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Alkali adsorption on a transition metal dichalcogenide substrate has been the subject of many investigations.
However, a theoretical description of its coverage dependence is still missing. In a first attempt we considered
Li as an alkali prototype at a specified selection of coverages,Q=0.11, 0.25, 0.33, 0.5, and 1 ML, adsorbed on
TiSe2 s0001d. By means of the density functional theory we obtained through structural optimization the
coverage dependence of the physical properties as adsorption energy, work function, and valence electron
distribution. From the knowledge of the preferred adsorption sites, an optimum coverage for the most stable
structure could be inferred. The work function curve shows a behavior similar to that found for alkali adsorp-
tion on metals. The redistribution of the charge density at adsorption is presented.
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I. INTRODUCTION

TiSe2 belongs to a class of layered crystals based on a
sandwich structure. Layers of triple planes, a transition metal
atom plane sandwiched from both sides by chalcogen atom
planes, are loosely bound on top of each other. These com-
pounds are interesting because of their two-dimensional be-
havior which leads to a series of properties1–4 with scientific
and technical implications.5,6

From the scientific point of view transition metal dichal-
cogenidessTMDCsd represent an ideal and interesting sub-
strate for surface science studies owing to their chemically
inert surfaces. For instance, it has been shown that when
alkali metals are deposited on TMDCs surfaces under ultra-
high vacuum conditions, they can intercalate into the bulk
material or can be adsorbed on the surface of the substrate
forming clusters7,8 or networks of metallic nanowires.9,10

Clean surfaces can be obtained via growth of single crys-
tals by iodine gas transport reaction and subsequent UHV
cleavage as well as by molecular beam epitaxy from the
constituents. The structural and electronic properties of the
bulk have been investigated by the standard methods and are
mainly understood. The layers constitute a hexagonal struc-
ture with thec-axis parallel to the hexagonal axis and normal
to the layers. The sandwiches being electronically neutral are
separated by the van der Waals gap which is bridged by van
der Waals forces stabilizing the structure. In fact, the valence
band regime is essentially determined by chalcogenp bands
swith small admixtures of metald bandsd which covalently
bind within the sandwich saturating all chemical bonds. Nev-
ertheless, thepz orbitals perpendicular to the layer extend
across the van der Waals gap and lead through their interac-
tion to a splitting into bonding and antibonding states both
being occupied, so that only the van der Waals forces in
these compounds remain.

In contrast to the vast literature on these materials, the
knowledge about the microscopic processes of growth, ad-
sorption, intercalation, etc. is rather poor.11 In this paper we
present density functional theorysDFTd calculations for

TiSe2 with different amounts of lithium adsorbed or interca-
lated. The aim is to extract the geometric structure, energet-
ics, and electronic properties of these compounds.

The paper is organized as follows: In the next section we
describe the calculational method. Section III concerns the
changes of the geometric and electronic properties of TiSe2
for different coverages of Li adsorbed on the surface, i.e.,
total energy, work function, and charge distribution. The
changes of these properties are complemented in Sec. IV for
the case of Li intercalatedswithin the van der Waals gapd.

II. CALCULATION METHOD

The calculations performed in this study were done using
the ab initio total energy and molecular dynamics program
FHI98MD.12 This program evaluates the total energy of peri-
odically repeating geometries based on the density functional
theory together with the local density approximationsLDA d
for the exchange-correlation functional13 and the pseudopo-
tential approximation. In this case the electron-ion interac-
tion is described by fully separable norm-conserving pseudo-
potentials constructed by following the scheme of Troullier
and Martins.14 These were generated using the code devel-
oped by Fuchs and Scheffler.15 For computational efficiency
the pseudopotentials are transformed into the separable
Kleinman-Bylander form,16 with the s, p, and d pseudopo-
tential chosen as the local components for Ti, Se, and Li,
respectively, to avoid the appearance of ghost states. To en-
sure better transferability of the alkali pseudopotential the
nonlinear form of the core-valence exchange-correlation
functional is taken into account.17 Periodic boundary condi-
tions are used, with the eigenfunctions of the Kohn-Sham
operator expanded over a plane wave basis set using an en-
ergy cutoff of 40 Ry. Two specialk points are used in the
surface irreducible Brillouin zonesIBZd for the Brillouin-
zone integration.18 Convergence tests performed for a higher
number ofk points did not show any significant variation of
the calculated energies. In order to improve the quality of the
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integration in thek space a Fermi-surface smearing of
0.1 eV is used and the resulting total energies are extrapo-
lated to zero temperature. Geometries are optimized by
damped Newton dynamics.

The surface is simulated by repeated slabs separated in
thez direction by a vacuum region. For the adsorption struc-
tures on TiSe2 s0001d, three layers of TiSe2 are used to
model the surface with a vacuum region of 8.3 Å. To avoid
any artificial adsorbate-adsorbate interaction through the slab
the alkali metal is adsorbed on one side only. The resulting
induced dipole moment is taken into account by applying a
dipole correction.19 The position of the atoms in the two
topmost TiSe2 layers and all of the adsorbed atoms are opti-
mized by requiring that the forces on all unconstrained atoms
converge to less than 0.015 eV/Å. The bottom layer was
kept fixed at the bulklike positions. Calculations with four
layers of TiSe2 and a cutoff of 60 Ry show that the adsorp-
tion energydifferencesare accurately given, which means
that they change by less than 0.03 eV. The third layer, being
fixed in the present calculations, showed a deviation of less
than 0.05 Å when allowing it to relax in a four layer calcu-
lation. There is no significant change beyond the computa-
tional accuracy for the first two layers.

The supercells used to model Li adsorbed on the surface
and Li intercalated must have the same lattice constants to
make the results comparable. We chose to use the theoretical
lattice constants of bulk TiSe2 fully intercalated,a0=3.50,
c0=6.30 Å.11 We note that the calculated lattice constants are
2.7% and 2.5% smaller than the measured onessa=3.60 and
c=6.46 Åd,20 which is partially due to the LDA used in the
calculations.

Recently, the question of accuracy of LDA/generalized
gradient approximationsGGAd21 has been discussed in view
of the long-range van der Waals interaction. We are not in the
position to quantitatively estimate the influence of such in-
teractions in the DFT functional on our results, which are
obtained with conventional LDA. In the past, a lot of experi-
mental results have been confirmed with this method.22,23

Furthermore, the specific binding of single atoms to the lay-
ered substrate obtained in this paper supports in this first
access the procedure used.

In order to determine the effects of alkali adsorption on
the TiSe2 s0001d surface structure, the bare surface is first
investigated. Calculations for the atomic relaxation of the
clean surface usings333d, sÎ33Î3d, ands232d periodici-
ties were performed. These calculations provide also a test of
the surface relaxation with cell size. It was found that all the
interlayer distances were within 1% independent of the su-
percell used.

Lithium on the surface and van der Waals adsorption sites
for coverages ranging from 1/9 to a full monolayersML d
were then studied. In particular, coverages of 0.11, 0.33 ML
were calculated usings333d andsÎ33Î3dR30° surface unit
cells respectively, while for coverages of 0.25, 0.5, and 1 ML
a s232d unit cell was usedssee Fig. 1d.

The coverageQ=1 is defined as the ratio of the number
of adsorbate atoms to the total number of hcp sites in the
substrate. The hcp sites were found to be the energetically
most stable sites for Li adsorption on TiSe2.

11 Thus, all our
present calculations are referred to Li adsorbed on these

sites. The adsorption energy per adatom is defined as

Ead
Li/TiSe2s0001d = −

1

NLi
fELi/TiSe2s0001d − sETiSe2s0001d

+ NLiE
Li atomdg, s1d

whereNLi is the number of Li atoms in the surface unit cell,
and the total energy of the adsorbate-substrate system, the
clean TiSe2 s0001d substrate, and the free Li atom, are rep-
resented byELi/TiSe2s0001d, ETiSe2s0001d, and ELi atom, respec-
tively.

The total energy of isolated, free atomic Li needed as a
reference to determine the adsorption energyfsee Eq.s1dg is
calculated in a cubic cell of side length 25aB with the k
point s0.5, 0.5, 0.5d for the Brillouin Zone sampling. The
spin polarization effects were not included.

III. LI ADSORPTION ON TiSe 2 (0001)

A. Surface atomic geometry

Surface atomic geometry and work function are two of
the physical quantities which change upon alkali metal ad-
sorption. To learn about the coverage dependence of the sur-
face atomic arrangements and related properties, calculations
at five different Li coverages on TiSe2 s0001d were per-
formed. The various structural parameters obtained comprise
among others the distance between the adatom and the sur-
face, the bond length SeuLi, the inter- and intralayer spac-
ings, the lateral and vertical displacements of the adatom and
substrate atoms, and the van der Waals gap width.

In the upper block of Table I, the optimized inter- and
intralayer distances of the substrate are resumed, while in the
bottom block are listed the shifts of atomic planes relative to
pure TiSe2, see Fig. 2. The distanced0 from the Li adatoms
to the surface roughly decreases when increasing the cover-

FIG. 1. Investigated supercells. Sesopen circlesd, Ti sgreyd, and
Li sdark grey with smaller radiusd.
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age from 0.11 to 0.5 ML. At higher coverages1.0 MLd the
distance increases again. The first interlayer spacingd11 in-
creases by<3% –7% as a result of an inward displacement
of the Ti atomic plane, see Table Isbottomd. Whereas the
second interatomic spacingd12 decreases by<2% –5% with
respect to the pure surface. The van der Waals width,D1,
decreases for all coverages by about 2%–7% with respect to
the pure surface system. Note that the calculated bulk gap of
TiSe2 is Dbulk=3.14 Å.11 For all coverages the second TiSe2
layer keeps the relaxed position of the pure structure, seed21
and d22. For the structures with a Li coverage ofQ=0.25
0.25, 0.5, and 1.0 ML, the three atomic planes of the second
TiSe2 layer shift inwards by the same amount; thus, no
changes in the intralayer spacings with respect to the clean
surface are obtained, but a reduction in the interlayer spacing
D2 of about 4%. For the other coverages there is no signifi-
cant change of the interlayer spacing.

In the coverage range from 0.11 to 0.5 ML the three Se
atoms in the first atomic plane coordinated to the Li adatom

move radially away from it. The calculated amplitudes of
these in-plane displacements are<0.02 Å. Small bucklings
towards bulk are obtained for these three Se atoms of
<0.02Å for coverages less than 1 ML. As expected from the
symmetry of the unit cell, no buckling is obtained for the full
coverage. The Ti atom localized in the second plane, directly
below the adsorbed Li, moves inwards, i.e., to the bulk, with
respect to the rest of Ti atoms in the same atomic plane. This
displacement increases for lower coverages, seeDd in Table
I.

The table also reveals the rather exceptional case ofQ
=0.33 ML coverage yielding a substrate structure which is
closest to the uncovered system. The peculiarity of this cov-
erage is shown in other observables too.

Altogether, a compression of the whole slab can be stated
when Li is adsorbed. This is explained by the charge transfer
from Li to the slab and the resulting induced dipole forces
contracting the substrate as a whole. Because of the different
charge distributions with varying coverage a monotonous be-
havior cannot be expected.

B. Work function and adsorption energy

The work function,F, of a crystal surface is defined as
the energy required to extract an electron at the Fermi level
from the bulk region of a crystal to the vacuum at infinity.
The calculated average work function of the clean TiSe2
s0001d surface for the different supercells used isF
=5.4±0.1 eV, in agreement with experiments5.3 eVd.24 Fig-
ure 3sad shows the calculated work function changeDF as a
function of Li coverage. This curve has the characteristic
shape found for systems of alkali metal adsorbed on metallic
surfaces.25,26 Initially, it shows a rapid lowering ofF, to a
minimum sDFmin=−3.2 eVd at Q=0.5 ML, and subse-

TABLE I. Calculated structural parameterssin Åd for Li at the TiSe2 s0001d surface, with different
coveragessupper blockd. Symbols are referred to Fig. 2. Shift inz coordinate of atomic planes relativ to clean
TiSe2 surface systemsbottom blockd; negative sign indicates a downward shift. Values for bare surface are
averages over all three surface unit cells with variance in second decimal.

Coverage

Li adsorbed on TiSe2 s0001d

d0 d11 d12 Dd D1 d21 d22 D2

0.00 1.50 1.50 0.00 3.26 1.51 1.51 3.21

0.11 1.37 1.59 1.44 −0.06 3.04 1.52 1.51 3.20

0.25 1.31 1.57 1.43 −0.03 3.17 1.51 1.52 3.08

0.33 1.31 1.56 1.47 −0.02 3.21 1.50 1.50 3.23

0.50 1.25 1.58 1.48 −0.02 3.12 1.51 1.52 3.10

1.00 1.32 1.63 1.46 0.00 3.14 1.51 1.52 3.07

1st
sSed

2nd
sTid

3rd
sSed

4th
sSed

5th
sTid

6th
sSed

0.11 −0.20 −0.28 −0.21 0.00 0.00 0.00

0.25 −0.24 −0.30 −0.22 −0.13 −0.13 −0.12

0.33 −0.05 −0.11 −0.08 0.01 0.01 0.01

0.50 −0.20 −0.28 −0.25 −0.11 −0.11 −0.11

1.00 −0.18 −0.30 −0.25 −0.13 −0.13 −0.13

FIG. 2. Structure model of the geometrical changes induced by
Li adsorption on TiSe2 s0001d srefer to Table Id.
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quently an increase towardsQ=1.0 ML sDF=−2.8 eVd.
Such a decrease in the work function upon lithium adsorp-
tion reflects the electropositive nature of Li that results in an
induced dipole momentmsQd.

The final increase ofF has been attributed to a metalli-
zation of the alkali overlayer.27,28 Taking F=5.4 eV as the
value of clean TiSe2 s0001d, we obtain a work function of
2.6 eV at 1 ML. At this coverage the saturation level has not
yet been reached, since the experimental work function for
Li bulk is F=2.93 eV.29 That also means that a metallic
behavior of the adsorbed Li system occurs at higher cover-
ages than one monolayer. It is worth noting that such a shape
of the work function change curve is obtained for other sys-
tems, e.g., Li/Mos112d.34

In Fig. 3sbd the adsorption energy of Lishcp sited as a
function of coverage is presented. The adsorption energy de-
creases when increasing the Li coverage from 0.11 to 0.25
ML, which indicates a repulsion between adatoms. With in-
creasing coverage the adsorption energy reaches a local
maximum atQ=0.33 ML, and it decreases again at higher
coverages. From 0.5 to 1 ML the adatoms have to occupy
next neighbor sites separated from each other by a distance
of 3.50 Å, which approaches the Li-bulk lattice constant
s3.40 Åd.30 This gives rise to a strong repulsion between ada-
toms, which is reflected in the decrease of the adsorption
energy. A complete energy landscape for Li diffusion on the
surface is found in Ref. 11 forQ=0.33 ML.

Figure 4sad shows how the adsorbate-induced dipole mo-
mentm changes with increasing coverage. The coverage de-
pendence of the induced dipole per adatom can be seen as a

consequence of the dipole-dipole interaction, which gives
rise to a depolarization with decreasing LiuLi distance.

As a rough estimate of the charge at the Li atomswith
Q=0.33, 0.5, and 1 MLd, we calculated the dynamic charge.
This quantity is of interest to discuss how the bond between
the adsorbed alkali metal atom and the surface is best de-
scribed, whether the adsorbate should be regarded as partly
ionic due to a charge transfer to the substrate or as essentially
neutral but strongly polarized. The dynamic charge is given
by the slope of the curve when plotting the surface dipole
moment versus vertical distance of Li to the surface.31 A
linear dependence of the dipole moment was obtained for the
three coverages studiedsfor small variations of the adsorbate
heightd, indicating an ionic bonding between Li adatoms and
the substrate. AtQ=0.33 and 0.5 ML the dynamic charge
values are 0.4 and 0.2 electron, whereas atQ=1.0 ML the
value is −0.3 electron. The decrease and change in sign in-
dicates a change of the charge flow from the adatoms to the
substrate at low coverage and from the substrate to the ada-
toms at full coverage. This can be explained as follows: ac-
cording to the Langmuir-Gurney model,32,33 in a first adsorp-
tion phase the low ionization potential of alkali metals
induces a charge transfer when adsorbed on more electrone-
gative substrates. Each partially positively charged adatom
then builds up a dipole with the substrate, pointing from the
negatively charged substrate to the adatom. This dipole ori-
entation facilitates the escaping of the electrons to the
vacuum, i.e., the work function of the clean substrate will
strongly decrease, see Fig. 3sad. The electrostatic repulsion
between the charged alkali ions increases with the coverage.
Thus, in a second adsorption phase charge from the substrate
feeds back to the alkali metal to weaken the repulsion be-
tween alkali ions, inducing an increase of the work function.
At higher coverages the work function reaches a saturation
level with the value of the bulk alkali metal.

A change of the ionic character of the bond is also re-
flected in the Langmuir-Gurney model as a change in the
bond length of the alkali as the coverage is increased. This is
depicted in Fig. 4sbd, where the bond length LiuSe de-
creases as the coverage is increased from 0.11 to 0.5 ML,
and from this coverage to a saturated overlayer it increases.

C. Charge redistribution

To analyze the nature of bonding, it is helpful to consider
the difference electron density nDsr d:

nDsr d = nsr d − n0sr d − nLisr d, s2d

where nsr d is the total valence electron density of the
substrate-adsorbate system, andn0sr d andnLisr d are the elec-
tron densities of the clean substrate and the free lithium
atom, respectively. The atomic geometry of the substrate is
chosen from that of the relaxed adsorbate system determin-
ing its electron density by a separate selfconsistent calcula-
tion with the frozen structure. Thedifference electron density
shows the depletion or accumulation of the charge density in
the system owing to adatom adsorption at the surface.

For lower coverages of Li on the surfacesQ=0.11d, most
of the charge difference is located between the Li and the Se

FIG. 3. Change of work function and adsorption energy with Li
adsorbed on TiSe2 at hcp sites.

FIG. 4. Change of surface dipole moment and LiuSe distance
for Li adsorbed on TiSe2 at hcp sites.

RAMÍREZ et al. PHYSICAL REVIEW B 71, 035426s2005d

035426-4



atoms that are next to it. Since the Li adatom is adsorbed on
the hcp site, the 3d orbitals of the Ti atoms located immedi-
ately below this site point towards the Li position. When the
amount of Li increases toQ=0.5 the Ti 3d orbitals of the
atoms below the adsorption sites seem to be a mixture ofdz2,
dxz, anddyz with prominence of the first one, whereas for the
rest of Ti atoms thedxz anddyz are more important. In Fig. 5
the charge density differences,nDsr d, of Li adsorbed on
TiSe2 s0001d, sQ=0.5, and 1.0 MLd are shown. ForQ=0.5
most of the charge transfer becomes localized between Li
and the Se atoms and the Li adatom is adsorbed closer to the
surface than forQ=0.11; thus, more charge is localized in
Ti 3d orbitals, which in the bulk TiSe2 case are only partially
occupied. ForQ=1.0 the charge clouds between the adsor-
bate and the Se atoms as well as in the 3d orbitals of the Ti
atoms are obtained, see Fig. 5. At this coverage there is a Li
adsorbed above every Ti. This results in an enhanced occu-
pancy of all the 3d orbitals of the Ti atoms, in contrasts to
empty orbitals forQ=0.5.

In Fig. 6 the partial density of statessPDOSd is displayed
for the constituents of the compound. The energy region be-
tween −10 and −20 eV shows a triple structure in the regime
of the atomic Ses orbitals. These peaks originate from a
crystal field splitting according to the adsorbate environment

of the Se atoms which depends on coverage. The 1/3 cover-
age finds each upper Se atom coordinated by one occupied
and two empty adsorption hcp sites. This leads to one single
major unsplitted peak from the Ses orbital influenced by the
neighboring Li atom. The 1/2 coverage has one upper Se
atom coordinated by one occupied Li site and two upper Se
both coordinated by two occupied hcp adsorption sites, i.e.,
one singly coordinated and two doubly coordinated Se at-
oms, the former leading to a peak roughly at the same posi-
tion as in the 1/3 case, the latter splitting off two peaks at
lower energy which coincide with the respective ones of the
1 ML case. The 1 ML coverage encounters every hcp adsorp-
tion site occupied, i.e., every upper Se is coordinated by
three Li atoms and shows a triple peak ofs character around
this energy as it should according to the three representations
of C3v. For smaller coverage a broad Ses band is found
because of the number of coordinations present. Correspond-
ingly, some part of the Ses charge resides on the Li atom as
is confirmed by Fig. 6. The unoccupied Tid orbital shows its
fingerprint also in the Li PDOS for high coverage suggesting
an interaction reaching as far as that from Li to Ti which was
also seen in the charge density plots above. As expected, the
Sep bands with admixtures of Tid states are present at the
Li position.

IV. Li INTERCALATED

A. Diffusion in the van der Waals gap

The energetics and structural changes of LixTiSe2, s0.11
øxø1.0d, where LixTiSe2 refers to TiSe2 intercalated with
Li, are calculated by means of total energy calculations.
Among others, the most stable positions of Li in the van der
Waals gap and the energy barriers for diffusion therein are
determined.

Pure TiSe2 crystallizes with the1T-CdI2 structure, where
the metal is octahedrally coordinated by the chalcogen atoms
and the layers are stacked without lateral displacements.
When intercalation occurs, the intercalant Li enters the van
der Waals gaps between the layers. In Fig. 7 the three inter-
stitial sites available in the van der Waals gap are shown: one
octahedral, which is surrounded by six chalcogen atoms, and
two tetrahedrals, which lie in the projections below and
above the chalcogen atomssT1 andT2, respectively, Fig. 7d.

The total energies of LixTiSe2, sx=0.33d, with Li occupy-
ing the different interstitial sites are calculated using asÎ3

FIG. 5. Charge density difference,nDsr d, of Li adsorbed on
TiSe2 system, withQ=0.5 and 1.0 for Li in the hcp site.nLi is taken
from a free, neutral atom; an enlarged picture of the frame in the
left figure is given on its right. Circles indicate projected position of
Se atoms in first atomic plane, and square Ti atoms. Arrows in left
figure indicate the position of Li adatoms; contours are displayed in
a plane perpendicular to thes0001d surface; units are 10−3 Å−3.

FIG. 6. PDOS for the LiuTiSe2 s0001d sys-
tem with Li adsorbed at the hcp sites. PDOS is
decomposed ins, p, d components for Li, Se, and
Ti.
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3Î3d supercell swith three sandwiches of TiSe2 and a
vacuum space of<8 Åd, with Li occupying the different
interstitial sites. It was found that the octahedral site is ener-
getically more favorable than both tetrahedral, the latter ones
having equal energy,s3.58 for octahedral and 3.22 eV for
tetrahedrald. The corresponding binding energies for all in-
terstitial sites are markedly higher than the ones in the sur-
face. This reflects the fact that the interlayer sites are consid-
erably more favorable. Furthermore, it demonstrates the
strong tendency of TiSe2 towards intercalation and the sta-
bility of the intercalated compound.

The migration of Li along the van der Waals gap can be
described as a hopping between the different sites, i.e.,
octahedral→bridge→ tetrahedral→bridge. The most favor-
able diffusion pathway from octahedral to octahedral site in-
volves the intermediate occupation of a tetrahedral site. Both
sites are separated by a saddle pointsbridge sited with a
binding energy of 3.15 eV. The energy difference between
the octahedral and bridge site gives a diffusion barrier value
of 0.43 eV. When the Li atom diffuses from a octahedral to
a bridge site atQ=0.33,dzLiSes3 and 4d in Table II and Fig.
8, it relaxes from the middle of the van der Waals gap to a
position closer to the lower layer. From the bridge to aT1
tetrahedral site the Li relaxes closer to the bottom layer,

while for a T2 it relaxes towards the top layer by the same
amount.11

For comparison, we determined also the diffusion barrier
for Li in the van der Waals gap but with a bulk calculation,
i.e., using a s131d TiSe2 cell with a0=3.50 Å and c0

=6.30 Å as lattice constants.11 The total energy was calcu-
lated for different configurations, where the Li atom was
fixed at equidistant points of the unit cell, and was allowed to
relax only in thez direction. The grid spacing was 1/4 the
distance between tetrahedral and octahedral sites. Figure 9
shows the energy surface obtained. The diffusion path is
similar to that obtained with the supercell model, but the
activation barrier increases to 0.6 eV.

The diffusion barrier along the van der Waals gap is in the
sÎ33Î3d supercell model two times higher than for surface
diffusion. Therefore, if the intercalating atoms enter the solid
from the side, the filling of the edges is faster than the propa-
gation of the diffusion front into the solid, which leads to a
bottleneck at the edges. In previous results11 a barrier of
3.81 eV for direct intercalation starting from the surface and
penetrating perpendicularly into the van der Waals gap was
found. The high value of the barrier suggests that the most
probable path of intercalation is through the edges or defects
of the crystal. However, even in this scenario the bottleneck
seems to suppress bulk intercalation, supporting the observed
enhancement by grinding the material.35

B. Structure versus Li concentration

The intercalation of Li in TMDCs has been considered to
be topotactic, i.e., the host structure undergoes no symmetry

FIG. 7. Structure model of TiSe2, showing occupation sites in
van der Waals gap. Black Li spheres show three intersandwich sites
sone octahedral and two tetrahedral,T1 andT2d.

TABLE II. Structural parameterssin Åd for Li xTiSe2, with 0.11øxø1.0, Li in the octahedral sitessfor
x=0.33, also in bridge and tetrahedralT1 sites are givend. These data refer to Fig. 8. The distanced between
atoms and the component in thez-directiondz are also given.

x

Li xTiSe2

dslayer 1d dslayer 2d D1 dzLiSes3d dzLiSes4d dLiSes3d dLiSes4d

0.11 3.03 3.04 3.15 1.60 1.60 2.59 2.59

0.25 3.02 3.00 3.22 1.61 1.62 2.59 2.60

0.33 octa 2.99 3.00 3.29 1.65 1.63 2.61 2.60

bridge 3.01 3.02 3.28 1.92 1.51 2.21 2.34

tetra 3.01 2.99 3.37 2.34 1.14 2.34 2.38

0.50 3.00 3.02 3.33 1.66 1.67 2.61 2.62

1.00 3.03 3.04 3.44 1.69 1.75 2.63 2.63

FIG. 8. Geometric structure of LixTiSe2, showing Li in octahe-
dral position and Se neighbors along its diffusion path across bridge
to tetrahedral position.

RAMÍREZ et al. PHYSICAL REVIEW B 71, 035426s2005d

035426-6



distortion by insertion of alkali.36 Apart from a slight expan-
sion of thec axis, no change within the slabs is expected. For
the study of the effects of alkali intercalation in TMDCs,
several bandstructure calculations have been carried out in
the past.22,37,38 In these calculations, structure optimization
was absent and experimental lattice constants had been cho-
sen to describe the intercalated compounds. The internal
structure parameterz, which determines the distances be-
tween atomic planes had been fixed to the value of the pure
bulk structure. Thus, there is a lack of information about the
geometric structure changes of alkali intercalated TMDCs in
the near-surface region.

The most stable position for the Li atoms are the octahe-
dral sites of the van der Waals region for all values ofx.39

The lithium intercalation complexes of TiSe2 swritten as
Li xTiSe2d retain the basic structure of the original TiSe2 lat-
tice. The geometric structure of LixTiSe2 is explained in Fig.
8. This figure is related to Table II, in which the changes of
the structural parameters are summarized. As expected, the
largest change produced by intercalation is found in the ex-
pansion of thec lattice with respect to the pure structure. The
thickness of the sandwich is not significantly altered with
insertion of Lix sfor any xd in agreement with,40 but the van
der Waals gap width is changed relative to the clean system.

Those Se atoms that form bonds with Li atoms, and fur-
ther, those Ti atoms that lie above and below these interca-
lated atoms, slightly shift away from them inz direction with
an unalteredz position of the other atoms in the same plane.
These local distortions obtained around the intercalated al-
kali soctahedral sitesd are isolated at lowx, but overlap for
x.0.25 resulting in flat host layers. As in TiS2, which ac-
cording to Fischeret al.41 revealed an overlapping distortion
by Li intercalation at a lower value ofx sx=0.5d than in
graphite sx=0.7d, here again TiSe2 layers are stiffer than
graphite.

C. Adsorption energy, work function, and charge density

We found that the adsorption energy decreases with in-
creasingx with a local maximum atx=0.33, see Fig. 10. The
global dependence on concentration seems to reflect an elec-
trostatic repulsion of the Li ions even at highest dilution

when a screening could be suggested. Hibma42 showed that
the repulsion between intercalated alkali atoms is significant
only within one lattice constant. From our results we have to
infer that the complete ionization of the outer Li shell is hard
to be fully screened on short range, instead the mutual Li
repulsion diminishes the tendency to incorporate additional
adsorbate. This leads to a decrease of the adsorption energy
which is detected here as an overall behavior. The local
maximum atx=0.33 indicates a more stable configuration
for this concentration. An orderedsÎ33Î3d superstructure
has been observed experimentally for LixTiS2,

42 which
agrees with the present calculations showing the energeti-
cally most stable structure atx=0.33. From the trend of the
energy to decrease, the formation of Li islands or clusters is
excluded. In UHV intercalation only limited concentrations
belowx=0.5 of intercalated alkali have been reported.24,43–47

This has been attributed to the existence of a diffusion barrier
for the alkali ions.47

In Fig. 10 the change in work function versusx is shown.
We obtained that the work function decreases smoothly and
no minima are observed. This trend is also observed experi-
mentally for similar materials.7,24,48–50In Fig. 11 the plot of
the difference of charge densitynDsr d shows a symmetrical
distribution in both layers separated by the van der Waals

FIG. 9. Total energy of Li diffusion within van der Waals gap of
bulk TiSe2.

FIG. 10. Adsorption energy per Li atom and change of work
function with Li in octahedralsvan der Waalsd sites.

FIG. 11. Contour plot of electron difference density for Li at
octahedral site localized in van der Waals gap. Contour units are
10−3 Å−3.
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gap containing the Li atom. There is a charge transfer to the
Ti orbitals though the maximum charge density is between
Se atoms and Li. Charge transfer to the chalcogen was also
found by Umrigar,et al.37 in their full-potential linearized
augmented plane wavesFLAPWd calculations on LiTiS2.

V. SUMMARY AND CONCLUSIONS

The binding energies of Li atoms on the surface and in the
van der Waals gap display similar behavior, but differ in
absolute value by roughly 0.5 eV in favor of the intercalated
structure over all Li concentrations. According to these re-
sults the most stable structure is obtained when Li occupies
the hcp site on the surface and the octahedral site in the van
der Waals gap. At a concentration ofx=0.33 an ordered two-
dimensionalÎ33Î3 superstructure is formed in both cases,
in the surface adsorption plane and in the subsurface layer
intercalation plane, respectively. For the bulk crystal this
would lead to a three-dimensional phase transition by fixing
also the period along thec direction.

For both surface and van der Waals alkali adsorption, we
found a charge transfer from the alkali to the substrate. Thus,
the charge transfer takes place already on the surface and can
not be the driving force for intercalation as it is often
assumed.51 In contrast, an energy barrier of 3.81 eV for in-
tercalation starting from the surface was found.11 The charge

is located between Li and Se atoms as well as in thed orbit-
als of Ti.

The covalent TiuSe bond is weakened by adsorption and
intercalation of Li, since for both cases a small elongation of
the SeuTi bond length is obtained.

When Lix s0.11øxø1.0d is adsorbed on the surface the
c-lattice constant decreases by about 0.05–0.21 Å, which
yields a decrease in the van der Waals gap width. On the
contrary, when Li is placed in the van der Waals gap, the
c-lattice constant is expanded for larger concentrations.

When Li atoms are adsorbed on the surface, the changes
of the work function can be well described by the Langmuir-
Gurney model: at low coveragesF decreases until it reaches
a minimum aroundQ=0.5 ML, and then increases approach-
ing the value of the bulk alkali metal. On intercalating sub-
strates the work function has a smooth decrease and no
minima are observed.
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