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Theoretical Study of the Intercalation of Li into TiO » Structures

1. Introduction

Oxides of transition metals (TM) are potential materials for
the intercalation of Li and its usage in rechargable Li battéries.
In higher oxidation states, their structures are open enough to

afford high Li d

accommodate the electron density contributed by Li atoms. For
good ionic conductivity the interstitial space must be intercon-
nected throughout the structure giving rise to a relatively smooth

potential energy

TMs form two kinds of structures with Li meeting these
criteria: (i) cubic spinels with 3D networks of the interconnected

interstitial space

While the spinel
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First principles LAPW and semiempirical EHT methodology is used to characterize the bondingD,L(Epinel)

and LiTiO, (trigonal) as well as the corresponding Li-extracted J#Buctures. In optimized structures, the-Ti

Ti distance indicates that the spinel structure is most stable, in agreement with experimental observations.
Deintercalated compounds of both structures are broad-band insulators with a-gagwtf Upon intercalation

of Li both structures become conductors with the Fermi level situated within the d band. The intercalation causes
no pronounced changes of the DOS of cubic spinels. On the contrary, trigonal compounds show considerable
rearrangement of energy states at the bottom of the d band. Both, density of states and difference density plots
show that the host framework of Ti®@xide becomes more ionic with intercalation of Li. The interaction scheme
constructed for spinel structures shows that electron density originating from intercalated Li atoms can be placed
only on Ti atoms, which is confirmed by electron density plots. The difference density plots constructed for Li
electron density only show that the occupation of d states due to the intercalation creafégtdj—t.g) bonds

in a more effective manner in the spinel than in the trigonal structure. Thigy&and is the electronic prerequisite

for the superconductivity of the spinel LD, compounds.

(a)

iffusivity, and TMs have the capacity to

surface for the mobile Li ions. Fourth period

, and (i) trigonal layered structures (e.g.

a-NaFeQ).? Both crystal structures are shown in Figure 1. O Li@a)
structure is typical for fourth period TMs on e Ti(16d)
e periodic table (¥if Mn”9). Fourth period o 0(32)

the left side of th
TMs on the right

side of the periodic table rather form stable
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Efforts to characterize the properties of Li intercalation band separated from the empty d band by a sizable energy gap
compounds using the tools of theoretical chemistry have focusedfor all structure modificationd’ First we present the full
on (i) the investigation of the bonding, (ii) the calculation of geometry optimization of the intercalated and deintercalated
the average cell voltages, and (iii) a description of diffusion TiO, structures in both spinel and layered structure modifica-
within the solid electrode. Although much work has been done tions. Then we focus on the bonding properties investigated by
to characterize transport phenomena on a macroscopiclfevel, means of total and partial DOS. Based on atomic energy levels
an up-to-date CarrParinello-type molecular dynamics applica- and orbital interactions indicated by the partial DOS we have
tions!” are still missing. constructed the interaction schemes. Interaction schemes have

The electronic structure of Li intercalated compounds has been successfully applied to various bonding situatfoRsand
been studied using a variety of methods. Both semiempifical were demonstrated to be a useful tool for displaying essential
and first principles approachis24 have been applied. Most of ~ bonding characteristics of a solid in one simple figure. Such
these studies were aimed at characterizing the bonding withinschemes are then compared for intercalated and deintercalated
the host TM compound and the influence of the intercalated Li systems. Finally, we present our evaluation of the bonding
atom on the electronic structure. There is general agreementProperties in terms of crystal orbital overlap population curves
that the bonding of Li with the surrounding nonmetal atoms is and in terms of electron density maps constructed for equivalent
highly ionic. However the position of the Fermi levéld] has cutting planes. The modification of the electron density due to
been discussed at length. The positionEpfdetermines the  the bonding is displayed in terms of the difference density maps.
electronic conductivity, which is a very important property for The distribution of the additional electron density originating
electrode materials. The intercalation of Li, adding Li valence from intercalated Li atoms is displayed by means of the
electron density to the valence bonding band, driesnto difference band density, showing the transfer of electron density
another position, thus influencing the conducting properties. A from the Li atoms to the framework of the TM oxide.
direct comparison of calculategk values with those obtained
from experimental procedures is usually not possible. The shapez‘ Method
of the density of states (DOS) and the positiorEpfvithin the The electronic and structural properties of the compounds were
DOS is correct and comparable to those derived from experi- calculated within the framework of periodical, three-dimensional crystal
mental dat®526 The position of the DOS on the energy scale, ©rbital (CO) calculations by solving the Kohi$ham (KS) equatiori
however, is arbitrary. This is due to numerical approximation Within the linearized augmented plane wave (LAPW) approxima#ch.
of the core states in the pseudopotential method or because OyVe_used the all-electron full-potential version of the LAPW method

the description of the potential acting on electrons between as implemented in WIEN97 codé.Core states were treated fully
) relativistically?” and for valence states relativistic effects were included
spheres in the LAPW method.

in a scalar relativistic treatmefft The exchange and correlation effects
Another difficulty for the comparison of bonding in different  are treated beyond the LDA by adding gradient dependent terms of
electrode materials is the absence of the energy gap. Most ofthe electron density to the energy and its corresponding potential terms
the materials under study are conductors without energy gap(i-e., the generalized-gradient approximation: G&AThe maximum
showing considerable mixing of states in the vicinity B | value in the expansion_of the basi_s set inside atomic_sp_heres was 8
When intercalation takes place the electron density from Li fills @nd 4 for the computation of muffin-tin and nonmuffin-tin matrix
empty electronic states aboie and complex bonding proper- elements, respectively. A grid of 781 points on a logarithmic scale was

ties result which prevent a straightforward reasoning about the chosen for the evaluation of functions inside atomic spheres. The
role of Li atoms parameteRniKmax = 8 (WhereRy is the smallest atomic sphere radius

in the unit cell andKnax is the magnitude of the largektvector) led

In this paper we present crystabrbital calculations to study to an energy cutoff oEy, ~ 27 Ry for the expansion of plane waves
the intercalation of Li into TiQ. A great advantage for our  to complete the basis set with functions for the interstitial region.
analysis is the simple electronic configuration of ZiC3to- Performing the structure optimization we have used the sekqfeints
ichiometric TiQ, has closed shells with a completely filled p for the cubic and 1& points for the trigonal structure (for a description
of structures see below). Electronic properties within optimal structures
were evaluated using a set of R5points in the irreducible wedge of
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Table 1. Orbital Parameters Used in Semiempirical Band-Structure (@)
Calculationd
atom  orbital H; (eV) Cin (c1) Gio (c2)
(e} 2s -32.3 2.275
2p -148  2.275 4
Li 2s —5.4 1.075
2p -35 1.075 "
Ti 4s -8.97 1.075
4p -54  1.075
3d —10.81 4550 0.4206 1.400 0.7839
aFrom Table of Parameters for Extended tkel Calculations (b)
collected by S. Alvarez, Barcelona, 198%, orbital ionization energies;
Gi, Slater exponents;,ccoefficients in the double-zeta expansion of d ?\
orbitals. Orbitals of Li are contracted to achieve reasonable overlap / :

with O orbitals. 1( A ;
Y‘ “‘
The basic structural unit of titanium oxide structures is the

octahedron Ti@2 where each Ti is hexacoordinated and the Figure 2. Unit cells of spinel and trigonal structures. (a) Primitive
stoichiometry requires each O atom to be three-coordinated. Eorunit cell and the face-centered unit cell (left) and the pattern of sharing

: : : dges of the Ti@structural unit (right). (b) Hexagonal and rhombo-
steric reasons there is not enough space for three |ndependerﬁedral unit cells (left) and the pattern of sharing edges in the layered

octahedra to coordinate a single O atom, all J&ructures structure (right).

must share edges of the octahedra. Many patterns of sharing

are known in TiQ structures, the most simple one is encountered ¢ 161, while Li atoms occupy the eight tetragonal sites
in rutile*2“*where by the sharing of two opposite edges, linear gesignated & In this structure each structural unit Tihares
chains of octahedra extended in theirection are formed. The gy eqges with surrounding units. The pattern of the sharing is
sharing of edges is always accompanied by a deformation ofjgicated in Figure 2a (right) with thick lines. All three edges

the octahedra. A typical feature is the shortening of four fgne face are shared with three different units without sharing
equatorial Ti-O bonds and the lengthening of two axial ones, f faces. There are two variable parameters in the spinel
and considerable distortion of bond angles, the pattern of which gt ,cture: the lattice parameterand an internal parameter

varies depending on the symmetry of the system. The trigonal structure-NaFeQ contains three formula units
Considerable efforts have been made in order to reach an| jTio, in the hexagonal unit cell and only one formula unit in
understanding of the nature of the interactions behind deforma-ihe rhombohedral cell (Figure 2b, left). The Ti atoms reside in
tion of the octahedra. Glassford and Chelikowskyerformed 3a positions of the space group Rdn planes of octahedral
an extensive first principles study of the bonding in rutile. They gjtes between the hexagonally stacked close-packed oxygen
successfully compared mechanical, electronic, and optical layers (& positions). The Li atoms are located in thegsitions
properties of the rutile structure of TjOwith experimental  5nq the Li and Ti atoms occupy alternate planes forming the
measurements, but the mechanism of mteractlons_legdlng to_th%yered structure (Figure 1). The pattern of edge sharing within
deformatlon. of the octahedra was not revealeq. Slm[lar stydlesthe layered arrangement is indicated in Figure 2b (right).
were described by Burdett, who used semiempirical tight- gecause of symmetry requirements only three variable param-
binding methods to describe the electronic control of geometry giers are permitted: the lattice paramegeasidc and an internal
in rutile and related structuré$He performed many evaluations parametex.
of energy contributions to the bonding in rutile structures. * Tnhe structures of both compounds LiTO, (spinel) and
Neither of them led to a better understanding of the problem. LiTiO, (trigonal) were fully optimized with respect to the
He discussed also nonbonded-Ti repulsions_and the possible variable parameters. These geometry parameters of the opti-
importance of the through-space mechanism relative to the mizeq structures are shown in Table 2, while the coordination
through-bond mechanism, and pointed out similarities to spheres of the metal atoms are visualized in Figure 3. The
deformations in Si@structures’™> 47 o deviation of the calculated spinel lattice parameter differs from
The cubic spinel LiTi O, contains eight formula units in the  the experimental value by less than 0.5%he TiOs octahedra
primitive unit cell reduced to two formula units in the face- are jdeal, neither in the spinel nor in the trigonal structure. The
centered unit cell (Figure 2a, left). The close-packed array of geviation of angles from 90 degrees, however, is not as large
O atoms is located at the 8positions of the space grodu3m. as in simple oxides, such as rutfeanatasé? and brookite®
The Ti atoms occupy the half of the octahedral sites designatedroy simple oxides the angle deformations are accompanied by
(41) Whangbo. M. H- Evain, M. Hughbanks, T K T a separation of the HO bond lengths into at least two
angbo, M. H.; Evain, M.; Hughbanks, T.; Kertezs, M.; Wieyes-  categories (e.g. four short and two long bonds in rutile). In both
Eﬂk;;?:’u;sa{r gh’dvgIri)(/gélcc'éﬁ:ﬁ?ﬁgigc;n%bg%ﬁgr%g?én?( &%ﬁ%?‘i;'fﬁgﬂna the spinel and trigonal structure the lengths of a0 bonds
University: Bloomington, IN, 1988. remain unchanged for symmetry reasons (Table 2 and Figure
(42) Abrahams, S. C.; Bernstein, J. L.Chem. Phys1971, 55, 3206. 3). The angle deformations show a pattern similar to that in

(43) ?9983;0321??'éSthwarze”baCh' D.. Schneider, JAta Crystallogr. simple oxides. In all structures the-&i—0O angle (for a couple

(44) Burdett, J. Klnorg. Chem.1985 24, 2244.

3. Crystal Structures

(45) O’Keeffe, M. InStructure and Bonding in Crystal®©'Keeffe, M., (48) Burdett, J. K.; Hughbanks, T.; Miller, G. J.; Richardson, J. W.; Smith,
Navrotsky, A., Eds.; Academic Press: New York, 1981. J. V.J. Am. Chem. S0d.987, 109, 3639.

(46) O’Keeffe, M.; Hyde, B. GTrans. Am. Crystallogr. Assot979 15, (49) Howard, C. J.; Sabine, T. M.; Dickson, Rcta Crystallogr.1991
65. B47, 462.

(47) Hyde, B. G.; O’Keeffe, MNature (London)1984 309, 411. (50) Meagher, E. P.; Lager, G. £anad. Miner.1979 17, 77.
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Table 2. Geometry Information on Li%D, (Spinel) and LiTiQ (Trigonal) and Corresponding Li Deintercalated TiStructures; Available
Experimental Values Are Supplied in Parentheésasd Trigonal Structures Are Characterized in Hexagonal Axes

space group  a(A) c(A) z V(A3 Ti—0 (A) Ti—Ti (A) 0-0(A) O—Ti—0 (deg)
TiO, Fd3m 8.47 - 0.2664 607.6 1.99 3.00 2.61 81.7
LiTi ;04 Fd3m 8.45 - 0.2622 603.4 2.02 2.99 2.70 84.0
(8.410) - (0.2622) (594.8) (2.005) (2.973) (2.683) (84.0)
TiO, R3m 2.99 14.2 0.265 36.65 1.94 2.99 2.60 82.9
LiTiO» R3m 2.93 15.1 0.255 37.42 2.06 2.93 2.91 89.6
(a) probably prevents this structure from undergoing stabilizing

deformations, which seems necessary for the Ti structures.
The effect of the deintercalation is similar in both structures.
The interatomic distance between Ti and O is shortened and
structures are more deformed. When lithium is not present, the
Ti—O bonds become more polar. The oxygen atoms withdraw
more electron density from the TMs and increase the positive
charge on the Ti atoms. The repulsion between increased
positive charges then yields more highly deformed structures.
The Li atoms intercalated into TiGtructures then represent a
counterbalance to the highly polar-TO bonds, thus leading
to a more symmetrical arrangement of the lattice. The intercala-
tion of Li causes the unit cell volume of the trigonal structure
to be increased by 2.1% but curiously, that of the spinel structure
is decreased by 0.7%.

4. Electronic Structure

Density of States.The total and partial DOS evaluated for
optimized structures are shown in Figure 4 (spinel) and Figure
5 (trigonal). For the sake of comparison, all spectra are aligned
in the way that the edges of the second band (from left) have
zero energy. Figures 4 and 5 show that the DOS distribution is
very similar in all compounds. In the valence region the energy
states are collected in three main bands. The partial DOS
projected to atomic orbitals, which are also displayed in Figures

Li (8
© 1:(12()1 4 and 5, show that they araccording to the dominant
® Ti(16d) componentthe s band, the p band, and the d band (the
0 O(32) classification of bands is given at the top of Figure 4a).

Figure 3. Geometry parameters of the coordination spheres of

Different width of bands reflect different bonding properties

optimized structures: (a) spinel structure, (b) trigonal structure. of states. An effective bonding is driven by two factors: orbital

Intercalated structures are shown on the left-hand side, deintercalate
structures are shown on the right.

doverlap and energy matching of interacting levels. A good

energy matching and the large overlap produces the covalent
bonding with an electron density considerably increased between

of oxygens shared by two octahedra) becomes smaller than ahe two atoms. The covalent bonding typically keeps the atoms

right angle. Such a deformation leads to a decrease® O
distance and increased JTi distance. All TiQ structures

at shorter distances. The dispersion of energy levels which are
due to the covalent bonding is large and bands in the DOS

exhibit a stable electronic configuration of closed shells having representation are therefore wider compared to bands of ionic
no electronic reason for such a deformation. Possible explana-bands?® The bonding properties of states are in detail compared
tions are available in terms of the atomic dimensions and in the next paragraph based on the interaction scheme, which
nonbonding through-space interactions. Much larger Ti atoms shows the energy matching, as well. Here we present the

do repel each other leading to increase¢ Tii distances, while
the much smaller dimensions of the O atoms allow them to get
closer together (cf. discussions for rutlend for SiQ struc-
ture$5-47). From this point of view the FTi distance seems

to be a crucial parameter for the stability of crystal structures
containing edge-shared T¢Gtructural units. Within a series
of TiO, oxides: rutile, anatase, and brookite, the stability
increases and the values of the experimentatTTidistance
are 2.96, 3.04, and 3.06 A, respectively. A comparison ef Ti
Ti distances for the spinel and trigonal structure indicates higher
stability of the spinel structure. This is in agreement with the
fact that only the spinel structure was obser¥etData in Table

2 show that the structure of the layered trigonal LiTi®much
more rigid than that of spinel Li3D, (cf. O—Ti—0O angles,
Ti—Ti, and O-0 distances). The packing in two dimensions

comparison of the width of bands in Figures 4 and 5.

The s band, situated at the left-hand side of each spectrum,
consists mainly of O (2s) states. Its narrowness is an indication
for the ionic character of these states. Small admixtures of
orbitals from neighboring atoms (Ti and Li) and the fine
structure of the band reveals some overlap and covalent mixing
of electron densities residing in both O (2s) orbitals on one side,
and Ti (3d), (4s), (4p) and Li (2s), (2p) on the other side. The
p band with the O (2p) states as a dominant component is the
main bonding band. According to the Ti (3d) admixture found
in the band, its states originate from O (2{)i (3d) interactions.

The increased bonding character of these interactions, compared
to the s band, is documented with bandwidths shown in Table
3. The values of bandwidths show that the covalency of the p
bands is increased by at least a factor@f5 in all compounds.
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Figure 4. Total and partial density of states of spinel structures. (a) ) 50 /f\h/v\
The Li extracted Ti@and (b) LiTiOs. The assignment on the top of A H@p) x 1
Figure 4a is valid for spectra in Figures 4 and 5. . 1 . i
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In both deintercalated structures, the Fermi le&) (falls to Energy (eV)

tl‘!e edge of the p bgnd, as in Oth‘?r Structure_mod|f|cat|ons of Figure 5. Total and partial density of states of trigonal structures: (a)
TiO2. The d states situated at the right-hand side of the spectray i extracted TiQ, (b) LiTiO».

are split into “by" and “g;” symmetry components due to the

quasi-octahedral surrounding of the Ti atoms. They are separatedrable 3. Widths of s and p Bands of LifD, (Spinel) and LiTiQ

from the p band by a gap of about 2 eV. The gap for spinel (Trigonal) and Corresponding Li Deintercalated TiStructures (in
structures is located directly at tfigpoint. Trigonal structures

show indirect gaps. Although we used GGA functioridleur TiO2 LiTi 204 TiO; LiTiO»

calculated gaps are33% lower than the experimental valtfe, (spinel)  (spinel) (trigonal) (trigonal)

which is ~3.0 eV. s band 1.73 1.51 1.88 1.44
p band 4.73 4.63 4.74 4.20

The intercalated Li atoms supply additional electron density
that drives the location dEr upward into the d band. Figure 4  structure induce some rearrangement of states at the bottom of
shows that in spinels the d states are practically not affected bythe d band. The rigid band model, supposing no changes of the
intercalation and Li electron density only increases upon filling electronic structure, is therefore not valid. Note that Li intercala-
of the bands of the host material. This means that for d bandstion causes a narrowing of both s and p occupied bands (Table
of spinels, the rigid band model is valid. Possibly this is due to 3). This means that the bonding within the host framework
the fact that in the cubic spinel crystal lattice all deformations becomes more ionic upon Li intercalation.
are proportionally balanced. The deformation of the Ti and Li  Interaction Scheme. The construction of the interaction
coordination spheres in the trigonal structure (Figure 1b) causesscheme for solids is a useful tool for presenting electronic
remarkable changes in the electronic structure. Figure 5 showsstructures of solid compounds in order to describe the basic
that the intercalation of Li and subsequent relaxation of the features of “chemical” bondingl. The concept of the interaction
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belonging to this band are of two kinds. Though the band is
not divided into two subbands the admixture of Ti (3d) states
0T TiO, LiTi,O4 1 indicates that the lower part of the barnide. the more stabile
one—consists of states resulting from the Ti (3d) (2p) orbital
interactions. These are the most covalent states of the system.
. The upper part of the band comprises only slight or no admixture
of the Ti (3d) states. These states are slightly bonding or nearly
nonbonding representing the electron density cumulated around
the O atoms. Interaction lines therefore indicate orbital interac-
] tions only for the lower part of the band, and the states in the
upper part all originate from the oxygen atoms. Note that the
position of the upper subband is similar to that of the free-
atom O (2p) level. The scheme shows that the position of the
d bands is also driven by the Ti (36D (2p) interaction. The
partial DOS in Figures 4 and 5 indicate considerable admixture
of p states into both d bands. Except for this p-to-d interaction
-30 there are no other relevant orbital interactions in the system.
Figure 6. Interaction schemes compared for T@d LiTiO, in spinel In the interaction scheme the bonding properties of the
structures. different states are easily recognized. When states are placed
in a stabilized position as compared to the corresponding atomic
qevel—i.e., interaction lines are going dowithe states are
onding. In both compounds states belonging to the p band are
ypically bonding. States of the deeper lying s band are also
bonding but stabilized to a much lesser extent. The d bands are
divided into an antibonding componeng)ehich is destabilized
as compared to the position of the free-atom 3d level, and a
nonbonding one £§) with a subband of slightly stabilized states.

experimental data for the inner valence shells of F# the The covalency/ionicity relations of individual states are
DOS in Figure 6 are positioned by fitting of the calculated DOS indicated by several features: - N

to the free-atom O (2s) energy level. The states of the s band (a) Covalent states are _formed by mixing of electr_on densities
are all bonding, i.e. shifted to more negative energies. The from atleast two centers, i.e. such states are found in the scheme
stabilizing shift, however, is for the inner valce bands rather according to orbital interactions indicated by interaction lines.
small. This was demonstrated for example for Gahd for a A certain degree of covalency could be therefore expected only
series of semiconductors GaN. GaAs. GaP. which were cali- for states in the lower part of the p band and in the d band. The
brated using ionization energies of Ga (3d) nonbonding elec- €l€ctron density corresponding to the upper part of the p band
trons. In the case of Tigand LiTi, O4 (Figure 6) the DOS is  corresponds to the nonbonding interactions. Because of the small

positioned according to the upper part of the s band which is admixtures to the s band, no interaction line is drawn toward
placed to the position similar to that of the free-atom O (2s) the Ti-centered orbitals and therefore very small covalency could

level. be expected for the states of the s band.

The interaction scheme (Figure 6) instructively shows the  (P) Covalent states result from orbital interactions between
relation of solid-state bands and the free-atom energy levels.levels (orbitals) having similar electronegativities. In the interac-
Dashed lines within the DOS stand for mass centers of the tion scheme the difference in electronegativities is apparent from
bands. The basic information on bonding within the system the energy difference between interacting atomic levak)(
comprises (i) orbital interactions, (ii) bonding properties of A large value of theAE indicates a large difference in
states, and (iii) covalency/ionicity relations of individual states. €lectronegativities. Interaction schemes in Figure 6 show that
In Figure 6 the orbital interactions are indicated by interaction due to the large value &E,q= 4.8 eV even the most covalent
lines. They are identified according to the mixing of states States in the bottom part of the p band are rather ionic. From
originating from atoms which are the nearest neighbors (Ti and this point of view the states in the s band with a value\&q
O). Partial DOS (Figures 4 and 5) show that the dominant = 14.7 eV are typically ionic taking part mainly in electrostatic
interaction responsible for the shape of the DOS is the Ti Interactions.

(3d)—-0O (2p) interaction. This interaction shifts the most of (c) Bands due to covalent interactions are always broader
corresponding states which are predominantly of p characterthan those due to more ionic interactihés already discussed
toward positions, on the energy scale, which are more negativeabove, the Ti (3d}O (2p) bonding in LiT3}O4 is more ionic

as compared with atomic levels. This is in agreement with the because its p band is considerably narrower than that of the
general notion of stabilizing energy levels through bonding. Two corresponding Ti@structure. From these arguments it is clear
dashed lines within the p band symbolically indicate that states that the shape of the DOS is driven by covalent interactions,
while ionic interactions can only cause a shift of the energy
(51) Hoffmann, RSolids and Surfaces: A Chemist’s View of Bonding in  |evels but no modification of the DOS envelope.

Extended Structures/CH: New York, 1988. . . . .
(52) Benco, L Chem. Paperd 997, 51, 129. As pointed out several times the width of a band is an

(53) Carlson, T. APhotoelectron and Auger Spectroscppienum: New indicator of the covalency/ionicity of bonding. The width,
York, 1978. however, strongly depends on the interatomic distance and on

(54) {;‘Sel‘;?d%‘;'re\éh't'xl'g%PhOtoe'e‘:trO” Spectroscopy of Solid Surfaces  the gverlap between orbitals. The following question therefore
(55) Dudésk, P.: E’;encoft Daul, C.; Schwarz, KJ. Phys.: Condens. emerges: “What is the relation of the covalency/ionicity and

Matter 1998 10, 7155. interatomic distances?” Because in covalent bonding there is
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scheme is based on the idea of putting the DOS on the absolut
energy scale together with free-atom energy le¥ef8.52Figure

6 shows two such schemes constructed from our calculated DO
for the spinel structures Tiand LiTi; O4. Atomic energy levels
are calculated employing a scalar relativistic treati#fdot the

O (22, 2p" and Ti (4%, 3 configurations. The position of
the DOS on the energy scale is usually calibrated using
experimental ionization energié%®* Because of the lack of
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always an increase of the electron density between the atoms,
let us consider the magnitude of this increase as a criterion of
the degree of covalency. If one expands, e.g. a diamond lattice,
bonding remains covalent, but the degree of covalency decreases
and the bands become narrower. At a very large expansion of
lattice atoms do not feel each other and energy bands recover
to free-atom energy levels. Because of extremal narrowness of
bands and spherical distribution of the electron density, free
atoms are typical ionic centers. From this point of view the
lengthening of a bond and the increase of the ionicity are the
two sides of the same story.

For the spinel structures the DOS envelopes displayed in
Figures 4 and 6 are very similar especially at the bottom of the
d band where the additional electron density from the Li atoms
is accommodated. This makes an impression that the rigid-band
model is valid and there is no change of the shape of the total
DOS and no change of covalency/ionicity of bonding. The
change of the bandwidth presented in Table 3, however, proves
the nonvalidity of the rigid-band model for the intercalation of -35
Li into TiO structures.

Another feature which is apparent from the interaction scheme
is the transfer of the Li electron density. In their recent papers
Ceder et af32*argue on the basis of first principles calculations,
in contradiction to the common belief of charge-transfer from
Li to the TM, that a substantial part of the electron density of
Li is transferred to the oxygen atoms. The interaction scheme
shows that all O bonding states within the p band are occupied.
The electron density supplied by the intercalated Li atoms can
fill only the lowest unoccupied states, which are available at
the bottom of the étyg band. It is true that these states admix
some p character. This occurs because the admixture of the d -
states to the p band raises a corresponding part of the p states
into the d band. The bottom of the d band is certainly dominated
by d states with small admixture of p states (cf. partial DOS in
Figure 4b). The filling of these states therefore cannot cause
substantial charge transfer to the O atoms.

Population Analysis. Bonding properties of states are in
Figure 7 displayed by means of crystal orbital overlap popula-
tions (COOP). These are calculated for spinel structures TiO
and LiTi,O4 to complement the analysis presented above in
terms of the interaction scheme. The COOP curves are
calculated for the LAPW optimized geometries of both 7iO
(@) and LiTpOs (b), using extended Hikel tight binding F!gure 7. CO(_)F_’ curves f_or O, O-0, and T-Ti interactio_ns in
semiempirical methotf | the upper part of Figures 7a and b T.'02| (a) and 'F]'T'ZO“ (b) Sp'”elf Str“ﬁtfl.”es' The total anfd parfnal DOS
the total and partial DOS are given for reference. Comparison displayed in the upper part of both figures are given for reference.
of DOS from first-principles (Figures 4 and 5) and those in
Figure 7 shows that width of bands and energy gaps of occupied states. A dominant feature of the Ti-to-Ti interaction
semiempirical DOS are rather unrealistic. The width of the p is pronounced bonding character of the states situated in the
band is too small and the gap separating the s and the p band$ower part of the 4y band. It is similar in both compounds and
is too large. The picture of the bonding, however, is correct appears because of considerable overlap ofglrbitals. While
and analysis of bonding properties of states allows a betterin TiO, these metal-to-metal bonding states are empty (cf.
interpretation of the results. position of the Fermi level in Figure 7a), in LiZ0,4 a fraction

The COOP curves, displayed forT0, O—0, and TiTi of these states is occupied (Figure 7b). This means that in the
pairs of atoms, show similar bonding pattern in both compounds. Li intercalated structures the metal-to-metal interactions increase
States due to Ti-to-O interactions are all bonding up to the upper the stability of the system.
edge of the p band. Within the d band the negative values The bonding properties of states, presented in terms of the
indicate antibonding character of Ti-to-O interactions. Note COOP curves in Figure 7, are in good agreement with the
decreased COOP curve for the upper part of the p band showinganalysis of bonding in terms of the interaction schemes presented
nonbonding character of these states. Second-neighbor O-to-On Figure 6. The advantage of the COOP curves is that they
and Ti-to-Ti interactions are, because of smaller overlap, much easily show bonding of second-neighbors. The interaction
weaker than the interaction of nearest-neighbors Ti and O. scheme, contrary, provides good understanding of bonding of
Within the s and p band the COOP curves show both bonding the nearest-neighbors.
and antibonding character of the O-to-O interaction proving that  Electron Density. Figure 8 shows electron densities displayed
this interaction contributes to the broadening of bands of for spinel structures. Two kinds of evaluations are performed.
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Figure 8. Difference electron densities within the (110) plane of the distance (A)

spinel structure. (a) Difference map constructed from all valence pjg re 9. Difference electron density within the (211) plane of the
densities of TiQ. (b) Difference map of LiTi Os. (c) Difference map igonal structure. (a), (b), and (c) as in Figure 8. Contour spacings are
constructed of Li electron density. Continuous, thick continuous, and 0.02 e/ (a and b) and 0.01 eBXc)

dashed lines indicate positive, zero, and negative values, respectively. ' '

Contour spacings are 0.02 é/fa and b) and 0.005 e?Ac). . .
pacing f ) Ae) calated compound we display the difference electron band-

density (DEBD) constructed only from the Li electron density.
First we display the difference electron valence density (DEVD) Figure 8a displays the DEVD for the (110) plane (diagonal cut
averaged over the whole valence region for both the deinter- of the unit cell) showing the effect of bonding on the electron
calated and the intercalated compound. Second, for the inter-density of free atoms. The bonding electron density is confined
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on O atoms in a rather spherical manner, but showing somelocal decrease oEr and thus a breaking up of the JTi
directional dependence. The TM sites are depleted of electronnetwork leading to the loss of superconductiityFigure 9
density. The depletion is rather symmetric and its shape indicatesshows electron density plots analogous to those in Figure 8.
that electrons are withdrawn mainly from the gytorbitals. They are evaluated in the (211) projection plane of the trigonal
There is also some increase of the electron density on Ti atomsstructure of LiTiQ, containing the Li and the O atoms of the
in the direction toward the O atoms. This increase is due to the equatorial plane of TiQoctahedra. The electron density plots
covalent interaction of O (2p) with Ti g orbitals. This exhibit most of the features described for the spinel structure
participation in the bonding pushes the remainingstates in Figure 8. The DEVD in Figure 9a shows the sizable depletion
upward as the antibonding counterpart, whilgorbitals remain of the by electron density and the formation of a certain
rather nonbonding. Figure 8b shows the effect of the Li electron covalency between Ti geand O (2p) orbitals. In the intercalated
density on bonding. The increased density on oxygen atoms iscompound the features of covalency are lost (Figure 9b). The
similar to that in deintercalated compounds and does not seemDEBD displayed in Figure 9c shows again that most of the Li
to be remarkably influenced by the intercalation. The Li sites electron density is transferred to the Ti atoms. The small fraction
are completely depleted. The shape of contours on Ti atomsof electron density transferred to the O atom increases the
shows that the electron density is transferred to the TMs. They antibonding interaction between O and Ti within the projection
still show lack of electron density as compared to that in free plane just opposite to the spinel structure where this interaction
atoms, but it is now partially compensated by the density from is bonding. The emergence of the—Tii network is even

Li atoms. An important feature in this figure is the fact that stronger in the trigonal structure as compared to that in spinels.
after the intercalation of Li the covalent O (2p)i (3d) bonding This network is again composed of Tidt orbitals. Note that

is considerably diminished. This is in line with the decrease of the g orbitals are those pointing toward the O atoms. For
the width of both bonding bands discussed above. In Figure 8c symmetry reasons the metal-to-metal bonds, however, form only
the difference density is only evaluated in the cutting plane for linear chains.

Li electron density in the d band. It shows the depletion of the

Li sites and the transfer of electron density to the TM, where it 5. Conclusions

fills toq orbitals. Some minor part of the electron density is ) . .
transferred also to the O atom, and its shape shows that this 1he comparison of the calculated electronic properties of
contributes to the bonding toward the gi(brbitals. The spacing ~ OPtimized structures of Li intercalated and Li deintercalated
of the contour lines is chosen in such a way as to stress thecompounds shovys the valld_lty and Ilmltatlons of the rigid band
large difference between the amount of electron density Model for the spinel and trigonal lattices. Both the DOS and
transferred to the TM and O atoms. In the spinel structure the '_the interaction scheme show that a transfer of Li «_electron density
electron density supplied during the intercalation of Li in fact IS Possible only to the TM atoms. Both analysis of the DOS
builds up the metal-to-metal bonds ofitt,q type within the and of the electron densities show that the Li intercalation
host framework. The area of increased electron density in the decreases the covalency of the hostzfi@mework. A moderate
lower left part of Figure 8c indicates another chain of the Ti  @and symmetry-balanced relaxation of the cubic structure ac-
Ti bonds oriented perpendicular to the projection plane. Becausecompanied by only a slight change of the unit cell volume and
of the cubic symmetry, three such independent chains of Ti py the formation of the 3D network of metal-to-metal connec-
Ti bonds are allowed to extend in all three dimensions. The tions are probably the reasons why only the spinel structure is
build up of this 3D network of effective metal-to-metal bonds observed experimentally. At the end of the TM series the smaller
explains why the spinel structure does not expand, but slightly Size of the TM d orbitals probably prohibits the creation of
shrinks upon intercalation of Li, and also explains the good effective 3D metal-to-metal network.s, therefore, layered trigonal
stability of spinel LiTh Os compound$:57 This network, which structures become more stab_le which are then_strengthe_ned by
is composed of degenerateylike orbitals, represents the the linear metal-to-metal chains formed upon intercalation of
electronic foundation of superconductivity observed in bOi Li atoms.

monocrystal$:5” The Li atoms serve as a source of the ionic,
i.e. easily transferable, electron density. The transfer of electron
density to the TM atoms enables the formation of the Ti
network and the superconductivity of stoichiometric LiJi.
The introduction of Li deficiencies into the structure causes a
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