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The structural and electronic properties of the intercalation compound LixTiS2, x) 1/4, 3/4, and 1, are investigated
at the ab initio, all-electron, periodic Hartree-Fock level, using an extended basis set and a posteriori density
functional correlation corrections to the total energy. Calculated lattice parameters, bulk moduli, linear moduli,
cohesive energy, elastic constants, band structure, density of states, and Mulliken populations are reported.
This study indicates that the following physical changes in LixTiS2 are induced by intercalation. (1) The
crystal expands uniaxially in thecb direction. (2) The S-Ti-S layers expand negligibly (<0.01 Å) in thecb
direction atx ) 1/4, but a large (0.16 Å) layer expansion occurs atx ) 1. (3) The elastic properties change
negligibly atx ) 1/4, but the interlayer stiffnessc33 increases by a factor of∼4 atx ) 1. (4) Lithium charge
is donated to the S(3p) and Ti(3d) orbitals. At least 75% of this charge is acquired by sulfur atoms. (5) At
x ) 1/4, the donated charge is localized over the lithium near-neighbor S(3p) and Ti(3d) orbitals. (6) Charge
transfer to a Ti(3d)-based conduction band yields metallic properties.

1. Introduction

Li xTiS2 belongs to the family of alkali-intercalated transition
metal dichalcogenides AxMCh2 (A ) alkali metal, M )
transition metal, Ch) S, Se, or Te). Several of these
compounds have been extensively studied for use as cathode
materials in ambient temperature high-energy density batteries.1-3

Of these compounds, LixTiS2 is the most promising because of
its nearly ideal electrochemical properties.4

The unusual affinity of MCh2 for intercalation is due to its
characteristic bonding anisotropy. For example, in TiS2 the Ti
atoms lie in planes that are individually sandwiched between
two parallel planes of hexagonally packed S atoms. The
bonding within these S-Ti-S “layers” is of the strong covalent
type, whereas the coupling between adjacent layers is relatively
weak. Consequently, the intercalated species is inserted into
the interlayer space, commonly called the van der Waals (vdW)
gap, where the bonding is weaker.
The outstanding technological potential of LixTiS2 has

prompted many experimental studies in recent years. Electro-
chemical measurements show that lithium and TiS2 react
continuously and reversibly over the composition range 0e x
e 1 to yield the single-phase product LixTiS2. X-ray studies5,6

of LixTiS2 show that the original symmetry of the host is retained
and that there is a continuousc-axis expanison for 0e x e 1.
Magnetic susceptibility measurements7 over the temperature
range 4.2-300 K confirm the metallic nature of LixTiS2 (0 <
x e 1). In addition to being a good electronic conductor,8 Li x-
TiS2 is also a good ionic conductor7 due to the high mobility
of the Li+ ion in the vdW gap. 7Li NMR9 and cell-emf10

measurements suggest that electron transfer from Li to TiS2 is
not complete abovex ) 0.80, with 10%-20% of the valence
electron density remaining in the vicinity of the lithium atoms
in LiTiS2.10

This paper reports our theoretical investigation of LixTiS2
which builds upon our previous ab initio study of TiS2.11 The
results are compared to experiment and to previous theoretical
studies.

2. Method of Calculation

Our calculations are performed using CRYSTAL92,12,13 a
well-documented ab initio program that has been applied to a
wide range of ionic, covalent, and molecular crystals14-20 as
well as to adsorbate/surface interactions.21 The method is an
all-electron periodic Hartree-Fock (PHF) self-consistent-field
(SCF) procedure that expands the ground-state wave function
as a linear combination of atomic orbitals.
As is customary, the atomic orbitals are linear combinations

of Gaussian functions which are collectively called the basis
set. The titanium and sulfur basis sets used in this study are
derived from titanium 86411+(3-1)d and sulfur 883-(1)d
Gaussian functions originally optimized in TiS2.11 The lithium
basis set was originally optimized22 in Li2O and is reoptimized
in the ion Li+. With the exception of core shells, the exponents
and contraction coefficients of the three basis sets were
subsequently reoptimized in LiTiS2 by minimizing the PHF
energy at the experimental geometry. The basis sets are given
in Table 1.
In this study, the Fock matrix is diagonalized at 65k points

in the irreducible part of the first Brillouin zone. The Fermi
energy (EF) is computed at each SCF cycle by interpolating
between the eigenvalues at 417k points. Energy band
interpolation is accomplished by fitting the bands to eight
symmetrized plane waves.
The present work couples the HF approach with density

functional theory to produce LixTiS2 total energies which are
corrected for electron correlation. This correction is important
in systems having nonbonded orbitals such as the layered
sulfides. The correction is obtained by integrating correlation-X Abstract published inAdVance ACS Abstracts,November 1, 1997.
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only density functionals over all space using the converged HF
electron density. Here we use two a posteriori correlation-only
density functionals: Wigner’s local correlation formula gradient-
corrected following Le´vy’s method (WL)23 and Perdew’s
generalized gradient approximation (P).24 Results are reported
as purely Hartree-Fock (HF) or as Hartree-Fock with cor-
relation correction (WL or P).

3. Crystal Structure

The lattices of TiS2 and LiTiS2 are both defined by vectors
ab, bB, andcb, where|ab| ) |bB|, ab ⊥ cb, bB ⊥ cb, and∠(ab, bB) ) 120°.
The LiTiS2 experimental lattice parameters are|ab| ) 3.4590-
(3) Å, |cb| ) 6.1879(6) Å, andzs ) 0.238(1),25 wherezs is the
fractional sulfurz-coordinate. In LiTiS2, the lithium atom is
positioned directly above the titanium atom as indicated by the
fractional atomic coordinates Ti (0,0,0), S (1/3, 2/3, zs), S (2/3,
1/3, -zs), and Li (0, 0,1/2). The projection of four primitive
LiTiS2 unit cells onto the titanium plane (z ) 0) is shown in
Figure 1A.
The hexagonal close-packing of the sulfur atoms in TiS2 gives

rise to two types of interlayer sites for lithium occupation. Two
tetrahedral sites are at (1/3, 2/3, 5/8) and (2/3, 1/3, 3/8); one
octahedral site is at (0, 0,1/2). Neutron diffraction experiments
show that the lithium atoms in LixTiS2 occupy the octahedral
sites in a disordered fashion.25 However, intercalation does not
disrupt intralayer structure because X-ray diffraction studies
indicate that the symmetry of the TiS2 sublattice (P3hm1) in Lix-
TiS2, 0 e x e 1, is retained.5,6

In Li xTiS2, 0< x< 1, there is no observed periodic ordering
of lithium atoms.25 However, we necessarily employ an ordered
structure so that calculations are tractable. Specifically, we
define a LixTiS2 supercell (S-cell) by 2ab, 2bB, andcb. Lithium
atoms are then inserted into the octahedral sites to satisfy the
conditionsx ) 0, 1/4, 3/4, or 1. The projection of a LixTiS2
S-cell upon the vdW gap midplane (z) 1/2) is shown in Figure
1B.
As shown in Figure 1B, atoms in the S-cell separate into

distinct sets, as required byD3d point group symmetry. These
sets areτ1 ) {Ti(1)}, τ2 ) {Ti(2)-Ti(4)}, σ1 ) {S(5)-S(10)},
andσ2) {S(11)-S(12)}, where numeric atom labels correspond
to those in Figure 1B. Similarly, S-cell octahedral sites separate
into two sets: O1) {(0, 0, 1/2)}; O2 ) {(1/2, 0, 1/2), (0, 1/2,
1/2), (1/2, 1/2, 1/2)}.

There are four possible LixTiS2 stoichiometries using the
S-cell of Figure 1B. The trivial casesx ) 0 and x ) 1
correspond to TiS2 and LiTiS2, respectively, and these crystals
can also be represented using a primitive cell (P-cell). Whenx
) 1/4 and x ) 3/4, lithium atoms occupy sites O1 and O2,
respectively. The casex ) 1/2 corresponds to lower symmetry
thanP3hm1. Because of the associated computational expense,
the properties of Li0.5TiS2 are not investigated.

4. Computational Results

Results are presented in two sections entitled “Structural
Properties” and “Electronic Properties”. The notationpM(x) is
used to denote propertyp of Li xTiS2 obtained using method M,
where M may be HF, P, WL, or EXP (experimental). The value
of pM(x2) relative topM(x1) is denoted bypM(x1 f x2) ) pM(x2)
- pM(x1).
4.1. Structural Properties. In this section, we present

calculated LixTiS2 equilibrium geometries, bulk moduli (B),
linear moduli (Ba andBc), stiffness constants (cij), compliance
constants (sij), and cohesive energies atx ) 0, 1/4, and 1.
Equilibrium geometries were computed by minimizing the total
energy with respect toa, c, and zs. The cij are the fitting
coefficients that expand the total energy quadratically in terms
of small displacements of thea- andc-axes. In these expan-
sions, internal relaxation effects were computed by optimizing

TABLE 1: LiTiS 2 Basis Set Gaussian Exponents (in au-2)
and Contraction Coefficientsa

atom orbital exponent
s

coefficient
p

coefficient
d

coefficent

Ti 4sp*o 0.7666 1.000 1.000
5sp*o 0.307 84 1.000 1.000
1do 6.201 0.132

1.567 0.348
0.4614 0.425

2d*o 0.1345 1.000
S 4sp*o 0.159 07 1.000 1.000

1d*o 0.3278 1.000
Li 1s 999.999 878 0.001 054

247.569 041 0.003 551
71.978 637 0.019 296
18.345 327 0.094 176
5.090 717 0.292 767
1.576 736 0.489 180

2spo 0.529 762 1.000 000 1.000 000

a Asterisks denote atomic orbitals assumed to be unoccupied at the
beginning of the calculations. Circles denote exponents and coefficients
optimized in LiTiS2. Core orbitals (Ti(1s, 2sp, 3sp) and S(1s, 2sp, 3sp))
are given in ref 11.

Figure 1. (A) Projection of the LiTiS2 unit cell onto the Ti plane.
Large+ (-) spheres are S above (below) the Ti plane. Medium-sized
spheres are Ti, and small spheres are Li in interlayer octahedral sites.
Hexagonal lattice vectorsab, bB, andcb satisfy|ab| ) |bB|, ab ⊥ cb, bB ⊥ cb, and
∠(ab, bB) ) 120°. (B) Projection of the LixTiS2 unit cell onto the van
der Waals gap midplane (z ) 1/2). Large+ (-) spheres are S above
(below) the midplane; smaller spheres are Ti atoms. Filled (open)
squares denote octahedral sites O1 (O2) that are separately occupied
in Li 0.25TiS2 (Li 0.75TiS2). SeveralD3d point group operators are shown:
m ) mirror plane,C2′ ) 2-fold rotation axis. The nearest neighbor
atoms of O1 are labeled by their generating symmetry operations.
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all symmetry-independent atomic coordinates at each displace-
ment. The LiTiS2 and Li0.25TiS2 results were obtained using
the P-cell and S-cell, respectively.
4.1.1. Lattice Parameters.The calculated equilibrium Lix-

TiS2 geometries and layer thicknessLu (Lu ) 2czs) are
presented in Table 2 with the available experimental data.
As was the case for TiS2, correlation corrections are required

to bind Li0.25TiS2 in the cb direction.11 The P results for the
a-axis andc-axis are 3.409(2) and 6.00(3) Å, respectively. The
corresponding differences with experiment are only-0.2% and
0.7%.
In LiTiS2, the HF approach binds the crystal in thecbdirection,

unlike thex ) 0 andx ) 0.25 cases. Furthermore, the HF and
P lattice parameters of LiTiS2 are within∼3.6%. The WLa-
andc-axes, on the other hand, are underestimated slightly by
6.0% and 3.1%, respectively. For LiTiS2, the differences
between our results and experimentsin the order HF, P,
WLsare 1.2%,-2.4%, and-6.0% for the a-axis; 1.5%,
-1.9%, and-3.1% for thec-axis; and-1.7%, 0.08%, and 2.2%
for zs.
As shown in Table 2, the calculated lattice parameters atx

) 0, 1/4, and 1 reveal two important effects of intercalation. (1)
Lu exhibits negligible change atx ) 1/4, whereas a large
increase occurs atx) 1. (2) A nearly uniaxial expansion occurs
in the cb direction.
The calculatedLus suggest that the layers expand only when

sufficient (x > 1/4) lithium is intercalated. Specifically,Lu P-
(0f 1/4) ) -0.008 Å, whereasLu P(0 f 1) ) +0.16 Å. The
large increase inLu P at x ) 1 is similar toLu WL(0 f 1) )
+0.18 Å andLu EXP(0 f 1) ) +0.10 Å.
The computed crystal expansion is essentially uniaxial in the

cbdirection. Specifically,cWL(0f 1)) +0.38 Å andaWL(0f
1) ) -0.07 Å, which is similar to experiment:cEXP(0 f 1) )
+0.49 Å andaEXP(0 f 1) ) +0.05 Å. In the P approach,
however, thec-axis expansioncP(0 f 1) ) 0.08 Å is much
smaller due to the large (6%) overestimation ofcP(0). Both
schemes yield smalla-axis contractions:aP(0 f 1) ) -0.04
Å andaWL(0 f 1) ) -0.07 Å, in disagreement with the small
experimentally observed expansionaEXP(0 f 1) ) 0.05 Å.
4.1.2. Elastic Properties.Elastic properties are used herein

to quantify the crystalline bonding strength or stiffness in
specific directions. For example, the stiffnesses in thecb
direction, in directions parallel to theab plane, and in linear
combinations of these directions arec33, c11+c12, and c13
respectively.

Inspection of Table 2 indicates that atx ) 1 a marked
stiffening in thecb direction occurs with a dramatic reduction
of bonding anisotropy relative to results atx ) 0 andx ) 1/4.
The interlayer stiffening follows fromc33P(1)/c33P(0) ≈ 4 and
BcP(1)/BcP(0)≈ 5. The reduction of bonding anisotropy atx)
1 is evidenced byc11+c12P(1)/c33P(1)) 1.59, whereasc11+c12P-
(0)/c33P(0) ) 6.45. Differences in intralayer stiffness are
relatively small sinceBaP(1)/BaP(0) ) 1.18 andc11+c12P(1)/
c11+c12P(0) ) 1.16. As seen in Table 2, thecij at x ) 1/4 and
x ) 0 are similar, which suggests that the said LiTiS2 elastic
properties are induced by intercalation when1/4 < x e 1.
The predicted invariance ofc33 when x e 0.25 (c33P(0 f

0.25)) -8 GPa) suggests that the presence of the lithium ion
in one-fourth of the interlayer sites does not appreciably alter
the strength of bonding across the vdW gap. This assertion is
further supported by the inability of HF to bind TiS2 and Li0.25-
TiS2 in thecbdirection, which suggests that some degree of weak
vdW-type bonding exists in the interlayer space of both
compounds.
The ability of the HF method to bind LixTiS2 at x ) 1 but

not whenx e 1/4 provides valuable insights into the relative
types of bonding. Evidently, the weaker vdW-type bonding in
TiS2 and Li0.25TiS2 is replaced by the stronger ionic bonding in
LiTiS2, which is more accurately treated using the HF ap-
proximation. This assertion is supported by the trendc33P(0)
≈ c33P(0.25), c33P(1) and by Mulliken populations (discussed
below).
4.1.3. CohesiVe Energy. The cohesive energy is the differ-

ence between the total energy of the crystal at equilibrium and
the total energies of the isolated atomic components. However,
the inverse (negative) definition is used below so that cohesive
energies appear positive. Calculated values of the LixTiS2
cohesive energy at 0 K,∆Ecoh,0K, are shown in Table 2.
Computational details appear in Table 3.
The cohesive energies in Table 2 are consistent with

continuous and reversible intercalation. As seen in the table,
the cohesive energy per lithium atom atx ) 1/4 is not
significantly different from that atx ) 1. Specifically,
4∆Ecoh,0KP(0 f 1/4) ) 220(5) kcal/mol≈ ∆Ecoh,0KP(0 f 1) )
207(5) kcal/mol. A significantly lower cohesive energy atx)
1/4 would indicate that filling one-fourth of the vdW gap sites
is energetically favorable relative to complete intercalation.
However, the resulting similar cohesive energies is consistent
with the observed continuous reversible filling of the vdW gap
over the composition range 0e x e 1.

TABLE 2: Structural Properties a

TiS2 Li 0.25TiS2 LiTiS2

P WL EXP P EXP HF P WL EXP

a (Å) 3.417(0) 3.321(1) 3.4073(2)b 3.409(2) 3.415c 3.501(0) 3.374(2) 3.250(1) 3.4590(3)c

c (Å) 5.990(9) 5.615(5) 5.6953(2)b 6.00(3) 6.04c 6.282(5) 6.070(4) 5.996(8) 6.1879(6)c

z 0.2281(20) 0.2440(27) 0.2501(4)b 0.2270(20) 0.2339(5) 0.2382(5) 0.2432(5) 0.238(1)c

Lu (Å)a 2.73(2) 2.74(3) 2.849(4) 2.72(3) 2.939(7) 2.892(6) 2.916(7) 2.945(12)
c-Lu (Å) 3.26(2) 2.88(3) 2.846(4) 3.28(3) 3.345(7) 3.178(6) 3.080(7) 3.243(12)
F (g/cm3)a 3.07(1) 3.47(1) 3.285(4) 3.13(2) 3.10 2.963(2) 3.302(4) 3.602(5) 3.0810(6)
B (GPa) 34(3) 42(4) 41d 27(8) 91(1) 103(1) 116(8)
Ba (GPa) 314(9) 311(21) 179e, 260d 269(25) 227f 302(5) 357(6) 384(24)
Bc (GPa) 44(5) 58(6) 59e, 61d 34(12) 65f 230(5) 242(7) 295(17)
c11+c12 (GPa) 271(2) 263(3) 202g 273(9) 262(5) 295(7) 323(9)
c13 (GPa) 6(1) 31(3) 14g 0(3) 29(3) 42(4) 47(3)
c33 (GPa) 42(4) 55(5) 55(5)h 34(12) 183(2) 185(1) 222(14)
s11+s12 (GPa-1) 0.00371(3) 0.00385(4) 0.00513g 0.00367(13) 0.00398(11) 0.00364(15) 0.00331(6)
s13 (GPa-1) -0.00054(9) -0.00064(19) -0.0013g 0.0001(3) -0.00067(10) -0.00083(11) -0.00071(6)
s33 (GPa-1) 0.024(2) 0.019(1) 0.019g 0.0326(10) 0.00570(13) 0.00580(11) 0.00481(30)
∆E°coh,0K (kcal/mol)i 398(5) 474(5) 340(1) 453(5) 465(5) 605(5) 701(5)

a Lu ) 2czs, F ) density.b From ref 26.c 300 K values from ref 25, Figure 6.d From ref 27.eFrom ref 28.f Li0.50TiS2 value from ref 28.
gCalculated from experimental values ofBa, Bc, andc33. h From ref 29.i See Table 4 for calculation.
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4.2. Electronic Properties. In this section, we report the
LixTiS2 electronic band structures, total densities of states (DOS),
projected densities of states (PDOS), and Mulliken populations.
The first Brillouin zone for the hexagonal lattice of LixTiS2 is
depicted in Figure 2 following the notation of Bradley and
Cracknell.30 The set ofkB points used in computing the energy
bands and their associated point groups in Scho¨enflies’ notation
are also shown.
In the following discussion, the energy zero for all materials

is the TiS2 Fermi energy, the energy of the highest energy
occupied TiS2 eigenstate. The Fermi energies (EF) of each
material are denoted by dashed lines in band structure plots,
and the energy of thenth band atkB is denoted byε(kB)n. Band
structures are reported using the same size Brillouin zone for
each material. Last, numeric band labels refer to the eigenvalue
order rather than symmetry. For example, degenerate bands
26 and 27,ε(kB)26-27, are the highest energy occupied TiS2

eigenstates since there are 54 electrons per TiS2 formula unit.
4.2.1. Electronic Band Structure.The TiS2 and LiTiS2

energy bands are compared in Figure 3A, where many similari-
ties are apparent. In particular, bands are grouped into distinct
sets including six valence bands (VB1) directly belowEF, two
valence bands (VB2) below VB1, and five conduction bands
(CB1) above VB1. Lithium intercalation does not generate any
new bands in VB2, VB1, or CB1.
The TiS2 and LiTiS2 band topologies are similar to those from

previously reported band structures. The TiS2 energy bands
closely resemble those from XR exchange fitted-free-electron-
correlation density functional theory,31Green’s function theory
(KKR),32 and those of Umrigar et al. computed using the self-
consistent linearized augmented plane wave method (SC-
LAPW).33 The LiTiS2 band topology is also similar to that
Umrigar et al.34 However, in both TiS2 and LiTiS2, we observe

overestimations of the energy gaps and bandwidths that are
typical of Hartree-Fock.
The differences between the LiTiS2 and TiS2 energy bands

in Figure 3A can be attributed to (1) lattice expansion and (2)
chemical reduction. These two effects are differentiated by
comparing energy bands to those of TiS2′, where TiS2′ is a TiS2
crystal expanded to the same unit cell dimensions as LiTiS2.
The effects of lattice expansion are discerned by comparing

the TiS2 (Figure 3A) and TiS2′ (Figure 3B) energy bands. These
effects include (1) a 1 eVdownward shift of the five highest
energy valence bands onΓ-A; (2) a 1 eVdecrease in the VB1
bandwidth; and (3) a 0.5 eV increase in the energy gap between
S(3p)-based bandsε(Γ)25 andε(Γ)26-27. These three effects are
due to the S(3p)-based band sensitivity to the distance across
the van der Waals gap.11

The effects of chemical reduction are evident in Figure 3B,
where the LiTiS2 and TiS2′ energy bands are superimposed.
These effects are (1) metallicity and (2) a 1 eVshift of ε(Γ-
A)23-24 towardEF. This shift occurs when 0.25e x e 0.75
and its causes are speculated upon in a later section.
Analysis of the eigenvector composition of the lowest energy

Li0.25TiS2 CB1 band,ε(L)28, suggests that the Ti(3dz2) orbital
nearest O1 accepts charge at smallx to induce metallicity.
Specifically, atx) 0.25 only the Ti(3dz2)τ1 and Ti(3δ)τ2 orbitals
contribute toε(L)28, where Ti(3δ) ≡ Ti(3dxz, 3dyz, 3dx2-y2, 3dxy).
Since the Ti(3dz2)τ1 orbital is closer to the lithium atom, charge
transfer to Ti(3dz2)τ1-based CB1 crystal orbitals likely induces
metallic properties at earlier (x < 0.25) stages of intercalation.
4.2.2. Density of States.In this section we contrast the TiS2

and LiTiS2 DOS. The calculated VB1 DOS features follow
the TiS2 notation of Shephard and Williams34 including subscript
“c” (ac, Rc, âc, γc, andδc). The DOS and PDOS of TiS2 and
LiTiS2 are shown in Figure 4.
As seen in Figure 4, VB1 in both materials derives mainly

from S(3p) orbitals, and a Ti(3d) contribution occurs at peak
âc. Similarly, VB2 derives from S(3s) orbitals, and the lower
energy states in CB1 assign to Ti(3d) orbitals.
Inspection and comparison of Figure 4 to the energy bands

(Figure 3) show that complete intercalation has four significant

Figure 2. First Brillouin zone of LixTiS2, 0 e x e 1. Cartesian unit
vectors (ı̂, ĵ, andk̂), direct lattice vectors (ab, bB, andcb), and reciprocal
lattice vectors (gb1, gb2, andgb3) are shown. The perimeter of the shaded
planes corresponds to the segments given in the electronic band
structure. Also shown are the Cartesian representations of the direct
and reciprocal lattice vectors as well as thekB point reciprocal lattice
coordinates and their associated point groups in Scho¨enflies notation.

Figure 3. (A) Hartree-Fock P-cell electronic band structures of LiTiS2

(light lines) with (A) TiS2 (heavy lines), and (B) TiS2′ (heavy lines).
Brillouin zone segments are defined in Figure 2. The dashed lines are
at the Fermi energies (highest energy occupied eigenstate). Band labels
correspond to the eigenvalue order in TiS2 (see text). The ordinate zero
is the TiS2 Fermi energy.
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effects upon the DOS. Lattice expansion accounts for two
effects: (1) a 1 eV decrease in the VB1 bandwidth; (2) a
dramatic reduction in the S(3pz) contribution to peakac.
Chemical reduction accounts for the two remaining effects: (3)
metallicity; (4) the merging of peaksRc andâc due to the shift
of ε(Γ-A)23-24 and hence peakâc towardEF by 1 eV.
The S-cell LixTiS2 density of states atx ) 0, 1/4, 3/4, and 1

(not shown) shows that peakâc moves toward peakRc only
whenx > 0.25. This result suggests that a critical amount of
intercalation is required to initiate the shift of peakâc.
4.2.3. Mulliken Population.Mulliken population analyses

are used in this study as rough indicators of intercalation-induced
charge rearrangements. The LixTiS2 Mulliken populations are
given in Table 4.
As seen in Table 4, there are two significant charge

rearrangements which accompany lithium intercalation. (1) 75%
or more of the Li(2s) electron is transferred to S(3p) orbitals,
whereas the remainder is transferred to Ti(3d) orbitals. (2) At
x ) 1/4, charge transferred from the lithium atom is localized
over the O1 near-neighbor orbitals S(3p)σ1 and Ti(3d)τ1.
Our LiTiS2 results are consistent with those of Umrigar et

al.,34 where the SC-LAPW approach was used to investigate
the electronic properties of TiS2 and LiTiS2. Their results
indicate that charge shifts away from the Ti plane atx ) 1
despite charge donation to a Ti(3d)-based crystal orbital.
Furthermore, the charge density increase was found to lie
primarily between the Li and S planes. Consistent with this,
our results indicate that 0.37|e| is donated to each S atom,
whereas a smaller amount, 0.23|e|, goes to each Ti atom.
Furthermore, the layers become more ionic because the amount
of charge participating in titanium-sulfur bonding is 0.75|e|
lower atx ) 1 that atx ) 0.

4.3. Discussion and Speculation.Evidently, the following
physical changes occur when1/4 < xe 1: (1)Lu increases by
∼0.16 Å, (2) c33 increases by a factor of∼4, and (3)ε(Γ-
A)23-24 shifts towardEF by 1 eV, which merges peaksRc and
âc. To rigorously relate these phenomena, we require expecta-
tion values of the band-projected Coulomb, exchange, and
kinetic energy operators. Because these quantities are unavail-
able in CRYSTAL92, the following speculation is used to
interpret the physical changes that cause these results.
When x e 1/4, electron transfer to the S(3p) orbitals may

increase the layer-layer electrostatic repulsion and cause the
c-axis to expand by a large amount. Our results atx ) 1/4
indicate that the number of intercalated Li+ ions is insufficient
to strengthen the interlayer bonding, andc33 remains practically
unchanged. This weak bonding more easily permits a large
c-axis expansion.
Evidently, when x increases from1/4 to 1 the intercalated

lithium ions pin the layers together with increasing strength,
presumably by increased electrostatic attraction. Consequently,
the c-axis expansion diminishes, whereasc33 dramatically
increases. Furthermore, the Ti(3d) and S(3p) populations
increase, which likely raises the electrostatic repulsion between

Figure 4. Hartree-Fock 1-cell DOS and PDOS of TiS2 (heavy lines)
and LiTiS2 (light lines). The dashed lines are at the Fermi energies
(highest energy occupied eigenstate). Orbital labels are defined in Table
4, and VB1 features are labeled following ref 34.

TABLE 3: Cohesive Energy Calculationsa

HF HF+P HF+WL

x) 1
E(Ti)b (au) -848.138 -849.074 -849.073
E(S)b (au) -397.489 -398.136 -398.147
E(Li) (au) -7.187 -7.248 -7.237
E(Ti) + 2E(S)+ E(Li) (au) -1650.303 -1652.594 -1652.604
E(LiTiS2) (au) -1651.045 -1653.558 -1653.721
∆E°coh,0K (au) 0.742 0.964 1.117
∆E°coh,0K (kcal/mol) 465 605 701
x) 0.25
E(Ti) + 2E(S)+ 0.25E(Li)
(au)

-1644.913 -1647.158

E(Li 0.25TiS2) (au) -1645.438c -1647.880
∆E°coh,0K (au) 0.525 0.722
∆E°coh,0K (kcal/mol) 329 453

a Zero Kelvin values: ∆E°coh,0K ) E(Ti) + 2E(S) + xE(Li) -
E(Li xTiS2). b Atomic energies are from CRYSTAL calculations using
the basis set in Table 1 with the titanium 4sp*, 5sp*, 1d, 2d*, sulfur
3sp, 4sp*, 1d*, and lithium 2sp exponents optimized in the atom.
c Taken as the HF energy occurring at the HF+P geometry listed in
Table 2.

TABLE 4: Mulliken Orbital Populations a,b

orbital TiS2 Li 0.25TiS2d Li0.75TiS2d,e LiTiS2

Ti (core)f 18.26 0.00τ1, 0.01τ2 0.01τ1, 0.00τ2 -0.03
Ti (3d)c 1.90 0.11τ1, 0.01τ2 0.10τ1, 0.20τ2 0.25
3dz2 0.20 0.11τ1, 0.04τ2 0.15τ1, 0.19τ2 0.25
3δc 1.70 0.00τ1, -0.03τ2 -0.05τ1, 0.01τ2 0.04
S (core)f 12.07 -0.02σ1, 0.00σ2 -0.03σ1, -0.04σ2 -0.04
S (3p)c 4.85 0.14σ1, 0.02σ2 0.27σ1, 0.39σ2 0.40
3px+3pxy 3.22 0.07σ1, 0.00σ2 0.16σ1, 0.23σ2 0.24
3pz 1.64 0.07σ1, 0.02σ2 0.11σ1, 0.16σ2 0.16

Ti(tot) 20.16 0.11τ1, 0.02τ2 0.11τ1, 0.20τ2 0.23
S(tot) 16.92 0.13σ1, 0.01σ2 0.24σ1, 0.35σ2 0.37
Li(tot) (3.00) -0.96 -0.96 -0.96

a All Mulliken populations calculated using S-cell and reported in
units of |e|. bOrbital populations atx * 0 are reported as MP(0f x).
c Ti(3d) ) 1d + 2d titanium orbitals in Table 1. Ti(3δ) )
Ti(3dxz+3dyz+3dx2-y2+3dxy). S(3p)) 3p+ 4p sulfur orbitals in Table
1. d τ1 ) Ti(1), τ2 ) Ti(2-4); σ1 ) S(5-10), σ2 ) S(11-12), O1 ) (0, 0,
1/2), and O2) {(1/2, 0, 1/2), (0, 1/2, 1/2), (1/2, 1/2, 1/2)}, where atom labels
and coordinates correspond to those in Figure 1B.eThex) 0.75 results
were calculated at the experimental geometry: 2a ) 6.876 Å, c )
6.180 Å,zs) 0.238.25 f Ti(core)) Ti(1s+2sp+3sp+4sp+5sp); S(core)
) S(1s+2sp+3s+1d+4s).
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the Ti and S planes. This increased repulsion presumably (1)
forces the Ti and S planes apart, thus increasingLu, and (2)
raises the energy ofε(Γ-A)23-24 thus shifting it and peakâc
towardEF.

5. Conclusions

The LixTiS2 elastic properties,Lu, andε(Γ-A)23-24 position
change negligibly whenx increases from 0 to1/4. When x
increases from1/4 to 1, c33 increases by a factor of∼4, Lu
increases by∼0.16 Å, andε(Γ-A)23-24 is shifted towardEF
by 1 eV.
This study also indicates the following. (1) Post-SCF

correlation corrections are required to bind layers in thecb
direction atx ) 0 andx ) 1/4, but not atx ) 1. (2) In LiTiS2,
Perdew correlation-corrected lattice parameters are 1.2%-3.6%
closer to experiment than those obtained using the Wigner-
Lévy approach. However, lack of experimental data precludes
similar comparison of elastic properties. (3) Li(2s) charge is
donated to the Ti(3d) and S(3p) orbitals, with 75% or more
distributed on the sulfur atoms. (4) The donated Li(2s) charge
is localized over the O1 near-neighbor orbitals S(3p)σ1 and Ti-
(3d)τ1. (5) Charge transfer to the Ti(3dz2) orbital nearest the Li
atom induces metallicity atx ) 1/4. (6) Intercalation-induced
lattice expansion reduces the VB1 bandwidth. (7) Intercalation-
induced chemical reduction results in (a) charge transfer toε(kB)28
(hence metallicity); (b) the shift ofε(Γ-A)23-24 towardEF by
1 eV whenx > 1/4; and (c) the merging of peaksRc andâc at
x > 1/4.
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