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derChristian-Albrechts-Universiẗat
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ZumDruckgenehmigt:Kiel, den

Der Dekan



To Andrea,
whoselovekeptmegoingall this time.



Contents

1 Intr oduction 1

2 Theoretical Background 3
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Themany-bodySchr̈odingerequation . . . . . . . . . . . . . . . . . 3
2.3 Born-OppenheimerApproximation. . . . . . . . . . . . . . . . . . . 4
2.4 Thedensityfunctionaltheory . . . . . . . . . . . . . . . . . . . . . . 5

2.4.1 Thelocaldensityapproximation. . . . . . . . . . . . . . . . 7
2.5 Pseudopotentialtotal energy calculation . . . . . . . . . . . . . . . . 8

2.5.1 Periodicsupercellwith aplanewavebasis. . . . . . . . . . . 8
2.5.2 Thepseudopotentialapproximation . . . . . . . . . . . . . . 10
2.5.3 Calculationof thetotalenergy . . . . . . . . . . . . . . . . . 13
2.5.4 Atomic forces. . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.5.5 Structureoptimization . . . . . . . . . . . . . . . . . . . . . 15
2.5.6 Computationalprocedure. . . . . . . . . . . . . . . . . . . . 16

3 Structural and electronic propertiesof TiSe2 and LiT iSe2 bulk 17
3.1 Transitionmetaldichalcogenides . . . . . . . . . . . . . . . . . . . . 17
3.2 TMDCs intercalation compounds. . . . . . . . . . . . . . . . . . . . 20
3.3 TiSe2 bulk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.3.1 CrystalStructure . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3.2 Electronicstructure. . . . . . . . . . . . . . . . . . . . . . . 22
3.3.3 LiTiSe2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.4 Computationaldetails. . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.5 Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.5.1 Ti pseudopotential. . . . . . . . . . . . . . . . . . . . . . . 25
3.5.2 TiSe2 andLiTiSe2 . . . . . . . . . . . . . . . . . . . . . . . 27
3.5.3 Bandstructure . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.5.4 Valenceelectrondensity . . . . . . . . . . . . . . . . . . . . 29
3.5.5 TiSe2 single-layerslab . . . . . . . . . . . . . . . . . . . . . 31

i



ii CONTENTS

4 Adsorption and Diffusion on TMDCs Surfaces 37
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2 Calculational Method . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.3 TiSe2 (0001)surface . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.4 On-surfaceAdsorption . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.4.1 Differenceelectrondensity. . . . . . . . . . . . . . . . . . . 49
4.5 Changeswith Li Coverage . . . . . . . . . . . . . . . . . . . . . . . 51

4.5.1 Changein thesurfaceatomicgeometry . . . . . . . . . . . . 51
4.5.2 Changein thework function . . . . . . . . . . . . . . . . . . 54
4.5.3 Changein thechargedensity . . . . . . . . . . . . . . . . . . 56

4.6 Diffusionin vanderWaalsgap . . . . . . . . . . . . . . . . . . . . . 62
4.7 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5 Alkali Metal Intercalation of TMDCs 71
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.2 ModelandComputationalDetails . . . . . . . . . . . . . . . . . . . 72
5.3 ResultsandDiscussion . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.3.1 Ab -surfaceintercalation pathway . . . . . . . . . . . . . . . 73
5.3.2 Geometricalchanges. . . . . . . . . . . . . . . . . . . . . . 76

5.4 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6 Adsorption and Diffusion on TMDCs Steps 79
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6.2 TiSe2 (0001)surfacewith a

�
1010� step . . . . . . . . . . . . . . . . 79

6.2.1 Simulationof a
�
1010� TiSe2 orientedstep . . . . . . . . . . 79

6.2.2 Relaxationof theTiSe2 (0001)surfacewith a
�
1010� step . . 81

6.2.3 Li diffusionacrossandalongTiSe2
�
1010� step . . . . . . . . 81

6.3 TiSe2 (0001)surfacewith a
�
1211� step . . . . . . . . . . . . . . . . 89

6.3.1 Simulationof a
�
1211� TiSe2 orientedstep . . . . . . . . . . 89

6.3.2 Relaxationof theTiSe2 (0001)surfacewith a
�
1211� step . . 90

6.3.3 Li diffusionacrossandalonga
�
1211� step . . . . . . . . . . 90

6.4 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

7 Conclusions 97
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
List of Figures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105



Chapter 1

Intr oduction

Thetransitionmetaldichalcogenides (TMDCs)exhibit someremarkablepropertiesas-
sociatedwith their reduceddimensionality, thatmake themsuitablematerialsfor fun-
damentalandappliedresearch.Thesecompoundshave a layeredstructuremadeup
of chalcogen-metal-chalcogen layerswhich areheld togetherby weakvanderWaals
forces,while within the layersstrongcovalent and ionic bondingdominates[1, 2].
As a result,the TMDCs exhibit high anisotropy in many of their physicalproperties
anddisplayarich varietyof structuralphasetransitionsassociatedwith chargedensity
waves[1]. In thelastyearsseveralbandstructurescalculationsbasedondifferentthe-
oreticalmethodshavebeenperformedfor anumberof TMDCs[3, 4, 5, 6, 7]. Thecal-
culatedbandsrevealsignificantdispersionperpendicularto thebasalplanessupported
by pz orbitalswith admixturesof dz2. Thosebandsrelatedto layer parallelorbitals
show almostno dispersionin this direction. Thesecalculationshave beeneffectively
verifiedby angle-resolvedphotoemissionandinversephotoemission[8, 9, 10].

Thetwo-dimensionality of theTMDCsstructurealsooffersthepossibilityof form-
ing intercalation compoundsby insertingadditionalatomsor moleculesin thevander
Waalsgapbetweenthe layers. This mechanismhasprovided the basisin the devel-
opmentof new typesof batteries[11, 12]. In the first investigationof TMDCs in-
tercalatedcompounds,thesewereproducedby electrochemical methods.It wasonly
until recentlythat in situ intercalated compoundswereobtainedby depositionof al-
kali or noblemetalatomontothesurfaceof TMDCs underultra-highvacuumcondi-
tions[13, 14, 15,16]. Thisintercalation methodhadopenedthepossibilityto studythe
samplesin every stepof thereactionby meansof angle-resolved photoelectronspec-
troscopy in combinationwith scanningtunnellingmicroscopy, providing new insights
into theelectronicandgeometricstructuresof thesecompounds.

Recentlyin theInstitut für ExperimentelleundAngewandtePhysikderUniversiẗat
Kiel it wasfoundthatdepositionof RbonTMDCs(0001)surfacesleadsto theforma-
tion of metallicnanowire networks[17, 18]. Accordingto theseresultsrubidiumdoes
not intercalate, andtheelectronicchangescommonlyassociatedwith alkali intercala-
tion arerelatedto thenanowires.Giventhetechnological relevanceof nanostructuring
perfectwire networksonsurfacesit is desirableto understandthefactorsthatfavoured
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2 Chapter1 Introduction

either the formationof nanowires or the intercalation. Thereforeit is necessaryto
studythedynamicalpropertiesof theseadsorbate-substratesystemsin detail.

Theaimof thiswork is todevelopamodelof alkalimetalintercalationintoTMDCs
from first-principlestotal-energy calculations.The main questionis, how the alkali
atomsfind their way from theTMDCs surfaceto the thermodynamically stablesites
in thevanderWaalsgap?It hasbeenarguedthatthealkali atomsintercalatedfrom the
surfaceinto thebulk throughdefectsandvia crystaledgesandsurfacesteps[19], but
theunderlyingmicroscopicprocessessuchasadsorption,diffusion,andnucleationare
still poorly undestood.Heretheadsorptionanddiffusion barrieron theTiSe2 (0001)
surfacewill bestudiedfor Li, Na,Rb,andCsadatoms.

In thepresentwork thesystemLi-TiSe2 hasbeenchosen,asa prototypeof alkali
intercalated TMDCs for which in situ intercalation seemsto bewell established[13].
The attentionis mainly focusedon simulatingstructuralandenergy changesduring
theintercalation processin orderto get insight into thealkali ion’s favouredmovility
paths,andto estimatethecorrespondingactivationenergies.

Firstly, the adsorptionsitesof Li on TiSe2 (0001)defect-freesurfacewill becal-
culatedaswell asthediffusionbarriers.In thesecondplace,thecorrespondingvalues
in thevanderWaalswill bealsocomputed.Finally, themostenergetically favoured
pathway that connectsthe surfacewith the van der Waalssiteswill be investigated.
Thiswill bedoneconsideringtwo options:a pathway within TiSe2 interlayerspacing
andapathway across

�
1010� and

�
1211� steps.

The coreof this work is the densityfunctional theoryof Hohenberg, Kohn and
Sham,andin particularthelocaldensityapproximation.Theselfconsistentsolutionof
theKohn-Shamequationstogetherwith thedeterminationof theatomicpositionswill
betreatedasa minimizationproblemof thetotalenergy. Theelectronicconfiguration
of thegroundstateandtheequilibriumpositionsof theatomswill becomputedsimul-
taneously.

This thesisis divided in seven chapters:after this brief introduction,the second
chapterwill describethe theoreticalgroundsof this study: densityfunctionaltheory
andtheplane-wave pseudopotentialmethod.Chapter3 is dedicatedto review general
propertiesof TMDCsandtheir intercalated compounds.Resultswill bealsopresented
concerningtheelectronicbandstructuresof TiSe2- andLiTiSe2-bulk, whichwerecal-
culatedto verify thereliability of thepseudopotentialsgeneratedfollowing thescheme
of Troullier andMartins [20]. In Chapter4 a detailedanalysisof Li adatomadsorp-
tion anddiffusion on TiSe2 (0001)is carriedout. Also, theenergeticalstablesitesin
the vanderWaalsgapandthediffusion barrierarecalculated.Sincethe problemof
surfacediffusion is intimatelyrelatedto themorphologyof thesurfaceon which the
diffusion processtakesplace,the propertiesof the clean(0001)surfaceof TiSe2 are
first addressed.Chapter5 is dedicatedto explorethemostenergetically favouredpath
for Li intercalation from the (0001)defect-freesurfacethroughthe atomicplanesof
TiSe2. In Chapter6 theresultsregardingdiffusion acrossandalongsteppedTMDCs
surfacesarepresented.Finally, theseventhchapterwill briefly summarizetheresults
obtainedin thepresentwork.



Chapter 2

Theoretical Background

2.1 Intr oduction

This chaptersummarizesbriefly the theoryon which the calculations of the present
work is based.In thelastdecadesthefield of thetheoreticalphysicshasbeenenriched
by the developmentof computationalmethods,makingit possibleto predictproper-
tiesof solid-statesystemswhich wereformerly inaccessibleto theoryor experiment.
Ab-initio calculations attemptto solve the quantummechanicalequationsgoverning
the behaviour of the systemstudied. In contrastto semi-empiricalapproaches,the
ab-initio approachdoesnot dependuponany externalparametersexceptthe atomic
numbersof the constituentatomsto bemodelledandcannotthereforebe influenced
by preconceptionsaboutthefinal result.However, traditionalminimizationtechniques
basedon thediagonalization of theHamiltonianrequirea computationaleffort which
scaleswith thecubeof thesystemsizeN3 (N thenumberof atoms),makingthiskindof
calculationstoo costlyto beof significantpracticaluse.However, controlledandwell
understoodapproximationscanbe employed to reducethe complexity to a tractable
level and solve efficiently the equationswithout loosing the parameter-free nature
of quantum-mechanical calculations.Onesuchapproximations,that within density-
functional theory, togetherwith a simpledescriptionof the quantum-mechanical ef-
fectsof exchangeandcorrelationandthepseudopotentialapproximation,hasproved
to be remarkablysuccessfulandis currentlyappliedby scientistsin a wide rangeof
disciplines.

2.2 The many-bodySchrödinger equation

The startingpoint for the descriptionof a systemcontainingNe electronswith co-
ordinatesr ��� r i � andNi ions at pointsR ��� RI � is to solve the time independent
Schr̈odingerequation:
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4 Chapter2 TheoreticalBackground

ĤΨ
�
r � R ��� EΨ

�
r � R �	� (2.1)

whereΨ is themany-bodywave functionandE is thetotal energy. TheHamiltonian
Ĥ is givenby thekinetic energy of thenuclei

�
T̂i � andelectrons

�
T̂e� , theelectrostatic

interactionsbetweenthe nucleiandtheelectrons
�
Vei � , andthe internuclear

�
Vii � and

interelectronic repulsions
�
Vee� .
Ĥ � T̂i 
 T̂e 
 V̂ei 
 V̂ii 
 V̂ee� (2.2)

with

T̂i ��� Ni

∑
I

 2

2MI

∂2

∂R2
I

, T̂e ��� Ne

∑
i

 2

2me

∂2

∂r2
i

,

V̂ii � 1
2

Ni � Ni

∑
I � J � I �� J

e2

4πε0

ZIZJ�
RI � RJ

� , V̂ee � 1
2

Ne � Ne

∑
i � j � i �� j

e2

4πε0

1�
r i � r j

� , V̂ei ��� Ne � Ni

∑
i � I e2

4πε0

ZI�
r i � RI

�
whereMI andme arethemassesof thenucleiandelectrons,respectively, andZI the
nuclearcharge.

From now on atomicunits (e � me �  � 4πε0 � 1) will be used,sincethey are
moreconvenientfor quantummechanicalproblems.Lengthis expressedin Bohrsand
energy in hartrees(1 aBohr � 5 � 2917 � 10� 11 m, 1 Ha= 2 Ryd = 27.2116eV).

2.3 Born-OppenheimerApproximation

In a solid the numberof particlesis greaterthan1023, thus it is clear that without
an approximationthe Schr̈odingerequationof the solid will be impossibleto solve
analytically. Oneof themostimportantapproximationsis theBorn-Oppenheimerap-
proximation[21], whichstatesthatthedegreesof freedomof theelectronsandtheions
canbeuncoupled.It is basedonthefactthatthemassesof thenucleiaremuchgreater
thantheelectrons,whichwill thereforerespondalmostinstantaneouslyto any change
in thepotentialcausedby themovementof thenuclei.Thus,it canbeconsideredthat
the electronsaremoving in a field of fixed nuclei. The total wave function canbe
expressedastheproductof thenuclearandelectronicparts:

Ψ
�
r � R ��� Ψel

�
r : R � Ψi

�
R � (2.3)

wherethe electronicwave functiondependson the nuclearpositionsonly parametri-
cally, i.e. adifferentwave functionis definedfor eachnuclearconfiguration.



2.4 Thedensityfunctionaltheory 5

Thequantumeffectsarelimited to theelectronicwave functionsΨel, whichobeys
asimplerSchr̈odingerequation:

ĤelΨel
�
r : R ��� En

el
�
R � Ψel

�
r : R � (2.4)

with

Ĥel � T̂e 
 V̂ee 
 V̂ei � (2.5)

Takingthis into accountEq.(2.2)canbeexpressedas

Ĥ � Ĥel 
 T̂i 
 V̂ii � (2.6)

Within the Born-Oppenheimerapproximationthe kinetic energy of the nucleiTi can
beseparatedfrom theelectronicmotion,andVii will beaconstantfor afixedconfigu-
rationRI of thenucleiVii . Thetotal energy of themany-bodysystemis simply given
by En

�
RI ��� En

el

�
RI � 
 Vii

�
RI � , whereEn

el

�
RI � is the spectrumof the many-electron

HamiltonianHel (Eq.(2.5)). In theBorn-Oppenheimerapproximationtheassumption
is madethat theelectroniccomponentstaysin its groundstate,n � 0, thusin thefol-
lowing theterm(ground-state)total energy for a particularconfigurationRI will refer
to

E
�
RI ��� E0

el
�
RI � 
 Vii

�
RI � (2.7)

Repeatingthe calculationwith a different nucleararrangementallows the potential
energy surfaceto bemappedout andtheequilibriumgeometryto befound.

To calculateΨel in Eq.(2.4)therearemany approaches,e.g.,oneof thesimplestis
theHartree-Fock approximation,wheretheantisymmetricmany-electronwave func-
tion is written asa Slaterdeterminant,which hasto be solved selfconsistently. The
approachwhich is by far themostwidely usedat thepresenttime for thecalculation
of thetotalenergy andothergroundstatepropertiesof matteris thedensityfunctional
theory(DFT). In DFT the groundstateelectrondensityof a systemis consideredto
bethebasicvariable,ratherthanthewave functionasin thegeneraltheory. TheDFT
resultsin theKohn-Shamequations,which reducetheoriginalmany-bodyproblemto
aneffective one-particleequation.

2.4 The density functional theory

Thedensityfunctionaltheoryis basedon theHohenberg-KohnTheorem,whichstates
that thetotal energy of a systemof interactingelectronsmoving in anexternalpoten-
tial Vext

�
r � (potentialcausedby thenuclei) is a uniquefunctionalof thegroundstate

electronicdensityn0
�
r � [22].

Ev � n����� n
�
r � Vext

�
r � d3r 
�� � n� � (2.8)
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Furthermore,the minimum valueof this universalfunctionalEv � n� is the ground
stateelectronicenergy E0, i.e.

E0 � Ev � n0 ��! Ev � n� (2.9)

TheHohenberg-Kohn theoremdeclarestheexistenceof the functionalbut not its
form. KohnandShampostulated[23] thatthis functionalcouldbewrittenas:

Ev � n�"� Ts � n� 
 � n
�
r � Vext

�
r � d3r 
 EH � n� 
 EXC � n�#� (2.10)

whereTs � n� is the functionalof the kinetic energy of a systemof Ne non-interacting
electronswith density n

�
r � , EH � n� the Hartreeenergy and, EXC � n� the so-called

exchange-correlation functional.
TheHartreeenergy is givenby theelectrostaticinteractionbetweenelectrons

EH � n�$� 1
2

�%� n
�
r &'� n �

r ��
r � r & � d3rd3r & � (2.11)

Therefore,theenergy functionalis writtenas:

Ev � n�$� Ts � n� 
 � n
�
r � Vext

�
r � d3r 
 1

2
�(� n

�
r & � n �

r ��
r � r & � d3rd3r & 
 EXC � n� � (2.12)

With theelectrondensityexpressedin termsof a setof singleparticlewave func-
tionsψi

�
r � suchthat

n
�
r �)� Ne

∑
i

�
ψi

�
r � � 2 � (2.13)

thekineticenergy of all Ne non-interactingelectronsmaybewrittenas:

Ts � n �
r � �*� � 1

2

Ne

∑
i

� ψ +i �
r � ∇2ψi

�
r � d3r � (2.14)

Minimizing Ev � n �
r �#� with respectto n

�
r � , undertheconstraintthat thenumberof

electronsbeconstant, � n
�
r � d3r � Ne � (2.15)

leadsto:

δ
δn

�
r �-, Ev � n �

r � �.� µ � n
�
r � d3r / � 0 �



2.4 Thedensityfunctionaltheory 70 δEv � n �
r � �

δn
�
r � � µ� (2.16)

whereµ is theLagrangemultiplier arisingfrom (2.15)andcorrespondingto thechem-
ical potentialof theelectrons.SubstitutingEq.(2.12)in (2.16)gives:

δTs � n �
r � �

δn
�
r � 
 Vext

�
r � 
 � n

�
r &1��

r � r & � d3r & 
 δEXC � n �
r � �

δn
�
r � � µ� (2.17)

Equation(2.17)leadsto theone-particleSchr̈odinger-likeequations—theKohn-Sham
equations—for non-interactingelectronsmoving in aneffective potential2 � 1

2
∇2

i 
 Veff
�
r �3� εi 4 ψi

�
r �)� 0 � (2.18)

where

Veff
�
r �)� Vext

�
r � 
 � n

�
r &1��

r � r & � d3r & 
 δEXC � n �
r �#�

δn
�
r � � (2.19)

To find thegroundstateenergy E0 andthegroundstatedensityn0 theKohn-Sham
equations(2.18)haveto besolvedself-consistentlytogetherwith (2.13)and(2.19)due
to thedependenceof Veff

�
r � on n

�
r � . For a densitycomputedfrom a setof trial wave

functions,thepotentialVeff is calculated,andinsertedin (2.18).Then,from Eq.(2.13)
a bettersetof wave functionsψi

�
r � is obtainedanda new densityis computed.The

procedureis repeateduntil nochangesin thedensityoccur.

2.4.1 The local densityapproximation

Thegroundstateenergy of aninteractingsystemcanbeobtainedprovidedtheform of
EXC is known. At presentnumericalexchange-correlation potentialshave only been
determinedfor a few simplemodelsystems,thereforeanapproximationmustbeused.
Thesimplestapproximationis theLocalDensityApproximation(LDA). In LDA, EXC
is definedas

ELDA
XC � n �

r � �$� � εXC
�
n
�
r �5� n �

r � d3r � (2.20)

whereεXC
�
n
�
r �5� is theexchange-correlation energy perunit volumeof ahomogeneous

electrongasof densityn
�
r � . Several parameterisationsfor εXC

�
n
�
r �5� exist, in this

work it wasusedthatof Perdew andZunger[24]. This parameterisationis basedon
the quantumMonte Carlo calculations of Ceperley andAlder [25] on homogeneous
electrongasesatvariousdensities.

LDA usesthe exchange-correlation energy for the uniform electrongasat every
point in the systemregardlessof the inhomogeneityof the real charge density. For
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nonuniformchargedensitiestheexchange-correlationenergy canbeexpressedin terms
of thegradientandhigherspatialderivatives of thetotal chargedensity. Thisapproxi-
mationis usuallytermedasGeneralizedGradientApproximation(GGA).For systems
wherethechargedensityis slowly varying,theGGA hasprovedto beanimprovement
over LDA.

2.5 Pseudopotentialtotal energy calculation

2.5.1 Periodic supercell with a planewavebasis

To describetheelectronwave functionsof thesystemstudiedit is necessaryto choose
asuitablesetof simplebasisfunctionsin termsof whichtheelectronicwave functions
canbeexpanded.Accordingto Bloch’s theoremthewave functionsin aperiodicsolid
canbewrittenastheproductof awave-like partandacell-periodic function fn � k �

r � .
ψn � k �

r �)� eikr fn � k �
r �6� (2.21)

Thecell-periodicfunctioncanbedescribedby a setof planewaveswhosevectors
arereciprocallatticevectors:

fn � k �
r �7� ∑

G
cn � k �

G � eiGr � (2.22)

In thisway eachelectronicwave functioncanbeexpressedasa linearcombinationof
planewaves,

ψn � k �
r �7� ∑

G
cn � k �

G � ei 8 k 9 G : r � (2.23)

Theuseof planewavesasa basissetmayonly beappliedto a systemexhibiting
threedimensionaltranslationalsymmetry. A surface,for example,cannotshow pe-
riodicity in the directionperpendicularto the surface,so to be representedit would
requirea continuousplanewave basissetandthereforean infinite numberof plane
wave basisfunctions.

In orderto reintroducetherequiredperiodicityinto thecalculation, thesurfacewill
becontainedwithin a supercellwhich will be thenreplicatedperiodically in vertical
andlateraldirections.This is illustratedschematicallyin Figure(2.1). Thesupercell
will beformedby aslabandaregionof vacuum,wideenoughsothatadjacentslabsdo
not interactsignificantly. Providedthesupercellis sufficiently largesothat the inter-
actionsbetweenthesurfacesarenegligible, theenergy persupercellwill be identical
to thatof a singlesurface.
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Slab

Vacuum

Figure2.1: Schematicdisplayof asupercellemployedto representasurface.

Theplanewave basissetfor the expansionof the wave functionsandthe Kohn-
Shamoperatorcanbewrittenas:; r

�
k 
 G < � 1=

Ω
ei 8 k 9 G : r � (2.24)

whereG is a reciprocallatticevectorandΩ thevolumeof thesupercell.k is a vector
of thefirst Brillouin-Zone.

As for any basisset,theplane-wave basismustbetruncated.This is accomplished
by includingall planewaveswith kineticenergy lessthanor equalto a cutoff energy,�
k 
 G

� 2 ! Ecut .
Theelectronicdensityfor thesingle-particle stateψn � k �

r � is now definedas

n
�
r ��� Ω�

2π3 � ∑
n

�
BZ

f occ
n � k �

ψn � k �
r � � 2d3k � (2.25)

Herebyis f occ
n � k theoccupationnumberof thestate

�
ψn � k < which is determinedby the

Fermidistribution.
TheBrillouin zoneintegral ( 2.25)over the k-pointsis replacedby a sumover a

numberNk of specialk-points.

Ω�
2π3 � �

BZ
d3k > ∑

k
wk � (2.26)
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Therearemany methodsfor generatingthesespecialk-points.Theonedevelopedby
MonkhorstandPack[26] wasusedin thepresentwork.

2.5.2 The pseudopotentialapproximation

According to their chemicalbehavior the electronsof an atom can be divided into
two groups.While thecore-electrons closeto the nucleusarestronglylocalizedand
reactweakly to the chemicalenvironment,the valence-electronsoccupy the external
shellsandareresponsiblefor thechemicalbondsin thesolid. In acalculationwithout
approximationsthegroundstateof eachelectronhasto becomputedexplicitly. The
wavefunctionsof the core-electronsandthe rapidly oscillatingwavefunctionsof the
valence-electrons in thecore-region aredifficult to fit with Gaussiansor plane-waves
andrequiredanextremelylargebasis-set.Within thefrozen-coreapproximation[27],
thechemicallyinert coreelectronsareconsideredtogetherwith thenucleiasrigid ion
cores. Basedin this principle the pseudopotentialapproximationremoves the core
electronsandreplacesthestrongionic potentialby a weaker pseudopotential. In this
way the pseudopotentialwill act on a setof pseudowave functionsratherthan the
truevalencewave functions. Figure(2.2) displaysthe 4p all-electronwave function
for seleniumtogetherwith the2p pseudowave function. While theall-electronwave
functionoscillatesin theregionoccupiedby thecoreelectrons,thepseudowave func-
tion hasno nodes,thusa setwith a lessnumberof planewaveswill be requiredto
representit. It canbeseenthatbeyonda chosencorecutoff radiusr l

c bothwave func-
tionscoincide.

Therearemany schemesto constructa pseudopotential[28, 29, 30, 20]. In the
presentwork norm-conservingpseudopotentialswereconstructedfollowing thescheme
of Troullier andMartins[20]. Norm-conservingpseudopotentialsfulfil thefollowing
generalproperties[31]:? Theall-electronwavefunctionsandthepseudowavefunctionsmustbeidentical

beyond a chosencorecutoff radiusr l
c, that canhave a differentvaluefor each

orbitalwith differentangularmomentum.? The electronicdensityinside r l
c is identical for the all-electronand the pseu-

doatom(norm-conservingproperty).

� r l
c

0

�
Rps

l

�
r � � 2r2dr � � r l

c

0

�
Rae

l
�
r � � 2r2dr � (2.27)

whereRps
l andRae

l aretheradialpartof thepseudo-andall-electron wave func-
tions,respectively.? Pseudo-electroneigenvaluesmustbe the sameas the valenceeigenvaluesob-
tainedfrom theatomicwave functions.
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Figure2.2: Seleniumatom:2p valencewave-functionfor thepseudoatom(solid line)
and4p all-electron atom(dashed).Thelegendgivesthecorecutoff radiusr l

c (in bohr).

εps
l � εl (2.28)? Thepseudopotentialmustbe transferable,i.e. they have to reproducethescat-

teringpropertiesof anion in avarietyof atomicenvironments.? Thepseudowave functionsmustbenon-oscillatoryandsmooth.? Thepseudopotential mustbeasmoothfunction.? Thepseudopotentialcanbechosennon-local,thatis, it canbedifferentfor each
angularmomentumcomponent.

Fromthenorm-conservingconditionfollowsthatadifferentpseudopotentialV l
pseu

�
r �

is requiredfor eachvalencestate(s� p or d). Applying a projectionoperatoron each
component,thepseudopotentials canbecombinedin ageneralpotential:
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Vpseu
�
r ��� ∑

l � mV l
pseu

�
r � � lm < ; lm

� � (2.29)

All pseudopotentialcomponentsV l
pseu

�
r � at large r arereducedto theionic Coulomb

potential,� Zva G r , (whereZva correspondsto thenumberof valenceelectrons)becom-
ing l independent.Therefore,they canbe expressedasthe sumof an l-independent
long-rangetermwhich is equalfor all V l

pseu, andan l-dependentshort-rangedpart.

Vpseu
�
r ��� Vlocal

�
r � 
 ∑

l � m∆V l
pseu

�
r � � lm < ; lm

� � (2.30)

It is importantto ensurethe transferability of the pseudopotentials,that is, that
they reproducethe scatteringproperties,excitation energies and chemicalhardness
properties[32, 33] of thecorrespondingall-electron atomin a wide rangeof environ-
ments.For thispurpose,thelogaritmicderivativesof thevalencewave-functions,total
energiesandorbital eigenvaluesfor differentvalenceconfigurationsareevalutedand
comparedwith thoseof theall-electronatom.

To reducethecomputationalcostsKleinmanandBylander[34] replacedtheshort-
rangedsemilocaltermby a fully nonlocaloperator.

∆V l
pseu > EKB

l
�
χKB

l < ; χKB
l

� � (2.31)

with

χKB
l

�
r ��� ∆Vl

�
r � Rps

l

�
r �� ; Rps

l

�H�
∆Vl � 2 �

Rps
l <I� 1

2

� (2.32)

andtheKleinman-Bylander energiesEKB
l

EKB
l � ; Rps

l

�
∆V2

l

�
Rps

l <; Rps
l

�
∆Vl

�
Rps

l < (2.33)

TheKleinman-Bylanderpseudopotentialsshow goodtransferabilityin general,but
alsoundersomeconditionsthey canleadto ”ghoststates”,i.e. unphysicalboundstates
or resonancesappearingin thevalencespectrum.Theenergy levelsof thesestatesare
below thoseof the physicalvalencestates. By applying the analysisby Gonzeet
al. [35] these”ghoststates”canbefoundandeliminated,e.g.by choosinga different
componentof thesemilocalpseudopotential asthelocalpotentialor adjustingthecore
cutoff radii r l

c.
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2.5.3 Calculation of the total energy

Thetotal energy of a supercellresultsfrom thesumof all electronicandionic contri-
butions,wherebysometermsareevaluatedeitherin thereal-or reciprocalspace:

E � n�J� Ts � n� 
 EH � n� 
 Eps� local � n� 
 Eps� nl � n� 
 EXC � n� 
 Vii (2.34)

Until recentlythesolutionof theKohn-Shamequations(2.18)wasbasedontechniques
which requiredcomputationally expensive matrix diagonalization methods.Sincethe
costof matrix diagonalization increaseswith the third power of the total numberof
basisfunctions,thenumberof planewavesallowedin acalculation waslimited. Con-
sequently, thenumberof atomsperunit cell wouldberestrictedto about10.

In 1985CarandParrinello[36] introduceda new iterative methodbasedon clas-
sical and statisticalmechanicsto solve Kohn-Shamequationswithout diagonaliza-
tion. In this schemethe Kohn-Shamenergy functionalE � ψi � is a functionalof the
Kohn-Shamsingle-electron wave functions � ψi � . Themain ideais to consider� ψi �
asobjects(with a given kinetic energy) that propagatethrougha space.Performing
a moleculardynamicssimulationthe temperatureof the systemis graduallyreduced
until thewave functionseventuallybecomestationary, therebyminimizing theKohn-
Shamfunctional.

Following [23] CarandParrinellowrotetheelectrondensityin termsof occupied
single-particleorthonormalorbitalsn

�
r �K� ∑i

�
ψi

�
r � � 2. Thetotal energy canbemini-

mizedwith respectto � ψi � applyingthevariationalprinciple

E0 � n�*� minL
ψi M E � � ψi � �N� RI � � � (2.35)

where� RI � arethepositionsof theatomsin theunit cell. Sincethewave functions
aretreatedasdynamicalvariables,aLagrangianis definedfor thesystem:

L � 1
2 ∑

i
µ � d3r

�
ψ̇i

�
r � t � � 2 
 1

2 ∑
I

MI ṘI
�
t � 2 � E � � ψi

�
t � � �N� RI

�
t � � �
 ∑

i � j Λi j , � d3rψ +i �
r � t � ψ j

�
r � t �3� δi j /O� (2.36)

whereµ is a fictitious massassociatedwith theelectronicwave functions,MI arethe
ionic masses,andE the Kohn-Shamenergy functionalwhich takes the placeof the
potentialenergy in theLagrangianformulation.Thewave functionsaresubjectto the
constraintof orthonormality � ψ +i �

r � ψ j
�
r � dr � δi j � (2.37)
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which is requiredto ensurethat thewave functionsconverge to differenteigenstates.
In thelasttermof Eq.(2.36)Λi j aretheLagrangemultipliersthatensurethisorthonor-
mality condition.

Using the formulationof classicalLagrangianmechanicsthe resultingequations
of motionaregivenby

µψ̈i
�
r � t �)� � H ψi

�
r � t � 
 ∑

j
Λi j ψ j

�
r � t � (2.38)

MI R̈I
�
t ��� � ∇RI E (2.39)

whereH is theKohn-ShamHamiltonian

Hψi
�
r � t �P� � d3r & δE � n �

r � �
δn

�
r & � δn

�
r &1�

δψ +i �
r � � δE � n �

r � �
δψ + � r � �

Equation(2.38)describesthefictitiousclassicalelectrondynamics,whereasEq.(2.39)
representsthe ion dynamics.In Eq. (2.38)both terms � Hψi andΛi jψ j canbe con-
sideredasforcesthat influencedthepropagationof thewave function. Thesimulated
annealingmethodintroducedbyKirkpatricketal. [37] canbeusedasageneralmethod
for optimizationproblems.Accordingto thismethodthesystemcanbestartedatsome
high temperatureand”cooled” graduallyto zerotemperature,to find thegroundstate
of bothelectronsandionssimultaneously. At equilibrium ψ̈i � 0, E is minimal, and
Eq. (2.38)becomestransformableto theKohn-Shamequation(2.18)with Λi � j asthe
Kohn-Shameigenvalues.

CarandParrinellousedtheVerletalgorithmus[38] to iteratively improvethewave
functions.For small∆t thesecondderivative of thewave functionψ̈i

�
r � t � (Eq.(2.38))

canbeapproximatedby asecond-orderdifferenceequation

ψ̈i
�
t � ∆t2 � ψi

�
t 
 ∆t �3� 2ψi

�
t � 
 ψi

�
t � ∆t �	� (2.40)

where∆t is thelengthof thetimestep,ψi
�
t � , ψi

�
t 
 ∆t � andψi

�
t � ∆t � arethevaluesof

thestateatthepresent-,next- andlasttimestep,respectively. Substitutionof Eq.(2.38)
into Eq.(2.40)gives

ψi
�
t 
 ∆t ��� 2ψi

�
t �3� ψi

�
t � ∆t �3� ∆t2

µ � H � λi � ψi
�
t � (2.41)

whereλi are the eigenvaluesof the Hamiltonian. After eachtime stepa Grahm-
Schmidtorthogonalization hasto be performedto ensurefull orthonormalityof the
wave functions[39].

Theproblemof solvingtheKohn-Shamequationshasbeenreducedto oneof solv-
ing a setof classicalequationsof motion. Sincethe original paperby Car andPar-
rinello [36], a numberof modifications[40, 41] have beenpresentedthat improved
significantlytheefficiency of the iterative solutionof theKohn-Shamequations.The
modificationsincludetheintroductionof theconjugategradientsmethod[40, 41,42]
andadirectminimizationof thetotalenergy [41]. In thepresentwork thealgorithmus
proposedby Williams andSoler[43] hasbeenusedto improve thewave functions.
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2.5.4 Atomic forces

For the integrationof the nuclei equationsof motion it is necessaryto calculatethe
forcesactingon them. Theforcesactingon anatomwith coordinatesRI resultfrom
thenegative derivative of thegroundstateenergy with respectto RI

FI � � dE
dRI

(2.42)

As theion’s positionchangestheelectronicwave functionswill alsobealtered,there-
fore thefull derivative hasto beexpressedin termsof thesechanges,

FI � � ∂E
∂RI

� ∑
i

∂E
∂ψi

dψi

dRI
� ∑

i

∂E
∂ψ +i dψ +i

dRI
(2.43)

HellmannandFeynman[44, 45] showedthatwheneachelectronicorbital is aneigen-
stateof the Hamiltonian,the sum of the two last termsof Eq. (2.43) is zero, and
thereforethe partial derivative of the total energy with respectto the ionic positions
is the force felt by the ions. In practice,the wave functionsareonly calculatedto
a given accuracy, so they arenot exact eigenstatesof the Kohn-ShamHamiltonian.
Consequently, in a total energy calculationthe wave functionshave to bevery close
to self consistency beforethe ionic equationsof motioncanbe integratedanda new
calculationof theionic coordinatestakesplace.

2.5.5 Structure optimization

As alreadymentioned(seeSec.2.3)accordingto theBorn-Oppenheimerapproxima-
tion theelectronsrespondinstantaneouslyto theslowermotionof theions,sotheions
canbe consideredto move alonga ”potential energy surface” derived from a single
electronicstate. When studyingdiffusion processesit is essentialto know the sta-
ble andmetastableenergy minimaof this potentialenergy surface(alsocalledBorn-
Oppenheimersurface). To this end the energy E

� � RI � � hasto be minimized with
respectto thenucleicoordinatesRI .

Emin � minL
RI M E

� � RI � �	� (2.44)

An efficient andnumericallystablemethodto calculatethe equilibrium geome-
try is dampedNewton dynamics.Froma startingconfigurationtheatomicnucleiare
movedaccordingto Newton’s equationof motionwith anadditionaldampingparam-
eter. Theseequationsof motion will be solved iteratively, so that the new positions
R 8 nit 9 1 :

I will beobtainedfrom thetwo precedingpositionsR 8 nit :
I andR 8 nit � 1 :

I

R 8 nit 9 1:
I � �

1 
 λ I � R 8 nit :
I � λ I R 8 nit � 1 :

I 
 µIF I

2RQ
R 8 nit :

I S 4 � (2.45)
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whereλI andµI arethedampingandreciprocalmassparameters,respectively. These
parametersdeterminewhetherthenucleiloosetheirpotentialenergy slowly or whether
they move direct into the closestlocal minimum. In sucha way, it is possibleto
overcomesmallbarriersbetweenadjacentminimaandfind theglobalminimum.

2.5.6 Computational procedure

All resultsin thepresentwork havebeenobtainedwith thefhi98md program[46, 47],
developedat the TheoryDepartmentof the Fritz-Haber-Institut. The major part of
the resultswerecarriedout with a parallelversionof the programon a CRAY T3E
multiprocessorsystemusingfrom 8 to 128 processingelements.A summaryof the
computationalprocedureis givenbelow.

Thefirst stepof a totalenergy calculationis thegenerationof aninitial wave func-
tion. This will bedoneby anexplicit diagonalization of theKohn-ShamHamiltonian
in a mixed-basis-set.The mixed basis-setis a subsetof the plane-wave basis. It in-
cludesBloch-statesderived from atomic orbitals and planewaves up to an energy
cut-off muchlower thanthatof the full basis.This mixedbasis-setprovidesa better
initial wavefunction,whichsignificantlyimprovestheconvergenceof thecalculations.
Having obtainedtheinitial wave functiontheprogramenterstheselfconsistency loop.
First, the electrondensity, andthe contributions to energy, potentialsandforcesare
calculated.Theforceswill beonly computedwhentheelectronsaresufficiently close
to theBorn-Oppenheimersurface. In thenext step,the ionswill bemovedunderthe
influenceof thethecalculatedforces.Thewave functionswill bethenupdatedusing
Williams-Soleralgorithmandafterwardsortho-normalizedwith the Grahm-Schmidt
scheme.Thiswill berepeateduntil self-consistentcriteriaareachieved.



Chapter 3

Structural and electronic propertiesof
TiSe2 and LiT iSe2 bulk

Many interestingphysicalpropertieswhich also yield applications in varioustech-
nical fields are connectedto the quasi two-dimensionalbehavior of the transition
metaldichalcogenides suchasFermisurfacenesting,chargedensitywaves,andstruc-
tural phasetransitions.Specialinterestis focusedon theperformanceof intercalation
drivenbatteries[11, 12], which hasmotivatednumerousexperimentalstudiesdealing
with the evaporationof alkali metalson TMDCs surfacesin vacuum. The layered
compoundsTiS2 and TiSe2 have beenintensively investigatedfor more than three
decadesbecauseof their interestingelectronicstructure.While it is well known that
TiSe2 is a semimetal,for TiS2 it is still debatedwhetherit is a semiconductoror a
semimetal[48, 49, 50].

In thepresentChapterDensityFunctionalTheorystudiesareperformedto exam-
inegeometricandelectronicpropertiesof pureTiSe2 aswell asLiTiSe2 bulk. Thetotal
energy valueof Li intercalatedin theoctahedralsitesis comparedwith thecorrespond-
ing in thetetrahedralsite,thefirst onebeingpreferredby0.3eV. Electronicstates,total
energies,atomforces(usedto obtainequilibriumgeometries)arecomputed.Theself-
consistentvalencecharge densityis analysedto obtain a bondingmodelconsistent
with thequasi-two dimensionalnatureof theelectronicstructure.In orderto studythe
importanceof interlayercouplingin bulk TiSe2 additionalstudiesarecarriedout on
theelectronicstructureof separatedsingle-layerslabs.

Theperformanceof thepseudopotentials (Ti, SeandLi) usedto describetheinter-
actionbetweenelectronsandionsis verified.

3.1 Transition metal dichalcogenides

The layeredTMDCs areprotoype of crystalswith two-dimensionalstructure.Their
generalformula is TX2 whereT standsfor a transitionmetalof groupIV (Ti, Zr or
Hf), groupV (V, Nb or Ta) or groupVI (Cr, Mo or W) andX for a chalcogen(S, Se

17



18 Chapter3 Structuralandelectronicpropertiesof TiSe2 andLiTiSe2 bulk

or Te). Thecrystalshave a layeror sandwichstructureformedby aplaneof transition
metalatomsin a hexagonalpatternsurroundedby two hexagonalchalcogenplanes.
The two chalcogenplanescanbe stacked directly above eachothermakingtrigonal
prismaticholesfor themetals,or canbestaggeredformingoctahedralholes.Thetwo
typesof coordinationsobservedfor thetransitionmetalatomsin thelayeredTMDCs
areshown in Figure(3.1). The interactionsbetweenatomsin a layeraremainly co-
valent,whereasinteractionsbetweenadjacentlayersareweakandsupposedlyof van
derWaalstype.For thisreasonthespacebetweenthelayers(interlayerspace)is often
calledvan der Waals gap. Due to the weakinterlayerinteractionsthe slabsexhibit
a large relative freedomto stack,which resultsin variouspolymorphictypesof the
crystals.To labelthedifferentpolymorphictypesanumberanda letterareused,with
thefirst onedeterminingthenumberof sandwichesrequiredto definetheunit cell in
thec directionandthesecondthechalcogenarrangement(T trigonal,H hexagonal,or
R rhomboedrical).

Octahedral

Trigonal prismatic

Figure3.1: (left) Layeredsandwichstructureof the transitionmetaldichalcogenides
crystals.(right) Thetwo coordinationtypespresentin TMDCslayers.

The TMDCs of groupIV crystallizein the octahedral1T structure,while in the
groupV both octahedralandprismaticstructuresoccur. The groupVI compounds
adoptthe trigonal prismaticstructure. Sincethe interactionsbetweenthe layersare
small, thestackingsequenceof thesandwichesis not decisive for mostpropertiesof
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thesematerials. However, the stackingof the atomic planeswithin a layer hasan
importantinfluenceon theelectronicbandstructure.

Wilson andJoffe have [1] proposeda schematicenergy bandmodel for several
groupsof TX2 compoundsto explain their optical properties.The densityof states
as a function of energy is shown in Figure (3.2) for the different layeredTMDCs’
groups.Accordingto thismodelthevalencebandstatesshow mainlychalcogensand
p character, while theconductionbandis derived from transitionmetald states.The
octahedralcrystalfield splitsthed level in two bandsshowing t2g (dz2, dx2 � y2, dxy) and
eg (dxz, dyz) symmetry. For compoundswith octahedralcoordinationthe dz2 orbital
showsasmalloverlapwith thehigherd bands,while in thetrigonalprismaticcasethis
sub-bandsplitsoff from the remainingd bandsandhybridizeswith the chalcogenp
bands.Thedegreeof filling of thedz2 orbitaldeterminesona roughscalewhetherthe
TMDC is a metal,semimetalor semiconductor. As thetransitionmetaltransfersfour
electronsto the chalcogenatoms(filling the valenceband),the metalremainsin d0

(IV), d1 (V), or d2 (VI) configuration.Thus,thegroupIV compoundsshouldpresent
semiconductingor insulatingpropertiesasthedz2 orbital is unnocupied.TheTMDCs
with metalsof groupVI arealsoexpectedto besemiconductors,becausethedz2 orbital
is completelyfilled. On theotherhand,thegroupV compoundsshouldshow metallic
propertiesdueto thehalf-occupiedconductionband.
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Figure 3.2: Schematicrepresentationof the densityof statesof the layeredGroup
IV, V, andVI transitionmetaldichalcogenide(Wilson andYoffe model)after ref.[2].
Thesymmetriesof thestatesandatomicorbitalsareindicatedon theleft sideof each
graphic.

However, therearemany exceptionsto this generalschemelike for examplethe
semimetalTiSe2, compoundfrom the groupIV which shouldbea semiconductorin
thesimpleionic picture.Also, amongtheTMDCswith metalsof groupV thereoccur
structuraldistortionsof the lattice, which give rise to the reductionof their metallic
properties.
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3.2 TMDCs intercalation compounds

Oneinterestingpropertyof the TMDCs is the possibility to form intercalation com-
plexesby insertingforeignatomsor moleculesin betweentheir layers.A largenumber
of articlesarecurrentlyavailablein whichthepropertiesof TMDCsintercalation com-
plexesarethoroughlydiscussed[12, 1, 51, 2, 52].

Two maineffectsof intercalation have beenrecognized:a) An increasein the in-
terlayerseparationnecessaryto accomodatethe intercalantsthat are larger than the
interstitial host sitesand b) charge transferfrom the intercalantto the host lattice.
Theseeffectsareoftenanalysedin termsof therigid-bandmodel. In this modelit is
assumedthat the intercalateatom(which is usuallyelectron-donator) transferselec-
tronsfrom their outerorbitals to the host lattice. It is further assumedthat the host
valencebandstructureremainsunchangedby thepresenceof theintercalate.Many of
theobservedchangesareattributedto thefilling of thelowestunoccupiedconduction
bandof thehostmaterial.Althoughit hasbeendemonstratedthatthismodelis notal-
waysvalid [53, 54], it maystill bea usefulapproximationto understandqualitatively
thechangesinducedby theintercalation.

Theintercalated alkali metalscanoccupy two sitesin thevanderWaalsgap,either
in octahedralor trigonalprismaticcoordinationby thechalcogens.It dependsonthree
factors: the amountof the intercalatedalkali, the sizeof the alkali andthe natureof
thehostmaterial[55]. It hasbeenobservedthatLi atomsoccupy octahedralsites,Na
occupy octahedralsitesat low concentrations andat higherconcentrations they move
to trigonalprismaticsites,andfor thelargeralkali atomsK, RbandCsonly thetrigonal
prismaticsitesarepreferred.

3.3 TiSe2 bulk

3.3.1 Crystal Structure

Thenatureof the electronicstateandthegeometricalstructureof TiSe2 hasbecome
the subjectof many experimentalstudiesas well as theoreticalcalculations. Upon
coolingbelow 200K, TiSe2 undergoesa structuralandelectronicphasetransitionde-
scribedby a formationof a commensuratereal space2a � 2b � 2c superlatticewith
the resultantbackfoldingof bandsin reciprocalspace[56]. TiSe2 belongsto the
TMDCs of groupIV with 1T � CdI2 structure,wherethe Seatomsarearrangedin
a nearoctahedralsixfold coordinationaroundtheTi sitewithin eachsandwich.After
WhittinghamandGamble[57] the lattice parametersof TiSe2 area � 6 � 680 aB and
c � 11� 345aB (leadingto a ratioof cG a � 1 � 698,comparedto theideal1T-octahedral
valueof cG a � 1 � 633). Figure(3.3) displaystheunit cell andthe first Brillouin zone
of the1T structure.TheBravaiscell of the1T � CdI2 structureis hexagonalwith the
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Figure3.3: (left) Crystalstructureof 1T TiSe2 and(right) Brillouin zoneof thehexag-
onallatticewith symmetrypointslabelled.

following primitive translationalvectors:

a1 � a
� 1
2
�d� =

3
2

� 0�
a2 � a

� 1
2
� = 3

2
� 0�

a3 � c
�
0 � 0 � 1�	� (3.1)

Thelatticebasisconsistsof a titaniumandtwo seleniumatomswith coordinatesgiven
by: Ti (0, 0, 0),Se(1

2 a �Ne 1
2f 3

a �Ne cz), wheretheparameterz � 0 � 2553[57] modulates
theTi - Sebondanddeterminestheinterlayerseparation.Its idealoctahedralvalueof
0.25is closeto theobservedvalue.Thereciprocallatticeis alsohexagonal:

b1 � 2π
a

�
1 �d� 1=

3
� 0�

b2 � 2π
a

�
1 � 1=

3
� 0�

b3 � 2π
c

�
0 � 0 � 1�	� (3.2)

Thespacegroupof the1T - CdI2 structureis trigonalP3m1
�
D3

3d � which is composed
by thefollowing symmetryoperations:�

D3
3d �g�h� E � 2C3 � 3σd � i � 2iC3 � 3C2 � �
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In thecoordinatesystemusedE is theidentityelementof thegroup,C3 is therotation
of 120o aboutanaxisperpendicularto thelayers(z-axis), i is theinversionoperation,
iC3 is thecorrespondingrotationwith inversion.C2 is a rotationof 180o with respect
a titanium-titanium axisin thexy-planeandσd is themirror symmetrywith respectto
titanium-selenium axesthatareperpendicularto thelayers.

3.3.2 Electronic structure

In recentyearsa largenumberof differentmethodshave beenappliedto calculatethe
bandstructureof TMDCsin general.Particularly, for TiSe2 severalbandsmodelshave
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Figure3.4: Thebandstructureof TiSe2 calculatedby Fanget al. [48] usingthelocal-
izedsphericalwaveLSW method.

beenpublished.Theseincludethesemi-empiricaltight binding[58], thenon-selfcon-
sistentKKR [59] , theself-consistenttight binding[60], thesymmetrisedOPW[61],
theLAPW [62], andmorerecentlytheLSW [48]. All modelspredictanalmostequal
orderingfor the valencebandsaccordingto symmetrylabelswith occasionalinter-
changes.Furthermore,thelaterself-consistentcalculations[60, 62, 48] characterized
TiSe2 asasemimetalwith asmallindirectp G d bandoverlaprangingfrom 0.2-0.55eV.
This last resulthasbeenconfirmedby meansof angle-resolved photoemissionmea-
surements[8, 63, 64, 65], which reveal significantly dispersingandalsocutting the
Fermi energy bands(about2 eV) alongthe layer perpendiculardirectionsupported
by pz orbitalswith admixturesof dz2 (thez-axisis chosenalongthec-direction).The
bandsrelatedto layerparallelorbitalsshow almostnodispersionin thisdirection.
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The ab initio bandstructurecalculatedby Fang et al. [48] is displayedin Fig-
ure(3.4). Thetwo lowestbandsaremainly composedof Se4s states.Theenergy of
thesetwo bandsis between� 13� 8 to � 12� 0 eV. Se4p orbitalsaresituatedbetween� 5 � 2 and0.6 eV above the Fermi level. The dispersionof two of the bandsin the
directionperpendicularto thelayersΓ-A is quitelarge. Thesearebandsof mainly Se
4pz character. Theoverlapbetweenthe Se4pz orbitalswithin a slab,andacrossthe
vanderWaalsgaparequite large, leadingto a total bandwidth of about5 eV. There
is nonetbondingacrossthevanderWaalsgapbecausebothbondingandantibonding
statesareoccupied.Above theFermilevel therearefive Ti 3d bands,whichsplit into
a t2g-like triplet andaneg-likedoubletof subbands.An overlapof about0.8eV canbe
observedat Γ andL.

3.3.3 LiT iSe2

The lithium intercalation complexes of TiSe2 (usually written as LixTiSe2, where
0 ! x ! 1.0) areof specialinterestasthey may be usedin the constructionof high-
energy-densitybatteries.In this materialthebasicstructureof theoriginal TiSe2 lat-
tice is retainedon intercalation. As x increasesfrom 0 to 1 the lithium atomsfill up
the initially unocuppiedoctahedralsitesof theoriginal compound.With the gradual
occupationof the octahedralholesthe a andc latticeparametersincreasedin a con-
tinuousmannerfrom a � 6 � 680 aB andc = 11.345aB for TiSe2 to a= 6.886aB and
c=12.245361aB in LiTiSe2 (with x=1) [57]. Whencomparedwith theunintercalated
crystal the LiTiSe2 unit cell containsoneextra atom,however, it is boundedby the
samelatticevectors.Thesymmetrypropertiesof LiTiSe2 arealsosummarizedby the
spacegroup

�
D3

3d � . TheBrillouin zoneis hexagonalasshown in Figure(3.3). It was
demonstratedby Jaegermannetal. [13] thatlithium intercalates in situunderultra-high
vacuumconditionsinto TiSe2. In Figure(3.5) theexperimentalvalencebandspectra
of TiSe2 andLixTiSe2 (with x i 0.3)measuredby Jaegermannetal. [13] togetherwith
thetheoreticaldensityof statesdistribution of TiS2 andLiTiS2 calculatedby Umrigar
et al. [49] show how the Fermi level is shiftedby the occupationof the conduction
bandstates.Additionaly, it canbeseenthat the intercalatedLi ionsshift theabsolute
positionof thebands.

3.4 Computational details

Thecalculations employ density-functional theorytogetherwith thelocal-densityap-
proximationfor the exchange-correlation functional [24, 25], asimplementedin the
FHI98mdcode[46]. Fully separablenorm-conservingpseudopotentials constructed
by following the schemeof Troullier andMartins are usedto describethe interac-
tion betweenelectronsandions[20]. Theseweregeneratedusingthecodedeveloped
by FuchsandScheffler [66]. For computationalefficiency the pseudopotentials are
transformedinto the separableKleinman-Bylanderform, with the s, p andd pseu-
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Figure 3.5: Theoretical density
of statesof TiS2 and LiTiS2 cal-
culated by Umrigar et al. [49]
andSXPSvalencebandspectraof
TiSe2 andLi0 j 3TiSe2 measuredby
Jaegermannet al. [13].

dopotentialchosenas the local componentsfor Ti, SeandLi, respectively to avoid
theappearenceof ghoststates.To ensurebettertransferability of thealkali pseudopo-
tentialthenonlinearform of thecore-valenceexchange-correlation functionalis taken
into account[67]. Theseab initio pseudopotentialrequireas input only the atomic
numberandthestartingelectronicconfiguration.

Ti Se Li
Electronicconfiguration

4s24p03d2 4s24p44d0 2s12p03d0

Coreradii in a.u.
2.5,2.9,2.3 1.9,2.1,2.4 2.2,2.2,2.4

Table3.1: Informationaboutthestartingatomicpseudopotentials.

In Table3.1areshown thedifferentelectronicconfigurationsusedto generatethe
pseudopotentials togetherwith the coreradii. The eigenfuctionsof the Kohn-Sham
operatorwereexpandedin planewavesusinga cutoff energy of 60 Ry. Testswere
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performedfor theelectronicstructureusingacutoff up to 100Ry. They did not result
in significantchangesin the dispersionof the bandsor the valuesof the gaps. The
integrationin reciprocalspacewasreplacedby asumof 63Monkhorst-Packspecialk
pointsin theirreduciblepartof theBrillouin zone.In orderto attainfastconvergence
of theSchr̈odingerequationit wasfoundimportantto startwith initial wave functions
obtainedfrom a mixed basisset of pseudoatomicorbitalsand planewaves with a
cutoff energy of 5 Ry. With theseparameters,thetotal energy precisionis betterthan
0.2mRy/atom.

Thedetailedgeometryof TiSe2 andLiTiSe2 bulk areobtainedin thepresentcal-
culationsby minimizingthetotalenergy of thesystemswith respectto thelatticecon-
stantsa andc. The total energy is calculatedfor differentvaluesof latticeconstants
a andc chosenaroundtheexperimentalvalues.In thesecalculations all atomsareal-
lowedto relaxwithout restrictions.Thebulk systemis consideredto beatequilibrium
if all forcecomponentsaresmallerthan0.5mRy/bohr.

3.5 Results

3.5.1 Ti pseudopotential

Themethodof TroullierandMartinsto generatepseudopotentials produces”soft core”
pseudopotentials, which reducesconsiderablythe numberof planewavesneededto
achievedconvergencein thecalculatedproperties.
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Figure3.6: Norm-conserving
ionic pseudopotentialsfor Ti
(4s23d24p0) usingthemethod
developed by Troullier and
Martins [20]. The cutoff ra-
dius for eachl componentis
given.

Whenseparatingthe pseudopotential via the Kleinman-Bylander transformthere
is thepossibilityof generating”ghostsstates”.If ata referenceenergy thelogarithmic
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derivatives of the s, p, andd statesobtainedfrom the all-electronatomicpotential,
Troullier andMartins pseudopotential, andKleinman-Bylanderseparablepseudopo-
tential are identical, the existenceof ”ghostsstates”can be excluded. For all the
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Figure 3.7: Logarithmic
derivatives at r � 3 � 33 aB for
the s (bottom), p (middle),
and d (top) states of a Ti
atom. Solid curves: results
of the all-electron calcula-
tions. Dashedcurves: results
using Troullier and Mar-
tins potentials. Dot-dashed
curve: resultsusing the TM-
based Kleinman-Bylander
separablepotential. At the
reference energies (triangle
down) Es �"� 0 � 16 hartrees,
Ep � � 0 � 06 hartrees, and
Ed �%� 0 � 16hartreesthethree
different potentials give the
sameresult.

pseudopotentials generatedin thepresentwork, it hasbeenverified thatthechoiceof
local componentsandcoreradii did not introduceany ghoststates.Also, they have to
show a goodtransferabilityover a wide energy range.TheTi pseudopotential, shown
in Figure(3.6), wasgeneratedfrom the groundstateconfiguration(4s23d24p0) with
radialcutoffs of 2.5,2.9,and2.3aB for thes, p, andd components,respectively, (see
Table3.1).TheTi 4spotentialwaschosenasthelocalcomponentof thepseudopoten-
tial. The transferabilityof thesepseudopotentials is illustratedin Figure(3.7),where
thecorrespondinglogarithmicderivativesof theradialcomponentof thewavefunction
areshown. Theradialderivativesweregeneratedat a radiusof 3.33aB. As observed
in this figure, thereis a goodtransferabilityover a wide energy rangeaswell asan
absenceof any ghoststates.The resultsof the excitation energies testareshown in
Figure(3.8). In this testthe total energiesfrom differentoccupationalconfigurations
werecalculatedfor thepseudoatomandtheall-electronatom(within thefrozen-core
approximation)andcomparedwith thoseof theall-electronatom(with relaxedcore).
Theconfigurationscalculatedcoveredexcitedstates,wheregradually1/4electronwas
transferedfrom the4s to the4p state.Also thefirst ionizationpotentialwascalculated.
In Figure(3.8) thedeviationsfrom thepseudoatomandfrozen-corecalculationswith
respectto theall-electronresultsareshown. Theerrorsdueto theuseof thepseudopo-
tential shouldbe comparedto the errorsthat result from an all-electroncalculation
within thefrozen-coreapproximation.
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Figure3.8: Transferabilitytest of Ti pseudopotential: the deviations of (left) exci-
tation energies and(right) first ionizationpotentialof the pseudoatom and frozen-
corecalculationsfrom the all-electronresultswith relaxed corefor differentatomic
configurations.Thereferenceconfigurationis 3d24s24p0.

To prove the reliability of Ti pseudopotentialthebandstructureof Ti bulk in the
hcpphasewascalculated.Theunit cell is composedof two Ti atomsat k 0 l 0 l 0m andkon 3ap 2 l 0 l 1 p 2cm , with a q 5 r 575 aB andc q 8 r 850 aB the experimentallatticecon-
stants[68]. In the presentcalculationthe Brillouin-zoneintegrationhave beenper-
formedusinga (6 s 6 s 6) Monkhorst-Pack grid for the unit cell, which are216 k
pointsin theirreducibleBrillouin-zone,andacutoff of 100Ry. Thebandstructureob-
tainedis presentedin Figure(3.9)togetherwith thecalculatedby Mattheiss[69] using
theAPW method.As it canbeseen,theoverall agreementof bothbandstructuresis
quitesatisfactory.

3.5.2 TiSe2 and LiT iSe2

The crystal structureparametersof TiSe2 and LiTiSe2 were optimized; the results
are shown in Table3.2. It can be notedthat a reductionof about2 t 4% on both
lattice constantsfor both compoundsis achieved (with respectto the experimental
values),dueto the local-densityapproximationfor exchangeandcorrelationusedin
the calculations,which is generallyknown to yield lattice constantsthat aresmaller
by 2 t 6 % with respectto experiment[70]. Li intercalatedin TiSe2 occupiesthe
octahedralsitesin thevanderWaalsgap.WhenplacingtheLi atomonthetetrahedral
site, the total energy of thesystemincreasesby 0.3 eV. In TiSe2 thevalueof z, 0.25,
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Figure3.9: Bandstructureof Ti (hcpstructure)obtainedusingtheAPW method(after
Mattheiss)[69] (left), andwith the Troullier andMartins Ti pseudopotential(right).
TheFermilevel in the(right) is indicatedby thedashedline.

indicatesthat the intersandwichand intrasandwichseparationsbetweenSe layersis
equal. TheSe-Ti bondsin TiSe2 andLiTiSe2 are4.72and4.81aB, respectively. In
LiTiSe2 thedistancein c directionbetweenSeandTi planesis 2.93aB andbetweenLi
andSe3.02aB, while theSe-Libondlengthis 4.86aB.

3.5.3 Band structure

TiSe2 The bandstructurealongthe high-symmetrylines in the Brillouin zoneand
thedensityof statesof TiSe2 is presentedin Figure(3.10). Thezeroof theenergy is
chosento beat the Fermi level. The two lowestlying bands(between-14.4to -12.5
eV) aremainly composedof Se4s states.Between-5.7 eV andthe Fermi level are
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TiSe2 LiTiSe2
a (aB) c (aB) z a (aB) c (aB)

LDA (presentstudy) 6.41 10.89 0.25 6.61 11.90
Exp. [57] 6.68 11.34 0.2553 6.80 12.20

Table3.2: Calculatedin thepresentstudyandexperimentallymeasuredstructurepa-
rametersof TiSe2 andLiTiSe2.

six bandsof Se4porigin, whicharestronglydispersive throughouttheBrillouin zone,
two of themalsoalongΓA (perpendicularto the layers).Thetop of this setof bands
is situatedat Γ. At (andabove) theFermienergy five Ti 3d-derivedconductionbands
arefound. They canbe divided in two groupsCB1 andCB2; CB1 with threebands
in the range0-2 eV andCB2 with two bands2.2-3.8eV above the Fermi level. In
accordancewith earliercalculations,TiSe2 is foundto beasemimetalwith anoverlap
of 0.45eV betweenthe top of the Se4p valencebandat Γ andthe bottomof the Ti
3dconductionbandsituatedatL. Additionaly, thereis anindirectΓ-M overlapof 0.22
eV. Oncomparingtheseresultswith thoseobtainedby Fangetal. [48] (seeFig. (3.4))
it is found an agreementon the above mentionedfeatures.However, in the present
calculations,theindirectoverlapis 0.35eV smallerthanfrom Fanget al. In Table3.3
thepresentresultsarecomparedwith thoseof previouscalculations.Thevalenceband
width is in goodagreementwith both given results. The indirect gapsagreebetter
with Beneshet al. [62]. In the lower panelof Figure(3.10), the densityof statesof
TiSe2 is shown. All the main peaksof the densityof statesarepresentin the x-ray
photoemissionspectrumby Jaegermann[13] .

LiT iSe2 Thebandstructureof LiTiSe2 is shown in Figure(3.11).Severalsignificant
changeswith respectto TiSe2 canbeseen.TheSe4sbandwidth decreasesby 0.38eV,
andmovesdown in energy by u 0.18eV. Thevalencebandwidthdecreasesby0.56eV,
moving down by 0.42eV relative to theTi 3d-t2g bands.TheTi eg bandsmove down
by 0.69eV while theTi 3d-t2g bandsonly by u 0.23eV. In Γ theseparationbetween
thevalenceandtheconductionbandsis increasedby 0.80eV. It canbealsoobserved
thatthedispersionof bandsalongtheΓA directionis muchlessin theintercalate.This
is dueto theincreasein theintersandwichspacing.Thedeviationsfrom therigid band
modelare:(i) thep/dgapincreasesby 0.8eV; (ii) bandswith Se4 pz characterbecome
lessdispersive in theΓA direction;

3.5.4 Valenceelectron density

Figure(3.12)shows thevalenceelectrondensityof TiSe2. Thecrystallographicplane
shown in this figure is perpendicularto the c-axis. The planecrossesthe Se atom
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TiSe2 LiTiSe2

Present LCAO [60] LAPW [62]

Valencebandwidth 5.86 5.8 5.7 5.30
Γ directgap 0.12 0.35 0.13 0.92
M directgap 1.77 2.0 1.40 2.17
L directgap 1.20 1.3 0.86 1.54
ΓM indirectgap -0.22 0.15 -0.32 0.39
ΓL indirectgap -0.45 -0.18 -0.55 0.12
Se4sgap 6.88 - - 7.04
Se4swidth 1.85 - - 1.47
CB1 width 2.18 2.3 1.9 1.98
CB2 width 1.60 1.7 1.6 1.44

Table3.3: Bandstructurecharacteristsof TiSe2 (comparedwith othercalculations)
andLiTiSe2. All datain eV.

in the first atomicplane(indicatedby a triangleup), thusthe charge densityhasits
maximumaroundthisatom.Also thepositionsof theTi- andSe-atoms(in thesecond
andthird atomicplanes,respectively) canbeclearlyobserved. Thebrokenwhite line
indicatestheplaneparallelto thec-axis in the v 2110w direction,which is displayedin
Figure(3.13)and(3.15).To studytheeffectof Li intercalation on theelectrondensity
alsothe charge densityof LiTiSe2 bulk wascalculated.In Figure(3.13) the charge
densityof TiSe2 andLiTiSe2 structuresareshown,wherethelayerednatureof theboth
structuresis clearlyseen.AroundtheTi atomin TiSe2 thechargeshowssomeangular
polarization,in contrastto LiTiSe2, whereit is morespherical.In orderto know the
redistribution of the charge uponLi intercalation, the charge densityaveragedover
the x t y planeasa function of z is plottedin Figure(3.14) (for TiSe2, LiTiSe2 and
their difference).In the abscissa’s axis the atomicsymbolof eachelementindicates
its positionon thec-axis. Fromthedifferencecurve it is observed that theadditional
charge dueto intercalation residesprimarly betweenthe Li andthe Seplanes.Also
in the Ti planean accumulationof charge densityis obtained,which can be better
identifiedin Figure(3.15),whereaplot of thedifferencein theelectrondensitybefore
andafterintercalation is shown.

To have a betterpictureof theeffect of Li intercalation thechargedensityof both
TiSe2 andLiTiSe2 structuresarecalculatedexactly with thesamelatticeparameters,
so that the electrondensitiescanbe substractedpoint by point in the real space.In
Figure(3.15) this charge differenceis shown in the sameplaneas in Figure(3.13),
while in Figure(3.16) it is displayedin the planeformedby the vectors v 0001w and



3.5 Results 31v 1010w (indicatedby the solid black line in Fig. (3.13)). From thesefigures it can
be seenthat most of the guestelectronis acceptedby Ti andSe. In Figure (3.15)
a well localizedelectrondensityat Ti ion site is observed, while in Figure(3.16)an
accumulationof chargedensityaroundtheSeatoms(in thefirst andin thethird atomic
planes)is well identified. Theorbitalsinvolved in this charge transfercanbeclearly
identifiedfrom thecharge-difference plot. Theelectroncloudslocalizedat theTi sites
have theshapeof adz2 anddxy orbitals.This is consistentwith thefilling of thebands.
In TiSe2 theelectroncomingfrom the interacalated Li ion fills the t2g bandwhich is
comprisedmainlyof metaldz2 l dxy l dx2 x y2-typeorbitals.

3.5.5 TiSe2 single-layer slab

In order to examinethe importanceof electronicinterlayercoupling in TiSe2 bulk,
calculationswerecarriedout on the electronicstructureof a TiSe2 single-layerslab
usinga repeatedslabgeometry. The calculationswereperformedin a supercellge-
ometry, wherethe layersarerepeatedalongthe k 0001m directionwith a larger inter-
layer distanceclayer. Test calculations with varying clayer have shown that a value
of clayer q 14 aB (correspondingto 1.28c with c denotingthe respective bulk lattice
constant)is sufficient to guaranteeelectronicseparationbetweenadjacentsingle-layer
slabs.An increaseof clayer from 1.28to 1.8c resultsin a differenceof only 0.002eV
of theunit cell total energy.

In afirst calculationtheintralayerlatticeparameterzof thesingle-layerwaskeptat
thecalculatedvalueof thebulk. Then,it wasoptimizedby allowing therelaxationof
all atomsin theunit cell. Only a minor changein thez parameterwasobtained(from
0.25to 0.249),which impliesthattheatomicpositionsin asinglelayerareessentially
identicalto thoseof thesinglecrystal.

In Figure(3.17)the electronicvalencebandstructureof TiSe2 singlelayer (with
optimizedpositions)togetherwith thatof thebulk material(Fig. (3.10))areshown for
comparison.Accordingto Figure(3.17) a single layer of TiSe2 is a semimetallike
the bulk materialwith the valencebandmaximumat the Γ point, in agreementwith
previouscalculations[48]. Theinteractions perpendicularto thelayers(Γ-A direction)
arefoundto besmall,which is indicatedby thelack of dispersionfor all bandsalong
Γ-A. Theconductionbandminimumis foundat the M andL pointsof theBrillouin
zone,with anenergy of -0.04eV below theFermilevel. Theoverallappearanceof the
singlelayerbandstructureis very similar to thebulk bandstructure.

The electronicinterlayercouplingin bulk TiSe2 is found to be very weak. This
is evident from a comparisonof the overall shapeof the bandstructureresultsof a
TiSe2 single-layerslabwith thatof thebulk. Thepresentgeometryoptimizationof the
single-layerslabyieldsatompositionsinsidetheelementarycell, whichareveryclose
to thoseof thebulk. Thegeometricandelectronicsimilarity betweenlayerandbulk
justifiestheuseof TiSe2 single-layerslabsasmeaningfulmodelfor theTiSe2 (0001)
surface.
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Figure3.10: (upper)Bandstructureand(lower) densityof statesof TiSe2 bulk. The
energy bandsareshown for characteristicpathsconnectinghigh-symmetrypointsof
theirreduciblepartof theBrillouin zone.For adefinitionof thehigh-symmetrypoints
seeFig. (3.3)
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Figure3.11: (upper)Self-consistentpseudopotentialbandstructureand(lower) den-
sity of statesof LiTiSe2 bulk intercalatedstructure.
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Chapter 4

Adsorption and Diffusion of Alkali
metal on TMDCs (0001)Surface

Thepresentstudyis accomplishedto examinethestructuralandelectronicproperties
of alkali metalatomsadsorbedat theTiSe2 (0001)surface,asafirst stepto understand
theintercalation process.

Alkali metal atomsdepositedon transitionmetal dichalcogenides can be either
adsorbedontopof thesurface[71, 17] or intercalateinto thevanderWaalsgapsof the
substrate.In orderto understandtheinterplaybetweenadsorptionandintercalation of
alkali atomsattheselayeredcrystals,I performedadetailedstudyof themigrationand
energeticsof Li adatomonTiSe2 (0001)surfaceandalongthevanderWaalsgap.

To get insight into stableandmetastablestates,diffusionpathsanddiffusionbar-
riers for theLi adatom,theadatom’s potentialenergy surface(PES) is calculated,to
find e.g. thehcpsiteenergetically slightly preferredover thefcc site. To obtaininfor-
mationabouttheadsorbate-substratebond,thechangein thevalenceelectrondensity,
theorbital distribution,andthechangeof thework functionasa functionof thealkali
coveragearestudied.Surfacediffusionis alsoinvestigatedfor Na,RbandCsadatoms.

4.1 Intr oduction

Oneof themostimportantfeaturespresenton theTMDCs is their ability to form in-
tercalationcompoundswith foreignatomsor molecules[2, 52]. Dueto their layered
structureandweakinterlayerbondingtheTMDCsrepresentsuitablehostsfor interca-
lation. Over thelastdecadestheintercalation of alkali metalshave beenstudiedwith
interestdueto theirmultipletechnological applications,e.g.,in solarcells[72], aselec-
trodematerialsin rechargeablesolidstatebatteries[11, 12], assolidlubricants[73,74],
in photovoltaic devices[75], amongothers.Fromthescientificpoint of view TMDCs
representan ideal substratefor surfacesciencestudiesowing to their chemicallyin-
ert surfaces. It hasbeenshown that when alkali metalsare depositedon TMDCs
surfacesunderultra-highvacuumconditions,they canintercalateinto thebulk mate-

37
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rial or be adsorbedon the surfaceof the substrateforming clusters,asobserved for
Cs on MoS2 [76] andon WSe2 [77], or networks of metallic nanowires, like Rb on
TiTe2 [18].

In spiteof thethoroughinvestigationdoneon in situ intercalation duringtherecent
last years,the detailsto fully understandthe mechanismbehindit arestill unknown
up to now. Different aspectsarestill far from beingcompletlycomprehendedlike
for example,thepaththealkali atomsfollow to reachthevanderWaalsgap,andthe
energy barriersthey have to overcometo intercalate.

Moreover, thedesignof new batterymaterialsrequiresa microscopicunderstand-
ing of thestablesitesanddiffusionpathwaysof thealkali ions,aswell asthecharge
redistribution afterintercalation, which is verydifficult to obtainfrom experiment.

Datafor energy barrierstowardsdiffusionandintercalation atanidealsurfacewill
bevaluableto optimizethegrowth by van-der-Waalsepitaxy. The latterhasbecome
animportanttool for thepreparationof interfacesandheterojunctions.[78]

As a prototypefor which vacuumintercalation seemsto be experimentallywell
establishedmainly the systemLi with TiSe2 [13] hasbeenexplored with ab initio
calculationsto yield:y How doestheTMDCs(0001)surfacechangewith thepresenceof alkali atoms?y Whataretheadsorptionpositionson thesurface?y How doesLi diffuseon thesurfaceandwhataretheenergy barriers?y How doesthediffusionof Li within thevanderWaalsgapdiffer fromthesurface

diffusion?y How is theredistribution of thechargedensityduringtheadatomdiffusion?y How doestheadsorptionenergy changewith thealkali coverage?y How doesthedipolmomentchangeandthereforethework functionasafunction
of thealkali coveragewhenLi atomsareadsorbedonthesurfaceor intercalated
in thevanderWaalsgap?

4.2 Calculational Method

Thetechnicaldetailsof thedensityfuctionaltheorycalculationsaregivenin Chapter2.
The cleanTiSe2 (0001)surfaceis modeledby a supercellwith a slabconsistingof
threesandwichesof TiSe2 (9 atomicplanes),separatedby a8.3Å vacuumregion,see
Figure(4.1).

Theadatomplussurfaceis modeledby takinga periodicarrangementof adatoms
on thesurfaceandchoosingtheresultingsurfacesupercellto beso large that the in-
teractionbetweenadatomsin neighboringcells is negligible. For calculatingthead-
sorptionsitesanddiffusionbarriersof alkali adatomsa kon 3 szn 3 m R30{ TiSe2 (0001)
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Figure4.1: Schematicdisplayof the kon 3 s|n 3 m R30{ supercellemployedto represent
the TiSe2 (0001) surface,with c0 the separationbetweenlayers(theoreticallattice
constantfor TiSe2 bulk fully intercalatedwith Li), andc, thesupercelllatticeconstant
in z-direction.

surfacesupercellis used. To prevent from artificial adsorbate-adsorbate interactions
throughtheslab,thealkali metaladatomis adsorbedon onesideonly, wherethe in-
duceddipolemomentis takeninto accountby applyingadipolecorrection[80].

WhenstudyingthesystemRb-TiSe2, thevacuumregionwasincreasedfrom 7.0Å
to 10.3Å to estimatethe interactionof the adatomwith the oppositesurface. It was
obtaineda changein theenergy differencesof about0.02eV. Theplotsof thecharge
densitydifferenceof Rb-TiSe2 with differentvacuumregion,show thattheinteraction
of the adatomwith the oppositesurfaceis similar andnegligible in both cases,see
Figure(4.2). Theelectroneigenfunctionsareexpandedin a plane-wave basisusinga
cutoff of 40 Ry with threespecialk pointsin the surfaceBrillouin zone[81]. Con-
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vergencetestsperformedfor a highernumberof k pointsdid notshow any significant
variationof thecalculated energies.Calculationswith 4 layersof TiSe2 andacut-off of
60 Ry show thattheadsorptionenergy differencesareaccuratelygiven,which means
thatthey changeby lessthan0.03eV. In orderto improve thequalityof theintegration
in k spacea Fermi-surfacesmearingof 0.1eV is usedandtheresultingtotal energies
areextrapolatedto zerotemperature.

Theatomicpositionsof all atomsareallowed to relax,exceptfor theTiSe2 atoms
in thebottomsandwich,which arefixedat their relative bulk positions.Thetotal en-
ergy surfaceE k x l ym of thealkali adatomis determinedfor its diffusion. It is calculated
by mappingout the total energy asa functionof the adatomposition k x l ym . At each
positionthez coordinateof theadatomandthe full relaxationof thesubstrateatoms
is calculatedby energy minimization.Theminimumtotal energy definesthebinding
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Figure4.2: Charge densitydifferenceof Rb adsorbedon TiSe2 with (left) 7.0 Å and
(right) 10.3Å of vacuumspace.
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geometryof theadatomandthesubstrate.Thesaddlepoint on thisenergy surfacede-
terminestheactivationbarrierfor diffusionalongthesurface.Sincetheenergy surface
E k x l ym musthave thesamesymmetryasthecrystalsurface,it is only neededto carry
out calculationsfor positionsof the adatomin the irreduciblepart of the supercell.
Therefore,theenergy surfaceis only mappedon a (1x1) surfaceunit cell with a mesh
width of onesixth of theunit vectors.This approximationis only usedto reducethe
numberof independentgrid points k x l ym . Thegeometryof theadatomandsurfaceis
notconstrainedin any way.

Calculationsareperformedfor lithium on the surfaceandvan derWaalsadsorp-
tion sitesfor coveragesrangingfrom 1p 16 to a full monolayer(ML). In particular,
coveragesof 0.06, 0.11, 0.33, 0.25 ML were calculatedusing a k 4 s 4m , k 3 s 3 m ,kon 3 s}n 3m R30{ , and k 2 s 2m surfaceunit cells, respectively. CoveragesΘLi q 0 r 5
and 1 ML were calculatedin the k 2 s 2m surfaceunit cell containingtwo and four
lithium atoms,respectively. ThecoverageΘ q 1 is definedastheratio of thenumber
of adsorbateatomsto thetotalnumberof hcpsitesin thesubstrate.

The total energiesof isolated,freeatomicLi, Na, Cs,andRb arecalculatedin a
cubic cell of side lenght25 aB with the k point (0.5 0.5 0.5) for the Brillouin Zone
sampling.Thespinpolarizationeffectswerenot included.

It is usefulto definetheadsorptionenergy per adatomfor the analysisdiscussed
below. Theadsorptionenergy peradatomisdefinedasthedifferenceof thetotalenergy
of the adsorbatesystemandthe total energy of the clean,unreconstructedsubstrate
togetherwith a free,neutraladatom.Using the indiceswhich refer to theadsorption
of Li onTiSe2 (0001),thedefinitionof theadsorptionenergy peradatomis givenby

ELi ~ TiSe2 � 0001�
ad q 1

NLi
v ELi ~ TiSe2 � 0001� t�k ETiSe2 � 0001��� NLiE

Li atomm w l (4.1)

whereNLi is the numberof Li atomsin the surfaceunit cell, andthe total energy of
theadsorbate-substrate system,thecleanTiSe2 k 0001m substrate,andthefreeLi atom,
arerepresentedby ELi ~ TiSe2 � 0001� , ETiSe2 � 0001� , andELi atom, respectively. Thebinding
energy is theenergy thata freeLi atomgainsby its adsorptionat thesurface.For the
on-surfaceadsorptionthebindingandadsorptionenergiesarethesame.

To analyzethe natureof bonding,it is helpful to considerthe differenceelectron
densityn∆ k r m ,

n∆ k r mgq n k r m3t n0 k r m3t nLi k r m6l (4.2)

wheren k r m is thetotal valenceelectrondensityof thesubstrate-adsorbatesystem,and
n0 k r m andnLi k r m arethe electrondensitiesof the cleansubstrateandthe free lithium
atom,respectively, andthe atomicgeometryof the substrateis chosento be that of
the relaxed adsorbatesystem.Thedifferenceelectron densityshows thedepletionor
accumulationof thechargedensityin thesystemdueto theadatomadsorptionon the
surface.



42 Chapter4 AdsorptionandDiffusiononTMDCsSurfaces

4.3 TiSe2 (0001)surface

Oneaim of this studyis to establishtheenergeticandgeometricdifferencesbetween
adsorptionof alkali metalatomson the TiSe2 (0001)surfaceandintercalationin the
vanderWaalsgap.In orderto achieve this,totalenergy calculationshavebeencarried
out for bothcases.Thesupercellusedto modelthesurfacemusthave thesamelattice
constantsfor bothconfigurationsto make the resultscomparable.I choseto usethe
theoreticallattice constantsof bulk TiSe2 fully intercalated. The theoreticallattice
constantsI obtainedfor bulk TiSe2 fully intercalatedwith Li, are a0 q 6 r 61, c0 q
11r 90 aB, (seeTable3.2). The experimentalvaluesfor bulk TiSe2 fully intercalated
with Li are a0 q 6 r 8 andc0 q 12r 20 aB [57]. The decreasedtheoreticalvaluesare
partially dueto thelocal-densityapproximationfor exchangeandcorrelationusedin
thecalculations,which is generallyknown to yield latticeconstantsthataresmallerby
2 t 6 % with respectto experiment[70]. To introduceno stressthetheoreticalvalues
areusedto modelthe(0001)TiSe2 surface,seeFigure(4.1). In orderto determinethe
effectsof alkali adsorptionon the TiSe2 (0001)surfacestructure,I first investigated
thebaresurface.
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Figure4.3: Sideview of the ( n 3 s n 3) unit cell usedto representthe TiSe2 (0001)
surface.Thefirst two layersareallowed to relaxandtheonein thebottomis fixedat
its relative bulk position. For thedistancevalues,di andDi , betweenatomicplanes,
seeTable4.1.

I performedcalculationsfor theatomicrelaxationof thecleansurfaceusing k 4 s 4m ,k 3 s 3 m , k n 3 s n 3 m , and k 2 s 2m periodicities.Thesecalculationsprovide a testof the
surfacerelaxationwith cell size. The atomicgeometryof ( n 3 s n 3) TiSe2 (0001)
surfaceis displayedin Figure(4.3). The resultsof the structuralparameterobtained
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aresummarizedon Table4.1. Thedistancesbetweentheatomicplanesfrom thefirst
andsecondTiSe2 sandwiches,andtheirdifferenceswith respectto thebulk valuesare
listed in the upperandmiddle blocks,respectively. In the bottomblock the shift of
eachatomicplanewith respectto thebulk positionsis givenaswell.

In all thesupercells,exceptin the k 4 s 4m , thefirst andsecondsandwich’s spacings
contractedby 4-5%and3-4%with respectto thebulk valuedbulk, respectively. There-
fore, thevanderWaalsgapwidth is increasedby 3-4%. For the k 4 s 4m supercell,on
thecontrary, anexpansionfrom bothsandwichesof 2% anda decreaseof thevander
Waalsgapwidth of 3%areobtained.

Theseresultsareunderstandablesincethecalculations werecarriedout usingthe
latticeconstantsof bulk TiSe2 fully intercalated with Li, from which theonein thez
directionis 8%largerthanin thepurecompound.

TiSe2 (clean)
supercell d11 d12 D1 d21 d22 D2 dbulk

k 4 s 4m 3.03 3.03 5.76 3.03 3.03 5.89 2.97k 3 s 3m 2.85 2.85 6.13 2.87 2.87 6.05 2.97k 2 s 2m 2.86 2.84 6.17 2.85 2.87 6.05 2.97k n 3 s n 3m 2.82 2.83 6.20 2.83 2.83 6.09 2.97

∆d11 ∆d12 ∆D1 ∆d21 ∆d22 ∆D2 ∆dbulkk 4 s 4m 0.06 0.06 -0.19 0.06 0.06 -0.06 0.0k 3 s 3m -0.12 -0.12 0.18 -0.10 -0.10 0.10 0.0k 2 s 2m -0.11 -0.13 0.22 -0.12 -0.10 0.10 0.0k n 3 s n 3m -0.15 -0.14 0.25 -0.14 -0.14 0.14 0.0

relaxation∆zof atomicplanewith respectto bulk
1rst 2nd 3rd 4th 5th 6th
(Se) (Ti) (Se) (Se) (Ti) (Se)k 4 s 4m -0.02 -0.07 -0.12 0.06 0.0 -0.06k 3 s 3m -0.15 -0.04 0.08 -0.10 0.0 0.10k 2 s 2m -0.15 -0.04 0.10 -0.12 0.0 0.10k n 3 s n 3m -0.18 -0.03 0.12 -0.14 0.0 0.14

Table4.1: Calculatedstructuralparameters(in aB) for pureTiSe2 (upperblock)and
differencewith respectto bulk (middle);shift of atomicplanerelativ to bulk (bottom),
speciesgivenin parenthesis.
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4.4 On-surfaceAdsorption

By studyingisolatedadatomson surfacesthenatureof thepureadsorbate- substrate
bond can be analyzed. An accurateknowledgeof the binding sitesfor an adatom
andtheiradsorptionenergy is crucialto analysethediffusionbarrierstheadatommay
encounterduring its translationalmotion. In this section,I will focus on the first-
principlesdeterminationof thebindingsitesfor alkali adatomsonTiSe2 (0001)surface
andtheactivation energiesfor surfacediffusion.

To answerthe questionwhetheran alkali adatomcanbe adsorbedon the TiSe2
(0001)surface,I consideredfour differentsurfacesites,which areespeciallydenoted
by hcp, fcc, on-top,andbridge. Thefirst two sitesarereferredto thestackingof the
uppermostTi plane,the Seplaneabove, anda full adsorbateplane. The on-topsite
coincideswith the projectedSepositions,andthe bridgepoint lies betweentwo of
them,seeFigure(4.4).At eachsitethetotalenergy is minimizedsimultaneouslywith
respectto theelectronchargedensity, thezcoordinateof theadatom,andthepositions
of thesubstrateatomsat thefirst two TiSe2 layers.

A : hcp site

C : fcc−site

D : bridge site

B : on−top site

Figure4.4: Top view of TiSe2 (0001)surface’s adsorptionsites. The yellow circles
representSeatomsin thefirst andthird atomicplane,andtheorangetheTi atomsin
thesecondatomicplane.

It wasfoundthatonly thehcpandfcc sitesareequilibriumadsorptionsites,with
the hcp (-3.03 eV) energetically slightly preferredover the fcc site (-2.99 eV), see
Table4.2. In bothsitestheLi adatomis threefoldcoordinatedandformsbondswith
thethreeupperSeatoms.Thebridgesiteis themiddlepointbetweenhcpandfcc sites,
with anadsorptionenergy of -2.77eV, while theon-topsiterepresentsthemaximum
in thetotalenergy surfacewith anenergy of -1.90eV.

TheLi-Sebondlengthincreaseswith increasingcoordinationnumber, with (4.26 �
0.05aB) for theonefoldon-top,(4.43 � 0.05aB) for thetwofold bridge,and(4.58and
4.50 � 0.05aB) for thethreefoldhcpandfcc sites,respectively.
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Sincethe barrierheight is the differencein energiesbetweenhcp andthe bridge
site,thediffusionbarrierEd is 0.26eV, seeFigure(4.6).

The diffusion path, seeFigure (4.5), betweentwo hcp sitesruns via the direct
connectionof anadjacenthcpandfcc siteover thebridgesite. As anadatommoves
from a hollow (hcp, fcc) to a bridgesite, threeLi-Se bondsarereplacedby two. To
somedegreeeachof thetwo bondsat thebridgewill bestrongerthaneachof thethree
bondswasin equilibrium.As theadatommovesalongthediffusionpathits distanceto
thesurfacevaries:2.23,2.82,and2.48aB, at thefcc, bridgeandhcpsite,respectively.

x

A: hcp Site

−  −

−
[1010]

Energy �A

B

[1210]

●Li�

B: on−top Site
C: fcc Site

C

�D

D: bridge site

Figure4.5: Energy surfaceof Li diffusionon TiSe2 (0001)with a projectionof diffu-
sion path(yellow solid line). The valuesof the energy axis arereferedto the cut in
Figure(4.6).
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In contrastto theresultsfor Li, I foundfor Na, Rb andCsthat thecalculatedad-
sorptionenergiesfor thehcpandfcc sitesareequal,within theaccuracy of themethod
employed in the presentstudy. For theseadatomsthe bridgesite representsalsothe
saddlepoint betweenhcp andfcc, obtainingfrom their differencethe corresponding
activation energy Ed. As it canbe seenfrom Table4.2, Ed becomeslower with in-
creasingalkali atomicradius.

As the atomicradiusin thealkali metalsincreases,(rLi q 1 r 51 Å, rNa q 1 r 83 Å,
rRb q 2 r 42 Å, rCs q 2 r 62Å) [82], theadatomshave increasingdistanceto thesurface,
(seed0 in Table 4.3), which implies that they will experiencedecreasingsubstrate
electron-density andforce-fieldcorrugation,andtherefore,a lower diffusion barrier.
WithoutcalculationsI suggestthatK will fit into thesamepattern.

In Table4.3 the structuralparametersfor the differentalkali atomsadsorbedon
TiSe2 hollow sitesareresumed.At the fcc site the adatoms(Li, Na, Rb) sit deeper
thanat thehcp.Csinstead,adsorbsatthesamedistanceatbothsites.Whenthealkalis
areadsorbedat thehcpsite,theTi atombelow thissite,movesaway from thesurface
(for Li), towardsthesurface(for RbandCs),or doesnotshow any relaxation(for Na),
(see∆d in Table4.3).

The interlayerwidth (d11 + d12) from the first sandwichchangeswith respectto
thecleanrelaxed k n 3 s n 3 m TiSe2 (0001)surfaceby 0.9,-0.2,-2.0,and-2.5%,for Li,
Na,Rb,andCssituatedon hcpsite,whereasfor all alkali adatomssituatedon thefcc
sitethespacingremainsunchanged.For thesecondinterlayerspacing(d21 + d22), no
differenceis found.
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Figure4.6: One-dimensionalcut throughtheenergy surfaceof Figure(4.5)alongthe
diffusionpath.
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Figure4.7: Top view (left) andsideview (right) of the atomicgeometryof ( n 3 sn 3)R30{ Li/TiSe2, with Li adatomon hcp andfcc site. Thedashedline (upperleft)
indicatestheplaneof thecrosssectionusedin theright picture.For thedistancevalues,
di andDi , betweenatomicplanes,seeTable4.3.

Alkali Metal hcp bridge fcc on-top Ed

Li -3.03 -2.77 -2.99 -1.98 0.26
Na -2.61 -2.49 -2.60 -1.81 0.12
Rb -2.41 -2.35 -2.41 -1.86 0.06
Cs -2.51 -2.50 -2.51 -2.08 0.01

Table4.2: Alkali adatom’sadsorptionenergiesonTiSe2 (0001)athcp,bridge,fcc,and
on-topsites,anddiffusionbarrierEd q Ehcp

ads t Ebridge
ads , (in eV).

In Table4.4,themagnitudeof thealkali-Sebondlengthsaresummarized.For the
four alkalisstudied,theadsorbate-substratebondbecomeslongerwith theincreaseof
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coordination.In thehcp andfcc sites,the valenceelectronsaresharedamongmany
bonds,thus,eachsinglebondbecomesweaker, andan increaseof the bond length
results.

d0 d11 d12 ∆d D1 d21 d22 D2 dbulk

Li+TiSe2
hcpsite 2.48 2.94 2.77 -0.05 6.07 2.83 2.83 6.11 2.97
fcc site 2.23 2.90 2.76 0.00 6.10 2.83 2.83 6.11 2.97

Na+TiSe2
hcpsite 3.44 2.89 2.76 0.00 6.19 2.83 2.83 6.10 2.97
fcc site 3.35 2.89 2.79 0.00 6.19 2.83 2.83 6.10 2.97

Rb+TiSe2
hcpsite 4.91 2.83 2.74 0.08 6.04 2.83 2.83 6.10 2.97
fcc site 4.88 2.88 2.77 0.00 6.00 2.83 2.83 6.08 2.97

Cs+TiSe2
hcpsite 5.29 2.79 2.73 0.12 5.99 2.83 2.83 6.09 2.97
fcc site 5.29 2.88 2.77 0.00 6.06 2.83 2.83 6.08 2.97

Table 4.3: Calculatedstructuralparameters(in aB) for alkali adatomsadsorbedon
TiSe2(0001)hollow sites.

Alkali Metal hcp fcc bridge
Li 4.58 4.50 4.43
Na 5.18 5.14 5.01
Rb 6.27 6.25 6.12
Cs 6.58 6.57 6.44

Table4.4: Bondlength(in aB) betweenalkali andSeatom.
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4.4.1 Differ enceelectron density

From an experimentalpoint of view, the determinationof the adsorptionpositions
relatively to substratesitesis relative difficult. Froma theoreticalpoint of view, it is
clear that for a given substratethe adsorptionsitesmustdependon the directionof
charge transferbetweensubstrateandadsorbate,which is governedby theelectronic
affinity of the adatom,the chargesbeingdisplacedtoward the moreelectronegative
element.Naturally, reliableinformationcanonlybegivenbycomparingtheadsorption
energiesfor variouspositions,asdonein section4.4. However, theknowledgeof the
surfacechargedensitycangive somequalitative information.

To gainmoreinsightinto thenatureof thebonding,I take thetotal chargedensity
of theLi/TiSe2 surfaceandsubstractthechargedensityof thecleanTiSe2 surfaceas
well asthechargedensityof a freeLi adatom(with thesameLi-Li spacingsasin the
overlayeron theTiSe2 surface).

Theresultingchargedensitydifferences(Figure(4.8)),whenLi is adsorbedonthe
hcpsite(upper)andfcc site (lower) on TiSe2 (0001),reveal thecharge redistribution
uponalkaliadsorption.In bothcasesthechargetransferfromtheadsorbatetowardsthe
substrateis clearlyvisible. Fromthevacuumsidethelithium lookspracticallywithout
charge. The first displayedcontournearthe lithium positionhasa very low value,
indicatingthatLi is aionizedadatom.Thisis in accordancewith whatis expectedfrom
electronegativity considerations:Li is electropositive with respectto theneighboring
Seatoms,i.e., it givesup an electronmorereadily thanSe. The electrondensityis
accumulatedin theregionbetweenSeandLi aswell asin thepositionof theTi orbitals,
being in the latter positionwherethe maximumof the charge densitydifferenceis
located.Theorbitalsinvolvedin thischargetransfercanbeclearlyidentifiedfrom the
chargedifferenceplots.

Whentheadatomis adsorbedonthehcpsitetheelectroncloudslocalizedat theTi
sitehave theshapeof a d-typeorbital, a mixtureof dz2, dxz anddyz with prominence
of the first one,with the lobespointing to the Li position. This is also true for the
fcc positionof theadatombut dxz anddyz becomingmoreimportant.Theperturbation
of thesystemcausedby theadsorbatedoesnot reachfar into thesubstrate,thusonly
the changesin the first TiSe2 sandwichareshown. Thecharge densityis essentially
identicalto thatof thecleansurfacefor layersdeeperthanthefirst sandwich.

In Figures(4.9)and(4.10)alsothechargedifferencedensitiesinducedby Rb ad-
sorptionon theTiSe2 hcpandfcc sitesareshown. Fromthecontourplotspresentedin
Figure(4.9)it canbeseenthatthechangesin thechargedensitydistributionaresimilar
whethertheadsorptionsiteis a hcpor a fcc site. A chargeaccumulationbetweenthe
alkali adatomandthe Seatomsis observed, showing somenoticeableangularpolar-
ization. Thereis alsochargetransferto thed-orbitalsof Ti. FromFigure(4.10)these
changesof chargedensitydistribution(with Rbadatomonfcc site)canbeobservedfor
differentplanesparallelto the(0001)surface.It is clearthat thechargeaccumulation
is locatedbetweentheSeandtheadatomposition.Thedxz anddyz orbitalsof Ti atom
canbealsoeasilyidentified.
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planesof thecrosssectionplottedin Figure(4.10a-d). Thefigureshows contoursin
the planenormal to the (0001)surfaceandthe horizontalaxis parallel to the � 1210�
axis.CirclesdenoteRb-,diamondsSe-,andsquaresTi- atoms.Contourunitsare10� 3

aB � 3.

4.5 Changeswith Li Coverage

4.5.1 Changein the surfaceatomic geometry

Oneof theinterestingcharacteristicsof alkali metaladsorptionis thechangeof several
physicalquantitiesasa function of coverage. The mostobvious of theseproperties
arethe surfaceatomicgeometryandthe work function. To learnaboutthecoverage
dependenceof thesurfaceatomicarrangementsandrelatedproperties,calculations at
five coverages,Θ � 0.06,0.25,0.33,0.5,and1 ML, of Li adsorbedon TiSe2 (0001)
surface,have beenperformed.HereI presenttheresultsof thestructureoptimization
for thedifferentcoveragesof Li on thehcpsite.

Different parameterswere obtained,amongthe importantonesare the distance
betweentheadatomandthesurface,thebondlengthSe-Li, the inter- andintra-layer
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Figure 4.10: Charge densitydifferenceplot, n∆ � r � , for Rb on TiSe2 fcc site. The
contourplotsarefrom planesparallelto the(0001)surfaceof thesystem.Thecross
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thefirst atomicplane),hatcheddiamondsSe-(inthe third atomicplane),andsquares
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Li adsorbedonTiSe2 (0001)
Coverage d0 d11 d12 ∆d D1 d21 d22 D2 Li-Se

0 � 06 2.58 3.12 2.91 -0.10 5.66 3.03 3.03 5.89 4.64
0 � 11 2.60 3.00 2.72 -0.12 5.74 2.87 2.86 6.05 4.65
0 � 25 2.48 2.97 2.71 -0.06 5.99 2.85 2.87 5.82 4.59
0 � 33 2.48 2.94 2.77 -0.05 6.07 2.83 2.83 6.11 4.58
0 � 50 2.36 3.00 2.80 -0.04 5.89 2.85 2.87 5.85 4.52
1 � 00 2.49 3.09 2.75 0.00 5.94 2.85 2.87 5.80 4.56

∆d11 ∆d12 ∆D1 ∆d21 ∆d22 ∆D2
0 � 06 0.09 -0.12 -0.10 0.00 0.00 0.00
0 � 11 0.15 -0.13 -0.39 0.00 0.00 0.00
0 � 25 0.11 -0.13 -0.18 0.00 0.00 -0.23
0 � 33 0.12 -0.06 -0.13 0.00 0.00 0.02
0 � 50 0.14 -0.04 -0.28 0.00 0.00 -0.20
1 � 00 0.23 -0.09 -0.23 0.00 0.00 -0.24

relaxation∆zof atomicplanewith respectto pureTiSe2
1rst 2nd 3rd 4th 5th 6th
(Se) (Ti) (Se) (Se) (Ti) (Se)

0 � 06 -0.13 -0.22 -0.10 -0.00 -0.00 0.00
0 � 11 -0.37 -0.52 -0.39 0.00 0.00 0.00
0 � 25 -0.45 -0.56 -0.42 -0.24 -0.24 -0.23
0 � 33 -0.09 -0.21 -0.15 0.02 0.02 0.02
0 � 50 -0.38 -0.52 -0.48 -0.20 -0.20 -0.20
1 � 00 -0.34 -0.57 -0.48 -0.25 -0.25 -0.24

Table4.5: Calculatedstructuralparameters(in aB) for Li at theTiSe2 (0001)surface,
with differentcoverages(upperblock)anddifferencewith respectto pureTiSe2 (mid-
dle); shift of atomicplanerelativ to pureTiSe2 (bottom),speciesgivenin parenthesis.
SeeFigure(4.7).
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spacings,thelateralandverticaldisplacementsof theadatomandsubstrateatoms,and
thevanderWaalsgapwidth.

Thecalculatedvertical spacingsdi arelisted in Table4.5. It canbeseen,thaton
increasingthecoveragefrom very low coverage(0.06ML), wheretheLi adatomsare
uniformly spreadoverthesurface,to highercoveragesthedistancefrom theLi adatom
to thesurfaceroughlydecreasesandvariesfrom 2.58aB for 0.06ML to 2.36aB for 0.5
ML. For 1.0ML thedistanceincreasesto 2.49aB. Thechangein theLi-Sedistanceis
alsoreflectedin thebondlength.

In theupperblockof Table4.5,theoptimizedinter- andintra-layerdistancesof the
substrateareresumed.By comparingthesevalueswith thoseof thecleanrelaxedsub-
strate,seeTable4.1,thegeometricalchangesinducedby theadsorbatearefound,see
Table4.5(middleblock). For all coveragesthefirst interatomicspacingd11 increases
asa resultof an inward displacementof theTi atomicplane,seeTable4.5 (bottom),
whereasthesecondinteratomicspacingd12 decreases.ThevanderWaalswidth, ∆D1,
decreasesfor all coveragesby about2-6 % with respectto thepuresurface.

At theadsorptiongeometries,with aLi-coverageof Θ � 0.06,0.11,0.25,0.33,and
0.5ML, thethreeSeatomsin thefirst atomicplanecoordinatedto theLi adatommove
radially away from it. Thecalculatedamplitudesof thesein-planedisplacementsare
0.04aB for thefirst threecoveragesand0.03aB for thetwo last.Also smallbucklings
towardsbulk areobtainedin thesethreeSeatomsof about0.04,0.01,0.03aB for Θ �
0.06,0.11,and0.5ML, respectively.

TheTi atomlocalizedin thesecondplane,directly below theadsorbedLi, moves
inwards,i.e., to thebulk, with respectto therestof Ti atomsin thesameatomicplane,
by 0.10,0.12,0.06,0.05,and0.04aB, for Θ � 0.06,0.11,0.25,0.33,and0.5 ML,
respectively.

For thehighestcoverageof Θ � 1ML, unlike thelower-coveragecases,noin-plane
relaxationis obtaineddueto thesymmetryof theunit cell. Thefirst interlayerspacing
is 0.23aB larger thanin the correspondingcleansubstrate.TheTi atomsareshifted
towardsbulk by 0.57aB, with respectto the cleansurface. The relaxed Li-Se bond
lengthis 4.56aB, with Li adatom2.49aB above theclosestSelayer.

For thestructureswith aLi-coverageof Θ � 0.25,0.5,and1.0ML, thethreeatomic
planesof thesecondTiSe2 layershift inwardsby thesameamount;thus,no changes
in theinterlayerspacingswith respectto thecleansurfaceareobtained,but areduction
in the intralayerspacing∆D2 of about4%. For the restof the coveragesthe second
TiSe2 layerkeepsthe relaxed positionof the purestructure.No in-planerelaxations
arefoundin thethreeatomicplanesof thesecondTiSe2 layerfor any coverage.

4.5.2 Changein the work function

Thework function,Φ, of a crystalsurfaceis definedastheenergy requiredto extract
anelectronattheFermilevel from thebulk regionof acrystalto thevacuumatinfinity.

For yearsalkali metaladsorptionon metallicsurfaceshasbeeninvestigatedthor-
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oughly. In 1932Langmuir[83] proposeda modelto explain the interactionbetween
theseadatomsandsurfaces,andwhich wasextendedin 1935by Gurney [84]. Ac-
cordingto theirmodel,in afirst adsorptionphasethelow ionisationpotentialof alkali
metalsinducesa charge transferwhenadsorbedon moreelectronegative substrates.
Eachpartially positively chargedadatomthenbuilds up a dipole with the substrate,
pointingfrom thenegatively chargedsubstrateto theadatom.This dipoleorientation
facilitates the escapingof the electronsto the vacuum,i.e. the work function of the
cleansubstratewill stronglydecrease.Theelectrostaticrepulsionbetweenthecharged
alkali ions increaseswith the coverage. Thus, in a secondadsorptionphasecharge
from thesubstratefeedsbackto thealkali metalto weaken therepulsionbetweenal-
kali ions, inducingan increaseof the work function. At highercoveragesthe work
functionreachesasaturationlevel with thevalueof thebulk alkali metal.

Φ (eV) � 4 � 4� � 3 � 3� � 2 � 2� �o� 3 � � 3�
5.2 5.4 5.4 5.5

Table4.6: Work functionof pureTiSe2 (0001)surface,calculated for differentsuper-
cells.

Thecalculatedaveragework functionof thecleanTiSe2 (0001)surfaceis Φ=5.3�
0.1eV, seeTable4.6,in excellentagreementwith experiment(5.3eV) [13].
Figure(4.12)shows the calculatedwork functionchange∆Φ asa functionof Li

coverage.Thiscurvehasthecharacteristic shapefoundfor systemsof alkali metalad-
sorbedonmetallicsurfaces.Initially, it showsarapidloweringof theΦ, to aminimum
(Φmin= -3.2eV) at Θ = 0.5ML, andsubsequentlyanincreaseat Θ = 1.0ML (Φ= -2.8
eV).

Sucha decreasein the work function upon lithium adsorptionreflectsthe elec-
tropositive natureof Li thatresultsin aninduceddipolemomentµ(Θ).

The final increaseof Φ hasbeenattributed to a metallization of the alkali over-
layer[85, 86]. TakingΦ= 5.3eV asthevalueof cleanTiSe2 (0001),I obtainedawork
functionof 2.5eV at1 ML. Comparingthiswith theexperimentalvalueof Φ=2.93eV
for Li bulk [87], it can be seenthat at 1 ML the saturationlevel hasnot yet been
reached.

In Figure(4.11) the adsorptionenergy of Li (hcp site) asa function of coverage
is presented.It hasbeenfound that when increasingthe Li coveragefrom 0.06 to
0.25ML, the adsorptionenergy increases(-3.57to -2.93eV), indicatinga repulsion
betweenadatoms.With increasingcoveragetheadsorptionenergy meetsits minimum
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at Θ= 0.33ML. From 0.5 to 1 ML the adatomshave to occupy next neighborsites
separatedfrom eachother by a distanceof 6.61 aB, which approachesthe Li-bulk
latticeconstant(6.42aB) [88]. This givesriseto a strongrepulsionbetweenadatoms,
which is reflectedin theincreaseof theadsorptionenergy.

Figure (4.12) shows how the adsorbate-induced dipole momentµ changeswith
increasingcoverage.Thecoveragedependenceof theinduceddipoleperadatomis a
consequenceof the dipole-dipoleinteraction,that givesrise to a depolarization with
decreasingLi-Li distance.

As a roughestimationof thechargeat theLi atom(with Θ = 0.33,0.5and1 ML),
I calcultatedthe dynamiccharge, i.e., the slopeof the curve obtainedwhenplotting
thesurfacedipolemomentversusverticaldistanceof Li to thesurface.Thedynamic
charge is of interestto discusshow thebondbetweentheadsorbedalkali metalatom
andthesurfaceis bestdescribed,whethertheadsorbateshouldberegardedaspartly
ionic due to a charge transferto the substrateor as essentiallyneutralbut strongly
polarized.

At the threecoveragesstudied,I obtaineda linear dependenceof the dipolemo-
mentwith probinga small increaseof theadsorbate’s distanceto thesubstrate’s first
atomicplane,indicatinga ionic bondingbetweenLi adatomandthesubstrate.At Θ
= 0.33and0.5 ML thedynamicchargevaluesare0.4 and0.2 electron,whereasat Θ
= 1.0ML thevalueis -0.3electron.Thedecreaseandchangein signindicatesa flow
of charge from thesubstrateto theadatoms.In Table4.7 areresumedtheadsorption
energy, thechangein work function,thedipolemoment,andthedistancefrom adatom
to surfaceasa functionof Li coverage.

Coverage Eads (eV) ∆Φ (eV) µ (Debye) d0 (aB)

0 � 06 -3.57 -0.9 -3.3 2.58
0 � 11 -3.48 -1.2 -2.8 2.60
0 � 25 -2.93 -2.3 -2.3 2.48
0 � 33 -3.03 -2.7 -2.0 2.48
0 � 50 -2.65 -3.2 -1.6 2.36
1 � 00 -2.53 -2.8 -0.7 2.49

Table4.7: Surface:adsorptionenergy, changein work function,dipolemoment,and
distancefrom adatomto surfaceasa functionof Li coverage.

4.5.3 Changein the chargedensity

In Figures(4.13,4.14,4.15)thecharge densitydifference,n∆ � r � , of Lix adsorbedon
TiSe2, (x = 0.06,0.5,and1.0ML) areshown. For thedefinitionof n∆ � r � seeeq.4.2.On
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Figure4.11:Adsorptionenergy versuscoveragefor Li onTiSe2 in thehcp(on-surface)
sites.

eachfiguredifferentplanesaredisplayedin orderto have a betterview of thecharge
transferresultedfrom theadsorptionof Li with differentcoverages.In Figure(4.13),
wheretheamountof Li is very low (x=0.06),mostof thechargeis locatedbetweenthe
Li andtheSeatomsthatarenext to it. SincetheLi adatomis adsorbedonthehcpsite,
alsothe3d orbitalsof theTi atombelow this site,point to theLi position. Whenthe
amountof Li increasesto x = 0.5 theTi 3d orbitalsof theatomsbelow theadsorption
sitesseemto beamixtureof dz2, dxz anddyz with prominenceof thefirst one,whereas
for therestof Ti atomsthedxz anddyz aremoreimportant.Also in this case,mostof
thechargeis localizedbetweenLi andtheSeatoms.SincetheLi adatomis adsorbed
closerto thesurfacewith x = 0.5 thanwith x=0.06coverage,morechargeis localized
in Ti 3d orbitals.With x = 1.0thechargecloudbetweentheadsorbateandtheSeatoms
reaffirms thatchargeis displacedfrom thevacuumsideof theLi towardsthesubstrate
side.
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Figure 4.12: (left) Work function change,(right) surfacedipole momentfor Li on
TiSe2 versusLi coverage.Lithium atomsoccupy thehcp(on-surface)sites.



4.5 Changeswith Li Coverage 59

−0.162

5.38
3.08

.76

.76
.76

Li

[0 1 1 0]

[0
 0

 0
 1

]

a)

d)

b)

c)

¬¬® ®® ®¯ ¯¯ ¯ °°±±² ²² ²² ²³ ³³ ³³ ³

2.25
0.75

−0.75

[2
 1

 1
 0

]

[0 1 1 0]b)

´´µµ¶ ¶¶ ¶·· ¸¸¹¹º ºº º» »» »
−0.5

4.5
[2

 1
 1

 0
]

[0 1 1 0]c)

¼¼½½¾ ¾¾ ¾¿¿ ÀÀÁÁÂ ÂÂ ÂÃ ÃÃ Ã
0.07

6.13

[2
 1

 1
 0

]

[0 1 1 0]d)

Figure4.13: Charge densitydifference,n∆ Ä r Å , of the Lix adsorbedon TiSe2 system, with
x Æ 0 Ç 06) for Li in thehcpsite.For thedefinitionof n∆ Ä r Å seeequ.4.2;nLi is takenfrom afree,
neutralatom.Thedashedlinesin a) indicatetheplaneof thecrosssectionusedin b - d). Open
circles indicatepositionof Seatomsin first atomicplane,hatchedcirclesSeatomsin third
atomicplane,squaresTi atoms,andhatchedsquareLi adatom.Thecontoursaredisplayedin
a) a planeperpendicularto the(0001)surface,b)-d) a planeparallelto (0001). Theunitsare
10È 3 bohrÈ 3.
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4.6 Diffusion in van der Waalsgap

In this sectionI will discuss,theenergeticsandstructuralchangesof LixTiSe2, (0.06ñ
x

ñ
1.0), with Li situatedin the first interlayerregion of TiSe2. By meansof total

energy calculations I determinedLi atom’s moststablepositionsin thevanderWaals
gap,andtheenergy barriersfor diffusionalongit.

Ti

Li

Se

tetrahedral

octahedral

Figure4.16:Structuremodelof TiSe2, showing occupationsitesin thevanderWaals
gap.Thegrayballsshow thethreeinter-sandwichsites,(oneoctahedralandtwo tetra-
hedral).

PureTiSe2 cristallizeswith the1T-CdI2 structure,wherethemetalis octahedrally
coordinatedby the chalcogenatomsand the layersare stacked without lateral dis-
placements.Whenintercalation occurs,the intercalantentersthevanderWaalsgaps
betweenthelayers.In Figure(4.16)thethreeinterstitialsitesavailablein thevander
Waalsgapareshown: oneoctahedral,which is surroundedby six chalcogenatoms,
andtwo tetrahedrals,which lie immediatelybelow andabove thechalcogenatoms.

Usinga � � 3 � � 3 � supercell(with 3 slabsof TiSe2 anda vacuumspaceof about
15 aB), I calculatedthe total energies of LixTiSe2, (x=0.33), with Li occupying the
differentinterstitialsites.I foundtheoctahedralsiteto beenergeticallymorefavorable
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thanbothtetrahedral,thelatteroneshaving thesameenergy. Theresultsarelistedin
Table4.8. Thecorrespondingbindingenergies,for all interstitialsites,aremarkedly
lower thanthe onesin the surface. This reflectsthe fact that the interlayersitesare
considerablymorefavorable.Most important,it demonstratesthestrongtendency of
TiSe2 towardsintercalation andthestabilityof theintercalated compound.

Alkali Metal octahedral bridge tetrahedral

Li -3.58 -3.15 -3.22

Table4.8: Adsorptionenergies(in eV) for Li atomin theTiSe2 vanderWaalsgapat
octahedral,bridge,andtetrahedralsites.
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Figure4.17:Totalenergy of Li diffusionwithin thevanderWaalsgapof TiSe2 bulk.

Themigrationof Li alongthevanderWaalsgapcanbedescribedasahoppingbe-
tweenthesesites.To studythediffusionpathof Li atom,I calculatedthetotalenergy
of thesystemat differentconfigurations,whereLi wasplacedon anequidistantmesh
of points,that connectthe octahedralandtetrahedralsites. I found that the mostfa-
vorablediffusionpathway from octahedralto octahedralsiteinvolvestheintermediate
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occupationof a tetrahedralsite.Bothsitesareseparatedby asaddlepoint (bridgesite)
with a bindingenergy of -3.15eV. Theenergy differencebetweentheoctahedraland
bridgesitegivesadiffusionbarriervalueof 0.43eV.

WhentheLi atomdiffuseswithin thevanderWaalsgap(octahedralò bridge ò
tetrahedral),theinterlayerdistanceateachsiteincreases(relative to thepureTiSe2) by
about0.2%, 4.5% and6.1%, respectively, seeTable4.9.At theoctahedralsitetheLi
staysat themiddleof thevanderWaalsgap(about3.1aB distanceto eachlayers).At
thebridgesite theLi relaxescloserto the lower layer(3.6 aB and2.8 aB to theupper
andlower layers,respectively). At thetetrahedralsite,which lies immediatelybelow
a chalcogenatom,theLi staysat a distanceof 4.4 aB and2.1 aB from the upperand
lower layers,respectively. At theothertetrahedralsite,thedistancesarethesamebut
in theoppositeorder.

Li

Ti(5)*

Ti(2)

d(layer2)

d(layer1)

d(gap)

Se(6)
Ti(5)

Se(4)* Se(4)

Se(3)

Se(1)

Ti(2)*
Se(3)*

Figure4.18:Geometricstructureof LixTiSe2, with x = 0.06.Numberof atomicplane
in parenthesisis given for eachspecies.Theasterisksdenoteatomsthat form bonds
with Li.

For comparison,I determinedalsothediffusionbarrierfor Li in thevanderWaals
gapbut with a bulk calculation,i.e., usinga (1 ó 1) TiSe2 unit cell with aLiTiSe2=6.61
aB, and cLiTiSe2=11.90aB as lattice constants.The total energy was calculated for
differentconfigurations,wheretheLi atomwasfixedat equidistantpointsof theunit
cell, andwasallowed to relaxonly in the z-direction. Thegrid spacingwas1ô 4 the
distancebetweentetrahedralandoctahedralsites.TheFigure(4.17)shows theenergy
surfaceobtained.
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The diffusion path is similar to that obtainedwith the supercellmodel, but the
activationbarrierincreasesto 0.6eV.

To studythe dependenceof varying concentration x for Lix, six cases(x = 0.06,
0.11,0.25,0.33,0.5,1.0)havebeeninvestigated.Thelithium intercalation complexes
of TiSe2 (usuallywritten asLixTiSe2) retainthe basicstructureof theoriginal TiSe2
lattice. As x increasesthe Li atomsoccupy theoctahedralsitesin the vanderWaals
region [52].
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Figure4.19: Adsorptionenergy per Li atomversusx Li in the octahedral(van der
Waals)sites.

With increasingx, I foundthat theenergy increaseslinearly from -3.91eV (at x =
0.06) to a maximumof -3.48eV (at x = 0.25), thendecreasesto reacha local mini-
mumof -3.58eV (at x = 0.33),andthenincreasesagainto reacha valueof -3.36eV
(at x = 1.0),seeFigure (4.19) and Table4.10. Even at low concentrationof Li, an
electrostaticrepulsionof the ions is obtained.Hibma[89] showed that the repulsion
betweenintercalated alkali is significantonly within one lattice constant.From the
increasingtrendof the energy, the formationof Li islandor clusterswith x ú 0.5 is
excluded.For LixTiS2 anordered( û 3 óüû 3) superstructurewasobserved[89], which
accordingto thepresentcalculations,shouldbetheenergetically moststablestructure.
In UHV intercalation only limited concentrationsof alkali intercalated have beenre-
ported[13, 90, 91,92,93,94]. Thishasbeenattributedto theexistenceof a diffusion
barrierfor thealkali ions[94].



66 Chapter4 AdsorptionandDiffusiononTMDCsSurfaces

0 0.25 0.5 0.75 1

x in LixTiSe2

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

∆Φ
 (

eV
)

Figure4.20:Work functionchangefor Li in TiSe2 versusx Li. Lithium atomsoccupy
thevanderWaalsoctahedralsites.
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LixTiSe2
Coverage d(layer1) d(layer2) d(gap) dzSe(3*,4*)

0 ý 06 6.07 6.06 5.79 5.92
0 ý 11 5.72 5.75 5.96 6.03
0 ý 25 5.70 5.67 6.09 6.10
0 ý 33 octahedral 5.65 5.67 6.21 6.21

bridge 5.69 5.70 6.19 6.48
tetrahedral 5.68 5.65 6.36 6.58

0 ý 50 5.67 5.70 6.30 6.30
1 ý 00 5.72 5.75 6.50 6.50

dzLiSe(3*) dzLiSe(4*) dLiSe(3*) dLiSe(4*)
0 ý 06 2.96 2.96 4.85 4.85
0 ý 11 3.02 3.02 4.89 4.89
0 ý 25 3.04 3.06 4.89 4.91
0 ý 33 octahedral 3.12 3.08 4.94 4.92

bridge 3.63 2.85 4.18 4.43
tetrahedral 4.42 2.16 4.42 4.49

0 ý 50 3.13 3.15 4.94 4.95
1 ý 00 3.20 3.30 4.98 4.98

∆dzSe(3,3*) ∆dzSe(4,4*) ∆dzTi(2,2*) ∆dzTi(5,5*)
0 ý 06 0.06 -0.06 0.08 -0.08
0 ý 11 0.04 -0.03 0.08 -0.07
0 ý 25 0.01 -0.01 0.01 -0.01
0 ý 33 octahedral 0.00 0.00 0.00 -0.00

bridge 0.22 0.07 -0.02 0.15
tetrahedral 0.22 0.00 0.00 0.00

0 ý 50 0.01 -0.01 0.02 -0.02

Table4.9: Structuralparameters(in aB) for LixTiSe2, with 0.06 þ x þ 1.0,Li in theoc-
tahedralsites(for x = 0.33,alsoin bridgeandtetrahedralsitesaregiven). (upperblock)
Width lengthsof TiSe2 layersandvanderWaalsgap;(middle)distancein z-direction
from Li to SeatomsandLi-Sebondlengths;(lowerblock)bucklingin z betweenatoms
in the sameplane. The atomsare indicatedby Se, Ti, andLi (with corresponding
atomicplanein parenthesis),theasterisksindicateatomsthat form bondingswith Li.
SeeFigure(4.18).
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LixTiSe2
x Eads (eV) ∆Φ (eV) µ (Debye)

0 ý 06 -3.91 -0.4 -0.38
0 ý 11 -3.81 -0.4 -0.35
0 ý 25 -3.48 -0.5 -0.18
0 ý 33 -3.58 -0.5 -0.18
0 ý 50 -3.38 -0.6 -0.10
1 ý 00 -3.35 -0.6 -0.05

Table4.10:vanderWaalsgap:adsorptionenergy, changein work function,anddipole
momentasa functionof x .
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Figure4.21:Contourplot of theelectrondifferencedensityfor Li attheoctahedralsite
localizedin thevanderWaalsgap. DiamondsdenoteSe-andsquaresTi-atoms.The
positionof Li atomis indicatedby thearrow. contourunitsare10ÿ 3 aB ÿ 3.
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The intercalationof Li in TMDC’s hasbeenconsideredto be topotactic,i.e., the
hoststructureundergoesno distortionby insertionof the alkali [2]. Appart from a
slightexpansionof thec-axis,nochangewithin theslabsis expected.In orderto study
the effectsof alkali intercalation on TMDC’s, many bandstructurecalculationshave
beencarriedout in the past[49, 95, 96]. In thesecalculations, experimentallattice
constantshave beenchosento describethe intercalatedcompounds,andno structure
optimizationhasbeendone.Thez internalstructureparameter, which determinesthe
distancesbetweenatomicplaneshasbeenfixedto thevalueof thepurebulk structure.
Thus, thereis a lack of informationaboutthe geometricstructurechangesof alkali
intercalated TMDC’s in thenear-surfaceregion.

As describedbefore, in the presentstudy a structureoptimizationfor LixTiSe2
(0.06 þ x þ 1.00)hasbeendone,with thefollowing results.In Figure(4.18)thege-
ometricstructureof LixTiSe2, with x = 0.06 is displayed,wherethe atomsand the
distancesbetweenlayersarelabelledin orderto facilitatetheir description.Addition-
ally, in Table4.9 aresummarizedthestructuralparameterchangesof LixTiSe2 , with
0.06 þ x þ 1.0. As expectedthe greatestchangeproducedby intercalation is theex-
pansionof thec-lattice,with respectto thepurestructure.Theslabs’thicknessis not
significantlyalteredwith the insertionof Lix (for any x), in agreementwith [97], but
thevanderWaalsgapwidth is changedrelative to thecleansurfaceby 2, -2, -1, 0, 2,
and5 % for x= 0.06,0.11,0.25,0.33,0.5,1.0, respectively. As it canbenoted,for a
very low amountof alkali (x=0.06),thegapopenslocally by 0.16aB, with respectto
thecleanstructure.With increasingintercalation (0.11 þ x þ 0.25)thegapcontracted
by about0.08aB, andfor x= 0.33,0.5,and1.00it expandsby 0.01,0.08and0.33aB,
respectively.

The Seatomsthat form bondingswith Li atomsandthe Ti atomsthat lie above
andbelow theseintercalated atoms,shift slightly away from themin z-direction,with
respectto the atomsin the sameplane,see∆dzSe(3,3*),∆dzSe(4,4*),∆dzTi(5,5*),
and∆dzTi(2,2*) in Table4.9. Theselocaldistortionsobtainedaroundtheintercalated
alkali areisolatedat low x, but overlapfor x ú 0.25to give flat hostlayers.Fischeret
al. [98] obtainedthat thedistortionoverlapfor TiS2 dueto Li intercalationoccursat
a lower valueof x (x=0.5) thanin graphite(x=0.7), thusshowing thatTiS2 layersare
stiffer thangraphite.

TheSe-Ti bondsformedby theatomssurroundingtheLi intercalated atoms,Ti(2)-
Se(3)andSe(3)-Ti(4), areslightlyelongatedby about0.06aB, whereasSe(1)-Ti(2) and
Ti(4)-Se(5)arecontractedby about0.04aB.

In Figure(4.20) (left picture) the changein work function versusx is shown. I
obtainedthat the work function decreasessmoothlyandno minima areobserved, in
agreementwith many experimentalresults[13, 76, 99,100, 101].

In Figure(4.21)the differenceof densitycharge n∆ � r � plot shows a symmetrical
distribution of the charge densityin both layersseparatedby the van derWaalsgap,
wherethe Li atomis placed. Thereis an accumulationof charge betweenSeatoms
and Li. But the maximumcharge density is locatedin the positionsof the Ti or-
bitals.Chargetransferto thechalcogenwasalsofoundby Umrigar, et al. [49] in their
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FLAPW calculationsonLiTiS2.

4.7 Conclusions

By meansof densityfunctionaltheory, I haveinvestigatedtheenergeticsof alkalimetal
diffusion on the TiSe2 (0001)surfaceandalongthe van der Waalsgap. A diffusion
mechanismis proposedthat involvesjumpsof theguestspeciesbetweennext-nearest
sites,in bothsurfaceandgap.

Many differencesarefoundbetweenadsorptionon thesurfaceandin thevander
Waalsgap.OntheTiSe2 (0001)surfacetherearetwo three-foldcoordinatedadorption
sites(hcp- and fcc-site), with the hcp slightly energetically preferredover the fcc.
This energy differencebecomessmallerwith increasingalkali atomic radius. Both
equilibriumsitesareconnectedby a transitionsite,which energy differencewith the
hcp’senergy determinesthediffusionbarriervalue.I foundthattheenergy barriersfor
alkali metaldiffusionrangefrom 0.26eV for Li to 0.01eV for Cs.

In the otherhand,in the van der Waalsgapexist threeequilibriumsitesper unit
cell, oneoctahedralandtwo tetrahedralsites,with a strongpreferencefor theoctahe-
dral site,which hasa bindingenergy 0.55eV deeperthanat the hcpon-surfacesite.
Themigrationof theLi atomscanbedescribedasa hoppingbetweenoctahedraland
tetrahedralsiteswith abarrierof 0.42eV.

With increasingamountof alkali metalthebindingenergieson thesurfaceandin
the van der Waalsgaphave similar behaviour but with a differenceof 0.33 to 0.80
eV, in favour of the intercalatedstructure(for all concentrations).Accordingto these
resultsthemoststablestructureis obtainedwhenLi occupiestheoctahedralsitein the
van der Waalsgap,with a concentrationof x=0.33,andthe formationof an orderedû 3 ó û 3 superstructure.

For both surfaceandvan der Waalsalkali adsorption,I found a charge transfer
from the alkali to the substrate.Thus,the charge transfertakesplacealreadyon the
surfaceandcannot bethedriving forcefor intercalation asit is oftenassumed[102].
Thechargeis locatedbetweenLi andSeatoms,aswell asin thed orbitalsof Ti.

ThecovalentTi-Sebondis weakenedby adsorptionandintercalation of Li, since
for bothcasesa smallelongationof theSe-Ti bondlengthis obtained.

WhenLix (0.06 þ x þ 1.0)is adsorbedonthesurfacethec latticeconstantdecreases
by about0.1-0.4aB, which yieldsa decreasein thevanderWaalsgaplength.On the
contrarywhenLi is placedin thevanderWaalsgap,thec latticeconstantis expanded
for largerconcentrations.

WhenLi atomsareadsorbedon thesurface,thechangesof thework functioncan
bewell describedby theLangmuir-Gurney model;at low coveragesΦ decreasesuntil
it reachesa minimum aroundΘ=0.5 ML, andthen increasesapproachingthe value
of thebulk alkali metal. On intercalating substrates,thework functionhasa smooth
decreaseandnominimaareobserved.



Chapter 5

Alkali Metal Inter calation of TMDCs

5.1 Intr oduction

The first structuralstudiesof alkali intercalatedTMDCs have beencarriedout on
samplesintercalated e.g. by direct synthesis[103], by inmersionof crystalsin a
solution of the metal (alkali metal in liquid ammonia,butyllithium, sodiumnaph-
thalide)[104, 105, 106], andby electrochemical process(with thehostactingascath-
ode,analkali metalsalt in a non-aqueoussolvent aselectrolyte,andthealkali metal
actingasanode).In thesemethodsthe small sizeof the powder specimensused,al-
lows thehomogeneousintercalationof theguestmaterial,but limits acompleteunder-
standingof theintercalation mechanism.It hasbeenobserved thatwhencleaved, the
resultingalkali intercalated TMDCssurfacesarenot appropiatefor surfacestudies.

Recently, thepossibilityto form high-qualitysurfacesof intercalatedmaterialsby
depositionof alkali or noblemetalsontoTMDCssurfaceshasbeendemonstrated[13,
14, 15, 16]. In this methodtheintercalantis depositedin situ on theTMDCs surface
underUHV conditions,from whereit ”spontaneously”intercalates, afteraninitial ad-
sorptionstage.This intercalationmethodhasshown to be advantageousagainstthe
above mentioned,sinceit givesthe possibility to studythe samplesin every stepof
the reactionby meansof surfacesciencetechniques.For example,the evolution of
TMDCs electronicstructureduring the intercalation processcanbe directly investi-
gatedby angle-resolvedphotoemissionspectroscopy.

In the literatureexists a large list of reportsverifying in situ alkali intercalation
on TMDCs. For instance,basedon core-level spectroscopy Brauer[19] have demon-
stratedthat whenNa, K andCs aredepositedon TiS2, they all intercalated into the
vander Waalsgaps. In contrastto this, recentstudiesemploying scanningtunneling
microscopy combinedwith angle-resolved photoemissionspectroscopy have revealed
theformationof networksof metallicnanowires on the(0001)TMDCs surface,after
Rbdeposition[17, 18].

Thesestudieshave providedmuchnew informationabouttheinteractionbetween
alkali metalandTMDCs,but at thesametime they have givenriseto many questions
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regardingthe in situ intercalation process,andtheinducedstructuralchanges.In par-
ticular, it is importantto know which factorsenhanceor inhibit intercalation. On this
point, it hasbeenarguedthatsurfacedefectsplayanimportantrole for alkali diffusion
towardstheinteriorof thecrystal[107].

In thepreviousChapter, theenergetically favorableon-surfaceadsorptionsitesas
well astheintercalation siteswerefully described.It hasbeendemostratedthattheLi
atomsaremorestableintercalated ratherthanadsorbed.After this resultthequestion
thatnaturallyarisesishow thealkali atomdiffusesfromthefree-defectsurfacetowards
the vanderWaalsgap. In the presentChaptertheattentionis focusedon simulating
structuraland energy changesduring the processof lithium diffusion within TiSe2
interlayerspacing,in orderto get insight into themostfavouredmobility pathsof the
alkali atom,andto estimatethecorrespondingactivation energies.

5.2 Model and Computational Details

Total energy calculations within the ab-initio pseudopotentialplane-wave formalism
hadproved to be a reliabletool for describingthe diffusion trajectoryof alkali ions
throughcrystallinestructures[108]. Therefore,this methodwasappliedto determine
Li’ senergetically favorablepathof intercalationwithin TiSe2 atomicplanes.Thetotal
energiesof severalconfigurationswerecomputed,whereLi positionwasvariedin the
spacebetweentheTiSe2 (0001)surfaceandthevanderWaalsgap.

Sincethispathwill connecttheequilibriumsitesof boththesurfaceandthevander
Waalsgap,thesupercellusedto determinethem(seeSec.(4.2)),wasalsoemployedin
thepresentcalculations,i.e.,a û 3 ó û 3 surfaceunit cell composedby threelayersof
TiSe2, with a total numberof 9 titaniumand18 seleniumatomsanda vacuumregion
of 8.3Å.

Thetotal energy wascalculatedfor a non-uniformmeshof points. In z-direction
the distancebetweenthe Li on-topadsorptionsurfacesiteandthe middleof the van
derWaalsgapwasdivided into 12 planes.On eachplanethemoststablepositionof
theLi atomwasdeterminedby keepingoneof its coordinatesfixed(in thezaxis),and
allowing theothertwo (x andy) to relax. TheTi atoms’z coordinatewerekeptfixed
in orderto maintainthe Li atombetweenthe atomic-planes,otherwisethe structure
would becompletelyshiftedin z-directionto have theLi atomplacedon thesurface.
For every Li position,theSeatomsin thefirst two sandwicheswereallowed to relax
without constraints.Becauseof thecrystalsymmetry, it wasonly necessaryto calcu-
latethetotalenergy for configurationswith Li positionedin theirreduciblepartof the
supercell,i.e. in the triangleformedby the projectionsof two Seatoms(in the first
andthird atomic-plane)andoneTi atom(in the secondplane). This canbe seenin
Figure(5.1)wheretheirreduciblepartof thefirst layerof thesupercellis shown.

Thepointswith minimumenergy oneachplanewereconsideredto form theinter-
calationpath.Tocheckthecontinuityof thispaththetotalenergy of someintermediate
pointswasalsocomputed.Thepathwith the lowestdiffusion barrierwaschosento
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Figure5.1: Irreduciblepart of the first layer of TiSe2 (0001)surfacelimited by the
triangularprism, wherethe total energy calculations werecarriedout to find the en-
ergeticallyfavorableintercalation path.ThegrayspheresdescribeLi-atom’s pathway
throughtheatomiclayers.

betheoptimumone,andthediffusionbarrier, Ed, wascalculatedasEd � Esad � Emin

whereEsad andEmin arethetotalenergiesof thesystemwith theadatomat thesaddle
pointandat theequilibriumadsorptionsite,respectively.

5.3 Resultsand Discussion

5.3.1 Ab -surfaceintercalation pathway

Thealkali metalintercalation pathI amsearchingfor, hasto begin on the(0001)free-
defectsurface,continuethroughtheatomic-planes,andendin thevanderWaalsgap
of TiSe2. From all investigatedpathsthe one shown schematicallyin Figure (5.1)
representsthe pathwith the lowestenergy barrier. The gray spheresdenotedthe Li
positionson eachatomic-plane.This path(brocken red line) startsat a point located
in thefirst Seatomic-planedirectly below thefcc surfacesite,andcontinuesentirely
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within the singleplaneperpendicularto the layerscontainingthe startingpoint, two
Seatoms,andoneTi atom.

Thetotal energy contour-plot andsurfacefor Li atomdisplacementarepresented
in Figures(5.2)and(5.3) respectively. Theenergy zeroof thesegraphicscorresponds
to theenergy of thehcpadsorptionsurfacesite(-3.58eV). In bothgraphicstheatomic
positionsof the cleansubstrateareindicatedby the elementsymbols. The y-axis is
parallelto the � 1120� vectorandz-axisnormalto the(0001)surface.
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Figure5.2: Contourplot of total energy in intercalation planecomprisingSeatomof
thefirst, Ti of thesecond,andSeof the third atomic-plane.They-axis is parallelto
the � 1120� vectorandz-axisnormalto the (0001)surface. Energy zerocorresponds
to the hcp surfaceadsorptionsite locatedat z � 9 ý 15 aB; centerof van der Waals
gapat z ��� 1 ý 7 aB; contour-line spacing0.38eV. The dashedred line indicatesthe
energetically favorableintercalationpath.

From the resultspresentedin the previous Chapter, thereare two possibleon-
surfacesitesfrom wherethealkali metalatomcanreachthefirst atomic-planeof the
substrate,namelythe hcpandfcc sites. Thehcpsitehasa higheradsorptionenergy
thanthe fcc site, yet the Li adatomis adsorbedcloserto the substrateatomic-planes
at thefcc, i.e., thedistancefrom theLi to thefirst Se-planeis 2.23,and2.48aB at the
fcc- andhcp-site,respectively.
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The reasonfor the larger Li adsorptiondistanceat the hcp site is its proximity
with the Ti atom,which is locatedbelow this site in the secondatomic-plane.The
stongelectrostatic repulsionbetweenLi andTi atomsis betterscreenedat thefcc site,
allowing theLi atomsto comecloserto thesurface.

Fromany of thesetwo adsorptionsitesit is evidentthattheLi atomexperiencesan
energy barrierasit approchestheSeplane,increasingstrongerfrom thehcpsite.Thus,
thepathwill begin at thefcc-siteandrunvertically towardsbulk, alwaysaccompanied
by an increasein the total energy of the system. As it canbe seenin Figure(5.2),
the energy hasalreadyincreasedby 1.15 eV, when the Li was just localizedin the
first atomic-plane. When the alkali atom is 0.3 aB above the secondatomic-plane
(Ti), its closenesswith theSeatomin thethird atomic-plane3.4aB, andthedistortion
of the latticedueto the large displacementin z-axisof this Seatom(0.8 aB towards
bulk), forcedit to changedirectiontowardsan unnocuppiedsite, e.g., to the on-top
siteprojectionin the third atomic-plane(Li in the third positionof Figure(5.1)). To
achieve it theLi atomhasto crossbetweentwo Ti atoms,forcingthemto increasetheir
distanceto a maximumvalue.Consequentlythetotal energy of thesystemreachesits
maximumvalueof 3.81eV.
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Figure5.3: Intercalationenergy surfacewith respectto thepositionof theintercalantin
theintercalation plane;intercalation pathdenotedby solid line. They-axisis parallel
to the � 1120� vectorandz-axisnormalto the(0001)surface.Energy zerocorresponds
to thehcpsurfaceadsorptionsite locatedat z � 9 ý 15 aB; centerof vanderWaalsgap
at z ��� 1 ý 7 aB.

OncetheLi hasmovedfrom thissaddlepoint,theenergy beginsto decreaseasthe
Li movestowardsthetetrahedralsitein thevanderWaalsgapwith anenergy of -0.19
eV, alreadywell below its minimumenergy whenadsorbedat thesurface.Fromthis
positionLi movesto the octahedralsitecloseto the middle planeof the gap,which
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exhibits its lowestenergy of -0.55eV. This laststepexperiencesaslightenergy barrier
of 0.06eV. Thereversemoving (octahedral� bridge � tetrahedral)would thusmeet
abarrierof 0.42eV showing thestabilityof theoctahedralintercalation sitein thevan
derWaalsgap.

In the literaturemainly direct intercalationandintercalationvia defectsarecon-
sidered.Especially, Li generallywasthoughtto bea candidatefor directintercalation
becauseof its small size. Our calculationsshow thateven this materialhasa far too
highenergy barrierfor directintercalation beingpossible.

5.3.2 Geometricalchanges

To get insight into the substrategeometricalchangesinducedby the presenceof the
alkali, additionalcalculationsweredone.Fourpointsin thepathway werechosen,see
Figure(5.1).

The first threepointsaresituatedin the sameplaneof the atomsconstituingthe
substrate,andthe fourth of themat the van der Waalsgapequilibriumsite. At each
plane,the relaxationof the atomsforming it have beenconstrainedto thex-y plane,
in orderto estimatetheexpansionof thea-latticeconstantdueto the insertionof the
alkali atom.
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Figure5.4: Top andsideview of thegeometricalchangesinducedby theinsertionof
Li. TheLi is positionedin the first atomic-plane,in theprojectionof theon-surface
fcc adsorptionsite.Unitsarein aB.
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As it canbe seenin Figure(5.4), when the Li atom is in the first atomic-plane
(Se),below thefcc on-surfaceadsorptionsite,theSe-atomsmove radiallyaway from
theLi atomby about0.30aB from their original position,increasingtheir separation
from 6.60 aB to 7.03, 7.03, and 7.17 aB. The Li-Se bondshave a length of 4.09,
4.07,and4.11aB. TheSeatomsin thethird planeareslightly takenaway from their
equilibrium position. Only one of them is shifted 0.26 aB vertically in the surface
direction,changingthedistancebetweentheSeatomsby 6.64,6.58,and6.58aB. The
distancebetweenTi atomsis changedto 6.65,6.55,and6.60aB.

In the next point, seeFigure(5.5), when the Li atom is in the Ti atomic-plane,
a notoriouslylarge displacementof 0.98aB for two of the Ti atoms,away from the
Li, is obtained.The strongrepulsionbetweenTi andLi atomsforcedthemto keep
a minimumdistanceof 4.28aB, leadingto anexpansionin theTi-Ti separationfrom
6.60 aB to 8.57, 7.21, 7.21aB. This position is found to be the saddlepoint of the
surfaceenergy, with avalueof 3.81eV.

Due to the symmetryof the slab, the geometricalchangeswith Li in the third
atomic-planearesimilar to theoneswith Li in thefirst atomic-plane.

5.4 Conclusions

I havedeterminedtheenergetically minimalpathof intercalation for Li, with theresult
of an activation barrier of 3.81 eV, which excludesthis type of intercalation. The
analysisdoneto determinethispathrevealedthatthestrongrepulsionbetweenTi- and
theLi- atoms,andtheconsequentlatticedeformation,give rise to thehigh diffusion
barrierencountered.

To resume,theintercalation pathway foundis constitutedof thefollowing steps:

1. Li attainsthefirst Seatomic-planevia thefcc surfacesitewith acostof 1.15eV.

2. It movesto a bridgepositionbetweentwo Ti ions at the secondatomic-plane
with acostof 3.81eV.

3. It goesto thethird atomic-plane,to theprojectionof theon-topadsorptionsite,
i.e.,below theSeatomof thefirst atomic-plane,andreachthetetrahedralsitein
thevanderWaalsgapwith anenergy gainof 0.19eV.

4. It finishesintercalation via a bridgepositionsymmetricto thatat thesurfaceby
reachingtheoctahedralholemadeof six SeionssurroundingthevanderWaals
gapwith anenergy gainof 0.55eV.

Heretheenergiesaregivenwith respectto thehcp’s siteadsorptionenergy.
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Figure5.5: Top andsideview of thegeometricalchangesinducedby theinsertionof
Li. (upper)Li atomis positionedin thesecond-,and(lower) third- atomic-plane.Units
arein aB.



Chapter 6

Adsorption and Diffusion of Alkali
metal on TMDCs Steps

6.1 Intr oduction

The detailsof alkali intercalationinto transitionmetaldichalcogenides representan
unsolved problemto date. Accordingto the resultsdescribedin the former Chapter,
alkali intercalation is difficult for atomsstartingfrom acleanTiSe2 (0001)surfaceinto
the van der Waalsgap. However, it seemsto be possiblefrom a stepedgeor into a
surfacefissurein orderto explain theeasyintercalation foundin theliquid phaseand
in variousgrowth techniques.Especially, from stereochemistrytheintercalation of the
heavier alkali atomslooksratherimprobableat adefectfreesurface.Therecentlyob-
servedintercalation via wire-like fissuresin thesurface[18] shows apossiblepathfor
thisprocess.TheSTM experiments[109] favor mainly thetwo stepshereconsidered.

Employing total-energy density-functional theorycalculations the adsorptionen-
ergies,thediffusionpathwaysandbarriersfor a Li adatomon steppedTiSe2 surfaces
with full relaxationof theatomicenvironmentwerestudied.

Theminimumpathfor Li diffusionon TiSe2 (0001)surfaceandacrossthe � 1010�
and � 1211� stepshave beencalculated.To approachthe � 1211� stepedgeanEhrlich-
Schwoebelbarrierof 0.31eV wasobtained,whichis additionalto thediffusionbarrier
of 0.25eV ontheflat surface.Theenergiesfor subsequentdiffusionwithin thevander
Waalsgaphave beencalculated,too.

In Figure(6.1) the � 1010� and � 1211� steporientationsareshown.

6.2 TiSe2 (0001)surfacewith a 	 1010 
 step

6.2.1 Simulation of a � 1010� TiSe2 oriented step

In thepresentcalculationsthelocaldensityapproximationfor theexchange-correlation
functionalandseparableab initio pseudopotentials areused.Theadsorptionanddif-
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Figure6.1: (top) View of
TiSe2 (0001)surfacewith
the � 1010� and � 1210� di-
rectionsindicated. (left)
The � 1010� and � 1211�
step orientations. Red
and blue spheresrepre-
sentSe and Ti atomsre-
spectively.

fusion of an isolatedadatomon an infinite crystal is modeledby using a slab in a
supercell,formedby two layersof TiSe2, with at least17aB of vacuumspacing,where
theadatomis adsorbedon onesideonly.. Eachlayerof TiSe2 is composedof 12 Ti-
and24 Se-atoms,i.e. of 12 TiSe2 unit cells (Se-Ti-Se). Whencomparingit with the
energy of a layerwith 14 TiSe2 unit cells,thedifferenceperunit cell wasof 0.01eV.
To modelthe � 1010� TiSe2 steponethird of the atomsin the first layer is removed,
leaving a totalof 20 Ti and40 Seatomsaltogether. In Figure(6.2) theschematicrep-
resentationof thesupercellusedto simulatethisstepis shown. Theunit cell, enclosed
by thesolidsquare,is repeatedperiodicallyin x, y, andz directions.As it canbeseen
in Figure(6.2) theatomsforming thestepareseparatedfrom thenext cell by 19.8aB,
thus,aLi adatomatthisstepcanbeconsideredisolated.Also, from thecalculationsof
Li diffusionpresentedin Sec.( 6.2.3),thenumberof atomsin thefirst layeris enough
to simulatetheTiSe2 (0001)surface.Thelatticeconstantsusedarethetheoreticalval-
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uesobtainedfor bulk TiSe2 fully intercalated with Li, a � 6 ý 61 aB andc � 11ý 90 aB,
(seeTable3.2).Theelectroneigenfunctionsareexpandedin aplane-wave basisusing
acutoff of 40Ry with two specialk pointsin thesurfaceBrillouin zone[81].

In orderto studythestructuralchangesof thestepped(0 0 0 1) surfaceageometry
optimizationwascarriedout. Theatomicpositionsof all atomsin thefirst layerand
thefirst atomicplane(Seatoms)of thesecondlayerwereallowedto relax.While the
resttwo atomicplanes(Ti andSeatoms)of thesecondlayerwerefixed in their bulk
positons.

For studyingthe adsorptionanddiffusionof Li at this systemthe total energy of
theLi placedon thesymmetricalpointsof the � 0001� surfacewascalculated,aswell
ason theedgeof the � 1010� stepandacrossit, with relaxationof theenviroment.The
heightof thestepin this materialis about9 bohr, which is thethicknessof onelayer
of TiSe2 togetherwith thevanderWaalsgap.Whencalculatingtheadsorptionenergy
of Li oneachsymetricalpoint (hcpandfcc sites),first thezcoordinatewasoptimized,
while thex andy coordinatesof theadatomwerekeptfixed.Oncethiswasdone,thex
andy adatomcoordinateswerealsoallowedto relaxed,to obtaintheabsoluteposition
of theadsorptionsites,andfinally thebarriersitesbetweenthemwerefound.

6.2.2 Relaxationof the TiSe2 (0001)surfacewith a � 1010� step

Whenthegeometryof theTiSe2 (0001)surfacewith a � 1010 � stepwasoptimized,it
wasobtainedthatonly thepositionof theatoms(in thefirst layer)locatednearthestep
edgechangedwith respectto thegeometryof theTiSe2 (0001)surface.In Figure(6.2)
theseatomsareenclosedin a dashedsquare,which is enlarged in Figure(6.3). The
changesin the position of the atoms,with respectto the TiSe2 (0001) flat surface
(calculatedwith a 2  2 surfaceunit cell), are resumedin Table6.1. The selenium
atoms(1 and 2), are moved closerin the z direction, reducingtheir distancefrom
6.88aB to 6.58aB, while the Ti (1) is displacedtowardsTi (3) changingtheir bond
lengthfrom 6.61aB (the lattice constantvalue)to 5.86aB. Accordingto the results
of Table 6.1 only the Se (1,2,5,6)and Ti (1,2) atomschangedtheir positionsas a
consequenceof themissingneighboringbondsoriginatedfrom thestepformation.

6.2.3 Li diffusion acrossand alongTiSe2 � 1010� step

From all possibleLi adatomdiffusion pathways that werefound, the oneillustrated
in Figure(6.4),representstheenergetically minimal diffusionpath.Top views of this
diffusionpathat the � 0001� surfaceandacrossthe � 1010� step(toppicture)andalong
the van der Waalsgap (lower picture)are presentedin Figure (6.5). The points in
the surfaceandin the van der Waalsgaparelabeledby si andgi , respectively. The
diffusion pathstartsat the point s0, which is an f cc adsorptionsite in the surface.
From this point the adatomhopsto a bridgesite s1 situatedbetweentwo atopsites
(aboveSepositionedin thefirst layer),to continueto thehcp sites2. Theenergy value
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Figure 6.2: Supercellusedto model the (0001) TiSe2 surfacewith a � 1010� step.
Thesolid squareenclosethe unit cell, which is repeatedperiodicallyin thex, y, and
z directions. The dashedsquareindicatesthe part of the unit cell wherethe most
significantstructuralchangestake place.

atthelatterpositionis takenasthezeroenergy reference,seeFigure(6.6)(toppicture).

Theadatomcontinueshoppingto anotherbridgesites3 from whereit reachess4,
an f cc site locatedin theedgeof thestep.In theabsenceof a steptheadatomwould
continuediffusingalongthe(0001)surfacein completeagreementwith thediffusion
pathpreviously studied(see,Secc.4.4), ( f cc � bridge � hcp � bridge � f cc ...).
Moreover, thevaluesfor thediffusionbarrierson the(0001)surfacethatwerefound
in the presentstudy, [0 ý 23 and0 ý 25 eV, seeFigure(6.6) (top)], alsoagreedwith the
resultspresentedin Chapter4. Whenthe Li adatomreachesthe edgeof the steps4,
this f cc site is no longera minimal energy adsorptionpoint, thereforetheLi adatom
continuesdescendingto s5, seeFigure(6.6)(bottom),whereit findsanadsorptionsite
0.10eV deeperthanan f cc siteon thesurface.To move forwardfrom thisadsorption
site the adatomhasto overcomea barrierof 0.14 eV (encounteredin s6), which is
0.10eV lower thanthediffusionbarrierin theflat (0001)surface.Fromthispoint the
adatommoveswithout furtherenergy barrieracrossthestepgettingto g5 site,which
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is locatedin thevanderWaalsgapbelow Se1, (seeFigure(6.4)bottom).TheSe2 from
Figure(6.4)wasremovedto facilitatethesightof thecompletediffusionpathway, in
particularof theg5 site. OncetheLi adatomattainsthevanderWaalsgap,it diffuses
along the gapwithout energy barrier to reachg3, an octahedralsite surroundedby
six seleniums,threefrom eachupperandlower sandwich.This octahedralsite is the
mostenergetically stablesitein thevanderWaalsgap,with anenergy of -0.57eV with
respectto thehcpsitein thesurface.In orderto keepdiffusingalongthevanderWaals
gap,theLi adatommovesto g0, whichis atetrahedrally coordinatedintersandwichsite
lying inmediatelybelow a chalcogenatom,over g1. The lattersite is 0.54eV higher
in energy thantheoctahedralsite,andconstitutesthediffusionbarrierin thevander
Waalsgap. Theadatomcoulddiffusein the oppositedirection,from g3 to g6 with a
significantlylower diffusionbarrierof just0.24eV, andthenwithoutbarrierto g7, but
to getaway from thissite,it hasto overcomeabarrierof about0.70eV.

A sequenceof picturesshowing theatomicpositionsof Li adatomalongits diffu-
sionpathandthesubsequentsubstratestructuralchangesaredisplayedin Figure(6.7).
The costof displacinga Li adatomfrom the hcp three-foldhollow (s2) to a bridge
(s3) site is that of replacingthreeLi-Se bonds(4.43,4.49,and4.51aB) by two (4.3
and4.68 aB). On the flat surfacethe s4 site would be a f cc three-foldhollow site,

[1210]

90o

[1010]

3

2

1

3

4

6

579

810

4

[0001]

y

z
x1

2

Figure6.3: Enlargedpictureof theunit cell’s sectionindicatedin Figure(6.2),where
structuralchangesoccurdueto thepresenceof a � 1010� step.Theredandbluespheres
representSeandTi atoms,respectively. Someatomsarenumberedto facilitate the
descriptionof their relaxations,(seeTable6.1).
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Atom ∆ x ∆ y ∆ z
Se
1 0.28 0.28 -0.52
2 -0.26 0.22 0.25
3 0.00 -0.02 -0.02
4 - - -
5 0.10 -0.08 -0.07
6 -0.08 -0.14 -0.07
7 0.01 -0.01 -0.01
8 -0.01 0.00 0.00
9 0.00 0.00 0.00
10 0.00 0.00 0.00
Ti
1 0.01 -0.75 -0.06
2 0.01 0.24 -0.06
3 0.01 0.07 0.02
4 0.00 0.01 0.01

Table6.1: Atomic displacementswith respectto theTiSe2 (0001)surfacepositions(in
aB). TheSeandTi indicesarereferredto Figure(6.3).Thefirst layerandthefirst (Se)
atomicplaneof thesecondlayerwereallowedto relax.

wheretheLi would bebondedto threeSeatoms.Dueto thepresenceof thestep,the
adatomhasto migratedeeper(to s5) in orderto form threeLi-Se bonds(5.07,4.85,
and4.44aB). Thes6 point is a barriersiteat theedgeof thestep.Heretheenergy of
thesystemincreases,but theamountis by 0.1eV lower thanfor a comparablebarrier
siteon theflat surface.At this site(s6) theLi adatomstills forming threeLi-Sebonds
(4.56,4.21,and5.07aB), onemorethanatanequivalentsiteon theflat surface.From
this point moving deeperin c direction the Li adatombondswith two Se,until the
s9 site, whereagainthreeLi-Se (4.58,4.96,and5.2 aB) areformed. Finally, the Li
adatomintercalates into thevanderWaalsgapandreachessiteg3, whereit formssix
Li-Sebonds(4.77,4.78,4.79,4.89,4.89,and4.83aB).

Thediffusion alongthe stepbottom,i.e. in the � 1210� direction,wasalsocalcu-
lated.In thiscase,thetotalenergy of thesystemwascalculatedwith Li situatedat the
differentpointspresentedin Figure(6.8). The x andy coordinatesof the Li adatom
werekept fixed, while the z coordinatedwasallowed to relaxed. The substratewas
relaxedasdescribedbefore.TheLi adatomdiffusesbetweenbothTiSe2 layers(at the
vanderWaalsgap),below theatomsformingtheedgeof thestep.At thesite(1) above
theTi(2) theLi foundsanequilibriumsitewith anenergy of -0.53eV, andformsfive
Li-Sebonds(4.954.924.944.904.88aB). Thenit movesto thesite(3) (aboveSe(4)),
wheretheenergy is -0.48eV andformsfour Li-Se bonds(4.52,4.68,4.70,4.64aB).
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To reachthispoint theLi meetsa barrierof 0.15eV at themiddleof bothequilibrium
sites(2),wherethetheLi adatomformsthreebondswith Seatoms(4.604.474.59aB).
TheLi continueshoppingto thesite(5) overcomingabarrierof 0.23eV at(4). The(5)
sitehasanenergy of -0.45eV andformsthreeLi-Sebonds(4.36,4.59,4.52aB). From
this site it goesagainto anothersiteequivalentto (1), (not shown in Figure(6.8)but
labelledas(7) in Figure(6.9)),in thiscasethebarrierto overcomeis 0.24eV, foundat
site(6). At bothbarriersites(4) and(6) theLi adatomformsonly bondswith two Se
atoms,with have thefollowing lengths:4.39,4.37aB and4.36,4.37aB, respectively.
In Figure(6.9) areshown thecorrespondingenergiesof thepath. It canbeseenthat
to move from site(7), to (6), thebarrierenergy betweenthemis 0.32eV, i.e. 0.08eV
higherthanby thereversemoving. Fromtheseresultsit is clearthatthesiteswherethe
Li canform bondswith Seatomsareenergetically favoured.Thesite(5) is thesame
asg5 from thediffusionpathalongthevanderWaalsgap,(seeFigure(6.5)bottom).
At this site the Li adatomwould have thepossibility to diffusewithin thegapto the
mostenergetically favorablesitefound(octahedral),to diffuseonthelower terrace,or
to move to the moststablesite at the bottomof the step(1). In the first casethe Li
adatomdiffuseswith a gain0.12eV, in thesecondwith a costof 0.09eV, andin the
third alsowith acostof 0.24eV.
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Figure6.4: Schematicdisplayof TiSe2
� 1010� step.TheLi adatom’s positionsduring

its diffusionpathway arerepresentedby theblackspheres.Theadatom’s positionsat
the(0001)surfaceandTiSe2

� 1011� steparedenotedwith si andgi , respectively. The
positionof aSeatomin thethird atomicplaneis indicatedby thedashedcircle; it was
removedin orderto show point g5. Thediffusionpathway is denotedby thedarkblue
line. The light blueline denotesanalternative diffusionpathat theheightof vander
Waalgap.
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Figure6.5: Topview of thediffusionpath,(upper)acrossTiSe2
� 1010� stepand(bot-

tom)alongthevanderWaalsgap.Theseleniumandtitaniumatomsaredenotedby red
andbluespheres,respectively, whosesizesdecreaseaccordingto their distancefrom
the surface. The blacksspheresrepresentthe Li adatom’s positions. The seleniums
with indicesareat thesurface’s edge.SeeFigure(6.4).



6.2 TiSe2 (0001)surfacewith a � 1010� step 87

g
0

g
1
g

2
g

3
g

4
g

5
g

6
g

7
g

8
g

9
g

10
g

11
-0.8

-0.6

-0.4

-0.2

0.0

0.2

E
ne

rg
y 

(e
V

)

Surface
van der Waals gap

s
1

s
2

s
3 s

4

s
5

s
6

s
7s

8s
9

s
10

(5.2)

(5.8)

s
0

(5.3)

(5.4)
(4.5)

(2.6)

(1.9)

(-0.9)

(-4.0)

(-5.9)

(-5.2)

(-6.1)

(-5.7)

(-5.9)

(-6.1)

(-6.4)

g
0
g

1
g

2
g

3
g

4
g

5
g

6
g

7
g

8
g

9
g

10
g

11
-8.0

-6.0

-4.0

-2.0

0.0

2.0

4.0

6.0

8.0

D
is

ta
nc

e 
(a B

)

Surface
van der Waals

s
0

s
1 s

2 s
3 s

4

s
5 s

6

s
7s

8

s
9

s
10

(Se)

(Ti)

(Se)

(gap)

Figure6.6: (Top) Total energy for a Li diffusing on the (0001)surfaceand  1010!
TiSe2 step(blue line), and in the van der Waalsgap(black line). The zeroenergy
correspondsto thes2 site,which hastheminimumenergy in thesurface. Thepoints
on the surfaceand in the van der Waalsgap are labeledby si and gi , respectively.
(bottom) The valuesof Li height (in aB) with respectto the titanium atomic plane
positionin the first sandwich;they areenclosedin parenthesesin the figure on top.
Thepositionof theseleniumandtitaniumatomicplanesin thefirst sandwichof TiSe2
andof thevanderWaalsgaparemarkedat theright axisof thegraphic.



88 Chapter6 AdsorptionandDiffusiononTMDCsSteps

4.49 4.43

4.51

2s s34.684.30

s5
4.85

5.07 4.44

[1210]

[0001]

4.50

4.53

7s

4.36

4.52
4.59 g5

4.78
4.77

4.89
g3

4.83

4.79
4.88
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Li-Sebondlengthsaregivenin aB. Thesitesarereferredto Figure(6.4).
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Figure6.8: Topview of thediffusionpathalongthebottomof a  1010! step.Only the
lower TiSe2 layeris shown.
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of theLi atom(x-axis)arereferredto Figure(6.8).Theenergiesarerelative to thehcp
on-surfacesiteenergy.

6.3 TiSe2 (0001)surfacewith a $ 1211 % step

6.3.1 Simulation of a & 1211' TiSe2 oriented step

In order to assessthe activation energy that a Li adatomrequiresto diffuse across
and along a TiSe2 stepfacing a  1211! plane, total energy calculations have been
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performedwithin thesupercellapproximation.A (0001)TiSe2 surfacewith a  1211!
orientedstepwassimulatedby arepeatingslab,composedby two layersof TiSe2, and
a 17 aB vacuumregion. In the lateral ( 1010) directiontwo TiSe2 unit cells(Se-Ti-Se)
weretaken, while in the ( 1210) directionfour TiSe2 unit cells wereusedfor the top
layerandsix for thebottomlayer, giving a totalof 40 Seand20Ti atoms.Thelattice
constantsof theTiSe2 unit cell usedherearethesameasfor the  1010! step(a * 6 + 61
aB andc * 11+ 90 aB). Whencalculatingthediffusionenergy of Li adatomon thefirst
layer, theresultis comparablewith thediffusionon theflat (0001)surface.Therefore,
thesizeof thefirst layergivesaright descriptionof thissurface.Thedistancebetween
the atomsin the stepedgeandthe next cell in y-direction is of about15 aB, thusa
Li adatomat this stepedgecanbe consideredisolated,Becauseof the large sizeof
this supercellonly onespecialk point in the surfaceBrillouin zonewassufficient to
give energy differences,whichwerewithin 0.05eV of thoseobtainedby usingtwo or
four timesthe numberof k points. The 30 Ry planewave cutoff wastestedto give
adsorptionenergiesdifferencesto anumericalaccuracy betterthan0.05eV.

6.3.2 Relaxationof the TiSe2 (0001)surfacewith a & 1211' step

For the  1211! stepthefirst TiSe2 slabwasfull relaxedaswell asthefirst atomicplane
of thesecondlayer. Thetwo atomicplanesin thesecondlayerwerefixedat thebulk
positionsobtainedfor TiSe2 fully intercalated with Li. In Figure(6.10)a schematic
representationof the structureis shown. Here the numberedatomswere the ones
that presenteda displacement,with the exceptionof Se(4)atomthat waskept fixed.
Thenearestneighbors(in thex-direction)of thenumberedatomsmovedtogetherwith
theseones.

In this steponly theatomslocatedat theedge,Se(1,2)andTi(1), showeda large
deviation from the positionsobtainedfor the flat surface. Thevaluesof thesedevia-
tionsareresumedin Table6.2. TheSeatoms(1 and2) moved in z directiontoward
Ti(1) reducingthe thicknessof the first layer from 5.7 to 5.16 aB, while the Ti(1)
atomis displacedtowardthebulk andaway from thestepedge.Thedeviationsof the
Se(5,6)-andTi(2)-atomicpositionsfrom the flat surfacearesmall, which hasmade
possibleto useonly four unit-cell along the y-axis to representthe (0001) stepped
surface.

6.3.3 Li diffusion acrossand alonga & 1211' step

Amongmany possiblepathwaysfor Li surfacediffusion,Figure(6.11)showsthepath-
waywhichgivesthelowestpotentialbarrier. Thepointsthataresituatedonthesurface
arelabeledby si , while thoseat thevanderWaalgapby gi . In Figure(6.12)a topview
of this pathway is displayed,showing in the upperpicturethe diffusion positionson
the(0001)surfaceandon thedescendingstep.In the lower picturethreepathsat the
vanderWaalsgaparedepicted:oneindicatestheway within thevanderWaalsgap,
representingthe intercalationpath,the secondonethe diffusion away from the step,
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Figure6.10: Geometryof the (0001)surfacewith a  1211! step. The red andblue
spheresrepresentSeandTi atoms,respectively. Someatomsarenumberedto facilitate
thedescriptionof their relaxations,(seeTable6.2).

Atom ∆ x ∆ y ∆ z
Se
1 0.0 0.07 -0.50
2 0.0 0.23 0.27
3 0.0 0.0 0.04
4 - - -
5 0.0 0.03 0.04
6 0.0 -0.05 -0.04
Ti
1 0.0 -0.30 -0.68
2 0.0 -0.04 -0.06

Table6.2: Atomic displacementswith respectto theTiSe2 (0001)surfacepositions(in
aB). TheSeandTi indicesarereferredto Figure(6.10). Thefirst layerandthe first
(Se)atomicplaneof thesecondlayerwereallowedto relax.

andthethird onethepathalongtheedgeof thestep.In Figure(6.13)thetotalenergy
of thesystemalongthediffusionpathis shown, aswell astheheightof theLi adatom
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with respectto the Ti-plane(first layer). The adsorptionenergy at s0 is taken asthe
zeroenergy reference.

In thesecalculationsthe diffusion barrierof the Li adatomon the (0001)surface
is comparablewith thaton theflat surface.TheLi adatomstartsthediffusionpathat
s0, anhcp adsorptionsiteon the(0001)surface,overcomesabarrierof 0.25eV at the
brigde site (s1), andreachesan f cc adsorptionsite(s2). Again it diffusesto a bridge
site s3 with an energy costof 0.25eV. At this site the Li adatombegins descending
thestep,meetingats6 anadditionalpotentialbarrierof 0.31eV, theso-calledEhrlich-
Schwoebelbarrier. Oncethe adatomreachesthe s6, it continuesdiffusing alongthe 1211! surfacewithoutbarrier, until it approachesthevanderWaalsgap,whereit can
eitherintercalatewithin theTiSe2 layersor diffuseon the lower terrace.At g5 is the
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Figure6.11: Schematicillustrationof the sitesinvolved in the diffusion of Li across
a TiSe2 0 12111 step. Points labeledby si and gi are on the (0001) surfaceand in
the van derWaalsgap,respectively. Thedarkblue line joining the pointsrepresents
the diffusion pathwith minimumenergy. The light-blue line joints the pointsof the
diffusionpathon thesecondterrace.Theredandbluespheresstandfor seleniumand
titaniumatoms,respectively.

sitewheretheLi adatomreachesthevanderWaalsgap,with anenergy gainof -0.43
eV. To move betweenthe layersandreachg3, an octahedralsite with an energy of
-0.58eV, theLi adatomhasto overcomeasmallbarrierof 0.05eV at g4. To leave the
stableoctahedralsitetowardg0 theadatomencountersat g1 abarrierof 0.6eV, which
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is 0.19 eV higher than the barrier found for diffusion along the van der Waalsgap
withoutsteps.To diffusein theoppositedirection,i.e. away from thestep,theadatom
findsa barrierof 0.17eV at g6. It reachestheng7 a stablesite -0.52eV deeperthan
thereferencesite. This stablesiteis separatedby a barrierof 0.7eV from thenearest
terracesite, thereforetheprobability for detachmentfrom this stepedgeis relatively
low.

However, alsofor the 0 12111 stepthereis thepossibility that theadatomdiffuses
alongits edgewith a diffusionbarrierequalto thatof theflat surface(0.25eV). The
pathalongtheedgeinvolveshoppingfrom siteg5 to g7 surmountingthebarrierof 0.17
eV at g6, andfrom g7 to g25 via g26, with anenergy costof 0.25eV, (whereg25 andg26
aremirror-symmetricto g5 andg6), seeFigure(6.12).

Site Li-Sebonds bondlength
s0 3 4.7 4.7 4.6
s1 2 4.4 4.5
s2 3 4.6 4.5 4.5
s3 2 4.5 4.4
s4 2 4.5 4.5
s5 2 4.7 4.7
s6 2 5.0 5.0
s7 2 4.9 4.9
s8 2 4.6 4.6
s9 2 4.5 4.5

vanderWaalsGap
g0 4 4.4 4.4 4.4 4.3
g1 3 4.3 4.3 4.3
g2 3 4.4 4.4 4.2
g3 6 5.0 5.0 5.0

4.9 4.9 4.9
g4 3 4.6 4.6 4.4
g5 3 4.6 4.6 4.7
g6 2 4.4 4.5
g7 4 4.9 4.9 4.7 5.0
g8 2 4.8 4.8
g9 3 4.6 4.9 4.9
g10 2 4.5 4.5

Table6.3: Numberof Li-Sebondsandbondlengths(in aB).

In Table6.3 the numberof Li-Se bondsat eachsite, aswell as their lengthare
given. On the(0001)surfacethemorestablesitesareat thethree-foldsites(hcp and
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f cc) with longerbondsin the first one,dueto the adatom’s proximity to a Ti atom.
Whentheadatommovesfrom s2 to thestepedgeits coordinationchangesfrom three
to two, giving rise to an increasein the energy. Until the adatomreachesthe higher
energy site(s6), thebondlengthsincreasetogetherwith theenergy. Fromthis barrier
siteuntil theadatomreachesthevanderWaalsgapthetwo-fold coordinationis kept
but with decreasingbondlengths.At thevanderWaalsgaptheenergy decreaseswith
increasingcoordinationnumber. Thereforethemoststablesiteis theoctahedral,where
theLi adatombindswith six Seatoms.

6.4 Conclusions

Theinvestigationof diffusionbarriersalongseveralpathsin thevicinity of 0 10101 and0 12111 stepsshows that thereexists a differencein approachingboth steps.For the0 10101 stepthe Li adatomencountersa negative Schwoebelbarrier, which enhances
its incorporationto thelower terrace.In contrastto this, to approachthe 0 12111 step
the adatomhasto overcomean Ehrlich-Schwoebelbarrierof 0.31 eV. On the other
hand,oncetheadatomreachesthevanderWaalsgap,its migrationwithin thegapis
energetically favouredagainstcontinuingdiffusion alongthe lower terrace,indepen-
dently from theorientationof thestep.In bothsteps,it wasobtainedthat theadatom
occupiesthe first octahedralsite nearthe stepbottomandrequires0.54-0.60eV for
moving to anothersite.Thisenergy representsthediffusionbarrierwithin thegapand
demonstratesthestability of theoctahedralsite. Moreover, to diffuseaway from the
steps,i.e. alongthe lower terracethe adatomfindsan initial barrierof about0.7 eV.
This barrieris significantlyhigherthanwithin the gap,so the probability that the Li
adatomis detachedfrom thestepbottomsis relative low.

The Li diffusion along both stepbottomswas also investigated. In both cases
the adatomcan diffuse with a barrier comparablewith that on the (0001) surface
(about0.25eV). For the 0 10101 step,the potentialseenby the alkali adatomis not
inversionsymmetric.In the 0 12101 directionthediffusionbarrieris 0.24eV, while in
theoppositemoving thebarrierincreasesto 0.32eV. For the 0 12111 step,thebarrier
to diffuseis 0.25eV.
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Chapter 7

Conclusions

Thediffusionmechanismsthatarerelevant to alkali metalintercalation in TiSe2 have
beeninvestigatedby meansof ab initio total-energy calculations. Theadsorptionsites
andthediffusionbarriersalongseveralpathsfor hoppingprocessesontheflat surface,
on surfaceswith 0 10101 and 0 12111 steps,aswell asin the van der Waalsgaphave
beencalculated.

Sincetheproblemof surfacediffusion is intimatelyrelatedto themorphologyof
the surfaceon which this processtakes place,the optimizationof TiSe2 (0001)ge-
ometryhasbeenfirst addressed.Furthermore,extensive anddetailedcalculationsof
Li adsorbedon this surfaceat coveragesrangingfrom 0.06 to 1 ML have beenpre-
sented.Thechangein the work function with Li coveragecanbe well describedby
theLangmuir-Gurney model;at low coveragesΦ decreasesuntil it reachesaminimum
aroundΘ=0.5ML, andthenincreasesapproachingthevalueof thebulk alkali metal.

Two adsorptionsiteshavebeenobtainedon theTiSe2 (0001)surface:hcpandfcc.
For Li adatomthe hcp site is slightly energetically preferredover the fcc, while for
Na,Rb,andCsbothsiteshave thesameadsorptionenergy. Thesurfacediffusionpath
betweentwo hcp sitesrunsvia the direct connectionof an adjacenthcp andfcc site
over a bridgesite: hcp 7 bridge 7 f cc 7 bridge 7 hcp +8+8+ . It hasbeenfoundthat
theenergy barrierfor alkali metaldiffusionrangefrom 0.26eV for Li to 0.01eV for
Cs.

In thevanderWaalsgaptherearethreeequilibriumsites:oneoctahedralandtwo
tetrahedralsites,wherethefirst is energeticallystronglypreferred.Thecorresponding
binding energiesfor all thesesites,aremarkedly lower thanthe onesin the surface.
This factdemonstratesthestrongtendency of TiSe2 towardsintercalation andthesta-
bility of the intercalated compound.To diffuseaway from the octahedralsite the Li
atomhasto overcomeabarrierof 0.42eV.

Oncetheequilibriumsitesin thesurfaceandin thevanderWaalsgapweredeter-
mined,theintercalationpathof Li adatomwithin TiSe2 atomiclayerswasinvestigated.
Becauseof thelargeenergy barrierinvolved in this process(3.81eV), this typeof in-
tercalationcanbeexcluded.

A secondpossibleintercalation path hasbeeninvestigated,namelyvia surface
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steps. The diffusion of Li adatomacrossandalongtwo differentsteps, 0 10101 and0 12111 steps,hasbeenstudied.For the 0 10101 steptheLi adatomencountersanegative
Ehrlich-Schwoebelbarrier, whichenhancesits incorporationto thelowerterrace.Con-
trarily, to approachthe 0 12111 steptheadatomhasto overcomeanEhrlich-Schwoebel
barrierof 0.31eV. However, oncetheadatomreachesthe vanderWaalsgap,its mi-
grationwithin the gap(andthereforeintercalation), is energetically favouredagainst
continuingdiffusionalongthelower terrace,independentlyfrom theorientationof the
step.For bothstepstheadatomoccupiesthefirst octahedralsitenearthestepbottom,
which is a thermodynamically stablesite in thevan der Waalsgap. To continuedif-
fusing alongthe van der Waalsgap,the adatomhasto overcomethe corresponding
diffusionbarrier.

The diffusion of Li adatomalongthe bottomedgeof both stepswasalsoinves-
tigated. In bothcasestheadatomcandiffusewith a barriercomparablewith that on
the (0001)flat surface. For the 0 10101 lower stepedge,thereexists a non inversion
symmetricpotential.

Tosummarize,Li adatomscanintercalate into TiSe2 withoutany additionalenergy
barriervia a 0 10101 step.
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Abstract

Theaim of this work wasto understandhow alkali metalatomsintercalateinto tran-
sition metaldichalcogenides(TMDCs). To this end,a detailedinvestigationinto the
geometricalandelectroniceffectson TMDCs causedby adsorptionandintercalation
of alkali atomswascarriedoutby meansof abinitio density-functional theory.

The TMDCs have beenstudiedextensively becauseof their interestingproper-
tiessuchasphasetransitions,charge densitywavesandquasitwo-dimensionalelec-
tronicstructures,andbecauseof theirpotentialtechnological applicationsin solarcells
andbatteries.Their structureis built by sandwichesconsistingof chalcogen-metal-
chalcogenplanesforminglayers,whichareheldtogetherby vanderWaalsinteraction.
Their layeredstructuregivesthemthepossibilityto form intercalation compoundsby
actingashostof foreignatomsor molecules.Themostmodernmethodsfor produc-
ing in situTMDCsintercalated compoundshadmadepossibleto studythesamplesin
every stepof the reactionby meansof angle-resolved photoelectronspectroscopy in
combinationwith scanningtunnelingmicroscopy, providing notonly new insightsinto
theelectronicandgeometricalstructuresof this compounds,but alsopointingout the
needof adetailedstudyof thesinglephenomenainvolvedin theintercalation process.

Thecalculationsherepresentedarebasedonthelocal-densityapproximation.The
interactionbetweenions andelectronsare describedusing pseudopotentials.Equi-
librium configurationsarecalculatedby minimizing the total energy while diffusion
pathsof theadatomsaredeterminedby theenergy of consecutive minima.

Thegeometricalandelectronicpropertiesof cleanTiSe2 (0001)surfacewerestud-
ied. Also, theadsorptionsitesanddiffusion of alkali atomson TiSe2 (0001)surface
werecomputedandcomparedwith thoseobtainedat the van der Waalsgap. At the
surface,thealkali atomsareadsorbedat theat thehcpandfcc sites,bothwith similar
adsorptionenergy, hcpslightly preferred.In theintersandwichgaptherearetwo equi-
librium sites,theoctahedralandtetrahedralposition,whosetotal energiesare0.5 eV
higherthanat thoseon thesurface.Theelectronchargedistribution causedby alkali
atomson TiSe2 (0001)surfacewasanalysed.A shift of charge from the adsorbate
ontothebondingregion is observed. Thealkali coveragedependenceof thephysical
propertiesadsorptionenergy, work function,andvalenceelectrondistributionwasalso
studied.

Thequestionof whetherthealkali atomscanreachthevanderWaalsgapfrom the
plain surfacethroughthe atomicplaneswasaddressed.Becauseof the hugeenergy
barrierinvolved in this process(3.81eV), this typeof intercalation canbe excluded.
Thus, the experimentallyfound intercalation processesmustbe associatedwith de-
fects,suchasstepsor dislocationsat thesurface. Thediffusionof Li adatomacross
andalongtwo differentstep, 0 10101 and 0 12111 , wasstudied.STM experimentsfavor
mainly thetwo stephereconsidered.For the 0 10101 steptheLi adatomencountersa
negative Schwoebelbarrier, which enhancesits incorporationto thelower terrace.In
contrastto this, to approachthe 0 12111 steptheadatomhasto overcomeanEhrlich-
Schwoebelbarrierof 0.31eV. A modelof alkali intercalation into TMDCs wasob-
tained,namelyvia a 0 10101 step.



Zusammenfassung

Ziel dieserArbeit ist es zu verstehen,wie Alkalimetallatome in Übergangs-Metall-
Dichalkogenid-Schichtkristallen(ÜMDC) interkalieren.Zu diesemZweckwurdeeine
ausf̈uhrlicheUntersuchungdesEinflussesderAdsorptionundInterkalationvonAlkali-
Atomenauf die geometrischeundelektronischeStrukturvon ÜMDC mittelsabinitio
DichteFunktionalTheoriedurchgef̈uhrt.
ÜMDC werdenaufgrundihrer interessantenEigenschaften,wie Phasen̈ubergänge,
Ladungsdichtewellen, ihrerquasizweidimensionalenelektronischenStrukturundihrer
zahlreichentechnischenAnwendungsm̈oglichkeiten in SolarzellenundBatterienum-
fassenduntersucht.Ihre StrukturbestehtaussandwichartigenLagen,die jeweils aus
Chalkogen-Metall-Chalkogen Ebenengebildetwerdenunduntereinandervonvander
WaalsKräftengebundensind. Dieseschichtf̈ormigeStrukturermöglicht die Bildung
von Interkalationsverbindungen, indem die ÜMDC als Wirt für Fremdatomeoder
Moleküle wirken.
ModerneHerstellungsmethodenvon in situ ÜMDC Interkalationsverbindungenhaben
esermöglicht, die ProbenwährendjederPhasederReaktiondurchwinkelaufgel̈oste
Photoemissiongemeinsammit Rastertunnelmikroskopie zuuntersuchen.Diesbrachte
nicht nur neueErkenntnissëuberdie elektronischeund geometrischeStrukturdieser
Kristalle, sondernmachteauchdeutlich,wie wichtig einedetaillierte Untersuchung
dereinzelnenPḧanomeneim Interkalationsprozessist.
Die Rechnungenin dieserArbeit basierenauf der Lokalen-Dichte-Approximation.
Die Wechselwirkung zwischenIonenundElektronenwerdendurchPseudopotentiale
beschrieben.Gleichgewichtskonfigurationen werdendurchEnergieminimierungberech-
net,die Diffusionspfadeder Adatomefolgen ausaufeinanderfolgendenMinima der
Gesamtenergie.
AusgangspunktistdieBestimmungderstrukturellenundelektronischen Eigenschaften
derreinenTiSe2 (0001)Oberfl̈ache.Aufbauendhierzu,werdendieAdsorptionspl̈atze
unddie Diffusion von Alkaliatomenauf der TiSe2(0001)Oberfl̈acheberechnetund
mit Gesamtenergien für in dervanderWaalsLücke eingelagertenAlkaliatomenver-
glichen.Auf derOberfl̈achebindendieAlkaliatomeandenhcpundfcc Plätzen,beide
mit einervergleichbarenAdsorptionsenergie, die nur etwasgrößerfür die hcpPlätze
ist. Innerhalbdervan derWaalsLücke gibt eszwei Gleichgewichtspl̈atze, einenok-
taedrischenundeinenTetraederplatz, dieenergetischum0,5eV günstigersind,alsdie
Bindungspl̈atzeanderOberfl̈ache.
Zus̈atzlich konnteder Einfluß der Alkaliatomeauf die Ladungsdichteverteilung der
ElektronenanderOberfl̈acheuntersuchtwerden.HierbeizeigtsicheineVerschiebung
derLadungsdichteweg von denAlkaliatomen,hin zur Bindungzwischenihnenund
denChalkogenatomen. Desweiternerlaubendie Rechungen,die Abhängigkeit der
physikalischenEigenschaftenAdsorptionsenergie,AustrittsarbeitundLadungsdichte-
verteilungvonderAlkalibedeckungzuanalysieren.
EsstelltesichdieFrage,wiedieAlkaliatomevonderungesẗortenOberfl̈achedurchdie
Atomlagenhindurch,in dievanderWaalsLückegelangen.AufgrunddergroßenEner-
giebarriere(3,81eV) ist diedirekteInterkalation durchdieSchichtenausgeschlossen.
Dahermussdie experimentellgefundeneInterkalationanDefekten,wie Stufenoder
VersetzungenanderOberfl̈acheerfolgen.HierzuwurdedieDiffusionvonLi Adatomen
überundentlangzweierverschiedenerStufen, 0 10101 und 0 12111 , untersucht.Diese
Auswahl legenSTM Untersuchungennahe.Die Rechungenzeigen,dassdieLi Atome
an der 0 10101 Stufeeinenegative Ehrlich-SchwoebelBarrierespüren,wasdie Ein-
lagerungauf derunterenTerrasseerleichtert. Im GegensatzhierzumußdasAdatom
ander 0 12111 StufeeineEhrlich-SchwoebelBarrierevon 0.31eV überwinden.Hier-
auskonnteein Model für die Interkalation in ÜMDC über 0 10101 Stufenentwickelt
werden.


