. We shall discu_ss plying the normalized amplitude of trey mode by a factor
layered LiCuQ but spinel LiCuQ displays the same quali- of one half. The two individual contributions are plotted as a
tative behavior. In the _undlstorted structure, th_e high-spiftynction of the total octahedra, distortion. Only the re-
state is 205 meV lower in energy than the low-spin staé®  gits for LiCuQ, are shown as the decomposition is nearly
Fig. 9. This means that the stable undistorted structure i§yentical for LiMnO, over the range of its distortionQs
high spin and is not Jah_n-TeIIer a_lctive._At a value_@j =0-0.55A). AtQs values less than 0.5 A, th®, distor-
=0.3A, the system transits from high spin to low spin. Thejon is created largely by the lattice strains. However, as the

distorted state is 136 meV lower in energy than the undisg;,¢ of the distortion increases, the optical-phonon mode be-
torted, high-spin state, and 341 meV lower than the undisgis to play a larger role.

torted, low-spin state. It_ is _expecte_d that the _dist_ortion is_ A similar analysis can be performed to show the relative
observed to be cooperative in experiment considering that ¢yntriputions of theu, strain mode ana@, optical mode to

is stable by 136 meV with respect to the undistorted highy,e Q, octahedral mode. Th@, octahedral mode has been

Spin state. plotted as a function of the magnitude of tg octahedral
B. Decomposing the cooperative distortion 121 Total = Optical + Strain
The actual trajectory of the distortion has been calculated : l
using the method of steepest descent, so the distortion can be Total
projected onto all the symmetrized strain modes &rd)
optical phonons. As noted above, the only nonzero projec- 0:8 _
< Strain
< 06 -
4 S
> 3 Undistorted 0.4 1
2 Optical
22 0.2
&, Distorted
0 1 - T T T T =
0 ; A 0 02 04 06 _ 08 1 1.2
-3 -2 -1 0 1 Q3(A)

Energy (eV)
FIG. 10. The magnitude of the strain and optical contributions
FIG. 8. Electronic DOS for distorted and undistorted layeredof the octahedra; mode are plotted vs the total magnitude of the
LiNiO,. The units are per formula unit. The center of gravity of the octahedralQ; mode in LiCuQ. As shown, theu; strain mode
e’g* bands is referred to zero in both cases. accounts for a larger portion of the octahedgal distortion.
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dd Total = Optical + Strain move outwards and four atoms remain stationary. For ex-
' ample, if theA,4 distortion were removed from the distorted
structure of LiCuQ, the short bonds would measure 1.65 A
as opposed to 1.87 A. The results imply that Byg modes
are associated with elastic anharmonicity through higher-
order elastic coupling betwedk 4 andEg (i.e., terms that go
asA;gEZ andAf E,). As noted aboveQ; does not operate
- until Q is approximately 0.2 A, whereupon it becomes en-

: 08 1.2 ergetically favorable to expend energy to expand the octahe-
02;(A) dra in order to reduce the elastic energy associated with the

FIG. 11. The amplitude of th@, octahedral distortion is plotted contr_acted bonds fr_om thQs distortion._ This ma!(es sens_e
as a function of th@ octahedral mode in LiCup The Q, octa- physically considering that a typical interatomic potential

hedral distortion is further broken down into contributions from the Will increase rapidly after the bond length is contracted sig-
u, strain mode and the, k=0 optical phonon. nificantly. This hypothesis is also supported by the fact that

the positiveQ, distortion is induced by both the positive and

negative mode of th@; distortion. TheQ, distortion is very
distortion for LiCuQ (see Fig. 11 Additionally, the total mPortantin LiCuQ, effectively softeningQs and allowing
Q, distortion has been decomposed into contributions of th&1€ System to distort to a much higher degree. _
u, strain mode ane, k=0 optical-phonon mode, by multi-  Previous studies have considered the role ofAlg dis-
plying the normalized modes by a factor @f2v2) L and  tortion. The Hamiltonian can have linear termsAng-type
one half, respectively. The curves for LiMa@nd LiNiO,  distortions as thé\q irreducible representation is contained
are similar over the ranges of their respective distortions, an#ithin the symmetrical product of th&, representatiofl.
therefore are not shown. Tie 4 distortions begin to operate However, this will simply shift thee, levels by a constant
when the magnitude o5 is approximately 0.2 A, and independent of the Jahn-Teller distortion becaliggis to-
scales with the size of th®@; distortion being very small in tally symmetric. Van Vleck acknowledged this when he first
LiNiO, and very large in LiCu@ As shown, there is only a solved theE®e problem, and he states that the undistorted
slightly larger contribution from the optical mode for small state can be considered as equilibrated with respe@t t8°
and intermediate distortions, corresponding to LiNi@nd Liehr and Ballhausen used crystal field theory to perform
LiMnO,, with the optical mode becoming more dominant atcalculations for the Jahn-Teller effect in octahedral
large distortions. Thé\;4 strain mode is simply a uniform complexe$? They included first-order and higher-order cou-
volume expanSion, and the resulting volume expanSion ass%'“ng to Ql when expanding the matrix elements of the
ciated with the cooperativ@; distortion in the different sys-  Hamiltonian. A linear term irQ, is needed in their general
tems is shown in Table V. The negati@; distortions also  Hamjltonian to describe the relative expansion or contraction
induce a positiveA distortion. However, the negati@s o gifferent transition metals due to the ligand field, indepen-
distortions are all small and therefore the resulihg dis-  gent of the Jahn-Teller distortion. In our calculations, there is
tortions are ?ma": . . no need to consider terms linearAny because the structure
i e S Tn 107 ) o0 e 1 0921 e ety e et wi fspeskf st

’ Although their model does account for higher-order coupling

unlform.c'axpanspn or coptracuoq of the oct'ahedron.'Whe%etweean and Qz, they make no mention of the implica-
the positiveQ, distortion is superimposed with th@; dis- : o 4
Gt|ons of this in their paper.

tortion, it cancels the inward motion of the oxygen atoms an M VA h idered the role of
reinforces the outward motion of the oxygen atoms. Given ore recently, Atanasoet al. have considered the role o

: o A, distortions in partially lithiated spinel IIMnO, using
the proper linear combination/6Q;+2v3Q3, two atoms 1g = . . : 2
prop WeQ Qs density functional calculations in clustefsTheir calcula-

tions predict that, given the M@, cluster equilibrated with
respect toA,4 type distortions, a negativ@, distortion will
be induced by th€); distortion, which is exactly opposite to

J Optical

Strain

0 0.4

TABLE V. Percent volume expansion in going from the undis-
torted structure to the positive amplitude of the coopera@we

distortion. what we have found in this study. It is not completely clear
%Vol why their results are qualitatively different than ours, but this
ovolume . . . . . . .
Material Structure change is most likely due to approximations introduced in their elec-
tronic structure method. This is supported by the fact that
LiCuO, Layered 8.4 bond lengths predicted by our calculations are more accurate
LiCuO, Spinel 6.9 as compared to experiment. The authors claim that the de-
LiMnO, Layered 2.9 viation from experiment may be due to localization being
LiMnO, Spinel 2.4 more pronounced in cluster calculations. Ultimately, the ob-
LiNiO, Layered 0.6 servation ofQ, increasing with theQ; distortion makes
LiNiO, Spinel 0.1 more sense and the same trend is observed in LjQuit@re

the effect is much more pronounced.
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FIG. 12. Energy as a function of the octahedga distortion in FIG. 13. Energy as a function of the octahedgaldistortion in

spinel LIMnO,. Four different cases are considered. The steepesiPin€! LICUQ. See Fig. 12 for further description.

descen(SD) calculation represents the true trajectory of the distor- . . . .

tion (same as calculation in Fig) 6Theus, strain and the, optical €Nt Materials, the source of anisotropy in #gstrain and
curves show the energy as a function of the respective mode. THeg k=0 optical phonon potentials, the differences in strain
us+ U, strain curve is obtained by taking thg strain curve and @nd optical modes, and determine the vibronic coupling for
allowing theu; strain mode to relax at every point along the path the E4 strain andEy k=0 optical phonon. Separate calcula-
(this is equivalent to relaxing the volume at every ppint tions are performed for the energy as a function of tiie

) strain distortion and the energy as a function oféh@ptical
In order to better understand the energetics of each phgyistortion, while not allowing any, distortions to operate.

non and strain mode, it is instructive to calculate the energyye shall only consider the spinel structure for these calcula-
of the cooperative distortion while considering tBg and  tjons because thg, irreducible representation appears only
Aqq strain and phonon modes separat@ige Fig. 12 Sepa-  gnce in the representation of the strains, whereas in the lay-
rate calculations were performed for the energy as a functiogred structure it appears twice. This simplifies the analysis
of the u; strain mode ane; optical mode, clearly revealing ang we expect the same conclusions to hold in both struc-
the energetic importance of tiég ; modes. As shown in Fig. tyres.

12 for spinel LIMnQ, allowing only theus strain mode first, we examine the splitting of thef bands. We cal-
reproduces the steepest descent data extremely well for digy|ate the change in electronic energy by evaluating equation
tortions less thaiQ;=0.3A. Thee; optical mode is much (4), taking the limits of integration from the lowes} state

less en_ergetically favorable than thg strain mode. In this to the center of gravity of the* bands, as a function of the
study, it was found that both of these modes have the Same o rtion 9 '

vibronic coupling, so the observed differences must be due

to differences in the elastic terngsee Sec. IV E This de-

composition explains why thgg strain mode dominates the E:f e-D(e)de. 4
cooperative distortion. In order to clearly illustrate the effect

of the A;y mode, a calculation can be performed as a funcBecause the band energies cannot be referenced absolutely
tion of theus strain mode, while allowing the, strain mode  for different distortions, we must assume that the center of
to relax at every step. The presence of thestrain mode — gravity of thee} states remains unchanged. Therefore, only
causes the minimum to increase by 0.15 A and the stabilizaspjitting of thee? bands is taken into account when calcu-
tion energy to increase by roughly 50 meV. When the  |51ing the change in electronic energy. As indicated in Sec.

strain mode is allowed to operate_, the re_sults are much clo_sqaﬂ B, the change in electronic energy for a cooperative dis-
to the steepest descent results with the final differences beingtion in a solid with finite bandwidth is expected to vary

due to the absence of they ande, distortions. The same nopjinearly for small distortions. The change in electronic
analysis can be performed for LiCy@see Fig. 18 As for  gnergy is plotted as a function of the positivg strain dis-
LiMnO,, the cooperative distortion consisting solely @f  tqrtion for all three materialésee Fig. 14 As before, the
lattice strains is only accurate for small distortions. The ab'amplitude of the strain mode is multiplied by a factor of
sence of theA;; modes greatly reduces the size of the dis-5(2,7) - such that the amplitude of the mode is equal to the
tortion. Allowing theu; strain mode to operate greatly re- inqyced amplitude of th€, octahedral mode. This will al-
duces the energy of the distortion. However, there is still g5,y us to directly compare the strain modes and optical
significant departure from the steepest descent curve at largg,qes below. Once thg, bands and theg bands began to
distortions indicating that the; and e, optical modes are ,erjap no larger distortions were considered. As shown, all
significant in representing the energetics for large distortionsyee curves begin nonlinearly and transition to approxi-
mately linear dependence. The nonlinear region can be accu-
rately represented by a quadratic term, with the rms error
being less than 3 meV for all three cases. The first-order
In this section, we shall discuss specific calculations thavibronic coupling of theE, strain mode can be taken as the
explain the differences between the distortions in the differslope of the linear portion of the curve. The vibronic cou-

C. Vibronic coupling of the strain modes
and the optical modes
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fact that there are two electrons in the antibonwgg)ands

s —_ —__ LiCuO, in LiCuO, whereas there is only one in the other two mate-

o -200 | . . -~ . :

E \ rials. It is well known that filling an antibonding band tends

5-400 ] to decrease the elastic constants.

2 600 In order to determine the dominant source of anisotropy

- LiMnO, in the E, strain potential, we will use two different calcula-
-800 ‘ ‘ T ! tions. First, we will use the same approach as above by cal-

0 01 02 03 04 05 06 culating the change in electronic energy for positive and

02;(A) negative amplitudes of the; strain distortions for LiMnG.
The results for the positive and the negative amplitude are
FIG. 14. Electronic energy change us strain distortion. The  Very similar, with the negative amplitude providing a slightly
change in electronic energy is calculated from the splitting ogfhe  larger gain in energy. However, the calculation of the total
peaks in the DOS. energy indicates that the positive amplitude has a lower total
energy(see Fig. 12 which must be caused by the elastic
) _ _ . contribution. The anisotropic terms can be more accurately
plings of the B, strain mode for LIMn@, LiNiO, and g antified as follows. Consider the function defined in equa-
LiCuO, are —1.70, —1.16, and—0.84 eV/A, respectively.  tion (5):
Up until this point, only the vibronic coupling of the,
strain mode has been considered. It is also useful to calculate f(p)=3[E(p,0)—E(p,m)]. 5
the change in electronic energy as a function ofaheptical
mode. This was performed for LiMnOand the result is
nearly identical to the case of thg strain mode, with all
points in the nonlinear region being practically equivalent
and all points in the linear region being within 15 meV of
each other on a scale of 700 meVhis indicates that the

This will eliminate all symmetric terms from the Hamil-
tonian, leaving only the second-order vibronic coupling and
the third-order elastic term. This function can then be fit to a
second- and third-order polynomial, revealing each term. For
the uz mode, this gives a cubic term 62165 eV/& and a

vibroni ling of th train mode and tical mod quadratic term of 154 eV/A Considering an amplitude of
onic coupling ot the Y Stra ode and goptical mode g g A, the third-order elastic term is roughly seven times

are practically the sameThis suggests that, to a high degreeIarger than the second-order vibronic term. The same fit was

of accuracy, the change in electronic energy is only a funcberformed for thee, mode yielding a cubic term of 1888

tion of the octahedra@; distortion. It is also instructive to eV/A% and a quadratic term of 210 eV@Awhich behaves in
calculate the change in electronic energy for a cooperativ%e same fashion. Additionally, the fit predicts the second-

?r]lgfc:r}%natggtcftigr?ﬁr:c?/\r/[w?&s:ﬁg\éedf-trr:](l,sfolirpn?;(z)arlr-gigg% orde.r vibr.onic term to s'gabilize the negative amplitudg of the
octahedra, in the primitive spinel unit cell, have octahedral’3 d_|_stort|on gnd the thlrd-order _elastlc t_erm to stabilize the
Q distorti’ons in different directions but idéntical in magni- positive amplitude Of. theis d|stort|on,_ which was also seen
tu?je This distortion is some linear combinationkef 0 op- above when calculating the electron!c energy. Thgrefore, we
' can conclude that, for these materials, the stability of the

tical phonons, and_ we characterize the ar_nphtu_de of thl?)ositive Q3 distortion is due to the dominant anharmonic
mode .by the m_ag_nltude Of 1@, Qctahedral Q|stort|on. T_he elastic coupling. The same trends were found for LiN&Dd
result is very similar to thei; strain mode, with the nonlin- LiCuO

2.

ear region being practically equivalent and the linear region
having roughly the same slope but shifted by approximately ] ) ) ) . .
—30 meV. This further illustrates that the change of elec- D. Strain anisotropy induced by antiferromagnetic ordering
tronic energy in the cooperative distortion can be approxi- Thus far, the present study has only addressed structures
mately considered to be a function only of g octahedral  with ferromagnetic spin polarization. As stated in Sec. IC
distortion. If the electrons were completely localized, thisthe E strain modes will distort the metal lattice. In the un-
would be expected, but with the absence of the initial nondistorted structure for both layered and spinel, a given tran-
linear behavior. However, as shown in Fig. 7 LiMpBias a  sition metal will have six metal nearest neighbors. The
bandwidth of roughly 1 eV. The above calculations werestrain mode will break the set of six nearest-neighbors into a
only performed for LiMnQ; however, the results are prob- set of four and two. In order to illustrate this, the Mn-Mn
ably similar in LiNiO,. Also, these arguments probably hold bond lengths for the six nearest neighbors are plotted versus
for small distortions in LiCu@. the magnitude of the octahedi@} distortion for the steepest
The curves shown in Fig. 6 are now better understooddescent calculation of the cooperative distortion in spinel
LiMnO, has a much larger distortion than LiNi®ecause LiMnO, (see Fig. 15 The positiveus distortion, which is
the vibronic coupling in LiMnQ is much larger than for defined inZ orientation(Table Il), creates four long metal-
LiNiO,. Obviously, differences in elastic terms will also metal bondgbonds 0-2, 0-3, 0—4, and 0-5 in Fig.) Ehd
contribute to the differences between the two materials. Intwo short metal-metal bondsonds 0—1 and 0-)pwhile the
terestingly, LiCuQ has the smallest vibronic coupling, but negative distortion creates two long metal-metal bonds
the largest distortion and stabilization energy. This must bébonds 0-1 and 0-96and four short metal-metal bonds
due to the elastic terms being much smaller in LiGukkan  (bonds 0—2, 0-3, 0—4, and 0x-Fhis is opposite to how the
in LIMnO, and LiNiO,. This reasoning is supported by the cooperative distortion effects the metal-ligand bonds. The
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6 TABLE VI. Relative energies of antiferromagnetic LiMa@n
4 4 Bonds different orientations of thg cooperati@,, distortion._AII energi_es
° are referenced to the undistorted, antiferromagnetic calculation. As
2 2 shown, the antiferromagnetism breaks the symmetry and causes the
2o positive X and Y orientations of the cooperative distortion to be
: 2 lowest in energy. The lowest energy orientations are those which
° . 2 Bonds produce a maximal number of short antiferromagnetic bonds.
I : ‘ : Orientation Q; (A)  Energy(meV) Metal-metal bonds
-0.4 -0.2 0Q3(A)0'2 0.4 0.6 2 short AE bonds
X, Y 0.52 —263 2 long AF bonds
FIG. 15. Percent change in Mn-Mn bonds in spinel LiMyfor 2 long F bonds
the cooperativeQs distortion (steepest-descent calculatiorAs
Zz 0.53 —194 2 short bonds

shown, a positive cooperativ®; distortion will create four long
Mn-Mn bonds and two short Mn-Mn bonds due to thg strain 4 long AF bonds
component of the distortion, while the opposite occurs for the nega- 2 short AF bonds
tir\]/e cooperativeQS((j:iistortion. l;lfote thra]lt this is tge %plpositt; of how Xy 0.24 _72 2 shortk bonds
the cooperative, distortion effects the Mn-O bond lengths. ' 2 long AF bonds

magnitude of the slope of the two-bond curve is roughly 1.5 -Z 0.24 —161 4 short AF bonds
times that of the four-bond curve. The exchange interaction 2 long F bonds
will be a function of the metal bond lengths, so the magnetic
energy will clearly change as a function of the distortion.
The antiferromagnetic state introduces an additional comenly create two short antiferromagnetic boriii®nds 0-3,
plexity as compared to the ferromagnetic case. The magnetié—4 and 0—2, 0-5, respectivelgnd two short ferromagnetic
ground state of both spinel and layered LiMni® antiferro-  bonds(bonds 0—1, 0—-6 and 0—1, Ox@he energy was cal-
magnetic, and both systems are frustrated. As shown in Figiulated for the positive and negative amplitudes of the coop-
16, a given metal atom can have four antiferromagnetierative Q5 distortion for theX, Y, andZ orientations of the
bonds(bonds 0-2, 0—3, 0—4, and 0}-&nd two ferromag- cooperative distortion in spinel LiMnQsee Table V). The
netic bondgbonds 0—1 and 0)6The antiferromagnetic or- antiferromagnetic ordering creates approximately a 70 meV
dering reduces the symmetry, causing Znarientation of the  difference in energy for the different orientations of the posi-
ug strain to be inequivalent to thé¢ andY orientations of the tive cooperative distortion and a 90 meV difference for the
us strain. For both the positive and negative cooperative disdifferent orientations of the negative cooperative distortion.
tortions, it is found that the lower-energy states correspond’he same trends were observed in layered LiMnThere-
to a deformation in which the short metal bonds are antiferfore, there is a significant coupling between the magnetic
romagnetic. The positivei; distortion creates one set of ordering and theéey strain modes, which makes certain ori-
short bonds, so for the particular antiferromagnetic orderingentations of the cooperative distortions energetically favor-
in Fig. 16 theX andY orientations ofu; will result in short  able.
antiferromagnetic bonddonds 0-2, 0-5 and 0-3, 0-4, re-
spectively and theZ orientation ofus will result in short
ferromagnetic bond&onds 0—1 and 096The negatival,

V. CONCLUSIONS

distortion creates four short bonds, so therientation ofus; Density functional calculations, in the generalized gradi-
will result in four short antiferromagnetic bonélsonds 0—2, ent approximation, have been used to elucidate several im-
0-3, 0—4, and 0-)5while theX andY orientations ofu; will portant aspects of the cooperative Jahn-Teller distortion for

octahedrally coordinated transition-metal ions. Our calcula-
tions accurately predict the structural characteristics of the
cooperative Jahn-Teller distortion in spinel and layered
LiNiO,, LiMnO,, and LiCuQ, as compared to experiment.
The predicted metal-oxygen bond lengths were in reasonable
agreement with experiment, having errors ranging from
1-7%. The stabilization energy of the ferromagnetic coop-
erativeQ; distortion was found to be-11, —215, and—341
meV in layered LiNiQ, LiMnO,, and LiCuQG, respectively,
and —4, —211, and—290 meV in spinel LiNiQ, LiMnO,,
and LiCuQ, respectively(see Table IV. Additionally, it
was found that the Jahn-Teller distortion will induce a spin
FIG. 16. The figure shows the frustrated antiferromagnetic oriransition in LiCuQ, causing the initial high-spin state to
dering present in the spinel structure. Eddhatom has four anti-  transition to low spin(see Fig. 9.
ferromagnetidM-M bonds and two ferromagnetid-M bonds. The total cooperative distortion is decomposed into the
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symmetrized lattice strains and the symmetriked) optical  that the change in electronic energy calculated from the split-
phonons, and it is found that only th€, and A4 strain  ting of the DOS in LiMnQ, as a function of the distortion,
modes andEy and A4 k=0 optical-phonon modes partici- was essentially identical for the; strain mode and the;

pate in the cooperative distortion. Tl strain modes and k=0 optical phonon mode, and very similar for a nonferro-
Ey k=0 optical phonons both impart octahedBg] distor-  distortive distortion. This indicates that the vibronic cou-
tions. Itis found that thei; strain mode is responsible for the plings for theus strain mode and the; k=0 optical phonon
majority of the octahedraQ; distortion for small and inter-  mode are practically the same, and that the change in elec-
mediateQ; distortions while the contributions of thes kK tronic energy is approximately a function only of the magni-
=0 optical phonon become more important for large distory,de of theQ, octahedral distortion for a cooperative distor-
tions. TheA,4-type modes cause all the metal-oxygen bondion, in LiMnO,. Also, it was shown that the strong
lengths to increase, canceling the contraction of the meta'émisotropy favoring the positive amplitude of thg and e,
oxygen bond Iengths_ induced by tg, distortions. The ., 4es is elastic in origin, not vibronic.

Aqg-type modes begin to operate at rough@,=0.2A, Finally, it is found that symmetry breaking of the antifer-
whereupon it becomes energeu_cally favorable to expend eNomagnetically ordered state in LiMp@an create roughly
ergy to expand the octahedron in order to reduce the energyy mev differences in the stabilization energy for different
associated with excessively short bond lend#e® Fig. 11 ientations of the cooperative distortigie., X, Y, or 2).

This effect is a higher-order elastic interaction between theryig derives from the fact that the cooperative distortion sig-
A1q andEy modes. The importance of this effect depends onyisicantly changes the metal-metal bond lengths, thus chang-
the magnitude of theQ; distortion, being negligible in ing the exchange interaction.

LiNiO,, intermediate in LiMnGQ, and extremely important
in LiCuO,.

The vibronic coupling of thei; strain mode was found to
be —1.70, —1.16, and —0.84 eV/A for spinel LiMnQ,
LiNiO,, and LiCuQ, respectively, by examining the split- We would like to thank Professor Michael Kaplan for
ting of the Ey peaks in the DOSsee Fig. 14 Additionally,  helpful discussions. Also, we would like to thank Eric Wu
it was shown that the electronic energy varies quadraticallyor carefully reviewing the entire manuscript. Finally, we
with the distortion while theE, bands are overlapping and would like to thank the Department of Energy for supporting
transits to a linear relationship thereafter. It was also foundhis work (Contract No. DE-F602-96ER455)71
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