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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 covera@es).11, 0.25, 0.33, 0.5, and 1 ML, adsorbed on
TiSe, (000)). 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 TiSe, with different amounts of lithium adsorbed or interca-

TiSe, belongs to a class of layered crystals based on galted. The aim is_ to extrac_t the geometric structure, energet-
sandwich structure. Layers of triple planes, a transition meta€S and electronic properties of these compounds.
atom plane sandwiched from both sides by chalcogen atom The paper is organized as follows: In the next section we
planes, are loosely bound on top of each other. These conglescribe the calculational method. Section Ill concerns the
pounds are interesting because of their two-dimensional bechanges of the geometric and electronic properties of ;TiSe
havior which leads to a series of propertidswith scientific ~ for different coverages of Li adsorbed on the surface, i.e.,
and technical implication® total energy, work function, and charge distribution. The

From the scientific point of view transition metal dichal- changes of these properties are complemented in Sec. IV for
cogenides TMDCs) represent an ideal and interesting sub-the case of Li intercalate@ithin the van der Waals gap
strate for surface science studies owing to their chemically
inert'surfaces. For instance, it has been shown that when Il CALCULATION METHOD
alkali metals are deposited on TMDCs surfaces under ultra-
high vacuum conditions, they can intercalate into the bulk The calculations performed in this study were done using
material or can be adsorbed on the surface of the substratee ab initio total energy and molecular dynamics program
forming clusteré® or networks of metallic nanowirés® FHI98MD.'2 This program evaluates the total energy of peri-

Clean surfaces can be obtained via growth of single crysedically repeating geometries based on the density functional
tals by iodine gas transport reaction and subsequent UHYheory together with the local density approximati@bA )
cleavage as well as by molecular beam epitaxy from thdor the exchange-correlation functiohhnd the pseudopo-
constituents. The structural and electronic properties of théential approximation. In this case the electron-ion interac-
bulk have been investigated by the standard methods and atien is described by fully separable norm-conserving pseudo-
mainly understood. The layers constitute a hexagonal strugotentials constructed by following the scheme of Troullier
ture with thec-axis parallel to the hexagonal axis and normaland Martins'* These were generated using the code devel-
to the layers. The sandwiches being electronically neutral areped by Fuchs and ScheffférFor computational efficiency
separated by the van der Waals gap which is bridged by vatihe pseudopotentials are transformed into the separable
der Waals forces stabilizing the structure. In fact, the valenc&leinman-Bylander formi® with the s, p, andd pseudopo-
band regime is essentially determined by chalcogérands tential chosen as the local components for Ti, Se, and Li,
(with small admixtures of metadl bandg which covalently  respectively, to avoid the appearance of ghost states. To en-
bind within the sandwich saturating all chemical bonds. Nevsure better transferability of the alkali pseudopotential the
ertheless, the, orbitals perpendicular to the layer extend nonlinear form of the core-valence exchange-correlation
across the van der Waals gap and lead through their interatunctional is taken into accouft.Periodic boundary condi-
tion to a splitting into bonding and antibonding states bothtions are used, with the eigenfunctions of the Kohn-Sham
being occupied, so that only the van der Waals forces iroperator expanded over a plane wave basis set using an en-
these compounds remain. ergy cutoff of 40 Ry. Two specidt points are used in the

In contrast to the vast literature on these materials, theurface irreducible Brillouin zon€lBZ) for the Brillouin-
knowledge about the microscopic processes of growth, adzone integration® Convergence tests performed for a higher
sorption, intercalation, etc. is rather pddin this paper we number ofk points did not show any significant variation of
present density functional theor(DFT) calculations for 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
the z direction by a vacuum region. For the adsorption struc-
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tures on TiSg (000)), three layers of TiSeare used to (3x3)Li 2x2)Li
model the surface with a vacuum region of 8.3 A. To avoid =033 9=0.50
any artificial adsorbate-adsorbate interaction through the slab 99909 9e¥, 9glglelef,

the alkali metal is adsorbed on one side only. The resulting
induced dipole moment is taken into account by applying a

R Rt
. e

dipole correctiort? The position of the atoms in the two S BB

topmost TiSe layers and all of the adsorbed atoms are opti- > ee

mized by requiring that the forces on all unconstrained atoms (V3 xJy3)R30° (2x2) 2L

converge to less than 0.015 eV/A. The bottom layer was =10

kept fixed at the bulklike positions. Calculations with four .

layers of TiSe 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 A when allowing it to relax in a four layer calcu- (2x2)4Li

lation. There is no significant change beyond the computa-

tional accuracy for the first two layers. FIG. 1. Investigated supercells. 8gen circleg Ti (grey), and
The supercells used to model Li adsorbed on the surfackl (dark grey with smaller radiys

and Li intercalated must have the same lattice constants to

make the results comparable. We chose to use the theoretigsites. The adsorption energy per adatom is defined as

lattice constants of bulk TiSefully intercalated,ay=3.50,

Co=6.30 AM We note that the calculated lattice constants are ELiTiSe(000) _ _ 1 [ELITISe;(0003 _ (ETiSe(0001
2.7% and 2.5% smaller than the measured ¢aes.60 and ad N
— 20 \which i i i .
c=6.46 .A), which is partially due to the LDA used in the + N EY atom)] 1)
calculations.

Recently, the question of accuracy of LDA/generalizedwhereN; is the number of Li atoms in the surface unit cell,
gradient approximatiofGGA)?! has been discussed in view and the total energy of the adsorbate-substrate system, the
of the long-range van der Waals interaction. We are not in thelean TiSe (0001 substrate, and the free Li atom, are rep-
position to quantitatively estimate the influence of such in-resented byE-/TiSe2(0000 = ETiSe; (000D - gnq ELi atom - regpec-
teractions in the DFT functional on our results, which aretively.
obtained with conventional LDA. In the past, a lot of experi-  The total energy of isolated, free atomic Li needed as a
mental results have been confirmed with this metffdd. reference to determine the adsorption endspe Eq(1)] is
Furthermore, the specific binding of single atoms to the lay<calculated in a cubic cell of side length 2§ with the k
ered substrate obtained in this paper supports in this firgboint (0.5, 0.5, 0.5 for the Brillouin Zone sampling. The
access the procedure used. spin polarization effects were not included.

In order to determine the effects of alkali adsorption on
the TiSe (000) surface structure, the bare surface is first
investigated. Calculations for the atomic relaxation of the
clean surface usin(B X 3), (\3>< \3) and(2 X 2) periodici-
ties were performed. These calculations provide also a test of Surface atomic geometry and work function are two of
the surface relaxation with cell size. It was found that all thethe physical quantities which change upon alkali metal ad-
interlayer distances were within 1% independent of the susorption. To learn about the coverage dependence of the sur-
percell used. face atomic arrangements and related properties, calculations

Lithium on the surface and van der Waals adsorption siteat five different Li coverages on TiS€0001) were per-
for coverages ranging from 1/9 to a full monolay@®lL)  formed. The various structural parameters obtained comprise
were then studied. In particular, coverages of 0.11, 0.33 Mlamong others the distance between the adatom and the sur-
were calculated using x 3) and(y3 x y3)R30° surface unit  face, the bond length Seli, the inter- and intralayer spac-
cells respectively, while for coverages of 0.25, 0.5, and 1 MLings, the lateral and vertical displacements of the adatom and
a (2% 2) unit cell was usedsee Fig. 1 substrate atoms, and the van der Waals gap width.

The coverage) =1 is defined as the ratio of the number In the upper block of Table I, the optimized inter- and
of adsorbate atoms to the total number of hcp sites in théntralayer distances of the substrate are resumed, while in the
substrate. The hcp sites were found to be the energeticallyottom block are listed the shifts of atomic planes relative to
most stable sites for Li adsorption on TiSé Thus, all our  pure TiSg, see Fig. 2. The distanak from the Li adatoms
present calculations are referred to Li adsorbed on thes® the surface roughly decreases when increasing the cover-

Ill. LI ADSORPTION ON TiSe , (0001)

A. Surface atomic geometry
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TABLE |. Calculated structural parametet®m A) for Li at the TiSe (00071 surface, with different
coveragesupper block. Symbols are referred to Fig. 2. Shiftzcoordinate of atomic planes relativ to clean
TiSe, surface systenfbottom blocK; negative sign indicates a downward shift. Values for bare surface are
averages over all three surface unit cells with variance in second decimal.

Li adsorbed on TiSe(000))

Coverage do dqig dio Ad D, dyq dys D,
0.00 1.50 1.50 0.00 3.26 1.51 151 3.21
0.11 1.37 1.59 1.44 -0.06 3.04 1.52 151 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 3.14 151 1.52 3.07

1st 2nd 3rd 4th 5th 6th

(Se (Ti) (Se (Se (Ti) (Se
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

age from 0.11 to 0.5 ML. At higher coveragé&.0 ML) the  move radially away from it. The calculated amplitudes of
distance increases again. The first interlayer spadingn-  these in-plane displacements a®.02 A. Small bucklings
creases by=3% —7% as a result of an inward displacementtowards bulk are obtained for these three Se atoms of
of the Ti atomic plane, see Table(bottom). Whereas the =0.02A for coverages less than 1 ML. As expected from the
second interatomic spacintly, decreases by¥2% —5% with ~ symmetry of the unit cell, no buckling is obtained for the full
respect to the pure surface. The van der Waals wibt), coverage. The Ti atom localized in the second plane, directly
decreases for all coverages by about 2%—7% with respect toelow the adsorbed Li, moves inwards, i.e., to the bulk, with
the pure surface system. Note that the calculated bulk gap @éspect to the rest of Ti atoms in the same atomic plane. This
TiSe, is Dpy=3.14 A1 For all coverages the second TjSe displacement increases for lower coverages,/sé Table
layer keeps the relaxed position of the pure structuredsge |.
and d,,. For the structures with a Li coverage &=0.25 The table also reveals the rather exceptional cas® of
0.25, 0.5, and 1.0 ML, the three atomic planes of the second0.33 ML coverage yielding a substrate structure which is
TiSe, layer shift inwards by the same amount; thus, noclosest to the uncovered system. The peculiarity of this cov-
changes in the intralayer spacings with respect to the clea@rage is shown in other observables too.
surface are obtained, but a reduction in the interlayer spacing Altogether, a compression of the whole slab can be stated
D, of about 4%. For the other coverages there is no signifiwhen Li is adsorbed. This is explained by the charge transfer
cant change of the interlayer spacing. from Li to the slab and the resulting induced dipole forces

In the coverage range from 0.11 to 0.5 ML the three Secontracting the substrate as a whole. Because of the different
atoms in the first atomic plane coordinated to the Li adatontharge distributions with varying coverage a monotonous be-

havior cannot be expected.
e © & o e—

Se { : { ;
T O 89 59

B. Work function and adsorption energy

The work function,®, 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 JiSe
D> (000) surface for the different supercells used @&
OYaYaYa Vel =5.4+0.1 eV, in agreement with experimeébt3 eV).?* Fig-
‘ﬂ“_m ure Ja) shows the calculated work function chan® as a

A r 2 ldbuk function of Li coverage. This curve has the characteristic
S shape found for systems of alkali metal adsorbed on metallic

FIG. 2. Structure model of the geometrical changes induced bygurfaces>2¢ Initially, it shows a rapid lowering ofP, to a

Li adsorption on TiSg (0001 (refer to Table ). minimum (Ad,,;,=-3.2€eV} at ®=0.5 ML, and subse-
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0.0 — 3 — b consequence of the dipole-dipole interaction, which gives
= 35 rise to a depolarization with decreasing-kLi distance.
-1.04 .§ As a rough estimate of the charge at the Li atomith
§ ©=0.33, 0.5, and 1 M}, we calculated the dynamic charge.
< 20 330 This quantity is of interest to discuss how the bond between
5 g the adsorbed alkali metal atom and the surface is best de-
g scribed, whether the adsorbate should be regarded as partly
=301 g 25] ionic due to a charge transfer to the substrate or as essentially
g neutral but strongly polarized. The dynamic charge is given
40 ————— by the slope of the curve when plotting the surface dipole
000 025 050 075 1.00 0.00 025 050 0.75 1.00

Li Coverage (ML) Li Coverage (ML) moment versus vertical distance of Li to the surfacé
linear dependence of the dipole moment was obtained for the

FIG. 3. Change of work function and adsorption energy with Li three coverages studié¢fbr small variations of the adsorbate
adsorbed on TiSeat hep sites. heighi, indicating an ionic bonding between Li adatoms and
. the substrate. AB=0.33 and 0.5 ML the dynamic charge
quently an Increase toward@:l.o_ ML (A(D:___Z'S ev. values are 0.4 and 0.2 electron, wherea®atl.0 ML the
Such a decrease in the work function upon lithium adsorpy41ue is —0.3 electron. The decrease and change in sign in-
tion reflects the electropositive nature of Li that results in anyjcates a change of the charge flow from the adatoms to the
induced dipole momen;(0). _ ~ substrate at low coverage and from the substrate to the ada-

The final increase of> has been attributed to a metalli- {oms at full coverage. This can be explained as follows: ac-
zation of the alkali overlayér?® Taking ®=5.4 eV as the  ¢ording to the Langmuir-Gurney mod&I33in a first adsorp-
value of clean TiSg (0003, we obtain a work function of  tion phase the low ionization potential of alkali metals
2.6 eV at 1 ML. At this coverage the saturation level has no§nqyces a charge transfer when adsorbed on more electrone-
yet been reached, since the experimental work function fogative substrates. Each partially positively charged adatom
Li bulk is ®=2.93 eVZ® That also means that a metallic then puilds up a dipole with the substrate, pointing from the
behavior of the adsorbed Li system occurs at higher covemegatively charged substrate to the adatom. This dipole ori-
ages than one monolayer. Itis worth noting that such a shapgtation facilitates the escaping of the electrons to the
of the work function change curve is obtained for other sysyacyum, i.e., the work function of the clean substrate will
tems, e.g., Li/M¢112).3* strongly decrease, see FigiaB The electrostatic repulsion

In Fig. 3(b) the adsorption energy of Lihcp sitg as a  petween the charged alkali ions increases with the coverage.
function of coverage is presented. The adsorption energy derhys, in a second adsorption phase charge from the substrate
creases when increasing the Li coverage from 0.11 to 0.2keds back to the alkali metal to weaken the repulsion be-
ML, which indicates a repulsion between adatoms. With in-yeen alkali ions, inducing an increase of the work function.
creasing coverage the adsorption energy reaches a locat higher coverages the work function reaches a saturation
maximum at®=0.33 ML, and it decreases again at higher|eye| with the value of the bulk alkali metal.
coverages. From 0.5 to 1 ML the adatoms have to occupy A change of the ionic character of the bond is also re-
next neighbor sites separated from each other by a distanggcted in the Langmuir-Gurney model as a change in the
of 3.50 A, which approaches the Li-bulk lattice constanthond length of the alkali as the coverage is increased. This is
(3.40 A) 39 This gives rise to a strong repulsion between adadepicted in Fig. ), where the bond length Li-Se de-
toms, which is reflected in the decrease of the adsorptiogreases as the coverage is increased from 0.11 to 0.5 ML,

energy. A complete energy landscape for Li diffusion on theand from this coverage to a saturated overlayer it increases.
surface is found in Ref. 11 fo®=0.33 ML.

Figure 4a) shows how the adsorbate-induced dipole mo-
ment . changes with increasing coverage. The coverage de-
pendence of the induced dipole per adatom can be seen as aTo analyze the nature of bonding, it is helpful to consider
the difference electron density*(r):

C. Charge redistribution

a ) .
1o z.4s-rb n(r)=n(r) - n%r) - nt(r), (2)
Z 44l where n(r) is the total valence electron density of the
3 _% substrate-adsorbate system, aftt) andn"(r) are the elec-
3;_20 |2 242 tron densities of the clean substrate and the free lithium
= 3 atom, respectively. The atomic geometry of the substrate is
= 2401 chosen from that of the relaxed adsorbate system determin-
ing its electron density by a separate selfconsistent calcula-
B 2.32.30 e 1'30 tion with the frozen structure. Thdifference electron density
Ty COVG'mge M) : R Cove.rage M) : shows the depl_et|on or accumulation _of the charge density in
the system owing to adatom adsorption at the surface.
FIG. 4. Change of surface dipole moment and-L$e distance For lower coverages of Li on the surfag@=0.11), most
for Li adsorbed on TiSgat hcp sites. of the charge difference is located between the Li and the Se
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=05 T of the Se atoms which depends on coverage. The 1/3 cover-
B : 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 Seorbital 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-
P tion as in the 1/3 case, the latter splitting off two peaks at
v-NKmem lower energy which coincide with the respective ones of the
/ 1 ML case. The 1 ML coverage encounters every hcp adsorp-
o110 — tion site occupied, i.e., every upper Se is coordinated by
three Li atoms and shows a triple peaksatharacter around

TiSe, system, with®=0.5 and 1.0 for Li in the hcp sital is taken this energy as it should according to the three representations

from a free, neutral atom; an enlarged picture of the frame in thf Cau- FOr smaller coverage a broad Sdand is found
left figure is given on its right. Circles indicate projected position of 0&cause of the number of coordinations present. Correspond-

Se atoms in first atomic plane, and square Ti atoms. Arrows in lefingly, some part of the Sgcharge resides on the Li atom as
figure indicate the position of Li adatoms; contours are displayed iriS confirmed by Fig. 6. The unoccupied @iorbital shows its
a plane perpendicular to t{6001) surface; units are I8 A3, fingerprint also in the Li PDOS for high coverage suggesting
an interaction reaching as far as that from Li to Ti which was
atoms that are next to it. Since the Li adatom is adsorbed o@l!SO S€en in the charge density plots above. As expected, the
the hcp site, the @orbitals of the Ti atoms located immedi- S€P bands with admixtures of Td states are present at the
ately below this site point towards the Li position. When thel! position.
amount of Li increases t®=0.5 the Ti 3 orbitals of the
atoms below the adsorption sites seem to be a mixtudgpf IV. Li INTERCALATED
d,, andd,, with prominence of the first one, whereas for the
rest of Ti atoms thel,, andd,, are more important. In Fig. 5 _
the charge density differences®(r), of Li adsorbed on The energetics and structural changes gffiSe,, (0.11
TiSe, (0001, (©=0.5, and 1.0 Ml are shown. Fo®=0.5 <x=<1.0), where LiTiSe, refers to TiSg intercalated with
most of the charge transfer becomes localized between LLi, are calculated by means of total energy calculations.
and the Se atoms and the Li adatom is adsorbed closer to tifénong others, the most stable positions of Li in the van der
surface than fol®=0.11; thus, more charge is localized in Waals gap and the energy barriers for diffusion therein are
Ti 3d orbitals, which in the bulk TiSecase are only partially determined.
occupied. For®=1.0 the charge clouds between the adsor- Pure TiSeg crystallizes with thel T-Cdl, structure, where
bate and the Se atoms as well as in tideo®bitals of the Ti  the metal is octahedrally coordinated by the chalcogen atoms
atoms are obtained, see Fig. 5. At this coverage there is a land the layers are stacked without lateral displacements.
adsorbed above every Ti. This results in an enhanced occWhen intercalation occurs, the intercalant Li enters the van
pancy of all the & orbitals of the Ti atoms, in contrasts to der Waals gaps between the layers. In Fig. 7 the three inter-
empty orbitals for®@=0.5. stitial sites available in the van der Waals gap are shown: one
In Fig. 6 the partial density of statéBDOS is displayed octahedral, which is surrounded by six chalcogen atoms, and
for the constituents of the compound. The energy region betwo tetrahedrals, which lie in the projections below and
tween —10 and —20 eV shows a triple structure in the regim@bove the chalcogen ator(is; and T,, respectively, Fig. J
of the atomic Ses orbitals. These peaks originate from a  The total energies of LTiSe,, (x=0.33, with Li occupy-
crystal field splitting according to the adsorbate environmening the different interstitial sites are calculated usingya

[0001] —

FIG. 5. Charge density differenca@?(r), of Li adsorbed on

A. Diffusion in the van der Waals gap

08 — - 20 — 20 — <
e=1 LAI Ae_] -"‘. ASe o=1 T.'.l
U . !
7 09 LA 00 A 00 _Lm ‘R\-"""J» it
=08 20 20
3 =05 0=05 8=05 s
! in !
] b‘\ i e LN FIG. 6. PDOS for the Li—TiSe, (000
< 00 Aot | g0 LM Py oo |t el i . 6. or the Li—TiSe, (000 sys-
BB oz —wes| 200 o e 201 o033 tem with Li adsorbed at the hcp sites. PDOS is
E A ) A e - decomposed is, p, d components for Li, Se, and
0.0 d, 0.0 Ti.
150 100 80 00 29
Energy (eV)
o A
0.0 A ALY 0.0 A [ A
150 100 50 00 150 100 60 00
Energy (eV) Energy (eV)
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T_d(layer1) .J @ @e(S j

c-lattice 2 ) ~<
Tetrgl_hedral _1_ g . Se4 7"'\ c
Octahedral 2 dhye) ® @ @ o o & ‘f
* ~< ~ ) P g ~
Tetrahedral Se U O C
h

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

® Li while for a T, it relaxes towards the top layer by the same

amountt!

FIG. 7. Structure model of TiSeshowing occupation sites in For comparison, we determined also the diffusion barrier
van der Waals gap. Black Li spheres show three intersandwich sitegyr i in the van der Waals gap but with a bulk calculation,
(one octahedral and two tetrahedrgj,andT,). i.e., using a(1x1) TiSe, cell with a,=3.50 A and c,

_ =6.30 A as lattice constant$.The total energy was calcu-

X 3) supercell (with three sandwiches of Tigeand a lated for different configurations, where the Li atom was
vacuum space of=8 A), with Li occupying the different fixed at equidistant points of the unit cell, and was allowed to
interstitial sites. It was found that the octahedral site is enerrelax only in thez direction. The grid spacing was 1/4 the
getically more favorable than both tetrahedral, the latter onedistance between tetrahedral and octahedral sites. Figure 9
having equal energy3.58 for octahedral and 3.22 eV for shows the energy surface obtained. The diffusion path is
tetrahedral The corresponding binding energies for all in- similar to that obtained with the supercell model, but the
terstitial sites are markedly higher than the ones in the suractivation barrier increases to 0.6 eV.

face. This reflects the fact that the interlayer sites are consid- The diffusion barrier along the van der Waals gap is in the
erably more favorable. Furthermore, it demonstrates th¢y3x \3) supercell model two times higher than for surface
strong tendency of TiSetowards intercalation and the sta- diffusion. Therefore, if the intercalating atoms enter the solid
bility of the intercalated compound. from the side, the filling of the edges is faster than the propa-

The migration of Li along the van der Waals gap can begation of the diffusion front into the solid, which leads to a
described as a hopping between the different sites, i.ehottleneck at the edges. In previous restils barrier of
octahedrat- bridge— tetrahedral- bridge. The most favor- 3.81 eV for direct intercalation starting from the surface and
able diffusion pathway from octahedral to octahedral site inpenetrating perpendicularly into the van der Waals gap was
volves the intermediate occupation of a tetrahedral site. Botfound. The high value of the barrier suggests that the most
sites are separated by a saddle pdimidge sit¢ with a  probable path of intercalation is through the edges or defects
binding energy of 3.15 eV. The energy difference betweerof the crystal. However, even in this scenario the bottleneck
the octahedral and bridge site gives a diffusion barrier valugeems to suppress bulk intercalation, supporting the observed
of 0.43 eV. When the Li atom diffuses from a octahedral toenhancement by grinding the matefal.

a bridge site a®=0.33,d,LiSe(3 and 4 in Table Il and Fig. _ _

8, it relaxes from the middle of the van der Waals gap to a B. Structure versus Li concentration

position closer to the lower layer. From the bridge tda The intercalation of Li in TMDCs has been considered to
tetrahedral site the Li relaxes closer to the bottom layerpe topotactic, i.e., the host structure undergoes no symmetry

TABLE II. Structural parameteréin A) for Li,TiSe,, with 0.11<x=1.0, Li in the octahedral sitef§or
x=0.33, also in bridge and tetrahedfal sites are given These data refer to Fig. 8. The distartbetween
atoms and the component in tkalirectiond, are also given.

Li,TiSe,

X d(layer )  d(layer 2 D, d,LiSe(3) d,LiSe(4) dLiSe(3) dLiSe4)
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
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FIG. 10. Adsorption energy per Li atom and change of work

X axis function with Li in octahedralvan der Waalssites.

FIG. 9. Total energy of Li diffusion within van der Waals gap of when a screening could be suggested. Hitfnshowed that

bulk TiSe,. the repulsion between intercalated alkali atoms is significant
only within one lattice constant. From our results we have to

distortion by insertion of alkafi® Apart from a slight expan- infer that the complete ionization of the outer Li shell is hard
sion of thec axis, no change within the slabs is expected. Foito be fully screened on short range, instead the mutual Li
the study of the effects of alkali intercalation in TMDCs, repulsion diminishes the tendency to incorporate additional
several bandstructure calculations have been carried out mdsorbate. This leads to a decrease of the adsorption energy
the pasf23738|n these calculations, structure optimization which is detected here as an overall behavior. The local
was absent and experimental lattice constants had been choaximum atx=0.33 indicates a more stable configuration
sen to describe the intercalated compounds. The internddr this concentration. An ordered/3x \3) superstructure
structure parametez, which determines the distances be-has been observed experimentally for,Ti5,? which
tween atomic planes had been fixed to the value of the puragrees with the present calculations showing the energeti-
bulk structure. Thus, there is a lack of information about thecally most stable structure at=0.33. From the trend of the
geometric structure changes of alkali intercalated TMDCs irenergy to decrease, the formation of Li islands or clusters is
the near-surface region. excluded. In UHV intercalation only limited concentrations

The most stable position for the Li atoms are the octahebelowx=0.5 of intercalated alkali have been reportét-+"
dral sites of the van der Waals region for all valuesxd?  This has been attributed to the existence of a diffusion barrier
The lithium intercalation complexes of TiSdwritten as for the alkali ions?’
Li,TiSe,) retain the basic structure of the original TjSat- In Fig. 10 the change in work function versxss shown.
tice. The geometric structure of [iiSe, is explained in Fig. We obtained that the work function decreases smoothly and
8. This figure is related to Table II, in which the changes ofno minima are observed. This trend is also observed experi-
the structural parameters are summarized. As expected, tmeentally for similar material$2448-50In Fig. 11 the plot of
largest change produced by intercalation is found in the exthe difference of charge density(r) shows a symmetrical
pansion of the lattice with respect to the pure structure. The distribution in both layers separated by the van der Waals
thickness of the sandwich is not significantly altered with
insertion of Li (for any x) in agreement witf® 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 zrdirection with
an unaltered position of the other atoms in the same plane.
These local distortions obtained around the intercalated al-
kali (octahedral sitgsare isolated at lov, but overlap for
x>0.25 resulting in flat host layers. As in TiSwhich ac-
cording to Fischeet al*! revealed an overlapping distortion
by Li intercalation at a lower value of (x=0.5 than in
graphite (x=0.7), here again TiSglayers are stiffer than
graphite.

van der Waals gap

C. Adsorption energy, work function, and charge density

[1210]—

We found that the adsorption energy decreases with in-
creasingk with a local maximum ax=0.33, see Fig. 10. The FIG. 11. Contour plot of electron difference density for Li at
global dependence on concentration seems to reflect an elesstahedral site localized in van der Waals gap. Contour units are
trostatic repulsion of the Li ions even at highest dilution 103 A3,
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gap containing the Li atom. There is a charge transfer to thés located between Li and Se atoms as well as indtloebit-

Ti orbitals though the maximum charge density is betweerals of Ti.

Se atoms and Li. Charge transfer to the chalcogen was also The covalent Ti—Se bond is weakened by adsorption and
found by Umrigar,et al®” in their full-potential linearized intercalation of Li, since for both cases a small elongation of

augmented plane wauy&LAPW) calculations on LiTiS. the Se—Ti bond length is obtained.
When Li, (0.11=x=<1.0) is adsorbed on the surface the
V. SUMMARY AND CONCLUSIONS c-lattice constant decreases by about 0.05-0.21 A, which

yields a decrease in the van der Waals gap width. On the

The binding energies of Li atoms on the surface and in th@onirary, when Li is placed in the van der Waals gap, the
van der Waals gap display similar behavior, but differ in . |attice constant is expanded for larger concentrations.
absolute value by roughly 0.5 eV in favor of the intercalated \yhen Li atoms are adsorbed on the surface, the changes
structure over all Li concentrations. According to these ref the work function can be well described by the Langmuir-
sults the most stable structure is obtained when Li occupiegumey model: at low coveragds decreases until it reaches
the hcp site on the surface and the octahedral site in the vad minimum aroun®=0.5 ML, and then increases approach-
der Waals gap. At a concentration)sf0.33 an ordered two- juq the value of the bulk alkali metal. On intercalating sub-

dimensionaly3x 3 superstructure is formed in both cases,gtrates the work function has a smooth decrease and no
in the surface adsorption plane and in the subsurface layehinima are observed.

intercalation plane, respectively. For the bulk crystal this
would lead to a three-dimensional phase transition by fixing
also the period along the direction. . _ ACKNOWLEDGMENTS
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