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Chapter 1

Intr oduction

Thetransitionmetaldichalcogenide(TMDCs) exhibit someremarkablgropertiesas-
sociatedwith their reduceddimensionalitythatmake themsuitablematerialsfor fun-
damentaland appliedresearch.Thesecompoundsave a layeredstructuremadeup
of chalcogen-metathalcogen layerswhich areheldtogethery weakvan der Waals
forces,while within the layersstrongcovalentandionic bondingdominateq1, 2].
As aresult,the TMDCs exhibit high anisotroy in mary of their physicalproperties
anddisplayarich varietyof structuralphasdransitionsassociateavith chage density
waves[1]. In thelastyearsseveralbandstructuresalculatioms basedn differentthe-
oreticalmethodshave beenperformedor anumberof TMDCs[3, 4,5, 6, 7]. Thecal-
culatedbandgevealsignificantdispersiorperpendiculato thebasalplanessupported
by p, orbitalswith admixturesof d,.. Thosebandsrelatedto layer parallelorbitals
shav almostno dispersionn this direction. Thesecalculationshave beeneffectively
verified by angle-resoled photoemissiomndinversephotoemissiorfg, 9, 10.

Thetwo-dimensionaty of the TMDCsstructurealsooffersthepossibilityof form-
ing intercalatbon compound®y insertingadditionalatomsor moleculesn thevander
Waalsgap betweerthe layers. This mechanisnhasprovided the basisin the devel-
opmentof new typesof batteries[11, 12]. In the first investigationof TMDCs in-
tercalateccompoundsthesewere producedoy electrochemial methods.It wasonly
until recentlythatin situ intercalatd compoundavere obtainedby depositionof al-
kali or noblemetalatomontothe surfaceof TMDCs underultra-highvacuumcondi-
tions[13, 14, 15,16]. Thisintercalatio methodhadopenedhepossibilityto studythe
samplesn every stepof thereactionby meansof angle-resoled photoelectrorspec-
troscopy in combinationwith scanningunnellingmicroscop, providing new insights
into the electronicandgeometricstructureof thesecompounds.

Recentlyin thelnstitutfir Experimentellaind AngevandtePhysikderUniversitt
Kiel it wasfoundthatdepositionof Rbon TMDCs (0001)surfacedeadsto theforma-
tion of metallicnanavire networks[17, 18]. Accordingto theseresultsrubidiumdoes
notintercalag¢, andtheelectronicchange€ommonlyassociateavith alkali intercala-
tion arerelatedto thenanavires. Giventhetechnologichrelevanceof nanostructuring
perfectwire networksonsurfacest is desirablgo understandhefactorsthatfavoured
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2 Chapterl Introduction

eitherthe formation of nanavires or the intercalation Thereforeit is necessaryo
studythedynamicalpropertiesof theseadsorbate-substrasgstemsn detail.

Theaim of thiswork is to developamodelof alkali metalintercalatiorinto TMDCs
from first-principlestotal-enegy calculations. The main questionis, how the alkali
atomsfind their way from the TMDCs surfaceto the thermodynamicajl stablesites
in thevanderWaalsgap?It hasbeenarguedthatthealkali atomsintercalagd from the
surfaceinto the bulk throughdefectsandvia crystaledgesandsurfacestepg19], but
theunderlyingmicroscopigrocessesuchasadsorptiondiffusion,andnucleatiorare
still poorly undestood Herethe adsorptioranddiffusion barrieron the TiSe, (0001)
surfacewill bestudiedfor Li, Na,Rb,andCsadatoms.

In the presentvork the systemLi-TiSe, hasbeenchosenasa prototypeof alkali
intercalatd TMDCs for whichin situintercalatio seemgo be well established13].
The attentionis mainly focusedon simulatingstructuraland enegy changesuring
theintercalatbn processn orderto getinsightinto the alkali ion’s favouredmovility
pathsandto estimatehe correspondin@ctivationenegies.

Firstly, the adsorptiorsitesof Li on TiSe, (0001)defect-freesurfacewill be cal-
culatedaswell asthediffusion barriers.In thesecondolace the correspondingalues
in the van der Waalswill be alsocomputed.Finally, the mostenegetically favoured
pathway that connectghe surfacewith the van der Waalssiteswill be investigated.
Thiswill bedoneconsideringwo options:a pathvay within TiSe, interlayerspacing
andapathway acrosg1010) and(1211) steps.

The core of this work is the densityfunctional theory of Hohenbey, Kohn and
Shamandin particularthelocal densityapproximationTheselfconsistensolutionof
theKohn-Shanmequationgogethemwith the determinatiorof theatomicpositionswill
be treatedasa minimizationproblemof thetotal enegy. Theelectronicconfiguration
of thegroundstateandtheequilibriumpositionsof theatomswill becomputedsimul-
taneously

This thesisis divided in seven chapters:after this brief introduction,the second
chapterwill describethe theoreticalgroundsof this study: densityfunctionaltheory
andthe plane-vave pseudopotentiahethod.Chapter3 is dedicatedo review general
propertief TMDCsandtheirintercalatd compoundsResultswill bealsopresented
concerningheelectronicbandstructure®f TiSe- andLiTiSe-bulk, whichwerecal-
culatedto verify thereliability of the pseudopotentialgeneratedollowing thescheme
of Troullier andMartins[20]. In Chapter4 a detailedanalysisof Li adatomadsorp-
tion anddiffusion on TiSe, (0001)is carriedout. Also, the enegeticalstablesitesin
the van der Waalsgapandthe diffusion barrierare calculated.Sincethe problemof
surfacediffusion is intimately relatedto the morphologyof the surfaceon which the
diffusion procesdakes place,the propertiesof the clean(0001) surfaceof TiSe, are
first addressedChapter5 is dedicatedo explorethe mostenegetically favouredpath
for Li intercalaibn from the (0001)defect-freesurfacethroughthe atomic planesof
TiSe,. In Chapter6 theresultsregardingdiffusion acrossandalongsteppedrMDCs
surfacesarepresentedFinally, the seventhchapterwill briefly summarizeheresults
obtainedn the presentvork.



Chapter 2

Theoretical Background

2.1 Intr oduction

This chaptersummarizeriefly the theory on which the calculatiors of the present
work is basedln thelastdecadeshefield of thetheoreticaphysicshasbeerenriched
by the developmentof computationamethodsmakingit possibleto predictproper
ties of solid-statesystemsavhich wereformerly inaccessibleo theoryor experiment.
Ab-initio calculatios attemptto solve the quantummechanicakquationgyoverning
the behaiour of the systemstudied. In contrastto semi-empiricalapproachesthe
ab-initio approachdoesnot dependuponary external parametergxceptthe atomic
numbersof the constituentatomsto be modelledand cannotthereforebe influenced
by preconceptionaboutthefinal result. However, traditionalminimizationtechniques
basedon the diagonalizatn of the Hamiltonianrequirea computationa&ffort which
scaleswith thecubeof thesystenrsizeN® (N thenumberof atoms) makingthiskind of
calculationdoo costlyto beof significantpracticaluse.However, controlledandwell
understoocapproximationsanbe emplo/ed to reducethe compleity to a tractable
level and solwe efficiently the equationswithout loosing the parametefree nature
of quantum-mechanita@alculations.One suchapproximationsthat within density-
functionaltheory togetherwith a simple descriptionof the quantum-mechanitaf-
fectsof exchangeandcorrelationandthe pseudopotentiadpproximationhasproved
to be remarkablysuccessfuindis currentlyappliedby scientistan a wide rangeof
disciplines.

2.2 The many-body Schrodinger equation

The starting point for the descriptionof a systemcontainingNe electronswith co-
ordinatesr = {r;} andN; ionsat pointsR = {R,} is to solve the time independent
Schidingerequation:
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HY(r,R) = EWY(r,R), (2.1)

whereW is the mary-bodywave functionandE is thetotal enegy. The Hamiltonian
H is givenby the kinetic enegy of thenuclei(T;) andelectrongTe), the electrostati
interactionsbetweerthe nucleiandthe electrons(Vg), andtheinternuclearV;;) and
interelectroit repulsiongVee).

H = Ti+Te+Veit+Vi+ Ve (2.2)
with
N 2 2 N 2 32
. L B2 92 . :
- R . zh_a ,
2M, 0R? - 2me Or?
V__}N"N' € 27 Cafele 2 g v___NeNi €  Z
"2, fr4mo R R 2, A Ao i1y & Ao |ri—R||

whereM, andme arethe masse®f the nucleiandelectronsyespectiely, andZ, the
nuclearchage.

From now on atomicunits (e = me = i = 41eg = 1) will be used,sincethey are
morecornvenientfor quantummechanicaproblems.Lengthis expressedn Bohrsand
enegy in hartreeg1 agyp = 5.2917x 10~ m, 1 Ha= 2 Ryd = 27.2116eV).

2.3 Born-OppenheimerApproximation

In a solid the numberof particlesis greaterthan 10?3, thusit is clear that without

an approximationthe Schibdingerequationof the solid will be impossibleto solve

analyticaly. Oneof the mostimportantapproximationss the Born-Oppenheimeap-

proximation[21], which stateghatthedegreesof freedomof theelectronsandtheions

canbeuncoupledlt is basednthefactthatthe massesf thenucleiaremuchgreater
thanthe electronswhichwill thereforerespondalmostinstantaneouslyo ary change
in the potentialcausedy the movementof the nuclei. Thus,it canbe consideredhat

the electronsare moving in a field of fixed nuclei. The total wave function canbe

expresseasthe productof thenuclearandelectronicparts:

W(r,R) = We(r:R)W(R) (2.3)

wherethe electronicwave function dependsn the nuclearpositionsonly parametri-
cally, i.e. adifferentwave functionis definedfor eachnuclearconfiguration.
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Thequantumeffectsarelimited to theelectronicwave functionsWe, which obeys
asimplerSchibdingerequation:

HeWel(r :R) = EQ(R)Wel(r : R) (2.4)
with
Ha = TetVeet Vei. (2.5)
Takingthis into accounteq. (2.2) canbeexpresseds
H = Hea+Ti+Vi. (2.6)

Within the Born-Oppenheimeapproximatiorthe kinetic enegy of the nuclei T; can
be separatedrom the electronicmotion,andV;; will beaconstanfor afixedconfigu-
rationR, of thenucleiV;. Thetotal enegy of the mary-body systemis simply given
by En(Ri) = E(Ri) + Vii(R)), whereE[(R)) is the spectrumof the mary-electron
HamiltonianHg (EQ.(2.5)). In the Born-Oppenheimespproximatiortheassumption
is madethatthe electroniccomponenstaysin its groundstate,n = 0, thusin thefol-
lowing theterm (ground-statejotal enegy for a particularconfigurationR, will refer
to

E(R)) = EJ(RI)+Vi(Ri) (2.7)

Repeatinghe calculationwith a different nucleararrangemenallows the potential
enegy surfaceto be mappedut andthe equilibriumgeometryto befound.

To calculate¥g in Eq.(2.4)therearemary approaches.g.,oneof thesimplests
the Hartree-lBck approximationwherethe antisymmetriaomary-electronwave func-
tion is written asa Slaterdeterminantwhich hasto be solved selfconsistently The
approachwhichis by far the mostwidely usedat the presentime for the calculation
of thetotal enegy andothergroundstatepropertieof matteris the densityfunctional
theory(DFT). In DFT the groundstateelectrondensityof a systemis consideredo
bethebasicvariable, ratherthanthe wave functionasin thegeneratheory TheDFT
resultsin the Kohn-Shanequationsywhich reducethe original mary-body problemto
aneffective one-particleequation.

2.4 The densityfunctional theory

Thedensityfunctionaltheoryis basedn theHohenbeg-Kohn Theoremwhich states
thatthetotal enegy of a systemof interactingelectronamoving in an externalpoten-
tial Vext(r) (potentialcauseddy the nuclei)is a uniquefunctionalof the groundstate
electronicdensityng(r) [22].

Eyn] — / N(F Vex(r)d®r + F[n). 2.8)
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Furthermorethe minimum value of this universalfunctional E,[n] is the ground
stateelectronicenegy Ey, i.e.

Eo = Ev[nO] < Ev[n] (2.9)

The Hohenbey-Kohn theoremdeclareghe existenceof the functionalbut not its
form. KohnandShampostulated23] thatthis functionalcouldbewritten as:

Bl = T+ [ n()Vea(r)6Pr + Enln] + Excln, (2.10)

whereTg[n] is the functional of the kinetic enegy of a systemof Ne non-inteacting
electronswith densityn(r), En[n] the Hartreeenegy and, Exc[n] the so-called
exchange-corralion functional.

TheHartreeenepy is given by the electrostatienteractionbetweerelectrons

Euln = 5 I/ 7n|(rr_)r;(,?d3rd3r’. (2.11)

Thereforetheenegy functionalis written as:

Efn = Tn+ / WVex(r)dr + 5 / / d3rd3r’+EXC[n] (2.12)

With the electrondensityexpressedn termsof a setof smgleparticlewave func-
tionsy;(r) suchthat

Ne
S i)l (2.13)
|
thekineticenegy of all Ne non-interactinglectrongnaybewritten as:
1 Ne
Tn(r)] = / WF (r) D2y (2.14)

Minimizing Ey[n(r)] with respecto n(r), underthe constrainthatthe numberof
electronge constant,

/n(r)d3r = N, (2.15)

sl -] -«

leadsto:
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SEy[n(r)]
on(r)

wherepis the Lagrangemultiplier arisingfrom (2.15)andcorrespondingo thechem-
ical potentialof theelectrons Substitutingeq. (2.12)in (2.16)gives:

" (2.16)

STs[n(r) 4 OExc[n(r)]
=0 +/| 7 |d3 gﬁ() = (2.17)

Equation(2.17)leadsto theone-particléschibdingetlike equations—theKohn-Sham
equations—for non-interactingelectronsnoving in aneffective potential

<_%Di2+veff(r)_5i> pi(r) = 0, (2.18)

where

Ver(r) = Vex(r | - 4 &E#Erngr)]

To find thegroundstateenegy Ey andthe groundstatedensityno theKohn-Sham
equationg2.18)haveto besolvwedself-consistentlyogethemwith (2.13)and(2.19)due
to the dependencef Ve (r) onn(r). For adensitycomputedrom a setof trial wave
functions,thepotentialVyg is calculatedandinsertedn (2.18). Then,from Eq. (2.13)
a bettersetof wave functionsy;(r) is obtainedanda new densityis computed.The
proceduras repeatedintil no changesn the densityoccur

(2.19)

2.4.1 The local density approximation

Thegroundstateenegy of aninteractingsystemcanbeobtainedprovidedtheform of

Exc is knowvn. At preseninumericalexchange-corretion potentialshase only been
determinedor afew simplemodelsystemsthereforeanapproximatiormustbe used.
Thesimplestapproximations theLocal DensityApproximation(LDA). In LDA, Exc

is definedas

ERA M) = [ excn(m)n(rer, (2.20)

whereexc(n(r)) istheexchange-corralion enegy perunitvolumeof ahomogeneous
electrongasof densityn(r). Several parameterisationfor exc(n(r)) exist, in this
work it wasusedthatof Perdev andZunger[24]. This parameterisatiors basedon
the quantumMonte Carlo calculatios of Ceperlg and Alder [25] on homogeneous
electrongasestvariousdensities.

LDA usesthe exchange-correlion enegy for the uniform electrongasat every
point in the systemregardlessof the inhomogeneityof the real chage density For
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nonuniformchagedensitiegtheexchange-correteon enegy canbeexpressedn terms
of thegradientandhigherspatialderivatives of thetotal chage density This approxi-

mationis usuallytermedasGeneralizedGradientApproximation(GGA). For systems
wherethechagedensityis slowvly varying,the GGA hasprovedto beanimprovement
over LDA.

2.5 Pseudopotentialtotal energy calculation

2.5.1 Periodic supercell with a plane wave basis

To describaheelectronwave functionsof the systemstudiedit is necessaryo choose
asuitablesetof simplebasisfunctionsin termsof which the electronicwave functions
canbeexpanded Accordingto Bloch’s theorenthewave functionsin a periodicsolid

canbewritten asthe productof a wave-like partanda cell-periode function f, , (r).

Wnk(r) = € fux(r). (2.21)

Thecell-periodicfunctioncanbe describedy a setof planewaveswhosevectors
arereciprocalatticevectors:

fak(r) = 3 ck(G)ES". (2.22)
G

In this way eachelectronicwave functioncanbe expressedsa linearcombinationof
planewaves,

Un(r) = cox(G)e+or, (2.23)
G

Theuseof planewavesasa basissetmay only be appliedto a systemexhibiting
threedimensionalkranslationalsymmetry A surface,for example,cannotshaw pe-
riodicity in the directionperpendiculato the surface,soto be representedt would
requirea continuousplanewave basissetandthereforean infinite numberof plane
wave basisfunctions.

In orderto reintroduceherequiredperiodicityinto thecalculatia, thesurfacewill
be containedwithin a supercellwhich will be thenreplicatedperiodicaly in vertical
andlateraldirections. This s illustratedschematicallyn Figure(2.1). The supercell
will beformedby aslabandaregion of vacuumwide enoughsothatadjacenslabsdo
notinteractsignificantly Providedthe supercelis suficiently large sothattheinter
actionsbetweerthe surfacesarenggligible, the enegy persupercelwill beidentical
to thatof a singlesurface.
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Figure2.1: Schematidisplayof a supercelemplg/edto represena surface.

The planewave basissetfor the expansionof the wave functionsandthe Kohn-
Shamoperatorcanbewritten as:

_ 1 ko
<rk+G> \/ﬁe' , (2.24)
whereG is areciprocallattice vectorandQ thevolumeof the supercell k is avector
of thefirst Brillouin-Zone.

As for ary basisset,theplane-vave basismustbetruncated.Thisis accomplished
by includingall planewaveswith kinetic enegy lessthanor equalto a cutof enegy,
|k + G|2 < Ecu-

Theelectronicdensityfor the single-partiat statey, i (r) is now definedas

n(r) = 2n3 z / S0y (1) Pk (2.25)

Herebyis fOCC the occupatiomumberof the state| ), x > whichis determinedy the
Fermidistrltutlon

The Brillouin zoneintegral ( 2.25) over the k-pointsis replacedoy a sumover a
number\y of specialk-points.

5 oz (2.26)
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Therearemary methoddor generatinghesespecialk-points. The onedevelopedby
MonkhorstandPack[26] wasusedin the presentvork.

2.5.2 The pseudopotentialapproximation

Accordingto their chemicalbehaior the electronsof an atom can be divided into
two groups. While the core-electros closeto the nucleusare stronglylocalizedand
reactweakly to the chemicalenvironment,the valence-eletrons occuypy the external
shellsandareresponsibldor the chemicalbondsin thesolid. In a calculationwithout
approximationghe groundstateof eachelectronhasto be computedexplicitly. The
wavefunctionsof the core-electronsindthe rapidly oscillating wavefunctionsof the
valence-eletronsin the core-rgion aredifficult to fit with Gaussiansr plane-vaves
andrequiredanextremelylarge basis-setWithin thefrozen-coreapproximatior{27],
thechemicallyinert coreelectronsareconsideredogethemwith the nucleiasrigid ion
cores. Basedin this principle the pseudopotentiahpproximationremoves the core
electronsandreplaceghe strongionic potentialby a wealer pseudopotentialln this
way the pseudopotentialvill act on a setof pseudowave functionsratherthanthe
true valencewave functions. Figure(2.2) displaysthe 4p all-electronwave function
for seleniumtogethewith the 2p pseudowave function. While the all-electronwave
functionoscillatesn theregion occupiedoy the coreelectronsthe pseudowvave func-
tion hasno nodes,thusa setwith a lessnumberof planewaveswill be requiredto
represenit. It canbe seenthatbeyonda chosercorecutof radiusrl. bothwave func-
tionscoincide.

Thereare mary schemego constructa pseudopotentigl28, 29, 30, 20]. In the
presentvork norm-conservingseudopotentialvereconstructedollowing thescheme
of Troullier andMartins[20]. Norm-conservingpseudopotentialulfil the following
generapropertied31]:

¢ Theall-electrorwave functionsandthepseudavave functionsmustbeidentical
beyond a chosencorecutof radiusr, thatcanhave a differentvaluefor each
orbital with differentangularmomentum.

e The electronicdensityinsider.. is identical for the all-electronand the pseu-
doatom(norm-conservingroperty).

LR Rear = [T R P @.27)

WhereR|ps andR™ aretheradial partof the pseudo-andall-electram wave func-
tions,respectiely.

¢ Pseudo-electrorigevaluesmustbe the sameas the valenceeigewaluesob-
tainedfrom the atomicwave functions.
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Figure2.2: Seleniumatom: 2p valencewave-functionfor the pseudatom(solidline)
and4p all-electran atom(dashed)Thelegendgivesthecorecutof radiusré (in bohr).

=g (2.28)

The pseudopotentiahustbe transferablei.e. they have to reproducehe scat-
teringpropertieof anion in avariety of atomicenvironments.

The pseudwave functionsmustbe non-oscillatoryandsmooth.

Thepseudopotentianustbe a smoothfunction.

Thepseudopotentialanbechosemon-localthatis, it canbedifferentfor each
angulamomentunmcomponent.

Fromthenorm-conservingonditionfollowsthatadifferentpseudopotentialyse (1)
is requiredfor eachvalencestate(s, p or d). Applying a projectionoperatoron each
componentthe pseudopotentiaicanbecombinedn agenerapotential:
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Vpselr) = ZVF',SEL(r)|Im>< Im. (2.29)

All pseudopotentiaiomponentS/gsel(r) atlarger arereducedo theionic Coulomb
potential,—Zya/r, (Wherez,; correspond$o thenumberof valenceelectronspecom-
ing | independent.Thereforethey canbe expressedasthe sumof anl-independein
long-rangeermwhichis equalfor all Vgseu andanl-dependenshort-rangegbart.

Vpsed) = Viocalr) + ;Avgsedr)llm><lm|. (2.30)

It is importantto ensurethe transferabily of the pseudopotentialghat is, that
they reproducethe scatteringproperties,excitation enegies and chemicalhardness
propertieg32, 33] of the correspondingll-electon atomin a wide rangeof erviron-
ments.For this purposethelogaritmicdervativesof thevalencewvave-functionstotal
enepgiesandorbital eigevaluesfor differentvalenceconfigurationsare evalutedand
comparedvith thoseof theall-electronatom.

To reducethecomputationatostskleinmanandBylander[34] replacedheshort-
rangedsemilocaltermby afully nonlocaloperator

MVpseu— EfBIX[® >< x[B], (2.31)

with

AVi(NRP(r)
(< RP(AV)2|RP®>)?

X (1) : (2.32)

andtheKleinman-BylandeenegiesEf®

< R¥IAV? IR >
< RIAVI|R® >

EXB (2.33)

TheKleinman-Bylandepseudopotentiashav goodtransferabilityin generalput
alsoundersomeconditionsthey canleadto "ghoststates”j.e. unphysicaboundstates
or resonanceappearingn thevalencespectrumTheenegy levels of thesestatesare
belov thoseof the physicalvalencestates. By applying the analysisby Gonzeet
al. [35] these'ghoststates’canbefoundandeliminated,e.g. by choosinga different
componenbf thesemilocalpseudopotentiasthelocal potentialor adjustingthe core
cutof radiir..
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2.5.3 Calculation of the total enemgy

Thetotal enegy of a supercelresultsfrom the sumof all electronicandionic contri-
butions,wherebysometermsareevaluatedeitherin thereal-or reciprocalspace:

E[nN = Tn]+ Ex[N] + EpslocalN] + Epsni[N] + Exc[n] + Vi (2.34)

Until recentlythesolutionof theKohn-Shanequationg2.18)wasbasedntechniques
which requiredcomputationajl expensve matrix diagonalizabn methods.Sincethe
costof matrix diagonalizatin increasewith the third power of the total numberof
basisfunctions,thenumberof planewavesallowedin a calculation waslimited. Con-
sequentlythe numberof atomsperunit cell would berestrictedto about10.

In 1985CarandParrinello[36] introduceda new iteratve methodbasedon clas-
sical and statisticalmechanicgo solve Kohn-Shamequationswithout diagonaliza-
tion. In this schemethe Kohn-Shamenegy functional E[yj] is a functional of the
Kohn-Shansingle-eleabn wave functions{y;}. Themainideais to consider{;}
asobjects(with a given kinetic enegy) that propagatehrougha space.Performing
a moleculardynamicssimulationthe temperaturef the systemis graduallyreduced
until the wave functionseventuallybecomestationarytherebyminimizing the Kohn-
Shamfunctional.

Following [23] CarandParrinellowrote the electrondensityin termsof occupied
single-particleorthonormalorbitalsn(r) = 5;|wi(r)|?. Thetotal enegy canbe mini-
mizedwith respecto {y; } applyingthevariationalprinciple

Eoln] = ?JJ'? E{wi} {Ri}], (2.35)

where{R, } arethepositionsof theatomsin theunit cell. Sincethewave functions
aretreatedasdynamicalariablesa Lagrangians definedfor the system:

L = ZZu/ 6| (r, )2 + ZM'R' ~E{uiO} {Ri()}]
+ SN B (rnw(r,t) -8, (2.36)
5| [ ruie.0w 00 -8

wherep is afictitious massassociatedvith the electronicwave functions,M, arethe
ionic massesand E the Kohn-Shamenegy functionalwhich takes the placeof the
potentialenegy in the Lagrangiarformulation. Thewave functionsaresubjectto the
constrainof orthonormality

Juowimar = &, 2:37)
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which is requiredto ensurethat the wave functionscornverge to differenteigenstates.
In thelasttermof Eq.(2.36)A;; aretheLagrangemultipliersthatensurethis orthonor
mality condition.

Using the formulation of classicalLagrangianmechanicghe resultingequations
of motionaregiven by

WGi(r,t) = —HWi(r,t)+ % Aijwj(r,t) (2.38)
]

MiRi(t) = —OgE (2.39)
whereH is the Kohn-ShamHamiltonian

() = [ b SEDOL Sn)._ SEIn()
on(r’) dwsr(r)  oY*(r)

Equation(2.38)describeshefictitious classicaklectrondynamicswherea€q.(2.39)
representsheion dynamics.In Eq. (2.38) bothterms—Hyj; andA;jy; canbe con-
sideredasforcesthatinfluencedthe propagatiorof the wave function. The simulated
annealingnethodntroducedy Kirkpatrick etal. [37] canbeusedasageneramethod
for optimizationproblems Accordingto thismethodthesystencanbestartedatsome
hightemperatur@and’cooled” graduallyto zerotemperatureto find the groundstate
of both electronsandions simultaneouslyAt equilibrium {j; = 0, E is minimal, and
Eq. (2.38) becomedransformabldo the Kohn-Shamequation(2.18) with A j asthe
Kohn-Shaneigemwvalues.

CarandParrinellousedthe Verletalgorithmug38] to iteratively improve thewave
functions.For smallAt thesecondiervative of thewave function;(r,t) (Eq.(2.38))
canbeapproximatedy a second-ordedifferenceequation

Pi(H) A2 = @it +At) — 25(t) 4 P (t — At), (2.40)

whereAt is thelengthof thetime step,W;(t), Wi(t + At) andy;(t — At) arethevaluesof
thestateatthepresent-next- andlasttime step respectiely. Substitutiorof Eq.(2.38)
into Eq.(2.40)gives

t2

M
where A; are the eigemwvalues of the Hamiltonian. After eachtime stepa Grahm-
Schmidtorthogonalizabn hasto be performedto ensurefull orthonormalityof the
wave functions[39].

Theproblemof solvingthe Kohn-Shanequationdiasbeenreducedo oneof solv-
ing a setof classicalequationsof motion. Sincethe original paperby Car and Par-
rinello [36], a numberof modifications[40, 41] have beenpresentedhatimproved
significantlythe efficiengy of theiterative solutionof the Kohn-Shanequations.The
modificationsncludetheintroductionof the conjugategradientanethod[40, 41, 42]
andadirectminimizationof thetotal enegy [41]. In thepresenwork thealgorithmus
proposedy Williams andSoler[43] hasbeenusedto improve the wave functions.

L|Ji(t+A'[) = 2l]Ji(t)—L|Ji(t—At) [H—)\i]qu(t) (2.41)
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2.5.4 Atomic forces

For the integration of the nuclei equationsof motion it is necessaryo calculatethe
forcesactingon them. The forcesactingon anatomwith coordinatesR, resultfrom
the nggatve dervative of thegroundstateenegy with respecto R,
dE
F = —— 2.42

| R (2.42)
As theion’s positionchangesheelectronicwave functionswill alsobealtered there-
fore thefull dervative hasto beexpressedn termsof thesechanges,

_ 0E O0E duyj 0E dyy
Fio= 0R| ,Zawi dR, IZaLp,* dR;

(2.43)

HellmannandFeynman[44, 45] shavedthatwheneachelectronicorbitalis aneigen-
stateof the Hamiltonian,the sum of the two last termsof Eq. (2.43)is zero, and
thereforethe partial dervative of the total enegy with respectto the ionic positions
is the force felt by the ions. In practice,the wave functionsare only calculatedto
a given accuray, sothey are not exact eigenstatesf the Kohn-ShanmHamiltonian.
Consequentlyin atotal enegy calculationthe wave functionshave to be very close
to self consisteng beforethe ionic equationsof motion canbe integratedanda new
calculationof theionic coordinatesakesplace.

2.5.5 Structure optimization

As alreadymentionedseeSec.2.3) accordingto the Born-Oppenheimesapproxima-
tion theelectrongespondnstantaneouslio the slover motionof theions,sotheions
canbe consideredo move alonga "potential enegy surface” derved from a single
electronicstate. When studyingdiffusion processe# is essentiato know the sta-
ble andmetastableenegy minimaof this potentialenegy surface(alsocalledBorn-
Oppenheimesurface). To this endthe enegy E({R;}) hasto be minimized with

respecto thenucleicoordinate®, .

Emin = min E{R}). (2.44)
{Ri}

An efficient and numericallystablemethodto calculatethe equilibrium geome-
try is dampedNewton dynamics.From a startingconfigurationthe atomicnucleiare
moved accordingo Newton'’s equationof motionwith anadditionaldampingparam-
eter Theseequationsof motionwill be solved iteratvely, sothatthe newv positions

R{"™*Y will be obtainedrom thetwo precedingpositionsR|™) andR{™

RMFY = (14A)RM™ — A RMY 4 iy ({Rﬁ”“)}) (2.45)
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where); andyp arethe dampingandreciprocalmassparametersiespectiely. These
parameterdeterminevhetherthenucleiloosetheir potentialenegy slowly or whether
they move direct into the closestlocal minimum. In sucha way, it is possibleto
overcomesmallbarriersbetweeradjacenminimaandfind the globalminimum.

2.5.6 Computational procedure

All resultsin the presentvork have beenobtainedwith thefhi98md program[46, 47],
developedat the Theory Departmenbf the Fritz-Habefinstitu. The major part of
the resultswere carriedout with a parallelversionof the programon a CRAY T3E
multiprocessosystemusingfrom 8 to 128 processinglements.A summaryof the
computationaproceduras givenbelow.

Thefirst stepof atotal enegy calculationis thegeneratiorof aninitial wave func-
tion. Thiswill bedoneby anexplicit diagonalizabn of the Kohn-ShanHamiltonian
in a mixed-basis-setThe mixed basis-sets a subsetf the plane-vave basis. It in-
cludesBloch-statesderived from atomic orbitals and planewaves up to an enegy
cut-of muchlower thanthatof thefull basis. This mixed basis-seprovidesa better
initial wave function,whichsignificantlyimprovesthecornvergenceof thecalculatiors.
Having obtainedheinitial wave functionthe programentershe selfconsistencloop.
First, the electrondensity andthe contritutionsto enegy, potentialsandforcesare
calculatedTheforceswill beonly computedvhenthe electronsaresuficiently close
to the Born-Oppenheimesurface. In the next step,theionswill be movedunderthe
influenceof the the calculatedorces. The wave functionswill bethenupdatedusing
Williams-Soleralgorithm and afterwardsortho-normalizedvith the Grahm-Schmidt
schemeThiswill berepeatedintil self-consistentriteriaareachieed.



Chapter 3

Structural and electronic propertiesof
TiSe, and LiT i1ISe, bulk

Mary interestingphysical propertieswhich also yield applicatios in varioustech-
nical fields are connectedo the quasitwo-dimensionalbehaior of the transition
metaldichalcogerdes suchasFermisuriacenesting chage densitywaves,andstruc-
tural phaseransitions.Specialinterestis focusedon the performancef intercalaton
driven batterieq11, 12}, which hasmotivatednumeroussxperimentaltudiesdealing
with the evaporationof alkali metalson TMDCs surfacesin vacuum. The layered
compoundsTiS, and TiSe, have beenintensvely investigatedfor more than three
decadedecausef their interestingelectronicstructure. While it is well known that
TiSe is a semimetal for TiS, it is still debatedwvhetherit is a semiconductoor a
semimeta[48, 49, 50].

In the presenChapterDensityFunctionalTheorystudiesare performedio exam-
inegeometricandelectronigpropertie®f pureTiSe, aswell asLiTiSe, bulk. Thetotal
enepgy valueof Li intercalatedn theoctahedrasitesis comparedvith thecorrespond-
ing in thetetrahedrasite, thefirst onebeingpreferredoy 0.3eV. Electronicstatestotal
enepies,atomforces(usedto obtainequilibriumgeometriesarecomputed.Theself-
consistentvalencechage densityis analysedo obtain a bondingmodel consistent
with thequasi-tvo dimensionahatureof the electronicstructure.In orderto studythe
importanceof interlayercouplingin bulk TiSe, additionalstudiesare carriedout on
theelectronicstructureof separatedingle-layerslabs.

Theperformancef the pseudopotentia (Ti, SeandLi) usedto describeheinter
actionbetweerelectronsaandionsis verified.

3.1 Transition metal dichalcogenides

The layeredTMDCs are protoype of crystalswith two-dimensionaktructure. Their
generalformulais TX, whereT standsfor a transitionmetal of group!V (Ti, Zr or
Hf), groupV (V, Nb or Ta) or groupVI (Cr, Mo or W) and X for a chalcoger(S, Se

17



18 Chapter3 Structuralandelectronigoropertieof TiSe, andLiTiSe bulk

or Te). Thecrystalshave alayeror sandwichstructureformedby a planeof transition
metalatomsin a hexagonalpatternsurroundedy two hexagonalchalcogerplanes.
The two chalcogerplanescanbe staclked directly abore eachothermakingtrigonal
prismaticholesfor the metals,or canbe staggeredorming octahedraholes. Thetwo

typesof coordination®bsenredfor the transitionmetalatomsin thelayeredTMDCs

areshavn in Figure(3.1). Theinteractionsbetweeratomsin a layerare mainly co-
valent,whereasnteractionsbetweeradjacentayersareweakandsupposedlyof van
derWaalstype. For thisreasorthe spacebetweerthelayers(interlayerspace)s often
calledvander Waals gap Dueto the weakinterlayerinteractionsthe slabsexhibit

a large relatve freedomto stack,which resultsin variouspolymorphictypesof the
crystals.To labelthe differentpolymorphictypesanumberandaletterareused with

thefirst onedeterminingthe numberof sandwichesequiredto definethe unit cell in

thec directionandthesecondhechalcogerarrangemen(T trigonal,H hexagonal,or
R rhomboedrical).

Octahedral
NS

J

Trigonal prismatic

T 2N
E— ]
U

Figure3.1: (left) Layeredsandwichstructureof the transitionmetaldichalcogenids
crystals.(right) Thetwo coordinationtypespresenin TMDCs layers.

The TMDCs of grouplV crystallizein the octahedrallT structure while in the
groupV both octahedraland prismaticstructuresoccur The group VI compounds
adoptthe trigonal prismaticstructure. Sincethe interactionsbetweenthe layersare
small, the stackingsequencef the sandwichess not decisve for mostpropertiesof
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thesematerials. However, the stackingof the atomic planeswithin a layer hasan
importantinfluenceon the electronicbandstructure.

Wilson and Joffe have [1] proposeda schematicenegy bandmodelfor several
groupsof TX, compoundgo explain their optical properties. The densityof states
asa function of enegy is shavn in Figure (3.2) for the different layeredTMDCs’
groups.Accordingto this modelthe valencebandstatesshav mainly chalcogers and
p characterwhile the conductionbandis derved from transitionmetald states.The
octahedratrystalfield splitsthed level in two bandsshaving tzg (d,2, dy2 2, dxy) and
€y (dxz dyz) symmetry For compoundswith octahedrakoordinationthe d,. orbital
shavs asmalloverlapwith the higherd bandswhile in thetrigonalprismaticcasethis
sub-bandsplits off from the remainingd bandsandhybridizeswith the chalcogenp
bands.Thedegreeof filling of thed,. orbital determine®n aroughscalewhetherthe
TMDC is a metal,semimetabr semiconductorAs the transitionmetaltransferdour
electronsto the chalcogeratoms(filling the valenceband),the metalremainsin d°
(IV), d* (V), or d? (V1) configuration.Thus,thegroup!V compoundshouldpresent
semiconductin@r insulatingpropertiesasthe d,. orbitalis unnocupiedThe TMDCs
with metalsof groupV! arealsoexpectedo besemiconductordecaus¢hed,. orbital
is completelyfilled. Ontheotherhand,thegroupV compoundshouldshav metallic
propertiegddueto the half-occupiecconductiorband.

Px Py = = - __
-——— pz
ps o _IIz==4 s
dip __ |
dx%e‘d)yz - =--""dp__| dyzdxz _______
) 2 T ey dyZy?==— -~ -~
dxy dx—y d2 == == —_ 4.2
t dz2 EE, P z
(t29) = e
Z— JEEEEEEE =
- pid
TS - - - — - - — - — — -
//%DOS S
d
Zr S, NbS, MoS,

Octahedral Trigonal prismatic

Figure 3.2: Schematiaepresentatiomf the density of statesof the layeredGroup
IV, V, andVI transitionmetaldichalcogenid€éWilson andYoffe model)afterref.[2].
The symmetrieof the statesandatomicorbitalsareindicatedon the left sideof each
graphic.

However, thereare mary exceptionsto this generalschemdike for examplethe
semimetalTiSe,, compoundrom the grouplV which shouldbe a semiconductoin
thesimpleionic picture.Also, amongthe TMDCs with 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 intercalatbon com-
plexesby insertingforeignatomsor moleculesn betweertheirlayers.A largenumber
of articlesarecurrentlyavailablein whichthepropertieof TMDCsintercalatbn com-
plexesarethoroughlydiscussedl2, 1,51, 2,52].

Two main effectsof intercalatio have beenrecognized:a) An increasen thein-
terlayerseparatiomecessaryo accomodatéhe intercalantshat are larger thanthe
interstitial host sitesand b) chage transferfrom the intercalantto the host lattice.
Theseeffectsareoften analysedn termsof therigid-bandmodel. In this modelit is
assumedhat the intercalateatom (which is usually electron-donair) transferselec-
tronsfrom their outerorbitalsto the hostlattice. It is further assumedhat the host
valencebandstructureremainsunchangedby the presencef theintercalate Many of
theobsenred changesreattributedto thefilling of thelowestunoccupiecconduction
bandof the hostmaterial. Althoughit hasbeendemonstratethatthis modelis notal-
waysvalid [53, 54], it may still be a usefulapproximatiorto understandjualitatvely
thechangesnducedby theintercalatbn.

Theintercalatd alkali metalscanoccupy two sitesin thevanderWaalsgap,either
in octahedrabr trigonalprismaticcoordinatiorby thechalcogenslt depend®nthree
factors:the amountof the intercalatedalkali, the size of the alkali andthe natureof
thehostmaterial[55]. It hasbeenobseredthatLi atomsoccupy octahedrakites,Na
occuyy octahedratitesat low concentratios andat higherconcentratiosthey move
to trigonalprismaticsites,andfor thelargeralkaliatomsK, RbandCsonly thetrigonal
prismaticsitesarepreferred.

3.3 TiSe bulk

3.3.1 Crystal Structure

The natureof the electronicstateandthe geometricaktructureof TiSe, hasbecome
the subjectof mary experimentalstudiesas well astheoreticalcalculations. Upon
coolingbelov 200K, TiSe, undegoesa structuralandelectronicphaseransitionde-
scribedby a formationof a commensurateeal space2a x 2b x 2c superlatticewith
the resultantbackfolding of bandsin reciprocalspace[56]. TiSe, belongsto the
TMDCs of group |V with 1T — Cdl, structure,wherethe Seatomsare arrangedn
a nearoctahedrasixfold coordinationaroundthe Ti site within eachsandwich.After
Whittinghamand Gamble[57] the lattice parametersf TiSe, area = 6.680 ag and
c = 11.3458ag (leadingto aratio of c/a = 1.698,comparedo theideal 1T-octahedral
valueof c/a = 1.633). Figure(3.3) displaysthe unit cell andthefirst Brillouin zone
of the 1T structure.The Bravais cell of the 1T — Cdl, structureis hexagonalwith the
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Figure3.3: (left) Crystalstructureof 1T TiSe, and(right) Brillouin zoneof thehexag-
onallatticewith symmetrypointslabelled.

following primitive translationalectors:

1 V3
a = a(§7_770)
13
P = 3(5,7,0)
a3 = ¢(0,0,1). (3.2)

Thelattice basisconsistf atitaniumandtwo seleniumatomswith coordinategjiven
by: Ti (0,0,0), Se(3a,+ ﬁ a, £ c2), wheretheparameter = 0.2553[57] modulates
theTi - Sebondanddeterminesheinterlayerseparationlts idealoctahedralalueof
0.25is closeto the obseredvalue. Thereciprocalatticeis alsohexagonal:

2n 1
bl - E(17_\/—§7O)
2n 1
b2 - E(l7ﬁ,0)
by = 2?“(0,0, 1), (3.2)

Thespacegroupof the 1T - Cdl, structureis trigonal P3ml (ng) whichis composed
by thefollowing symmetryoperations:

(D3,) = {E,2C3,304,i,2iC3,3C,}.
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In the coordinatesystemusedE is theidentity elementof thegroup,Cs is therotation

of 12 aboutanaxis perpendiculato thelayers(z-axis),i is theinversionoperation,
i C3 is the correspondingotationwith inversion.C, is arotationof 18 with respect
atitanium-titarum axisin the xy-planeandaoy is the mirror symmetrywith respecto

titanium-selenim axesthatareperpendiculato thelayers.

3.3.2 Electronic structure

In recentyearsalarge numberof differentmethodshave beenappliedto calculatethe
bandstructureof TMDCsin general Particularly for TiSe, severalbandsnodelshave

4"’{0—"" ¥ 0
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Figure3.4: Thebandstructureof TiSe, calculatedoy Fangetal. [48] usingthelocal-
izedsphericalave LSW method.

AT T

beenpublished.Theseincludethesemi-empiricatight binding[58], the non-selfcon-
sistentKKR [59] , the self-consistentight binding [60], the symmetrisedDPW[61],

theLAPW [62], andmorerecentlythe LSW [48]. All modelspredictanalmostequal
orderingfor the valencebandsaccordingto symmetrylabelswith occasionainter

changesFurthermorethe later self-consistentalculationd60, 62, 48] characterize:
TiSe, asasemimetaivith asmallindirectp/d bandoverlaprangingfrom 0.2-0.55eV.

This lastresulthasbeenconfirmedby meansof angle-resoled photoemissiormea-
surementg8, 63, 64, 65], which reveal significantly dispersingandalso cutting the
Fermi enegy bands(about2 eV) alongthe layer perpendiculadirection supported
by p; orbitalswith admixturesof d,» (thez-axisis choseralongthe c-direction). The
bandsrelatedto layerparallelorbitalsshav almostno dispersiorin this direction.
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The ab initio bandstructurecalculatedby Fang et al. [48] is displayedin Fig-
ure (3.4). Thetwo lowestbandsaremainly composedf Se4s states.The enegy of
thesetwo bandsis between—13.8 to —12.0 eV. Se4p orbitalsare situatedbetween
—5.2 and0.6 eV above the Fermilevel. The dispersionof two of the bandsin the
directionperpendiculato thelayersl'-A is quitelarge. Thesearebandsof mainly Se
4p, character The overlap betweenthe Se4p, orbitalswithin a slab,andacrossthe
van der Waalsgaparequite large, leadingto a total bandwidth of about5 eV. There
is no netbondingacrosghevanderWaalsgapbecauséothbondingandantibonding
statesareoccupied.Above the Fermilevel therearefive Ti 3d bandswhich split into
atyg-like tripletandaneg-like doubletof subbandsAn overlapof about0.8eV canbe
obseredatl” andL.

3.3.3 LiTiSe

The lithium intercalaton complees of TiSe, (usually written as LixTiSe,, where
0 <x< 1.0) areof specialinterestasthey may be usedin the constructionof high-
enegy-densitybatteries.In this materialthe basicstructureof the original TiSe, lat-
tice is retainedon intercalatio. As x increasegrom O to 1 the lithium atomsfill up
theinitially unocuppiedctahedrakitesof the original compound.With the gradual
occupationof the octahedraholesthe a andc lattice parametersncreasedn a con-
tinuousmannerfrom a = 6.680 ag andc = 11.345ag for TiSe, to a= 6.886ag and
c=12.245361a5 in LiTiSe, (with x=1) [57]. Whencomparedvith the unintercalate
crystalthe LiTiSe unit cell containsone extra atom, however, it is boundedby the
samelattice vectors. Thesymmetrypropertieof LiTiSe, arealsosummarizedy the
spacegroup(ng). The Brillouin zoneis hexagonalasshavn in Figure(3.3). It was
demonstratetly Jagermanretal. [13] thatlithium intercalate in situunderultra-high
vacuumconditionsinto TiSe. In Figure(3.5) the experimentalvalencebandspectra
of TiSe, andLixTiSe, (with x &~ 0.3) measuredty Jagermanretal. [13] togethemwith
thetheoreticadensityof stateddistribution of TiS, andLiTiS, calculatedoy Umrigar
et al. [49] shav how the Fermilevel is shifted by the occupationof the conduction
bandstates.Additionaly, it canbe seenthattheintercalated.i ions shift the absolute
positionof thebands.

3.4 Computational details

Thecalculatims emplg density-functioal theorytogethemith thelocal-densityap-
proximationfor the exchange-correteon functional [24, 25], asimplementedn the
FHI98md code[46]. Fully separablenorm-conservingpseudopotentialconstructed
by following the schemeof Troullier and Martins are usedto describethe interac-
tion betweerelectronsandions[20]. Theseweregeneratedisingthe codedeveloped
by Fuchsand Schefier [66]. For computationakfficiency the pseudopotentialare
transformednto the separableKleinman-Bylandeiform, with the s, p andd pseu-
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dopotentialchosenasthe local componentsor Ti, SeandLi, respectiely to avoid

theappearencef ghoststates.To ensurebettertransferabily of the alkali pseudopo-
tentialthe nonlinearform of the core-\alenceexchange-corralion functionalis taken

into account[67]. Theseab initio pseudopotentialequireasinput only the atomic
numberandthe startingelectronicconfiguration.

Ti Se Li
Electronicconfiguration
4524p°3d? 45%4p*4d0 2s12p°3d°
Coreradiiin a.u.
2.5,2.9,2.3 1.9,2.1,2.4 2.2,2.2,2.4

Table3.1: Informationaboutthe startingatomicpseudopotential

In Table3.1 areshavn the differentelectronicconfigurationsusedto generatehe
pseudopotentialtogetherwith the coreradii. The eigenfuctionsof the Kohn-Sham
operatorwere expandedin planewavesusinga cutoff enegy of 60 Ry. Testswere
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performedfor the electronicstructureusinga cutoff upto 100Ry. They did notresult
in significantchangesn the dispersionof the bandsor the valuesof the gaps. The
integrationin reciprocalspacewnasreplacedyy a sumof 63 Monkhorst-Rck speciak

pointsin theirreduciblepartof the Brillouin zone.In orderto attainfastconvergence
of the Schibdingerequationt wasfoundimportantto startwith initial wave functions
obtainedfrom a mixed basisset of pseudoatomic orbitals and plane waves with a
cutoff enegy of 5 Ry. With theseparameterghetotal enegy precisionis betterthan
0.2mRy/atom.

The detailedgeometryof TiSe, andLiTiSe, bulk areobtainedin the presental-
culationsby minimizing thetotal enegy of the systemawith respecto thelatticecon-
stantsa andc. Thetotal enegy is calculatedfor differentvaluesof lattice constants
a andc choseraroundthe experimentalvalues.In thesecalculatios all atomsareal-
lowedto relaxwithoutrestrictions.Thebulk systemis consideredo beatequilibrium
if all forcecomponentsaresmallerthan0.5mRy/bohr

3.5 Results

3.5.1 Ti pseudopotential

Themethodof TroullierandMartinsto generatgseudopotentiaproducessoft core”
pseudopotentia) which reducesconsiderablythe numberof planewaves neededo
achiered convergencein thecalculatedoroperties.
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Whenseparatinghe pseudopotentiavia the Kleinman-Bylande transformthere
is the possibilityof generatingghostsstates”.If atareferenceenegy thelogarithmic
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deriatives of the s, p, andd statesobtainedfrom the all-electronatomic potential,
Troullier and Martins pseudopotentiaand Kleinman-Bylandeiseparablgpseudopo-
tential are identical, the existenceof "ghostsstates”canbe excluded. For all the

Figure 3.7: Logarithmic
dervatives atr = 3.33 ag for

10.0 - the s (bottom), p (middle),
< 00f and d (top) statesof a Ti
© -10.0 - atom. Solid cunes: results
% x ¥ e of the all-electron calcula-
% 10.0 + NINg tions. Dashedcurwes: results
£ 00 p using Troullier and Mar-
'c% -10.0 HII— tins potentials. Dot-dashed
~ % M- cune: resultsusing the TM-
W 100} | based Kleinman-Bylande
O gof | T separablepotential. At the

100 - s reference enegies (triangle

‘ v N1 dowvn) Es = —0.16 hartrees,
-1.0 0.0 1.0 Ep = —0.06 hartrees, and
E (hartree) Eq = —0.16 hartreeghethree
different potentials give the
sameresult.

pseudopotentialgeneratedn the presenwork, it hasbeenverified thatthe choiceof
local componentandcoreradii did notintroduceary ghoststates Also, they have to
shav agoodtransferabilityover awide enegy range.The Ti pseudopotentiashavn
in Figure (3.6), was generatedrom the groundstateconfiguration(4s>3d24p°) with
radialcutofs of 2.5,2.9,and2.3 ag for the s, p, andd componentsiespectiely, (see
Table3.1). TheTi 4s potentialwaschoserasthelocal componenof thepseudopoten-
tial. Thetransferabilityof thesepseudopotentiais illustratedin Figure(3.7), where
thecorrespondingpgarithmicderivativesof theradialcomponenof thewave function
areshavn. Theradialdervatves weregeneratedt a radiusof 3.33ag. As obsered
in this figure, thereis a goodtransferabilityover a wide enegy rangeaswell asan
absencef ary ghoststates. The resultsof the excitation enegiestestare shavn in
Figure(3.8). In this testthe total enegiesfrom differentoccupationatonfigurations
werecalculatedor the pseudoatonandthe all-electronatom (within the frozen-core
approximationandcompareadvith thoseof the all-electronatom(with relaxed core).
Theconfigurationgalculatedcoveredexcitedstatesyheregraduallyl/4 electrorwas
transferedrom the4sto the4p state.Also thefirst ionizationpotentialwascalculated.
In Figure(3.8)the deviationsfrom the pseudaatomandfrozen-corecalculationswvith
respecto theall-electronresultsareshavn. Theerrorsdueto theuseof thepseudopo-
tential shouldbe comparedo the errorsthat resultfrom an all-electroncalculation
within thefrozen-coreapproximation.
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Figure 3.8: Transferabilitytestof Ti pseudopotentia the deviations of (left) exci-
tation enegies and (right) first ionization potentialof the pseudoatom and frozen-
core calculationsfrom the all-electronresultswith relaxed corefor differentatomic
configurations Thereferenceonfigurationis 3d24s?4pP.

To prove thereliability of Ti pseudopotentighe bandstructureof Ti bulk in the
hcp phasewascalculated.The unit cell is composedf two Ti atomsat (0,0,0) and
(v/3a/2,0,1/2c), with a = 5.575 ag andc = 8.850 ag the experimentallattice con-
stants[68]. In the presentcalculationthe Brillouin-zone integration have beenper
formedusinga (6 x 6 x 6) Monkhorst-Rck grid for the unit cell, which are 216 k
pointsin theirreducibleBrillouin-zone,anda cutoff of 100Ry. Thebandstructureob-
tainedis presentedh Figure(3.9)togethemith the calculatedy Mattheis§69] using
the APW method.As it canbe seenthe overall agreemendf both bandstructuress
quitesatishctory

3.5.2 TiSe, andLiT iSe

The crystal structureparameterof TiSe, and LiTiSe, were optimized; the results
areshawn in Table3.2. It canbe notedthat a reductionof about2 — 4% on both
lattice constantdor both compoundss achieved (with respectto the experimental
values),dueto the local-densityapproximatiorfor exchangeandcorrelationusedin

the calculationswhich is generallyknown to yield lattice constantghat are smaller
by 2 — 6 % with respectto experiment[70]. Li intercalatedn TiSe, occupiesthe
octahedrasitesin thevanderWaalsgap.WhenplacingtheLi atomonthetetrahedral
site, the total enegy of the systemincreasedy 0.3eV. In TiSe, thevalueof z, 0.25,
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Figure3.9: Bandstructureof Ti (hcpstructurebtainedusingthe APW method(after
Mattheiss)[69] (left), andwith the Troullier and Martins Ti pseudopotentialright).
TheFermilevel in the (right) is indicatedby thedashedine.

indicatesthat the intersandwichand intrasandwichseparationdetweenSe layersis
equal. The Se-Ti bondsin TiSe, andLiTiSe, are4.72and4.81ag, respeciiely. In
LiTiSe thedistancen c directionbetweerSeandTi planeds 2.93ag andbetweerli
andSe3.02ag, while the Se-Libondlengthis 4.86ag.

3.5.3 Band structure

TiSe Thebandstructurealongthe high-symmetrylinesin the Brillouin zoneand
the densityof statesof TiSe, is presentedn Figure(3.10). The zeroof theenegy is
choseno be atthe Fermilevel. Thetwo lowestlying bands(between-14.4to -12.5
eV) aremainly composedf Se4s states.Between-5.7 eV andthe Fermilevel are



3.5 Results 29

TiSe LiTiSe
a(ag) c(as) z a(as) c(ag)
LDA (presenstudy) 6.41 10.89 0.25 6.61 11.90
Exp.[57] 6.68 11.34 0.2553 6.80 12.20

Table3.2: Calculatedn the presenstudyandexperimentallymeasuredtructurepa-
rameterof TiSe, andLiTiSe.

six bandsof Se4p origin, which arestronglydispersie throughouthe Brillouin zone,
two of themalsoalongl" A (perpendiculato the layers). The top of this setof bands
is situatedat". At (andabore)the Fermieneqgy five Ti 3d-derved conductionbands
arefound. They canbe dividedin two groupsCB1 andCB2; CB1 with threebands
in the range0-2 eV and CB2 with two bands2.2-3.8eV above the Fermilevel. In
accordancevith earliercalculationsTiSe, is foundto beasemimetalvith anoverlap
of 0.45eV betweerthe top of the Se4p valencebandat I andthe bottomof the Ti
3d conductiorbandsituatedat L. Additionaly, thereis anindirectl"-M overlapof 0.22
eV. Oncomparingheseresultswith thoseobtainedby Fangetal. [48] (seeFig. (3.4))
it is found an agreemenbn the abore mentionedfeatures. However, in the present
calculationstheindirectoverlapis 0.35eV smallerthanfrom Fangetal. In Table3.3
thepresentesultsarecomparedvith thoseof previouscalculationsThevalenceband
width is in good agreementvith both given results. The indirect gapsagreebetter
with Beneshet al. [62]. In the lower panelof Figure (3.10),the densityof statesof
TiSe is shavn. All the main peaksof the densityof statesare presentin the x-ray
photoemissiospectrunby Jagermanr13] .

LiTiSe, Thebandstructureof LiTiSe is shavn in Figure(3.11). Severalsignificant
changesvith respecto TiSe, canbeseen.TheSe4sbandwidth decreasely 0.38eV,

andmovesdownin enegy by ~ 0.18eV. Thevalencebandwidth decreasely 0.56eV,

moving down by 0.42eV relatve to the Ti 3d-by bands. TheTi gg bandsmove down

by 0.69eV while the Ti 3d-by bandsonly by ~ 0.23eV. In T the separatiorbetween
thevalenceandthe conductionbandss increasedy 0.80eV. It canbealsoobsered

thatthedispersiorof bandsalongthel” A directionis muchlessin theintercalate This

is dueto theincreasen theintersandwiclspacing.Thedeviationsfrom therigid band
modelare: (i) thep/dgapincreasedy 0.8eV, (i) bandswith Se4 p, charactebecome
lessdispersie in thel" A direction;

3.5.4 Valenceelectron density

Figure(3.12)shavs the valenceelectrondensityof TiSe,. Thecrystallographigplane
shawn in this figure is perpendiculato the c-axis. The planecrosseghe Se atom
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TiSe, LiTiSe
Present LCAO [60] LAPW [62]
Valencebandwidth  5.86 5.8 5.7 5.30
I" 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
"M indirectgap -0.22 0.15 -0.32 0.39
'L indirectgap -0.45 -0.18 -0.55 0.12
Sedsgap 6.88 - - 7.04
Se4swidth 1.85 - - 1.47
CB1width 2.18 2.3 1.9 1.98
CB2width 1.60 1.7 1.6 1.44

Table 3.3: Bandstructurecharacterist®f TiSe, (comparedwith other calculations)
andLiTiSe,. All datain eV.

in the first atomic plane(indicatedby a triangle up), thusthe chage densityhasits
maximumaroundthis atom.Also thepositionsof the Ti- andSe-atomgin the second
andthird atomicplanesrespectiely) canbeclearlyobsered. The brokenwhite line
indicatesthe planeparallelto the c-axisin the[2110 direction,which s displayedn
Figure(3.13)and(3.15). To studytheeffectof Li intercalaton ontheelectrondensity
alsothe chage densityof LiTiSe, bulk was calculated.In Figure(3.13)the chage
densityof TiSe, andLiTiSe structuregareshavn, wherethelayerednatureof theboth
structuress clearlyseen AroundtheTi atomin TiSe, thechage shavs someangular
polarization,in contrastto LiTiSe, whereit is morespherical.In orderto know the
redistritution of the chage uponLi intercalaton, the chage densityaveragedover
the x —y planeasa function of z is plottedin Figure(3.14) (for TiSe, LiTiSe and
their difference). In the absciss& axis the atomicsymbolof eachelementindicates
its positionon the c-axis. Fromthe differencecurwe it is obsened thatthe additional
chage dueto intercalatbn residesprimarly betweenthe Li andthe Seplanes. Also
in the Ti planean accumulationof chage densityis obtained,which canbe better
identifiedin Figure(3.15),wherea plot of thedifferencen theelectrondensitybefore
andafterintercalatio is shavn.

To have a betterpictureof the effect of Li intercalaton the chage densityof both
TiSe, andLiTiSe, structuresare calculatedexactly with the samelattice parameters,
so that the electrondensitiescan be substractegboint by pointin the real space.In
Figure (3.15) this chage differenceis shavn in the sameplaneasin Figure(3.13),
while in Figure(3.16)it is displayedin the planeformed by the vectors[000] and
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[101Q (indicatedby the solid black line in Fig. (3.13)). From thesefiguresit can
be seenthat most of the guestelectronis acceptedoy Ti and Se. In Figure (3.15)
awell localizedelectrondensityat Ti ion site is obsered, while in Figure(3.16)an
accumulatiorof chagedensityaroundthe Seatomg(in thefirst andin thethird atomic
planes)is well identified. The orbitalsinvolved in this chage transfercanbe clearly
identifiedfrom the chage-diferene plot. TheelectroncloudslocalizedattheTi sites
have theshapeof ad,. anddyy orbitals. Thisis consistentith thefilling of thebands.
In TiSe, the electroncomingfrom theinteracalagd Li ion fills thetyg bandwhichis
comprisednainly of metald,, dyy, d,» _,»-typeorbitals.

3.5.5 TiSe single-layer slab

In orderto examinethe importanceof electronicinterlayercouplingin TiSe bulk,
calculationswere carriedout on the electronicstructureof a TiSe, single-layerslab
usinga repeatedslabgeometry The calculationswere performedin a supercelige-
ometry wherethe layersarerepeatedalongthe (0001) directionwith alarger inter
layer distanceciayer.  Testcalculatios with varying Cjayer have shavn that a value
of Clayer = 14 ag (correspondindo 1.28& with ¢ denotingthe respectie bulk lattice
constant)s sufficient to guaranteelectronicseparatiorbetweeradjacensingle-layer
slabs.An increaseof 5y from 1.28to 1.8 resultsin a differenceof only 0.002eV
of theunit cell total enegy.

In afirst calculationtheintralayerattice parameter of thesingle-layemwaskeptat
the calculatedvalueof the bulk. Then,it wasoptimizedby allowing the relaxationof
all atomsin the unit cell. Only aminor changan the z parametewasobtained(from
0.25t0 0.249),whichimpliesthattheatomicpositionsin asinglelayerareessentially
identicalto thoseof the singlecrystal.

In Figure(3.17)the electronicvalencebandstructureof TiSe, singlelayer (with
optimizedpositions)ogethemwith thatof the bulk material(Fig. (3.10))areshawvn for
comparison.Accordingto Figure(3.17) a singlelayer of TiSe, is a semimetalike
the bulk materialwith the valencebandmaximumat the " point, in agreementvith
previouscalculatims[48]. Theinteractios perpendiculato thelayers(I'-A direction)
arefoundto be small,whichis indicatedby thelack of dispersiorfor all bandsalong
I"-A. The conductionbandminimumis found at the M andL pointsof the Brillouin
zone,with anenegy of -0.04eV belav the Fermilevel. Theoverall appearancef the
singlelayerbandstructures very similarto the bulk bandstructure.

The electronicinterlayercouplingin bulk TiSe, is found to be very weak. This
is evident from a comparisorof the overall shapeof the bandstructureresultsof a
TiSe, single-layerslabwith thatof thebulk. Thepresengeometryoptimizationof the
single-layeslabyieldsatompositionsinsidetheelementaryell, which arevery close
to thoseof the bulk. The geometricandelectronicsimilarity betweenayerandbulk
justifiestheuseof TiSe, single-layerslabsasmeaningfulmodelfor the TiSe, (0001)
surface.
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Figure3.10: (upper)Bandstructureand (lower) densityof statesof TiSe, bulk. The
enepgy bandsareshavn for characteristipathsconnectinghigh-symmetrypoints of
theirreduciblepartof the Brillouin zone.For adefinition of thehigh-symmetrypoints
seeFig. (3.3)
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Figure3.11: (upper)Self-consistenpseudgotentialbandstructureand (lower) den-
sity of statesof LiTiSe, bulk intercala¢d structure.
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Figure 3.12: Valence electron
- chagedensityof TiSe, in thex—y

plane.The positionof theTi atom
below thedisplayedlaneis repre-
sentedby a dot, thatof Seasdis-

played(in the first atomic plane)
by atriangleup andthatof Se(in

the third atomicplane)by a trian-

gle dovn. The broken and solid

lines indicate the cross sections
used for Figures (3.13), (3.15),
and(3.16),seetext. Brightregions
correspondo larger density The
unitsare10 3 electrons/boRrand
theintenal betweeradjacenton-
tourlinesis 0.5 x10~3/ bohP.

Figure3.13: (upper)Valenceelec-
¢ tronchagedensityfor bulk TiSe,.
i Contourline spacingis 1.25 x
= 102 (lower) Valenceelectron
- chage density for bulk LiTiSe,.
: Contourline spacing is 9.35 x
© 1073, Units are given in 1072
electrons/bof
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Figure 3.14: Averagedvalencechage densityof LiTiSe,, TiSe, andtheir difference
areplottedagainstz. Thez coordinateof theatomsis indicatedby theatomicsymbols
in theaxisof abscissas.

Figure3.15: Chage den-
sity differenceof LiTiSe
and TiSe, along a plane
parallel to the c-axis.
Bright regions corre-
spond to larger density
The planeis indicatedin
Fig. (3.12) by the broken
white line. Contourline
spacingis 0.75 x 1072,
units are given in 102
electrons/bof

Figure 3.16: Chage density dif-
ference of LiTiSe, and TiSe
along a plane parallel to the c-
axis. The planeis indicatedin
Fig. (3.12) by the solid black
line. Bright regionscorrespondo
larger density Contoutline spac-
ingis 0.87 x 10~3, unitsaregiven
in 10-3 electrons/boft
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Figure3.17: Comparisorof calculatecbandstructure®f singlelayer (solidlines)and
bulk-TiSe, (dottedlines).



Chapter 4

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

Thepresenttudyis accomplishedo examinethe structuralandelectronicproperties
of alkali metalatomsadsorbeattheTiSe, (0001)surface,asafirst stepto understand
theintercalation process.

Alkali metal atomsdepositedon transition metal dichalcogenids can be either
adsorbeantop of thesurface[71, 17] or intercalateénto thevanderWaalsgapsof the
substrateln orderto understandheinterplaybetweeradsorptiorandintercalaton of
alkali atomsatthesdayeredcrystals| performedadetailedstudyof themigrationand
enegeticsof Li adatomon TiSe, (0001)surfaceandalongthe vanderWaalsgap.

To getinsightinto stableand metastabletatesdiffusion pathsanddiffusion bar
riersfor the Li adatom the adatoms potentialenegy surface(PES) is calculatedto
find e.g.thehcpsiteenegeticaly slightly preferredover thefcc site. To obtaininfor-
mationaboutthe adsorbate-substrab®nd,the changean thevalenceelectrondensity
theorbital distribution, andthe changeof the work functionasa functionof thealkali
coveragearestudied.Surfacediffusionis alsoinvestigatedor Na,RbandCsadatoms.

4.1 Intr oduction

Oneof the mostimportantfeaturegpresenon the TMDCs is their ability to form in-
tercalationcompoundswith foreignatomsor moleculeq2, 52]. Dueto their layered
structureandweakinterlayerbondingthe TMDCsrepresensuitablehostsfor interca-
lation. Over the lastdecadeshe intercalaion of alkali metalshave beenstudiedwith
interestdueto theirmultipletechnologichapplicatiors, e.g.,in solarcells[72], aselec-
trodematerialan rechageablesolid statebatterieg11, 12], assolidlubricantd73,74],
in photovoltaic devices[75], amongothers.Fromthescientificpoint of view TMDCs
representin ideal substratdor suriacesciencestudiesowing to their chemicallyin-
ert surfaces. It hasbeenshavn that when alkali metalsare depositedon TMDCs
surfacesunderultra-highvacuumconditions,they canintercalatento the bulk mate-

37
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rial or be adsorbedn the surfaceof the substrat€orming clusters,as obsenred for
Cson MoS; [76] andon WSe [77], or networks of metallic nanavires, like Rb on
TiTe, [18].

In spiteof thethoroughinvestigatiordoneonin situintercalaton duringtherecent
lastyears,the detailsto fully understandhe mechanisnbehindit arestill unknavn
up to now. Differentaspectsarestill far from being completly comprehendetike
for example,the paththe alkali atomsfollow to reachthe van derWaalsgap,andthe
enegy barriersthey have to overcometo intercalate

Moreover, thedesignof new batterymaterialsrequiresa microscopiaunderstand-
ing of the stablesitesanddiffusion pathwaysof the alkali ions, aswell asthe chage
redistrilution afterintercalaion, whichis very difficult to obtainfrom experiment.

Datafor enegy barrierstowardsdiffusionandintercalaton atanidealsurfacewill
be valuableto optimizethe growth by van-derWaalsepitaxy The latter hasbecome
animportanttool for the preparatiorof interfacesandheterojunctiond.78]

As a prototypefor which vacuumintercalatbn seemdo be experimentallywell
establishednainly the systemLi with TiSe, [13] hasbeenexplored with ab initio
calculationdo yield:

¢ How doesthe TMDCs (0001)surfacechangewith thepresencef alkali atoms?
¢ Whataretheadsorptiorpositionsonthesurface?
e How doeslLi diffuseonthesurfaceandwhataretheenegy barriers?

e How doesthediffusionof Li within thevanderWaalsgapdiffer fromthesurface
diffusion?

¢ How is theredistriution of the chage densityduringthe adatomdiffusion?
¢ How doestheadsorptiorenegy changewith thealkali coverage?

¢ How doeghedipolmomenthangendthereforahework functionasafunction
of thealkali coveragewhenLi atomsareadsorbednthesurfaceor intercalatd
in thevanderWaalsgap?

4.2 Calculational Method

Thetechnicaletailsof thedensityfuctionaltheorycalculationsaregivenin Chapte2.
The cleanTiSe, (0001) surfaceis modeledby a supercellwith a slab consistingof
threesandwichesf TiSe, (9 atomicplanes)separatethy a8.3A vacuumregion, see
Figure(4.1).

Theadatomplus surfaceis modeledby taking a periodicarrangementf adatoms
on the surfaceandchoosingthe resultingsurfacesupercellto be so large thatthe in-
teractionbetweenadatomsn neighboringcellsis nggligible. For calculatingthe ad-
sorptionsitesanddiffusion barriersof alkali adatomsa (v/3 x +/3)R30° TiSe, (0001)
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Figure4.1: Schematidisplayof the (v/3 x v/3)R30° supercelemplgedto represent
the TiSe, (0001) surface, with ¢y the separatiorbetweenlayers (theoreticallattice

constanfor TiSe, bulk fully intercalatedwith Li), andc, thesupercellattice constant
in z-direction.

surfacesupercellis used. To prevent from artificial adsorbate-adsorlasinteractions
throughthe slab,the alkali metaladatomis adsorbedn oneside only, wherethe in-
duceddipole momentis takeninto accountby applyingadipole correction[80].
Whenstudyingthe systenRb-TiSe,, thevacuumregion wasincreasedrom 7.0 A
to 10.3A to estimatethe interactionof the adatomwith the oppositesurface. It was
obtaineda changen the enegy differencesf about0.02eV. The plots of the chage
densitydifferenceof Rb-TiSe, with differentvacuumregion, shaw thattheinteraction
of the adatomwith the oppositesurfaceis similar and negligible in both casessee
Figure(4.2). Theelectroneigenfunctiongreexpandedn a plane-vave basisusinga
cutof of 40 Ry with threespecialk pointsin the surfaceBrillouin zone[81]. Con-
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vemgencetestsperformedor a highernumberof k pointsdid notshav ary significant
variationof thecalculate enegies.Calculatimswith 4 layersof TiSe, andacut-of of

60 Ry shawv thatthe adsorptiorenepy differencesareaccuratelygiven, which means
thatthey changeby lessthan0.03eV. In orderto improve the quality of theintegration

in k spacea Fermi-surbcesmearingof 0.1 eV is usedandtheresultingtotal enegies
areextrapolatedo zerotemperature.

Theatomicpositionsof all atomsareallowed to relax,exceptfor the TiSe, atoms
in the bottomsandwichwhich arefixed at their relatve bulk positions.Thetotal en-
emgy surfaceE(x,y) of thealkali adatomis determinedor its diffusion. It is calculated
by mappingout the total enegy asa function of the adatomposition(x,y). At each
positionthe z coordinateof the adatomandthe full relaxationof the substrateatoms
is calculatedby enegy minimization. The minimumtotal enegy definesthe binding

Z—-axis [0 00 1]
G
¢.9

SACZAK @ ¢

X-axis 1210 — =

Figure4.2: Chage densitydifferenceof Rb adsorbecn TiSe, with (left) 7.0 A and
(right) 10.3A of vacuumspace.
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geometryof theadatomandthe substrateThe saddlepoint on this enegy surfacede-
terminegheactvationbarrierfor diffusionalongthesurface.Sincetheenepgy surface
E(x,y) musthave the samesymmetryasthe crystalsurface,it is only neededo carry
out calculationsfor positionsof the adatomin the irreduciblepart of the supercell.
Thereforethe enegy surfaceis only mappedon a (1x1) surfaceunit cell with amesh
width of onesixth of the unit vectors. This approximations only usedto reducethe
numberof independengrid points(x,y). The geometryof the adatomandsurfaceis

notconstrainedn ary way.

Calculationsare performedfor lithium on the surfaceandvan der Waalsadsorp-
tion sitesfor coveragesrangingfrom 1/16 to a full monolayer(ML). In particular
coveragesof 0.06, 0.11, 0.33, 0.25 ML were calculatedusinga (4 x 4), (3 x 3),
(v/3 x v/3)R3(P, and (2 x 2) surfaceunit cells, respectiely. Coveragesd; = 0.5
and1 ML were calculatedin the (2 x 2) surfaceunit cell containingtwo and four
lithium atoms respectiely. Thecoverage® = 1 is definedastheratio of the number
of adsorbatatomsto thetotal numberof hcpsitesin the substrate.

The total enegiesof isolated,free atomicLi, Na, Cs,andRb arecalculatedn a
cubic cell of sidelenght25 ag with the k point (0.5 0.5 0.5) for the Brillouin Zone
sampling.The spinpolarizationeffectswerenotincluded.

It is usefulto definethe adsorptionenegy per adatomfor the analysisdiscussed
belov. Theadsorptiorenegy peradatomnis definedasthedifferenceof thetotalenegy
of the adsorbatesystemand the total enegy of the clean,unreconstructedubstrate
togetherwith a free, neutraladatom.Using the indiceswhich referto the adsorption
of Li onTiSe, (0001),thedefinitionof theadsorptiorenegy peradatomis givenby

ELI/TSex (0009 _ NiL, [EL1/TiSe (0003 _ (ETiSex(000) | ny gliatomy (4 1)
whereN(; is the numberof Li atomsin the surfaceunit cell, andthe total enegy of
theadsorbate-substeasystemthecleanTiSe, (0001) substrateandthefreeLi atom,
arerepresentedly EL/TiS&(000D) ' ETiSe; (0001 gndgliatom respectiely. Thebinding
enegy is theenegy thatafreeLi atomgainsby its adsorptiorat the surface. For the
on-surhiceadsorptiorthebindingandadsorptionenegiesarethe same.

To analyzethe natureof bonding,it is helpful to considerthe differenceelecton

densityn®(r),

n(r) = n(r) —n%(r) —n"(r), (4.2)

wheren(r) is thetotal valenceelectrondensityof the substrate-adsorbasgstemand
n(r) andn-'(r) arethe electrondensitiesof the cleansubstrateandthe free lithium
atom, respectiely, andthe atomicgeometryof the substratds chosento be that of
therelaxed adsorbatesystem. The differenceelecton densityshawvs the depletionor
accumulatiorof the chage densityin the systemdueto the adatomadsorptioron the
surface.
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4.3 TiSe, (0001)surface

Oneaim of this studyis to establishthe enegetic andgeometricdifferencedetween
adsorptionof alkali metalatomson the TiSe, (0001)surfaceandintercalationin the
vanderWaalsgap.In orderto achieve this, total enegy calculationshave beencarried
outfor bothcasesThesupercelusedto modelthe surfacemusthave the samelattice
constantdgor both configurationgo malke the resultscomparable.l choseto usethe
theoreticallattice constantof bulk TiSe, fully intercala¢d. The theoreticallattice
constantd obtainedfor bulk TiSe, fully intercalatedwith Li, areag = 6.61, ¢y =
1190 ag, (seeTable3.2). The experimentalvaluesfor bulk TiSe, fully intercalatd
with Li areag = 6.8 andcy = 1220 ag [57]. The decreasedheoreticalvaluesare
partially dueto thelocal-densityapproximatiorfor exchangeandcorrelationusedin
thecalculatiors, whichis generallyknown to yield lattice constantshataresmallerby
2 — 6 % with respecto experiment[70]. To introduceno stresghetheoreticalvalues
areusedto modelthe (0001)TiSe, surface,seeFigure(4.1). In orderto determinghe
effects of alkali adsorptionon the TiSe, (0001)surfacestructure,l first investigated
thebaresurface.

[0001]

Figure4.3: Sideview of the (v/3 x +/3) unit cell usedto representhe TiSe, (0001)
surface. Thefirst two layersareallowed to relaxandthe onein the bottomis fixed at
its relatve bulk position. For the distancevalues,d; andD;, betweenatomicplanes,
seeTable4.1.

| performectalculationgor theatomicrelaxatiorof thecleansurfaceusing(4 x 4),
(3% 3), (v/3 x+/3), and(2 x 2) periodicities.Thesecalculationgprovide a testof the
surfacerelaxationwith cell size. The atomic geometryof (/3 x 1/3) TiSe, (0001)
surfaceis displayedin Figure(4.3). Theresultsof the structuralparameteobtained
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aresummarizean Table4.1. The distancedetweerthe atomicplanesfrom thefirst
andsecondliSe, sandwichesandtheir differenceswvith respecto the bulk valuesare
listed in the upperand middle blocks, respectiely. In the bottomblock the shift of
eachatomicplanewith respecto thebulk positionsis givenaswell.

In all thesupercellsexceptin the (4 x 4), thefirstandsecondsandwichs spacings
contractedy 4-5%and3-4%with respecto the bulk valuedy,x, respectiely. There-
fore, the van der Waalsgapwidth is increasedy 3-4%. For the (4 x 4) supercellpn
the contrary anexpansionfrom both sandwiche®f 2% anda decreasef thevander
Waalsgapwidth of 3% areobtained.

Theseresultsareunderstandablsincethe calculations were carriedout usingthe
lattice constant®of bulk TiSe, fully intercalatd with Li, from whichtheonein thez
directionis 8% largerthanin the purecompound.

TiSe, (clean)
supercell dll d12 D]_ d21 d22 D2 dbulk
(4% 4) 3.03 3.03 576 3.03 3.03 589 297
(3x3) 285 285 6.13 287 287 6.05 297
(2x2) 286 284 6.17 285 287 6.05 297

(V3 x+/3) 2.82 283 6.20 2.83 283 6.09 2.97

Adyy Ady;; AD;  Ady; Adpy  ADy  Adpyik

(4x 4) 0.06 0.06 -0.19 0.06 0.06 -0.06 0.0
(3x3) -0.12 -0.12 0.18 -0.10 -0.10 0.10 0.0
(2x2) -0.11 -0.13 0.22 -0.12 -0.10 0.10 0.0

(V3x+/3) -0.15 -0.14 0.25 -0.14 -0.14 0.14 0.0

relaxationAz of atomicplanewith respecto bulk
Irst 2nd 3rd 4th  5th  6th

(Se) (T) (Se) (Se) (T) (Se)

( ) -0.02 -0.07 -0.12 0.06 0.0 -0.06
(3x3) -0.15 -0.04 0.08 -0.10 0.0 0.10
( ) -0.15 -0.04 0.10 -0.12 0.0 0.10
(vV3x+3) -0.18 -0.03 0.12 -0.14 0.0 0.14

Table4.1: Calculatedstructuralparametergin ag) for pure TiSe, (upperblock)and
differencewith respecto bulk (middle);shift of atomicplanerelatv to bulk (bottom),
speciegyivenin parenthesis.
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4.4 On-surfaceAdsorption

By studyingisolatedadatomsn surfacesthe natureof the pureadsorbate substrate
bond can be analyzed. An accurateknowledge of the binding sitesfor an adatom
andtheiradsorptiorenepy is crucialto analysethediffusionbarriersthe adatommay
encounterduring its translationalmotion. In this section,| will focuson the first-
principlesdeterminatiorof thebindingsitesfor alkaliadatom®nTiSe, (0001)surface
andtheactvation enegiesfor surfacediffusion.

To answerthe questionwhetheran alkali adatomcan be adsorbedn the TiSe,
(0001)surface,l consideredour differentsurfacesites,which areespeciallydenoted
by hcp, fcc, on-top,andbridge. Thefirst two sitesarereferredto the stackingof the
uppermosfTi plane,the Seplaneabore, anda full adsorbatelane. The on-topsite
coincideswith the projectedSe positions,andthe bridge point lies betweentwo of
them,seeFigure(4.4). At eachsitethetotal enegy is minimizedsimultaneouslyvith
respecto theelectronchage density thez coordinateof theadatomandthepositions
of the substrateatomsatthefirst two TiSe, layers.

® A:hcpsite
A B :on-top site
B C:fcc—site

€ D : bridge site

Figure4.4: Top view of TiSe, (0001)surfaces adsorptionsites. The yellow circles
represenBeatomsin the first andthird atomicplane,andthe orangethe Ti atomsin
thesecondatomicplane.

It wasfoundthatonly the hcpandfcc sitesareequilibriumadsorptiorsites,with
the hcp (-3.03 eV) enegetically slightly preferredover the fcc site (-2.99 eV), see
Table4.2. In bothsitesthe Li adatomis threefoldcoordinatecandforms bondswith
thethreeupperSeatoms.Thebridgesiteis themiddlepointbetweerhcpandfcc sites,
with anadsorptiorenegy of -2.77eV, while the on-topsite representshe maximum
in thetotal enegy surfacewith anenegy of -1.90eV.

TheLi-Sebondlengthincreasesvith increasingoordinatiomumbeywith (4.26+
0.05ag) for theonefoldon-top,(4.43+ 0.05ag) for thetwofold bridge,and(4.58and
4.50+ 0.05ag) for thethreefoldhcpandfcc sites,respectiely.
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Sincethe barrierheightis the differencein enegies betweenrhcp andthe bridge
site,thediffusionbarrierEy is 0.26eV, seeFigure(4.6).

The diffusion path, seeFigure (4.5), betweentwo hcp sitesruns via the direct
connectiorof anadjacentcp andfcc site over the bridgesite. As anadatommoves
from a hollow (hcp, fcc) to a bridgessite, threeLi-Se bondsarereplacedby two. To
somedegreeeachof thetwo bondsatthebridgewill bestrongethaneachof thethree
bondswasin equilibrium. As theadatommovesalongthediffusion pathits distanceo
thesurfacevaries:2.23,2.82,and2.48ag, atthefcc, bridgeandhcpsite,respectiely.

A: hcp Site
B: on-top Site
C: fcc Site

D: bridge site

[1010]

Figure4.5: Enegy surfaceof Li diffusionon TiSe, (0001)with a projectionof diffu-

sion path (yellow solid line). The valuesof the enegy axis arereferedto the cutin
Figure(4.6).
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In contrastto theresultsfor Li, | foundfor Na, Rb andCsthatthe calculatedad-
sorptionenegiesfor the hcpandfcc sitesareequal within theaccurag of themethod
emplg/edin the presentstudy For theseadatomshe bridge site representslsothe
saddlepoint betweenhcp andfcc, obtainingfrom their differencethe corresponding
activation enegy E4. As it canbe seenfrom Table4.2, Ey becomedower with in-
creasingalkali atomicradius.

As the atomicradiusin the alkali metalsincreases(r' = 1.51 A, rNa = 1.83 A,
rRb=242 A, rCs=2.62A) [82], theadatomsave increasinglistanceto thesurface,
(seedy in Table 4.3), which implies that they will experiencedecreasingsubstrate
electron-densjt andforce-field corrugation,andtherefore,a lower diffusion barrier
Without calculationd suggesthatK will fit into the samepattern.

In Table 4.3 the structuralparametergor the differentalkali atomsadsorbedn
TiSe, hollow sitesareresumed.At the fcc site the adatomgLi, Na, Rb) sit deeper
thanatthehcp. Csinsteadadsorbatthe samedistanceatbothsites.Whenthealkalis
areadsorbedatthe hcpsite,theTi atombelow this site, movesaway from the surface
(for Li), towardsthe surface(for RbandCs),or doesnotshav ary relaxation(for Na),
(seeAd in Table4.3).

The interlayerwidth (dy1 + di12) from the first sandwichchangeswith respecto
thecleanrelayed (/3 x v/3) TiSe, (0001)surfaceby 0.9,-0.2,-2.0,and-2.5%,for Li,
Na, Rb, andCssituatedon hcp site, whereador all alkali adatomssituatedon thefcc
sitethe spacingremainsunchangedFor the secondnterlayerspacing(dz1 + d»2), no
differences found.

1.00 |

o
0]
S

Energy (eV)
o o
H (o))
22

O
N
o

0.00% 5 ¢ D A

Figure4.6: One-dimensionatut throughthe enegy surfaceof Figure(4.5) alongthe
diffusionpath.
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(V3 x V3 )R30

Figure4.7: Top view (left) and side view (right) of the atomic geometryof (v/3 x

V3)R3C® Li/TiSe, with Li adatomon hcp andfcce site. The dashedine (upperleft)

indicategheplaneof thecrosssectionusedn theright picture.For thedistancevalues,
d; andD;, betweeratomicplanesseeTable4.3.

Alkali Metal hcp bridge fcc on-top Eq
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 adatoms adsorptiorenegieson TiSe, (0001)athcp,bridge,fcc, and

on-topsites,anddiffusion barrierEy = E;‘gg — E;’&fge, (ineV).

In Table4.4,the magnitudeof the alkali-SebondlengthsaresummarizedFor the
four alkalisstudied the adsorbate-substrab®ndbecomedongerwith theincreaseof
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coordination.In the hcp andfcc sites,the valenceelectronsare sharedamongmary
bonds,thus, eachsingle bond becomesvealer, and an increaseof the bondlength
results.

do dig dip Ad Dy dyp dyp Dy dpyk

Li+TiSe
hcpsite 2.48 294 2.77 -0.05 6.07 2.83 2.83 6.11 2.97
fccsite 2.23 290 2.76 0.00 6.10 2.83 2.83 6.11 2.97

Na+TiSe,
hcpsite 3.44 2.89 2.76 0.00 6.19 2.83 2.83 6.10 2.97
fccsite 3.35 2.89 279 0.00 6.19 2.83 2.83 6.10 2.97

Rb+TiSe,
hcpsite 491 2.83 2.74 0.08 6.04 2.83 2.83 6.10 2.97
fccsite 4.88 2.88 2.77 0.00 6.00 2.83 2.83 6.08 2.97

Cs+TiSe,
hcpsite 5.29 2.79 2.73 0.12 599 283 2.83 6.09 2.97
fccsite 5.29 2.88 2.77 0.00 6.06 2.83 2.83 6.08 2.97

Table 4.3: Calculatedstructuralparametergin ag) for alkali adatomsadsorbedon
TiSe(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 ag) betweeralkaliandSeatom.
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4.4.1 Differ enceelectron density

From an experimentalpoint of view, the determinationof the adsorptionpositions
relatively to substratesitesis relatve difficult. From atheoreticalpoint of view, it is
clearthat for a given substratahe adsorptionsitesmustdependon the direction of
chage transferbetweensubstrateandadsorbatewhich is governedby the electronic
affinity of the adatom,the chagesbeingdisplacedtoward the more electrongative
elementNaturally reliableinformationcanonly begivenby comparingheadsorption
enegiesfor variouspositions,asdonein section4.4. However, the knowledgeof the
surfacechage densitycangive somequalitatve information.

To gainmoreinsightinto the natureof the bonding,| take thetotal chage density
of the Li/TiSe, surfaceandsubstracthe chage densityof the cleanTiSe, surfaceas
well asthe chage densityof afreeLi adatom(with the sameLi-Li spacingsasin the
overlayerontheTiSe, surface).

Theresultingchage densitydifferencegFigure(4.8)),whenLi is adsorbednthe
hcpsite (upper)andfcc site (lower) on TiSe, (0001),reveal the chage redistritution
uponalkaliadsorptionln bothcaseshechagetransferfromtheadsorbatéowardsthe
substrates clearlyvisible. Fromthevacuumsidethelithium lookspracticallywithout
chage. Thefirst displayedcontournearthe lithium positionhasa very low value,
indicatingthatLi is aionizedadatom.Thisis in accordancwith whatis expectedrom
electrongatvity considerationsLi is electropositie with respecto the neighboring
Seatoms,i.e., it givesup an electronmorereadily than Se. The electrondensityis
accumulatedh theregionbetweerSeandLi aswell asin thepositionof theTi orbitals,
beingin the latter position wherethe maximumof the chage density differenceis
located.Theorbitalsinvolvedin this chagetransfercanbe clearlyidentifiedfrom the
chagedifferenceplots.

Whentheadatoms adsorbeanthehcpsitetheelectroncloudslocalizedatthe Ti
site have the shapeof a d-type orbital, a mixture of d,2, dyx, anddy, with prominence
of the first one, with the lobespointing to the Li position. This is alsotrue for the
fcc positionof theadatombut dy, anddy, becomingmoreimportant. The perturbation
of the systemcausedy the adsorbateloesnot reachfar into the substratethusonly
the changesn thefirst TiSe, sandwichareshavn. The chage densityis essentially
identicalto thatof the cleansurfacefor layersdeepethanthefirst sandwich.

In Figures(4.9) and(4.10)alsothe chage differencedensitiesnducedby Rb ad-
sorptionontheTiSe, hcpandfcc sitesareshavn. Fromthe contourplotspresentedh
Figure(4.9)it canbeseernthatthechangesn thechagedensitydistribution aresimilar
whetherthe adsorptiorsiteis a hcpor afcc site. A chage accumulatiorbetweerthe
alkali adatomandthe Seatomsis obsered, shaving somenoticeableangularpolar
ization. Thereis alsochage transferto the d-orbitalsof Ti. FromFigure(4.10)these
change®f chagedensitydistribution (with Rb adatononfcc site)canbeobseredfor
differentplanegparallelto the (0001)surface. It is clearthatthe chage accumulation
is locatedbetweerthe Seandthe adatomposition. The dy, anddy, orbitalsof Ti atom
canbealsoeasilyidentified.
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hcp Site

[1210]——
fcc Site

[1210]

Figure4.8: Contourplotsof theelectrondifferencedensityn® (r), whenLi is adsorbed
on the (upper)hcp and (lower) fcc sites,consideringior the free adatomthe neutral
chage state.The figure shavs contoursin the planenormalto the (0001)surfaceand
the horizontalaxis parallelto the [1210] axis. CirclesdenoteLi-, diamondsSe-and
squaredi-atoms.Countourunitsare10-3 ag —3.
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fcc Site

[000 1]

1210 ——> 1210 —=

Figure 4.9: Contourplots of the electrondifferencedensity n(r), for Rb adsorbed
on the (left) hcpand(right) fcc TiSe, sites. Brokenlinesin (right) plot indicatethe
planesof the crosssectionplottedin Figure(4.10a-d). Thefigure shavs contoursin
the planenormalto the (0001) surface and the horizontalaxis parallelto the [1210]
axis. CirclesdenoteRb-, diamondsSe-,andsquaredi- atoms.Contourunitsare10-3

ag .

4.5 Changeswith Li Coverage

4.5.1 Changein the surfaceatomic geometry

Oneof theinterestingcharacteristis of alkali metaladsorptions thechangeof several
physicalquantitiesas a function of coverage. The mostohvious of theseproperties
arethe surfaceatomicgeometryandthe work function. To learnaboutthe coverage
dependencef the surfaceatomicarrangementandrelatedpropertiescalculatiors at
five coverages® = 0.06,0.25,0.33,0.5,and1 ML, of Li adsorbedn TiSe, (0001)
surface,have beenperformed.Herel presentheresultsof the structureoptimization
for thedifferentcoverageof Li onthehcpsite.

Different parametersvere obtained,amongthe importantonesare the distance
betweenthe adatomandthe surface,the bondlengthSe-Li, theinter andintra-layer
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Figure 4.10: Chage densitydifferenceplot, n®(r), for Rb on TiSe, fcc site. The

contourplots arefrom planesparallelto the (0001) surfaceof the system.The cross
sectionplottedin a),b),c),d)arereferredto Figure(4.9)(rightpicture),wherethey are

indicatedby the dashedines. seeFigure(4.9). CirclesdenoteRb-, diamondsSe-(in

thefirst atomicplane),hatcheddiamondsSe-(inthe third atomicplane),andsquares
Ti- atoms.Contourunitsare10-3 bohr 3.
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Li adsorbedn TiSe, (0001)
Coverage do dll d12 Ad Dy d21 d22 D» Li-Se

0.06 258 3.12 291 -0.10 566 3.03 3.03 589 4.64
0.11 260 3.00 2.72 -0.12 574 287 2.86 6.05 4.65
0.25 248 297 271 -0.06 599 285 287 5.82 459
0.33 248 294 277 -0.05 6.07 2.83 283 6.11 458
0.50 236 3.00 280 -0.04 589 285 287 585 452
1.00 249 3.09 275 0.00 594 285 287 580 456

Adll Adlz ADq Ad21 Adzz AD»

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

relaxationAz of atomicplanewith respecto pureTiSe,
Irst 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: Calculatedstructuralparametersin ag) for Li attheTiSe, (0001)surface,
with differentcoveragequpperblock)anddifferencewith respecto pureTiSe, (mid-
dle); shift of atomicplanerelatv to pureTiSe, (bottom),speciegivenin parenthesis.
SeeFigure(4.7).
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spacingsthelateralandverticaldisplacementsf theadatomandsubstratatoms,and
thevanderWaalsgapwidth.

The calculatedvertical spacinggd; arelistedin Table4.5. It canbe seenthaton
increasinghe coveragefrom very low coverage(0.06 ML), wheretheLi adatomsare
uniformly spreadverthesuriace to highercoverageshedistancdromtheLi adatom
to thesurfaceroughlydecreaseandvariesfrom 2.58ag for 0.06 ML to 2.36ag for 0.5
ML. For 1.0ML thedistancancreaseso 2.49ag. Thechangdan theLi-Se distancas
alsoreflectedn thebondlength.

In theupperblockof Table4.5,the optimizedinter andintra-layerdistance®f the
substratareresumedBy comparinghesevalueswith thoseof thecleanrelaxed sub-
strate,seeTable4.1,thegeometricathangesnducedby the adsorbatarefound,see
Table4.5 (middleblock). For all coverageghefirst interatomicspacingd,; increases
asaresultof aninward displacemenof the Ti atomicplane,seeTable4.5 (bottom),
whereaghe secondnteratomicspacingd;» decreasesl hevanderWaalswidth, AD1,
decreasefor all coveragesdy about2-6 % with respecto the puresurface.

At theadsorptiorgeometriesyith aLi-coverageof © = 0.06,0.11,0.25,0.33,and
0.5ML, thethreeSeatomsin thefirst atomicplanecoordinatedo theLi adatonmove
radially away from it. The calculatedamplitudesof thesein-planedisplacementsare
0.04ag for thefirst threecoveragesand0.03ag for thetwo last. Also smallbucklings
towardsbulk areobtainedn thesethreeSeatomsof about0.04,0.01,0.03ag for © =
0.06,0.11,and0.5 ML, respectiely.

TheTi atomlocalizedin the secondplane,directly belov the adsorbed.i, moves
inwards,i.e., to thebulk, with respecto therestof Ti atomsin the sameatomicplane,
by 0.10,0.12,0.06,0.05,and0.04 ag, for © = 0.06,0.11,0.25,0.33,and 0.5 ML,
respectiely.

For thehighestcoverageof © = 1ML, unlike thelower-coveragecasesnoin-plane
relaxationis obtaineddueto the symmetryof theunit cell. Thefirstinterlayerspacing
is 0.23ag larger thanin the correspondingleansubstrate.The Ti atomsare shifted
towardsbulk by 0.57 ag, with respectto the cleansurface. The relaxed Li-Se bond
lengthis 4.56a, with Li adatom2.49ag above theclosestSelayer

Forthestructuresvith aLi-coverageof © = 0.25,0.5,and1.0ML, thethreeatomic
planesof the secondTiSe, layer shift inwardsby the sameamount;thus,no changes
in theinterlayerspacingwith respecto thecleansurfaceareobtainedput areduction
in theintralayerspacingAD, of about4%. For the restof the coverageshe second
TiSe, layerkeepsthe relaxed positionof the purestructure.No in-planerelaxations
arefoundin thethreeatomicplanesof thesecondliSe, layerfor ary coverage.

4.5.2 Changein the work function

Thework function, ®, of a crystalsurfaceis definedasthe enegy requiredto extract
anelectromattheFermilevel from thebulk region of acrystalto thevacuumatinfinity.
For yearsalkali metaladsorptioron metallic surfaceshasbeeninvestigatedhor
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oughly In 1932Langmuir[83] proposeda modelto explain the interactionbetween
theseadatomsand surfaces,and which was extendedin 1935by Gurne [84]. Ac-
cordingto theirmodel,in afirst adsorptiorphasehelow ionisationpotentialof alkali
metalsinducesa chage transferwhen adsorbedn more electrongative substrates.
Eachpartially positvely chagedadatomthen builds up a dipole with the substrate,
pointingfrom the negatively chagedsubstratdo the adatom.This dipole orientation
facilitates the escapingof the electronsto the vacuum,i.e. the work function of the
cleansubstratevill stronglydecreaseTheelectrostaticepulsionbetweerthechaged
alkali ions increaseswith the coverage. Thus,in a secondadsorptionphasechage
from the substratdeedsbackto the alkali metalto wealen the repulsionbetweeral-
kali ions, inducingan increaseof the work function. At highercoverageshe work
functionreaches saturatiorlevel with thevalueof the bulk alkali metal.

® (eV) (4% 4) (3% 3) (2% 2) (v3x/3)

5.2 5.4 5.4 5.5

Table4.6: Work functionof pureTiSe, (0001)surface,calculate for differentsuper
cells.

The calculatedaveragework function of the cleanTiSe, (0001)surfaceis ®=5.3
+ 0.1eV, seeTable4.6,in excellentagreementvith experiment(5.3eV) [13].

Figure(4.12) shaws the calculatedwork function changeA® asa function of Li
coverage.Thiscure hasthecharacterist shapdoundfor systemf alkali metalad-
sorbedonmetallicsurfaces.nitially, it shavs arapidloweringof the ®, to aminimum
(Pmin=-3.2eV) at® = 0.5ML, andsubsequentlgnincreaseat® = 1.0ML (d=-2.8
evV).

Sucha decreasen the work function upon lithium adsorptionreflectsthe elec-
tropositve natureof Li thatresultsin aninduceddipole momentu(©).

The final increaseof ® hasbeenattributed to a metallizaton of the alkali over-
layer[85, 86]. Taking®=5.3eV asthevalueof cleanTiSe, (0001),l obtainedawork
functionof 2.5eV at1 ML. Comparinghiswith the experimentalvalueof ®=2.93eV
for Li bulk [87], it canbe seenthatat 1 ML the saturationlevel hasnot yet been
reached.

In Figure (4.11)the adsorptionenegy of Li (hcp site) asa function of coverage
is presented.It hasbeenfound that whenincreasingthe Li coveragefrom 0.06 to
0.25ML, the adsorptionenegy increaseg-3.57to -2.93eV), indicatinga repulsion
betweeradatomsWith increasingcoveragetheadsorptiorenegy meetsts minimum
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at ©= 0.33ML. From0.5to 1 ML the adatomshave to occupy next neighborsites
separatedrom eachother by a distanceof 6.61 ag, which approacheshe Li-bulk

lattice constan{(6.42ag) [88]. This givesriseto a strongrepulsionbetweeradatoms,
whichis reflectedn theincreaseof theadsorptiorenegy.

Figure (4.12) shavs how the adsorbate-indudedipole momentp changeswith
increasingcoverage.The coveragedependencef theinduceddipole peradatomis a
consequencef the dipole-dipoleinteraction,that givesrise to a depolarizabn with
decreasing.i-Li distance.

As aroughestimationof thechageattheLi atom(with © = 0.33,0.5and1 ML),
| calcultatecthe dynamicchage, i.e., the slopeof the curve obtainedwhenplotting
the suriacedipole momentversusvertical distanceof Li to the surface. The dynamic
chageis of interestto discusshow the bondbetweerthe adsorbedlkali metalatom
andthe surfaceis bestdescribedwhetherthe adsorbateshouldbe regardedas partly
ionic dueto a chage transferto the substrateor as essentiallyneutralbut strongly
polarized.

At the threecoveragesstudied,l obtaineda linear dependencef the dipole mo-
mentwith probinga smallincreaseof the adsorbate’ distanceto the substrates first
atomicplane,indicatinga ionic bondingbetweerLi adatomandthe substrate At ©
= 0.33and0.5 ML thedynamicchage valuesare0.4 and0.2 electron,whereasat ©
= 1.0ML thevalueis -0.3 electron.Thedecreas@andchangen signindicatesa flow
of chage from the substratéo the adatoms.In Table4.7 areresumedhe adsorption
enegy, thechangan work function,thedipolemomentandthedistancdrom adatom
to suriaceasafunctionof Li coverage.

Coverage Eags (V) AD (eV) 1 (Debye) do (ag)

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: adsorptiorenegy, changen work function, dipole moment,and
distancdrom adatonto surfaceasafunctionof Li coverage.

4.5.3 Changein the chargedensity

In Figures(4.13,4.14,4.15) the chage densitydifference,n®(r), of Liyx adsorbedn
TiSe, (x=0.06,0.5,and1.0ML) areshavn. For thedefinitionof n®(r) seeeq.4.2.0n
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Figure4.11: Adsorptionenegy versuscoverageor Li onTiSe, in thehcp(on-surbce)
sites.

eachfigure differentplanesaredisplayedin orderto have a betterview of the chage
transferresultedfrom the adsorptiorof Li with differentcoverages.n Figure(4.13),
wheretheamountof Li is verylow (x=0.06),mostof thechageis locatedbetweerthe
Li andthe Seatomsthatarenext toit. SincetheLi adatomis adsorbeanthehcpsite,
alsothe 3d orbitalsof the Ti atombelow this site, pointto the Li position. Whenthe
amountof Li increases$o x = 0.5theTi 3d orbitalsof the atomsbelon the adsorption
sitesseemto beamixtureof d,, dy, anddy, with prominenceof thefirst one,whereas
for therestof Ti atomsthe dy, anddy, aremoreimportant. Also in this case mostof
thechageis localizedbetweerlLi andthe Seatoms.SincetheLi adatomis adsorbed
closerto the surfacewith x = 0.5 thanwith x=0.06coverage morechageis localized
in Ti 3d orbitals.With x =1.0thechagecloudbetweertheadsorbatandthe Seatoms
reafirms thatchageis displacedrom thevacuumsideof theLi towardsthe substrate
side.
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Figure 4.12: (left) Work function change,(right) surface dipole momentfor Li on
TiSe versusli coverage Lithium atomsoccupy thehcp(on-surfice)sites.
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Figure 4.13: Chage densitydifference,n®(r), of the Liy adsorbecn TiSe, system, with
x=0.06)for Li in thehcpsite. For thedefinitionof n(r) seeequ.4.2;n"' is takenfrom afree,
neutralatom.Thedashedinesin a) indicatethe planeof the crosssectionusedin b - d). Open
circlesindicateposition of Seatomsin first atomic plane,hatchedcircles Se atomsin third
atomicplane,squaredi atoms,andhatchedsquard.i adatom.The contoursaredisplayedin

a) a planeperpendiculato the (0001)surface,b)-d) a planeparallelto (0001). The unitsare
102 bohr3,
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Figure 4.14: Chage densitydiffer-

ence,nA(r), of the Liy adsorbedon

TiSe, system, with x = 0.5 for Li in

the hcpsite. ' is takenfrom a free,
neutralatom. The dashedinesin a)

indicatethe planeof the crosssection
usedin b) andc). An enlagedpicture
of theframein a) is givenonits right.

Opencircles indicate position of Se
atomsin first atomic plane, hatched
circles Sein third atomic plane,and
squarerli atoms.The arrovs indicate
the positionof Li adatoms.The con-
toursaredisplayedin a) a planeper

pendicularto the (0001) surface, b)

andc) aplaneparallelto (0001). The
unitsare10-3 bohr 3.
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Figure 4.15: Chage densitydifference,
n(r), of the Liy adsorbedn TiSe, sys-
tem, with x = 1.0) for Li in the hcp site.

nt' is takenfrom afree, neutralatom. The

dashedinesin a) indicatethe planeof the

crosssectionusedin b) andc). An en-

larged picture of the framein a) is given

onits right. Opencirclesindicateposition
of Seatomsin first atomicplane,hatched
circlesSein third atomicplane,andsquare
Ti atoms.Thearronsin a)indicatethepo-

sitionof Li adatomsThecontoursaredis-

playedin a) a planeperpendiculato the

(0001) surface,b) andc) a planeparallel

to (0001). Theunitsare10~2 bohr 3.
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4.6 Diffusion in van der Waalsgap

In this sectionl will discussthe enegeticsandstructuralchangeof LixTiSe, (0.06
< x<1.0),with Li situatedin the first interlayerregion of TiSe,. By meansof total
enegy calculatios | determined.i atoms moststablepositionsin the vanderWaals
gap,andtheenegy barriersfor diffusionalongit.

octahedral<_

tetrahedraf™ |

® Li

Figure4.16: Structuremodelof TiSe,, shaving occupatiorsitesin thevanderWaals
gap.Thegrayballsshav thethreeintersandwichsites,(oneoctahedrahndtwo tetra-
hedral).

PureTiSe, cristallizeswith the 1T-Cdl, structure wherethe metalis octahedrally
coordinatedby the chalcogenatomsand the layersare stacled without lateral dis-
placementsWhenintercalatio occurs,the intercalantentersthe van der Waalsgaps
betweerthelayers.In Figure(4.16)thethreeinterstitial sitesavailablein the vander
Waalsgapare shawvn: oneoctahedralwhichis surroundedy six chalcogeratoms,
andtwo tetrahedralsyhich lie immediatelybelov andabore the chalcogeratoms.

Usinga (v/3 x v/3) supercel(with 3 slabsof TiSe, anda vacuumspaceof about
15 ag), | calculatedthe total enegies of LixTiSe, (x=0.33), with Li occuping the
differentinterstitialsites.| foundtheoctahedrasiteto beenegeticallymorefavorable
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thanbothtetrahedralthe latteroneshaving the sameenegy. Theresultsarelistedin
Table4.8. The correspondindpinding enegies, for all interstitial sites,are markedly
lower thanthe onesin the surface. This reflectsthe fact that the interlayersitesare
considerablymorefavorable. Mostimportant,it demonstratethe strongtendeng of
TiSe, towardsintercalatbn andthe stability of theintercalatd compound.

Alkali Metal octahedral bridge tetrahedral

Li -3.58 -3.15 -3.22

Table4.8: Adsorptionenegies(in eV) for Li atomin the TiSe, vander Waalsgapat
octahedralbridge,andtetrahedrasites.

—
o

Energy (eV)

X—axlIs

Figure4.17:Totalenegy of Li diffusionwithin thevanderWaalsgapof TiSe, bulk.

Themigrationof Li alongthevanderWaalsgapcanbedescribedsahoppingbe-
tweenthesesites. To studythe diffusion pathof Li atom,| calculatedhetotal enegy
of the systemat differentconfigurationswhereLi wasplacedon anequidistanimesh
of points,that connectthe octahedrabndtetrahedraskites. | found thatthe mostfa-
vorablediffusionpathway from octahedrato octahedrasiteinvolvestheintermediate
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occupatiorof atetrahedrasite. Both sitesareseparatethy a saddlepoint (bridgesite)
with a bindingenegy of -3.15eV. The enegy differencebetweerthe octahedrahnd
bridgesite givesadiffusionbarriervalueof 0.43eV.

WhentheLi atomdiffuseswithin the van derWaalsgap(octahedral— bridge—
tetrahedral)theinterlayerdistanceateachsiteincreasegrelatve to thepureTiSe) by
about0.2%, 4.5% and6.1%, respectiely, seeTable4.9. At theoctahedrasitethelLi
staysatthe middleof thevanderWaalsgap(about3.1 ag distanceo eachlayers).At
thebridgesitethe Li relaxescloserto thelower layer (3.6 ag and2.8 ag to the upper
andlower layers,respectiely). At thetetrahedrakite, which liesimmediatelybelov
a chalcogeratom,the Li staysat a distanceof 4.4 ag and2.1 ag from the upperand
lower layers,respectiely. At the othertetrahedraskite,the distancesrethe samebut
in the oppositeorder

— @ @ ¢ g

d(layerl)e o® PO

d(gap)

d(IayTerZ).

0""‘0

o @ O..’...O...O. O

Figure4.18: Geometricstructureof LixTiSe,, with x = 0.06. Numberof atomicplane
in parenthesiss given for eachspecies.The asteriskddenoteatomsthat form bonds
with Li.

For comparison| determinedalsothediffusionbarrierfor Li in thevanderWaals
gapbut with abulk calculation,i.e., usinga (1 x 1) TiSe, unit cell with a iTise,=6.61
ag, and CiiTise,=11.90ag aslattice constants. The total enegy was calculate for
differentconfigurationsyherethe Li atomwasfixedat equidistanpointsof the unit
cell, andwasallowed to relaxonly in the z-direction. The grid spacingwas1/4 the
distancebetweertetrahedrabndoctahedrasites. The Figure(4.17)shavs theenegy
surfaceobtained.
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The diffusion pathis similar to that obtainedwith the supercellmodel, but the
actvationbarrierincreaseso 0.6eV.

To studythe dependencef varying concentratio x for Liy, six casegx = 0.06,
0.11,0.25,0.33,0.5,1.0) have beeninvestigatedThelithium intercalaibn complexes
of TiSe, (usuallywritten asLiyTiSe) retainthe basicstructureof the original TiSe,
lattice. As x increaseshe Li atomsoccupy the octahedrakitesin the van der Waals
region[52].

_3.2 T T T

Adsorption energy (eV)
@
(@]

0 0.25 0.5 0.75 1
X in Li TiSe,

Figure 4.19: Adsorptionenegy per Li atomversusx Li in the octahedralvan der
Waals)sites.

With increasing, | foundthatthe enegy increase$inearly from-3.91eV (atx =
0.06)to a maximumof -3.48eV (at x = 0.25),thendecreaseto reacha local mini-
mum of -3.58eV (atx = 0.33),andthenincreasesgainto reacha valueof -3.36eV
(at x = 1.0),seeFigure (4.19) and Table 4.10. Even at low concentratiorof Li, an
electrostatiaepulsionof the ionsis obtained.Hibma[89] shaved thatthe repulsion
betweenintercalagd alkali is significantonly within one lattice constant. From the
increasingrend of the enegy, the formationof Li islandor clusterswith x > 0.5is
excluded.For LixTiS, anorderedv/3 x 1/3) superstructurevasobsered [89], which
accordingo thepresentalculationsshouldbetheenegeticaly moststablestructure.
In UHV intercalaton only limited concentrationsf alkali intercalatd have beenre-
ported[13, 90, 91,92,93,94)]. Thishasbeenattributedto the existenceof a diffusion
barrierfor thealkaliions[94].
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AD (eV)
o
~
|

_08 | | |
0 025 05 0.75 1
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Figure4.20: Work functionchangedor Li in TiSe, versusx Li. Lithium atomsoccupy
thevanderWaalsoctahedrasites.
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LixTiSe
Coverage d(layerl) d(layer2) d(gap)  d;Se(3*4%)
0.06 6.07 6.06 5.79 5.92
0.11 5.72 5.75 5.96 6.03
0.25 5.70 5.67 6.09 6.10
0.33 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
0.50 5.67 5.70 6.30 6.30
1.00 5.72 5.75 6.50 6.50
d,LiSe(3*) d,LiSe(4*) dLiSe(3*) dLiSe(4*)
0.06 2.96 2.96 4.85 4.85
0.11 3.02 3.02 4.89 4.89
0.25 3.04 3.06 4.89 491
0.33 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
0.50 3.13 3.15 494 4.95
1.00 3.20 3.30 4.98 4.98
Ad;Se(3,3*) Ad;Se(4,4*) Ad,Ti(2,2*) Ad,Ti(5,5%)
0.06 0.06 -0.06 0.08 -0.08
0.11 0.04 -0.03 0.08 -0.07
0.25 0.01 -0.01 0.01 -0.01
0.33 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
0.50 0.01 -0.01 0.02 -0.02

Table4.9: Structuralparameteréin ag) for LixTiSe, with 0.06< x <1.0,Li in theoc-
tahedrakites(for x = 0.33,alsoin bridgeandtetrahedrasitesaregiven). (upperblock)
Width lengthsof TiSe, layersandvanderWaalsgap;(middle)distancan z-direction
from Li to SeatomsandLi-Sebondlengths;(lowerblock)bucklingin z betweeratoms
in the sameplane. The atomsareindicatedby Se, Ti, andLi (with corresponding
atomicplanein parenthesisthe asterisksndicateatomsthatform bondingswith Li.
SeeFigure(4.18).
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LixTiSe
X Eags (V) AD (eV) 1 (Debye)
0.06 -3.91 -0.4 -0.38
0.11 -3.81 -0.4 -0.35
0.25 -3.48 -0.5 -0.18
0.33 -3.58 -0.5 -0.18
0.50 -3.38 -0.6 -0.10
1.00 -3.35 -0.6 -0.05

Table4.10:vanderWaalsgap: adsorptiorenegy, changan work function,anddipole
momentasafunctionof x .

van der Waals gap

0001]—

1210]—

Figure4.21: Contourplot of theelectrondifferencedensityfor Li attheoctahedrasite
localizedin the van der Waalsgap. DiamondsdenoteSe-andsquaresli-atoms. The
positionof Li atomis indicatedoy thearrav. contourunitsare10 3 ag 3.
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Theintercalationof Li in TMDC’s hasbeenconsideredo be topotactic,i.e., the
host structureundegoesno distortion by insertionof the alkali [2]. Appartfrom a
slightexpansiorof thec-axis,no changewithin theslabsis expected.In orderto study
the effects of alkali intercalatbn on TMDC'’s, mary bandstructurealculationshave
beencarriedout in the past[49, 95, 96]. In thesecalculatims, experimentallattice
constant$ave beenchoserto describethe intercalateccompoundsandno structure
optimizationhasbeendone. Thez internalstructureparameterwhich determineghe
distancedbetweeratomicplaneshasbeenfixedto thevalueof the purebulk structure.
Thus, thereis a lack of informationaboutthe geometricstructurechange=f alkali
intercalatd TMDC'sin the nearsurfaceregion.

As describedbefore,in the presentstudy a structureoptimizationfor LixTiSe
(0.06 < x < 1.00)hasbeendone,with thefollowing results.In Figure(4.18)the ge-
ometric structureof LixTiSe, with x = 0.06is displayed,wherethe atomsandthe
distancedbetweenayersarelabelledin orderto facilitatetheir description.Addition-
ally, in Table4.9 aresummarizedhe structuralparametechange®f LixTiSe , with
0.06 < x <1.0. As expectedthe greatesthangeproducedby intercalaton is the ex-
pansionof the c-lattice,with respecto the purestructure.The slabs’thicknesss not
significantlyalteredwith the insertionof Liy (for ary x), in agreementvith [97], but
thevanderWaalsgapwidth is changedelatve to the cleansurfaceby 2, -2, -1, 0, 2,
and5 % for x= 0.06,0.11,0.25,0.33,0.5, 1.0, respectiely. As it canbenoted,for a
very low amountof alkali (x=0.06),the gapopenslocally by 0.16 ag, with respecto
the cleanstructure.With increasingntercalatio (0.11 < x <0.25)thegapcontracted
by about0.08ag, andfor x= 0.33,0.5,and1.00it expandsby 0.01,0.08and0.33ag,
respectiely.

The Seatomsthat form bondingswith Li atomsandthe Ti atomsthatlie above
andbelov thesentercala¢d atoms shift slightly avay from themin z-direction,with
respectto the atomsin the sameplane,seeAd,;Se(3,3*),Ad;Se(4,4*),Ad, Ti(5,5%),
andAd;Ti(2,2*) in Table4.9. Theselocal distortionsobtainedaroundthe intercalatd
alkali areisolatedat low x, but overlapfor x>0.25to give flat hostlayers. Fischeret
al. [98] obtainedthatthe distortionoverlapfor TiS, dueto Li intercalationoccursat
alower valueof x (x=0.5) thanin graphite(x=0.7),thusshaving thatTiS, layersare
stiffer thangraphite.

TheSe-T bondsformedby theatomssurroundinghelL.i intercalatd atoms,Ti(2)-
Se(3)andSe(3)-1(4), areslightly elongatedy about0.06ag, whereasse(1)-1(2) and
Ti(4)-Se(5)arecontractedy about0.04 ag.

In Figure (4.20) (left picture)the changein work function versusx is shavn. |
obtainedthat the work function decreasesmoothlyand no minima areobsered, in
agreemenivith mary experimentaresults[13, 76, 99,100, 101].

In Figure (4.21)the differenceof densitychage n(r) plot shovs a symmetrical
distribution of the chage densityin both layersseparatedby the van der Waalsgap,
wherethe Li atomis placed. Thereis anaccumulatiorof chage betweenSeatoms
andLi. But the maximumchage densityis locatedin the positionsof the Ti or-
bitals. Chagetransferto the chalcogerwasalsofoundby Umrigar, etal. [49] in their
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FLAPW calculation®onLiTiS,.

4.7 Conclusions

By meanof densityfunctionaltheory | have investigatedheenepgeticsof alkalimetal
diffusion onthe TiSe, (0001)suriaceandalongthe van der Waalsgap. A diffusion
mechanisms proposedhatinvolvesjumpsof the guestspeciedbetweemext-nearest
sites,in bothsurfaceandgap.

Mary differencesarefound betweeradsorptioron the surfaceandin the vander
Waalsgap.OntheTiSe, (0001)surfacetherearetwo three-foldcoordinatechdorption
sites (hcp- and fcc-site), with the hcp slightly enegetically preferredover the fcc.
This enepgy differencebecomessmallerwith increasingalkali atomicradius. Both
equilibrium sitesare connectedy a transitionsite, which enegy differencewith the
hcp’s enegy determineshediffusionbarriervalue.l foundthattheenegy barriersfor
alkali metaldiffusionrangefrom 0.26eV for Li to 0.01eV for Cs.

In the otherhand,in the van der Waalsgap exist threeequilibrium sitesper unit
cell, oneoctahedrabndtwo tetrahedrasites,with a strongpreferencdor the octahe-
dral site, which hasa binding enegy 0.55eV deepetthanat the hcp on-surficesite.
Themigrationof the Li atomscanbe describedcasa hoppingbetweernoctahedrabnd
tetrahedrakiteswith abarrierof 0.42eV.

With increasingamountof alkali metalthe binding enegieson the surfaceandin
the van der Waalsgap have similar behaiour but with a differenceof 0.33to 0.80
eV, in favour of the intercalatedstructure(for all concentrations)Accordingto these
resultsthe moststablestructures obtainedvhenLi occupiegheoctahedrasitein the
van der Waalsgap, with a concentratiorof x=0.33,andthe formationof an ordered
v/3 x v/3 superstructure.

For both surface and van der Waalsalkali adsorption,] found a chage transfer
from the alkali to the substrate.Thus,the chage transfertakes placealreadyon the
surfaceandcannot bethedriving force for intercalaton asit is oftenassumed102].
Thechageis locatedbetweerLi andSeatoms,aswell asin thed orbitalsof Ti.

The covalentTi-Sebondis wealenedby adsorptiorandintercalaton of Li, since
for bothcasesa smallelongationof the Se-T bondlengthis obtained.

WhenLiy (0.06< x <1.0)is adsorbeanthesuriacethec latticeconstantiecreases
by about0.1-0.4ag, whichyields a decreasén the van der Waalsgaplength. On the
contrarywhenlLi is placedin thevanderWaalsgap,the c latticeconstanis expanded
for largerconcentratios.

WhenLi atomsareadsorbedn the surface,the change®f the work functioncan
bewell describedy the LangmuirGurng/ model;atlow coveragesb decreasesntil
it reachesa minimum around®=0.5 ML, andthenincreasespproachinghe value
of the bulk alkali metal. On intercalatiig substratesthe work functionhasa smooth
decreas@andno minimaareobsenred.
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Alkali Metal Inter calation of TMDCs

5.1 Intr oduction

The first structuralstudiesof alkali intercalatedTMDCs have beencarried out on
samplesintercalatd e.g. by direct synthesis[103], by inmersionof crystalsin a
solution of the metal (alkali metal in liquid ammonia,butyllithium, sodium naph-
thalide)[104, 105, 106, andby electrochemidgprocesgwith the hostactingascath-
ode,an alkali metalsaltin a non-aqueousolventaselectrolyte,andthe alkali metal
actingasanode).In thesemethodsthe small size of the powvder specimensised,al-
lows thehomogeneoumtercalatiorof the guesimaterial but limits acompleteunder
standingof theintercalaibn mechanismlt hasbeenobseredthatwhencleared, the
resultingalkali intercalatd TMDCs surfacesarenot appropiatdor surfacestudies.

Recentlythe possibilityto form high-qualitysuriacesof intercalatednaterialsby
depositionof alkali or noblemetalsonto TMDCs surfaceshasbeendemonstratefll 3,
14,15, 16]. In this methodtheintercalanis depositedn situ onthe TMDCs surface
underUHV conditionsfrom whereit "spontaneouslyintercalats, afteraninitial ad-
sorptionstage. This intercalationmethodhasshavn to be adwantageousgainstthe
abose mentionedgsinceit givesthe possibility to studythe samplesn every stepof
the reactionby meansof surfacesciencetechniques.For example,the evolution of
TMDCs electronicstructureduring the intercalatbon processcan be directly investi-
gatedby angle-resolgd photoemissiospectroscop

In the literatureexists a large list of reportsverifying in situ alkali intercalatbn
on TMDCs. For instancepasedon core-lerel spectroscop Brauer[19] have demon-
stratedthat whenNa, K and Cs are depositedbn TiS,, they all intercalatd into the
vander Waalsgaps. In contrastto this, recentstudiesemplging scanningunneling
microscopy combinedwith angle-resoled photoemissiospectroscophave revealed
the formationof networks of metallicnanavires on the (0001) TMDCs surface,after
Rbdeposition17, 18].

Thesestudieshave provided muchnew informationaboutthe interactionbetween
alkali metalandTMDCs, but atthe sametime they have givenriseto mary questions

71
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regardingthein situ intercalatbn processandthe inducedstructuralchangesin par
ticular, it is importantto know which factorsenhanceor inhibit intercalation On this
point,it hasbeenarguedthatsuriacedefectsplay animportantrole for alkali diffusion
towardstheinterior of thecrystal[107].

In the previous Chapterthe enegetically favorableon-surbceadsorptiorsitesas
well astheintercalatbn siteswerefully describedIt hasbeendemostratethattheLi
atomsaremorestableintercala¢d ratherthanadsorbedAfter this resultthe question
thatnaturallyarisess how thealkali atomdiffusesfrom thefree-defecsurfacetowards
the van der Waalsgap. In the presentChapterthe attentionis focusedon simulating
structuraland enegy changesduring the processof lithium diffusion within TiSe
interlayerspacingjn orderto getinsightinto the mostfavouredmobility pathsof the
alkali atom,andto estimatethe correspondingctivation enegies.

5.2 Model and Computational Details

Total enegy calculations within the ab-initio pseudopotentigblane-vave formalism
had proved to be a reliabletool for describingthe diffusion trajectoryof alkali ions
throughcrystallinestructure4108]. Thereforethis methodwasappliedto determine
Li’ senegetically favorablepathof intercalatiorwithin TiSe, atomicplanes.Thetotal
enepiesof severalconfigurationsverecomputedwhereLi positionwasvariedin the
spacebetweertheTiSe, (0001)surfaceandthevanderWaalsgap.

Sincethispathwill connectheequilibriumsitesof boththesurfaceandthevander
Waalsgap,thesupercelusedto determinghem(seeSec.(4.2)),wasalsoemplgedin
thepresentalculationsj.e., a /3 x v/3 surfaceunit cell composedy threelayersof
TiSe, with atotal numberof 9 titaniumand18 seleniumatomsanda vacuumregion
of 8.3A.

Thetotal enegy was calculatedor a non-uniformmeshof points. In z-direction
the distancebetweerthe Li on-topadsorptionsurfacesite andthe middle of the van
derWaalsgapwasdividedinto 12 planes.On eachplanethe moststablepositionof
theLi atomwasdeterminedy keepingoneof its coordinatedixed (in the zaxis),and
allowing the othertwo (x andy) to relax. TheTi atoms’z coordinatenerekeptfixed
in orderto maintainthe Li atombetweenthe atomic-planesptherwisethe structure
would be completelyshiftedin z-directionto have the Li atomplacedon the surface.
For every Li position,the Seatomsin thefirst two sandwichesvereallowed to relax
without constraints Becausef the crystalsymmetryit wasonly necessaryo calcu-
latethetotal enegy for configurationsvith Li positionedn theirreduciblepartof the
supercell,j.e. in thetriangleformedby the projectionsof two Se atoms(in the first
andthird atomic-planeandoneTi atom (in the secondplane). This canbe seenin
Figure(5.1) wheretheirreduciblepartof thefirst layerof the supercelis shavn.

Thepointswith minimumenegy oneachplanewereconsideredo form theinter
calationpath.To checkthecontinuityof this paththetotalenegy of someintermediate
pointswas alsocomputed. The pathwith the lowestdiffusion barrierwas chosento
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Figure5.1: Irreduciblepart of the first layer of TiSe, (0001)surfacelimited by the
triangularprism, wherethe total enegy calculations were carriedout to find the en-
ergeticallyfavorableintercalaton path. Thegray sphereslescribei-atom’s pathway
throughthe atomiclayers.

betheoptimumone,andthediffusionbarrier E4, wascalculatedasEq = Eqag— Emin
whereEg,q andEnin arethetotal enegiesof the systemwith theadatomat the saddle
pointandattheequilibriumadsorptiorsite,respectiely.

5.3 Resultsand Discussion

5.3.1 Ab-surfaceintercalation pathway

Thealkali metalintercalaton pathl amsearchingor, hasto begin onthe (0001)free-
defectsurface,continuethroughthe atomic-planesandendin the van der Waalsgap
of TiSe,.. From all investigatedpathsthe one shavn schematicallyin Figure (5.1)
representshe pathwith the lowestenegy barrier The gray spheregdenotedthe Li

positionson eachatomic-plane.This path(brockenredline) startsat a point located
in thefirst Seatomic-planalirectly belav the fcc surfacesite,andcontinuesentirely
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within the single planeperpendiculato the layerscontainingthe startingpoint, two
SeatomsandoneTi atom.

Thetotal enegy contourplot andsurfacefor Li atomdisplacemenarepresented
in Figures(5.2)and(5.3) respectiely. Theenegy zeroof thesegraphicscorresponds
to theenegy of thehcpadsorptiorsurfacesite (-3.58eV). In bothgraphicgheatomic
positionsof the cleansubstrateare indicatedby the elementsymbols. The y-axisis
parallelto the[1120] vectorandz-axisnormalto the (0001)surface.

ab- surface intercalation path
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Figure5.2: Contourplot of total enegy in intercalatio planecomprisingSeatomof
thefirst, Ti of the secondand Seof thethird atomic-plane.The y-axisis parallelto
the [1120] vectorandz-axis normalto the (0001) surface. Enegy zerocorresponds
to the hcp surface adsorptionsite locatedat z = 9.15 ag; centerof van der Waals
gapatz= —1.7 ag; contoutline spacing0.38eV. The dasheded line indicatesthe
enegetically favorableintercalatiorpath.

From the resultspresentedn the previous Chapter there are two possibleon-
surfacesitesfrom wherethe alkali metalatomcanreachthe first atomic-planeof the
substratepnamelythe hcp andfcc sites. The hcp site hasa higheradsorptiorenegy
thanthe fcc site, yet the Li adatomis adsorbedloserto the substrateatomic-planes
atthefcc, i.e., thedistancdrom theLi to thefirst Se-planas 2.23,and2.48ag atthe
fcc- andhcp-site respectiely.
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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
stongelectrostati repulsionbetweerlLi andTi atomsis betterscreenedtthefcc site,
allowing theLi atomsto comecloserto the surface.

Fromary of thesetwo adsorptiorsitesit is evidentthattheLi atomexperiencesn
enegy barrierasit approchegheSeplane,increasingtrongerfrom thehcpsite. Thus,
thepathwill begin atthefcc-siteandrunvertically towardsbulk, alwaysaccompanied
by anincreasen the total enegy of the system. As it canbe seenin Figure (5.2),
the enegy hasalreadyincreasediy 1.15eV, whenthe Li wasjust localizedin the
first atomic-plane. When the alkali atomis 0.3 ag above the secondatomic-plane
(Ti), its closenesswvith the Seatomin thethird atomic-plane3.4 ag, andthedistortion
of the lattice dueto the large displacemenin z-axis of this Seatom (0.8 ag towards
bulk), forcedit to changedirectiontowardsan unnocuppiedsite, e.g.,to the on-top
site projectionin the third atomic-plangLi in the third positionof Figure(5.1)). To
achieeit thelLi atomhasto crossbetweertwo Ti atomsforcingthemto increaseheir
distanceo a maximumvalue. Consequentlyhetotal enegy of the systenreachests
maximumvalueof 3.81eV.

Energy (eV)
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8.0

6.0
4.0

2.0

0.0
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0.0 16

3.2

3.0

Z-axis (ag ) 45 48

6.4 Y-axis (ag )

75 8.0

Figure5.3: Intercalatiorenegy surfacewith respecto the positionof theintercalanin
theintercalaibn plane;intercalatbon pathdenotedoy solid line. They-axisis parallel
to the[1120] vectorandz-axisnormalto the (0001)surface.Enegy zerocorresponds
to the hcp surfaceadsorptiorsite locatedat z= 9.15 ag; centerof vander Waalsgap
atz=—-1.7 ag.

OncethelLi hasmovedfrom this saddlepoint, theenegy beginsto decreasasthe
Li movestowardsthetetrahedrasitein thevanderWaalsgapwith anenegy of -0.19
eV, alreadywell belov its minimum enegy whenadsorbedt the surface. Fromthis
positionLi movesto the octahedrakite closeto the middle planeof the gap,which
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exhibitsits lowestenegy of -0.55eV. Thislaststepexperiences slightenegy barrier
of 0.06eV. Thereversemoving (octahedral bridge— tetrahedraljvould thusmeet
abarrierof 0.42eV shaving the stability of the octahedraintercalatbn sitein thevan
derWaalsgap.

In the literaturemainly directintercalationandintercalationvia defectsare con-
sidered.EspeciallyLi generallywasthoughtto bea candidatdor directintercalaton
becausef its small size. Our calculationsshav that even this materialhasa far too
high enegy barrierfor directintercalaton beingpossible.

5.3.2 Geometricalchanges

To getinsightinto the substrategeometricalchangesnducedby the presencef the
alkali, additionalcalculatims weredone.Four pointsin the pathway werechosensee
Figure(5.1).

The first threepointsare situatedin the sameplaneof the atomsconstituingthe
substrateandthe fourth of themat the van der Waalsgapequilibriumsite. At each
plane,the relaxationof the atomsforming it have beenconstrainedo the x-y plane,
in orderto estimatethe expansionof the a-lattice constantdueto the insertionof the
alkali atom.

Sel

5.94

Figure5.4: Top andsideview of thegeometricathangesnducedby the insertionof
Li. Theli is positionedin the first atomic-planejn the projectionof the on-surfice
fcc adsorptiorsite. Units arein ag.
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As it canbe seenin Figure (5.4), whenthe Li atomis in the first atomic-plane
(Se),belav thefcc on-surceadsorptiorsite, the Se-atomsnove radially avay from
theLi atomby about0.30ag from their original position,increasingheir separation
from 6.60 ag to 7.03,7.03,and 7.17 ag. The Li-Se bondshave a length of 4.09,
4.07,and4.11ag. The Seatomsin thethird planeareslightly taken away from their
equilibrium position. Only one of themis shifted 0.26 ag vertically in the surface
direction,changinghedistancebetweerthe Seatomsby 6.64,6.58,and6.58ag. The
distancebetweerili atomsis changedo 6.65,6.55,and6.60ag.

In the next point, seeFigure (5.5), whenthe Li atomis in the Ti atomic-plane,
a notoriouslylarge displacemenof 0.98 ag for two of the Ti atoms,away from the
Li, is obtained. The strongrepulsionbetweenTi andLi atomsforcedthemto keep
a minimum distanceof 4.28 ag, leadingto anexpansionin the Ti-Ti separatiorfrom
6.60ag t0 8.57,7.21,7.21ag. This positionis found to be the saddlepoint of the
surfaceeneqgy, with avalueof 3.81eV.

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

5.4 Conclusions

| have determinedheenegeticaly minimal pathof intercalatian for Li, with theresult
of an actvation barrier of 3.81 eV, which excludesthis type of intercalatio. The
analysisdoneto determinehis pathrevealedthatthe strongrepulsionbetweenTi- and
theLi- atoms,andthe consequeniattice deformation give rise to the high diffusion
barrierencountered.

To resumetheintercalaibn pathway foundis constitutedof thefollowing steps:

1. Li attainsthefirst Seatomic-planevia thefcc surfacesitewith a costof 1.15eV.

2. It movesto a bridge positionbetweentwo Ti ions at the secondatomic-plane
with a costof 3.81eV.

3. It goesto thethird atomic-planeto the projectionof the on-topadsorptiorsite,
i.e., belov the Seatomof thefirst atomic-planeandreachthetetrahedrasitein
thevanderWaalsgapwith anenegy gainof 0.19eV.

4. 1t finishesintercalaibn via a bridgepositionsymmetricto thatatthe surfaceby
reachinghe octahedrahole madeof six SeionssurroundinghevanderWaals
gapwith anenegy gainof 0.55eV.

Heretheenepgiesaregivenwith respecto the hcp's siteadsorptioreneny.
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Figure5.5: Top andsideview of thegeometricathangesnducedby the insertionof
Li. (upper)Li atomis positionedn thesecond-and(lower) third- atomic-planeUnits
arein ag.



Chapter 6

Adsorption and Diffusion of Alkal
metal on TMDCs Steps

6.1 Intr oduction

The detailsof alkali intercalationinto transitionmetal dichalcogerdes representain
unsoled problemto date. Accordingto the resultsdescribedn the former Chapter
alkaliintercalaton is difficult for atomsstartingfrom acleanTiSe, (0001)surfaceinto
the van der Waalsgap. However, it seemgo be possiblefrom a stepedgeor into a
surfacefissurein orderto explain the easyintercalaton foundin theliquid phaseand
in variousgrowth techniquesEspeciallyfrom stereochemistriheintercalatio of the
heavier alkali atomslooksratherimprobableat a defectfree surface. Therecentlyob-
senedintercalaton via wire-like fissuresn the surface[18] shavs a possiblepathfor
this processThe STM experimentd109] favor mainly thetwo stepshereconsidered.

Employing total-enegy density-functioniatheory calculatims the adsorptionen-
ergies,the diffusion pathwaysandbarriersfor a Li adatomon steppedliSe, surfaces
with full relaxationof theatomicenvironmentwerestudied.

Theminimumpathfor Li diffusionon TiSe, (0001)surfaceandacrosghe (1010)
and(1211) stepshave beencalculated.To approactthe (1211) stepedgean Ehrlich-
Schwoebelbarrierof 0.31eV wasobtainedwhichis additionalto thediffusionbarrier
of 0.25eV ontheflat surface. Theenegiesfor subsequerdiffusionwithin thevander
Waalsgaphave beencalculated{oo.

In Figure(6.1) the (1010) and(1211) steporientationsareshawn.

6.2 TiSe (0001)surfacewith a (1010) step

6.2.1 Simulation of a (1010) TiSe, oriented step

In thepresentalculatimsthelocaldensityapproximatiorfor theexchange-coriation
functionalandseparablab initio pseudopotentialareused. The adsorptioranddif-

79
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Figure6.1: (top) View of
TiSe, (0001)surfacewith
the [1010] and [1210] di-
rectionsindicated. (left)
The (1010) and (1211)
step orientations. Red
and blue spheresrepre-
sentSeand Ti atomsre-
spectvely.

fusion of an isolatedadatomon an infinite crystalis modeledby usinga slabin a
supercellformedby two layersof TiSe,, with atleastl7 ag of vacuumspacingwhere
the adatomis adsorbedn onesideonly.. Eachlayerof TiSe, is composedf 12 Ti-
and24 Se-atomsij.e. of 12 TiSe, unit cells (Se-Ti-Se). Whencomparingit with the
enegy of alayerwith 14 TiSe, unit cells,the differenceperunit cell wasof 0.01eV.
To modelthe (1010) TiSe, steponethird of the atomsin the first layeris removed,
leaving atotal of 20 Ti and40 Seatomsaltogetherin Figure(6.2)the schematiaep-
resentatiorof thesupercellusedto simulatethis stepis shavn. Theunit cell, enclosed
by the solid squarejs repeategeriodicallyin x, y, andz directions.As it canbe seen
in Figure(6.2)the atomsforming the stepareseparatedrom the next cell by 19.8ag,
thus,aLi adatomatthis stepcanbeconsideredsolated.Also, from thecalculationsof
Li diffusionpresentedh Sec.( 6.2.3),thenumberof atomsin thefirst layeris enough
to simulatethe TiSe, (0001)surface.Thelatticeconstantsisedarethetheoreticalval-
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uesobtainedfor bulk TiSe, fully intercalatd with Li, a= 6.61 ag andc = 11.90 ag,
(seeTable3.2). Theelectroneigenfunctionsareexpandedn a plane-vave basisusing
acutof of 40 Ry with two speciak pointsin the surfaceBrillouin zone[81].

In orderto studythestructuralchange®f thestepped0 0 0 1) surfaceageometry
optimizationwascarriedout. The atomicpositionsof all atomsin thefirst layerand
thefirst atomicplane(Seatoms)of the secondayerwereallowedto relax. While the
resttwo atomicplanes(Ti and Seatoms)of the secondayerwerefixedin their bulk
positons.

For studyingthe adsorptionanddiffusion of Li at this systemthe total enegy of
the Li placedon thesymmetricapointsof the (0001) surfacewascalculatedaswell
asontheedgeof the (1010) stepandacrosst, with relaxationof theenviroment. The
heightof the stepin this materialis about9 bohr, which is the thicknessof onelayer
of TiSe, togethemwith thevanderWaalsgap.Whencalculatingtheadsorptiorenegy
of Li oneachsymetricalpoint (hcpandfcc sites) first thez coordinatevasoptimized,
while thex andy coordinate®f theadatomwerekeptfixed. Oncethis wasdone thex
andy adatomcoordinatesverealsoallowedto relaxed, to obtaintheabsoluteposition
of theadsorptiorsites,andfinally the barriersitesbetweerthemwerefound.

6.2.2 Relaxationof the TiSe, (0001)surfacewith a (1010) step

Whenthe geometryof the TiSe, (0001)surfacewith a (1010) stepwasoptimized,it

wasobtainedhatonly the positionof theatoms(in thefirst layer)locatednearthestep
edgechangedvith respecto thegeometryof theTiSe, (0001)surface.In Figure(6.2)
theseatomsare enclosedn a dashedsquarewhich is enlagedin Figure(6.3). The
changesn the position of the atoms,with respectto the TiSe, (0001) flat surface
(calculatedwith a 2 x 2 surfaceunit cell), areresumedn Table6.1. The selenium
atoms(1 and 2), are moved closerin the z direction, reducingtheir distancefrom

6.88ag to 6.58 ag, while the Ti (1) is displacedtowardsTi (3) changingtheir bond
lengthfrom 6.61ag (the lattice constantvalue)to 5.86ag. Accordingto the results
of Table 6.1 only the Se (1,2,5,6)and Ti (1,2) atomschangedtheir positionsas a
consequencef the missingneighboringoondsoriginatedfrom the stepformation.

6.2.3 Li diffusion acrossand along TiSe, (1010) step

From all possibleLi adatomdiffusion pathwaysthatwerefound, the oneillustrated
in Figure(6.4), representthe enegeticaly minimal diffusion path. Top views of this
diffusion pathatthe (0001 surfaceandacrosshe (1010) step(top picture)andalong
the van der Waalsgap (lower picture) are presentedn Figure (6.5). The pointsin

the surfaceandin the van der Waalsgaparelabeledby s andg;, respectiely. The
diffusion path startsat the point 55, which is an fcc adsorptionsite in the surface.
From this point the adatomhopsto a bridge site s, situatedbetweentwo atop sites
(abore Sepositionedn thefirst layer),to continueto thehcp sites,. Theenegy value
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Figure 6.2: Supercellusedto modelthe (0001) TiSe, surfacewith a (1010) step.
The solid squareenclosethe unit cell, which is repeatederiodicallyin the x, y, and
z directions. The dashedsquareindicatesthe part of the unit cell wherethe most
significantstructuralchangesake place.

atthelatterpositionis takenasthezeroenegy referenceseeFigure(6.6)(top picture).

The adatomcontinueshoppingto anotherbridgesite s3; from whereit reaches,,
an fcc sitelocatedin the edgeof the step. In the absencef a stepthe adatomwould
continuediffusing alongthe (0001)surfacein completeagreementvith the diffusion
pathpreviously studied(see,Secc4.4), (fcc — bridge — hcp — bridge — fcc...).
Moreover, the valuesfor the diffusion barrierson the (0001)surfacethatwerefound
in the presentstudy [0.23 and0.25 eV, seeFigure (6.6) (top)], alsoagreedwith the
resultspresentedn Chapter4. Whenthe Li adatomreacheghe edgeof the steps;,
this fcc siteis no longera minimal enegy adsorptionpoint, thereforethe Li adatom
continuesdescendingo ss, seeFigure(6.6) (bottom),whereit findsanadsorptiorsite
0.10eV deepethanan fcc siteonthe surface. To move forward from this adsorption
site the adatomhasto overcomea barrierof 0.14 eV (encounteredn sg), which is
0.10eV lower thanthediffusion barrierin theflat (0001)surface.Fromthis pointthe
adatommoveswithout furtherenepgy barrieracrosshe stepgettingto gs site, which
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is locatedin thevanderWaalsgapbelon Se, (seeFigure(6.4)bottom).TheSe from

Figure(6.4) wasremovedto facilitatethe sight of the completediffusion pathvay; in

particularof the g5 site. OncetheLi adatomattainsthe vanderWaalsgap,it diffuses
along the gap without enegy barrierto reachgs, an octahedrakite surroundecby

six seleniumsthreefrom eachupperandlower sandwich.This octahedrakiteis the
mostenepgeticaly stablesitein thevanderWaalsgap,with anenegy of -0.57eV with

respecto thehcpsitein thesuriace.In orderto keepdiffusingalongthevanderWaals
gap,theLi adatonmovesto gy, whichis atetrahedralt coordinatedntersandwiclsite
lying inmediatelybelonv a chalcogeratom,over g;. The lattersiteis 0.54eV higher
in enegy thanthe octahedrabkite, and constituteshe diffusion barrierin the vander
Waalsgap. The adatomcould diffusein the oppositedirection,from gz to gg with a
significantlylower diffusionbarrierof just0.24eV, andthenwithoutbarrierto g7, but
to getaway from this site, it hasto overcomea barrierof about0.70eV.

A sequencef picturesshaving the atomicpositionsof Li adatomalongits diffu-
sionpathandthesubsequerdubstratestructuraichangesredisplayedn Figure(6.7).
The costof displacinga Li adatomfrom the hcp three-foldhollow (sp) to a bridge
(s3) siteis that of replacingthreeLi-Se bonds(4.43,4.49,and4.51ag) by two (4.3
and4.68 ag). On the flat surfacethe s, site would be a fcc three-foldhollow site,

[0001]

) L
4 [1210]

[1010]

Figure6.3: Enlaigedpictureof the unit cell’'s sectionindicatedin Figure(6.2), where

structurachange®ccurdueto thepresencef a (1010) step. Theredandbluespheres
represenSeand Ti atoms,respectiely. Someatomsare numberedo facilitaie the

descriptionof theirrelaxations(seeTable6.1).
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Atom A X Ay Az
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 displacementwith respecto theTiSe, (0001)surfacepositions(in
ag). TheSeandTi indicesarereferredto Figure(6.3). Thefirst layerandthefirst (Se)
atomicplaneof the secondayerwereallowedto relax.

wherethe Li would be bondedo threeSeatoms.Dueto the presencef the step,the
adatomhasto migratedeepefr(to ss) in orderto form threeLi-Se bonds(5.07,4.85,
and4.44ag). Thesg pointis a barriersite at the edgeof the step. Herethe enegy of
the systemincreaseshut theamountis by 0.1 eV lower thanfor acomparabldéarrier
siteon the flat surface. At this site (sg) the Li adatomstills forming threeLi-Se bonds
(4.56,4.21,and5.07ag), onemorethanatanequvalentsite on theflat surface.From
this point moving deeperin c directionthe Li adatombondswith two Se, until the
S site, whereagainthreelLi-Se (4.58,4.96,and5.2 ag) areformed. Finally, the Li
adatomintercalats into the vander Waalsgapandreachesite gz, whereit formssix
Li-Sebonds(4.77,4.78,4.79,4.89,4.89,and4.83ag).

The diffusion alongthe stepbottom,i.e. in the [1210] direction,wasalso calcu-
lated.In this casethetotal enegy of thesystemwascalculatedvith Li situatedatthe
differentpointspresentedn Figure(6.8). The x andy coordinatef the Li adatom
were kept fixed, while the z coordinatedvas allowed to relaxed. The substratevas
relaed asdescribeefore. TheLi adatomdiffusesbetweerboth TiSe, layers(atthe
vanderWaalsgap),belav theatomsformingtheedgeof thestep.At thesite(1) above
theTi(2) theLi foundsanequilibriumsite with anenegy of -0.53eV, andformsfive
Li-Sebonds(4.954.924.944.904.88ag). Thenit movesto thesite(3) (above Se(4)),
wherethe enegy is -0.48eV andformsfour Li-Se bonds(4.52,4.68,4.70,4.64 ag).
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To reachthis pointthe Li meetsa barrierof 0.15eV atthe middle of bothequilibrium
sites(2), wherethetheLi adatonformsthreebondswith Seatoms(4.604.474.59ag).
TheLi continueoppingto thesite(5) overcomingabarrierof 0.23eV at(4). The(5)
sitehasanenegy of -0.45eV andformsthreeLi-Sebonds(4.36,4.59,4.52ag). From
this site it goesagainto anothersite equialentto (1), (not shavn in Figure(6.8) but
labelledas(7) in Figure(6.9)),in this casethebarrierto overcomeis 0.24eV, foundat
site (6). At bothbarriersites(4) and(6) the Li adatomformsonly bondswith two Se
atoms,with have thefollowing lengths:4.39,4.37 ag and4.36,4.37 ag, respectiely.
In Figure(6.9) areshavn the correspondingenegiesof the path. It canbe seenthat
to move from site(7), to (6), the barrierenegy betweerthemis 0.32eV, i.e. 0.08eV
higherthanby thereversemoving. Fromtheseresultst is clearthatthesiteswherethe
Li canform bondswith Seatomsareenegetically favoured. The site (5) is the same
asgs from the diffusion pathalongthe van der Waalsgap, (seeFigure(6.5) bottom).
At this site the Li adatomwould have the possibility to diffuse within the gapto the
mostenepgetically favorablesitefound(octahedral)to diffuseonthelower terrace or
to move to the moststablesite at the bottom of the step(1). In thefirst casethe Li
adatomdiffuseswith a gain0.12eV, in the secondwith a costof 0.09eV, andin the
third alsowith a costof 0.24eV.

Figure6.4: Schematidisplayof TiSe, (1010) step.TheLi adatoms positionsduring
its diffusion pathway arerepresentethy the black spheresThe adatoms positionsat
the (0001)surfaceandTiSe, (1011) steparedenotedwith 5 andg;, respectiely. The
positionof a Seatomin thethird atomicplaneis indicatedby thedashecircle; it was
removedin orderto shav pointgs. Thediffusionpathway is denotedoy thedarkblue
line. Thelight blueline denotesanalternatve diffusion pathat the heightof vander
Waalgap.



86 Chapter6 AdsorptionandDiffusionon TMDCs Steps
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Figure6.5: Top view of the diffusion path,(upper)acrossTiSe, (1010) stepand(bot-
tom)alongthevanderWaalsgap. Theseleniumandtitaniumatomsaredenotedy red
andblue spheresrespectiely, whosesizesdecreasaccordingto their distancefrom
the surface. The blacksspheregepresenthe Li adatoms positions. The seleniums

with indicesareatthesurfaces edge.SeeFigure(6.4).
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Figure6.6: (Top) Total enegy for a Li diffusing on the (0001) surfaceand (1010)
TiSe, step(blueline), andin the van der Waalsgap (black line). The zeroenegy
correspondso the s, site, which hasthe minimumenegy in the surface. The points
on the surfaceandin the van der Waalsgap are labeledby s and g;, respectiely.
(bottom) The valuesof Li height(in ag) with respectto the titanium atomic plane
positionin the first sandwich;they are enclosedn parenthesem the figure on top.
Thepositionof the seleniumandtitaniumatomicplanesn thefirst sandwichof TiSe,
andof thevanderWaalsgaparemarkedattheright axis of thegraphic.
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Li-Se bondlengthsaregivenin ag. Thesitesarereferredto Figure(6.4).
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Figure6.8: Top view of thediffusion pathalongthe bottomof a (1010) step.Only the
lower TiSe, layeris shavn.
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Figure6.9: Enegy plot of thediffusionalongthebottomof a (1010) step.Theposition
of theLi atom(x-axis)arereferredto Figure(6.8). Theenegiesarerelatve to thehcp
on-surbcesiteenegy.

6.3 TiSe (0001)surfacewith a (1211) step

6.3.1 Simulation of a (1211) TiSe, oriented step

In orderto assesshe actvation enegy thata Li adatomrequiresto diffuse across
andalonga TiSe, stepfacinga (1211) plane,total enegy calculatims have been
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performedwithin the supercellapproximation.A (0001)TiSe, surfacewith a (1211)
orientedstepwassimulatedby arepeatinglab,composedy two layersof TiSe,, and
a 17 ag vacuumregion. In thelateral[101( directiontwo TiSe, unit cells (Se-Ti-Se)
weretaken, while in the [1210] directionfour TiSe, unit cells were usedfor the top
layerandsix for the bottomlayer, giving a total of 40 Seand20 Ti atoms.Thelattice
constant®f the TiSe, unit cell usedherearethe sameasfor the (1010) step(a = 6.61
ag andc = 1190 ag). Whencalculatingthe diffusionenegy of Li adatomon thefirst
layer theresultis comparablevith the diffusionon theflat (0001)surface.Therefore,
thesizeof thefirst layergivesaright descriptiorof this surface. Thedistancebetween
the atomsin the stepedgeandthe next cell in y-directionis of aboutl15 ag, thusa
Li adatomat this stepedgecanbe consideredsolated,Becauseof the large size of
this supercellonly onespecialk pointin the surfaceBrillouin zonewassuficientto
give enegy differenceswhich werewithin 0.05eV of thoseobtainedoy usingtwo or
four timesthe numberof k points. The 30 Ry planewave cutof wastestedto give
adsorptiorenegiesdifferencedo a numericalaccurag betterthan0.05eV.

6.3.2 Relaxationof the TiSe, (0001)surfacewith a (1211) step

For the (1211) stepthefirst TiSe, slabwasfull relavedaswell asthefirst atomicplane
of thesecondayer Thetwo atomicplanesin the secondayerwerefixedat the bulk
positionsobtainedfor TiSe, fully intercalatd with Li. In Figure(6.10)a schematic
representatiorof the structureis shavn. Here the numberedatomswere the ones
that presentedh displacementyith the exceptionof Se(4)atomthat waskept fixed.
Thenearesheighborgin thex-direction)of the numberecatomsmovedtogethemwith
theseones.

In this steponly the atomslocatedat the edge,Se(1,2) andTi(1), shaved alarge
deviation from the positionsobtainedfor the flat surface. The valuesof thesedevia-
tionsareresumedn Table6.2. The Seatoms(1 and2) movedin z directiontoward
Ti(1) reducingthe thicknessof the first layer from 5.7 to 5.16 ag, while the Ti(1)
atomis displacedowardthe bulk andaway from the stepedge.Thedeviationsof the
Se(5,6)-and Ti(2)-atomic positionsfrom the flat surfaceare small, which hasmade
possibleto useonly four unit-cell alongthe y-axis to representhe (0001) stepped
surface.

6.3.3 Li diffusion acrossand alonga (1211) step

Amongmary possiblepathvaysfor Li surfacediffusion,Figure(6.11)shavsthepath-
waywhichgivesthelowestpotentialbarrier Thepointsthataresituatedonthesurace
arelabeledby s, while thoseatthevanderWaalgapby g;. In Figure(6.12)atop view
of this pathway is displayed shaving in the upperpicturethe diffusion positionson
the (0001)surfaceandon the descendingtep. In the lower picturethreepathsat the
van der Waalsgaparedepicted:oneindicatesthe way within the van der Waalsgap,
representinghe intercalationpath, the secondonethe diffusion avay from the step,
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Figure 6.10: Geometryof the (0001) surfacewith a (1211) step. The red and blue
spheresepresenSeandTi atomsrespectiely. Someatomsarenumberedo facilitae
thedescriptionof their relaxations(seeTable6.2).

Atom A X Ay Az
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 displacementwith respecto the TiSe, (0001)surfacepositions(in
ag). The SeandTi indicesarereferredto Figure(6.10). Thefirst layerandthe first
(Se)atomicplaneof the secondayerwereallowedto relax.

andthethird onethe pathalongthe edgeof the step.In Figure(6.13)thetotal enegy
of the systemalongthediffusionpathis shavn, aswell asthe heightof theLi adatom
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with respecto the Ti-plane(first layer). The adsorptionenegy at 5 is taken asthe
zeroenegy reference.

In thesecalculationghe diffusion barrierof the Li adatomon the (0001)surface
is comparablevith thaton theflat surface. TheLi adatomstartsthe diffusion pathat
So, anhcp adsorptiorsiteon the (0001)surface,overcomes barrierof 0.25eV atthe
brigde site (s;), andreachesn fcc adsorptiorsite (s,). Again it diffusesto a bridge
site s3 with an enegy costof 0.25eV. At this site the Li adatombegins descending
thestep,meetingat s anadditionalpotentialbarrierof 0.31eV, theso-calledEhrlich-
Schwoebelbarrier Oncethe adatomreacheshe sg, it continuesdiffusing alongthe
(1211) surfacewithoutbarrier until it approachethevanderWaalsgap,whereit can
eitherintercalatewithin the TiSe, layersor diffuse on the lower terrace.At gs is the

[000 1]

: [1210] ilss

Figure6.11: Schematiallustration of the sitesinvolved in the diffusion of Li across
aTiSe (1211) step. Pointslabeledby 5 andg; are on the (0001) surfaceandin
the van der Waalsgap,respectiely. The darkblueline joining the pointsrepresents
the diffusion pathwith minimumenegy. The light-blue line joints the pointsof the
diffusionpathontheseconderrace.Theredandblue spherestandfor seleniumand
titaniumatoms respectiely.

sitewheretheLi adatomreacheshevanderWaalsgap,with anenegy gainof -0.43
eV. To move betweenthe layersandreachgs, an octahedrakite with an enegy of
-0.58eV, theLi adatomhasto overcomea smallbarrierof 0.05eV atg,. To leave the
stableoctahedrasitetoward gg theadatomencountersit g; abarrierof 0.6 eV, which
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is 0.19 eV higherthanthe barrierfound for diffusion alongthe van der Waalsgap
without steps.To diffusein the oppositedirection,i.e. avay from the step,theadatom
findsa barrierof 0.17eV at gg. It reachegheng; a stablesite-0.52eV deeperthan
thereferencesite. This stablesiteis separatedtby a barrierof 0.7 eV from the nearest
terracesite, thereforethe probability for detachmentrom this stepedgeis relatively
low.

However, alsofor the (1211) stepthereis the possibility thatthe adatomdiffuses
alongits edgewith a diffusion barrierequalto thatof the flat surface(0.25eV). The
pathalongtheedgenvolveshoppingfrom sitegs to gz surmountinghebarrierof 0.17
eV atge, andfrom g to g via g;, with anenegy costof 0.25eV, (whereg; andgj
aremirror-symmetricto gs andgg), seeFigure(6.12).

Site Li-Se bonds bondlength

S 3 4.7 4.7 4.6

S 2 4.4 4.5

S 3 4.6 4.5 4.5

3 2 4.5 4.4

S4 2 4.5 4.5

S5 2 4.7 4.7

S 2 5.0 5.0

S7 2 4.9 4.9

S8 2 4.6 4.6

S 2 4.5 4.5

vanderWaalsGap

Jdo 4 4.4 4.4 4.4 4.3

01 3 4.3 4.3 4.3

02 3 4.4 4.4 4.2

03 6 5.0 5.0 5.0
4.9 4.9 4.9

04 3 4.6 4.6 4.4

Os 3 4.6 4.6 4.7

Js 2 4.4 4.5

07 4 4.9 4.9 4.7 5.0

Os 2 4.8 4.8

Jo 3 4.6 4.9 4.9

910 2 4.5 4.5

Table6.3: Numberof Li-Se bondsandbondlengths(in ag).

In Table 6.3 the numberof Li-Se bondsat eachsite, aswell astheir lengthare
given. Onthe (0001)surfacethe morestablesitesareat the three-foldsites(hcp and
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fco) with longerbondsin the first one, dueto the adatoms proximity to a Ti atom.
Whenthe adatommovesfrom s, to the stepedgeits coordinationchangegrom three
to two, giving riseto anincreasan the enegy. Until the adatomreacheghe higher
enepy site(sg), the bondlengthsincreasdogethemwith theenegy. Fromthis barrier
site until the adatomreacheghe van der Waalsgapthe two-fold coordinationis kept
but with decreasindpondlengths.At thevanderWaalsgapthe enegy decreasewith
increasingoordinatiomumber Thereforeahemoststablesiteis theoctahedralwhere
theLi adatombindswith six Seatoms.

6.4 Conclusions

Theinvestigatiorof diffusionbarriersalongseveral pathsin thevicinity of (1010) and
(1211) stepsshaws that thereexists a differencein approachingoth steps. For the
(1010) steptheLi adatomencounters negative Schwoebelbarrier which enhances
its incorporationto the lower terrace.In contrasto this, to approactthe (1211) step
the adatomhasto overcomean Ehrlich-Schweebelbarrierof 0.31eV. On the other
hand,oncethe adatomreacheghe van der Waalsgap,its migrationwithin the gapis
enepetically favouredagainstcontinuingdiffusion alongthe lower terrace,ndepen-
dently from the orientationof the step. In both steps,t wasobtainedthatthe adatom
occupieshe first octahedrakite nearthe stepbottomandrequires0.54-0.60eV for
moving to anothersite. This enegy representthediffusionbarrierwithin thegapand
demonstratethe stability of the octahedrakite. Moreover, to diffuse away from the
steps,.e. alongthe lower terracethe adatomfinds aninitial barrierof about0.7 eV.
This barrieris significantlyhigherthanwithin the gap, so the probability that the Li
adatomis detachedrom the stepbottomsis relative low.

The Li diffusion along both step bottomswas also investigated. In both cases
the adatomcan diffuse with a barrier comparablewith that on the (0001) surface
(about0.25eV). For the (1010) step,the potentialseenby the alkali adatomis not
inversionsymmetric.In the (1210) directionthe diffusionbarrieris 0.24eV, while in
the oppositemoving the barrierincreaseso 0.32eV. For the (1211) step,the barrier
to diffuseis 0.25eV.
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Figure6.12: Top view of thesiteson the (0001)surfaceand (1211

blue spherestandfor seleniumandtitaniumatomsrespectiely. Theirsizedecreases
accordingo their distancerom the surface. (bottom) Top view of the sitesin thevan

deWaalsgap.Theseleniumsvith indicesareatthesurfaces edges.Thedarkblueline

joining the pointsrepresentshe diffusion pathwith minimumenegy. Thelight-blue

line joints the pointsof the diffusion pathon the seconderrace.Thegreenline shavs
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Figure6.13: (top) Total enegy for aLi diffusingonthe (0001)surfacealonga (1211)
TiSe step,andin thevanderWaalsgap. The zeroenegy correspondso the s, site,
whichhastheminimumenegy in thesurface. Thepointsonthesurfaceandin thevan
derWaalsgaparelabeledby s andg;, respectiely. (bottom)Theheightof Li adatom
in the diffusion path,with respecto the Ti planepositionin thefirst sandwich.The
positionof the seleniumandtitaniumatomicplanesn thefirst sandwichof TiSe, and
of thevanderWaalsgaparemarkedat theright axisof thegraphic.



Chapter 7

Conclusions

Thediffusion mechanismshatarerelevantto alkali metalintercalatiom in TiSe, have
beeninvestigatedy meanf abinitio total-enegy calculatios. Theadsorptiorsites
andthediffusionbarriersalongseveral pathsfor hoppingprocesseentheflat suriace,
on surfaceswith (1010) and(1211) steps,aswell asin the van der Waalsgap have
beencalculated.

Sincethe problemof surfacediffusionis intimately relatedto the morphologyof
the surfaceon which this procesgakes place,the optimizationof TiSe, (0001)ge-
ometryhasbeenfirst addressedFurthermoregxtensve anddetailedcalculationsof
Li adsorbedn this surfaceat coveragesangingfrom 0.06to 1 ML have beenpre-
sented.The changein the work functionwith Li coveragecanbe well describedby
theLangmuirGurng/ model;atlow coveragesb decreasesntil it reacheaminimum
around®=0.5ML, andthenincreasespproachinghevalueof the bulk alkali metal.

Two adsorptiorsiteshave beenobtainedon the TiSe, (0001)surface:hcpandfcc.
For Li adatomthe hcp site is slightly enegetically preferredover the fcc, while for
Na, Rb,andCsbothsiteshave the sameadsorptiorenegy. The surfacediffusion path
betweentwo hcp sitesrunsvia the direct connectionof an adjacenthcp andfcc site
overabridgesite: hcp — bridge — fcc — bridge — hcp ... . It hasbeenfoundthat
the enegy barrierfor alkali metaldiffusionrangefrom 0.26eV for Li to 0.01eV for
Cs.

In the vanderWaalsgaptherearethreeequilibriumsites:oneoctahedrabndtwo
tetrahedrasites,wherethefirstis enegetically stronglypreferred.The corresponding
binding enegiesfor all thesesites,are markedly lower thanthe onesin the surface.
This factdemonstratethe strongtendenyg of TiSe, towardsintercalatbn andthe sta-
bility of the intercalatd compound.To diffuse away from the octahedraskite the Li
atomhasto overcomea barrierof 0.42eV.

Oncetheequilibriumsitesin the surfaceandin the vander Waalsgapweredeter
mined,theintercalatiorpathof Li adatomwithin TiSe, atomiclayerswasinvestigated.
Becausef thelarge enegy barrierinvolvedin this procesg3.81eV), this type of in-
tercalationcanbeexcluded.

A secondpossibleintercalatbon path hasbeeninvestigated,namelyvia surface

97
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steps. The diffusion of Li adatomacrossandalongtwo differentsteps,(1010) and
(1211) stepshasbeenstudied.Forthe(1010) steptheLi adatomencounteranegative
Ehrlich-Schwebelbarrier whichenhancess incorporatiorto thelowerterrace Con-
trarily, to approachhe (1211) steptheadatomhasto overcomeanEhrlich-Schveebel
barrierof 0.31eV. However, oncethe adatomreacheghe van der Waalsgap, its mi-
grationwithin the gap (andthereforeintercalatim), is enegetically favouredagainst
continuingdiffusionalongthelower terracejndependentlyrom the orientationof the
step.For bothstepstheadatomoccupieghefirst octahedrakite nearthe stepbottom,
which is a thermodynamicafl stablesite in the van der Waalsgap. To continuedif-
fusing alongthe van der Waalsgap, the adatomhasto overcomethe corresponding
diffusionbarrier

The diffusion of Li adatomalongthe bottomedgeof both stepswasalsoinves-
tigated. In both caseshe adatomcandiffusewith a barriercomparablevith thaton
the (0001)flat surface. For the (1010) lower stepedge,thereexists a noninversion
symmetricpotential.

Tosummarizel.i adatomganintercalag into TiSe, withoutary additionalenegy
barriervia a (1010) step.
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Abstract

The aim of this work wasto understandhow alkali metalatomsintercalatento tran-
sition metaldichalcogerdes(TMDCSs). To this end,a detailedinvestigationinto the
geometricabndelectroniceffectson TMDCs causedy adsorptiorandintercalatbn
of alkali atomswascarriedout by meansf abinitio density-functioal theory

The TMDCs have beenstudiedextensvely becauseof their interestingproper
ties suchasphasetransitions,chage densitywavesandquasitwo-dimensionaklec-
tronic structuresandbecausef their potentialtechnologichapplicationsn solarcells
and batteries. Their structureis built by sandwichesonsistingof chalcogen-metal
chalcogerplanedorminglayers whichareheldtogetheiby vanderWaalsinteraction.
Their layeredstructuregivesthemthe possibility to form intercalatbn compoundsy
actingashostof foreignatomsor molecules.The mostmodernmethodsfor produc-
ing in situ TMDCs intercalatd compound$iadmadepossibleto studythe samplesn
every stepof the reactionby meansof angle-resoled photoelectrorspectroscopin
combinatiorwith scanningunnelingmicroscop, providing notonly new insightsinto
the electronicandgeometricabtructureof this compoundsbut alsopointing out the
needof a detailedstudyof thesinglephenomenanvolvedin theintercalatbn process.

Thecalculationsherepresentedrebasednthelocal-densityapproximation.The
interactionbetweenions and electronsare describedusing pseudopotentialsEqui-
librium configurationsare calculatedoy minimizing the total enegy while diffusion
pathsof theadatomsaredeterminedy theenegy of consecutie minima.

Thegeometricabndelectronicpropertieof cleanTiSe, (0001)surfacewerestud-
ied. Also, the adsorptionsitesanddiffusion of alkali atomson TiSe, (0001)surface
were computedand comparedwith thoseobtainedat the van der Waalsgap. At the
surfacethe alkali atomsareadsorbedtthe atthe hcpandfcc sites,bothwith similar
adsorptiorenegy, hcpslightly preferred.In theintersandwiclgaptherearetwo equi-
librium sites,the octahedrabndtetrahedraposition,whosetotal enegiesare0.5 eV
higherthanat thoseon the surface. The electronchage distribution causedy alkali
atomson TiSe (0001) surfacewas analysed.A shift of chage from the adsorbate
ontothe bondingregion is obsered. The alkali coveragedependencef the physical
propertiesadsorptiorenegy, work function,andvalenceelectrondistribution wasalso
studied.

Thequestionof whetherthealkali atomscanreachthe vanderWaalsgapfrom the
plain surfacethroughthe atomicplaneswas addressedBecauseof the hugeenegy
barrierinvolved in this procesg3.81eV), this type of intercalaton canbe excluded.
Thus, the experimentallyfound intercalaton processesnustbe associatedvith de-
fects, suchasstepsor dislocationsat the surface. The diffusion of Li adatomacross
andalongtwo differentstep,(1010) and(1211), wasstudied.STM experimentsavor
mainly the two stephereconsidered For the (1010) stepthe Li adatomencounters
negatve Schwoebelbarrier which enhanceds incorporationto the lower terrace.In
contrasto this, to approactthe (1211) stepthe adatomhasto overcomean Ehrlich-
Schwoebelbarrierof 0.31eV. A modelof alkali intercalaton into TMDCs was ob-
tained,namelyvia a (1010) step.



Zusammenfassung

Ziel dieserArbeit ist es zu verstehenwie Alkalimetallaome in Ubeigangs-Metall-
Dichalkogenid-Sctehtkristdl en (UMDC) interkalieren Zu diesenmZweckwurdeeine
ausfihrlicheUntersuchunglesEinflusseslerAdsorptionundinterkalationvon Alkali-
Atomenauf die geometrischeind elektronischeStrukturvon UMDC mittels abinitio
Dichte FunktionalTheoriedurchgeiihrt.

UMDC werdenaufgrundihrer interessanterEigenschaftenwie Phasetibegange,
Ladungsdichteellen, ihrerquasizweidimensionalealektronischestrukturundihrer
zahlreichertechnischerAnwendungsraglichkeiten in Solarzellerund Batterienum-
fassendintersucht.lhre Strukturbestehtaussandwichartigeiagen,die jeweils aus
Challogen-MetdtChakogen Ebenergebildetwerdenund untereinandevon vander
WaalsKraftengehundensind. Dieseschichtbrmige Strukturernbglicht die Bildung
von Interkalationserbindungen, indem die UMDC als Wirt fiir Fremdatomender
Molekule wirken.

ModerneHerstellungsmethodemnin situ UMDC Interkalationserbindungen haben
esermiglicht, die Probenwahrendjeder Phaseder Reaktiondurchwinkelaufgebste
Photoemissiogemeinsanmit Rastertunnelmikiskopie zu untersuchenDiesbrachte
nicht nur neueErkenntnissdiberdie elektronischaind geometrisché&trukturdieser
Kristalle, sondernmachteauchdeutlich, wie wichtig eine detailliete Untersuchung
dereinzelnerPhanomenem Interkalatiolsprozssist.

Die Rechnungenn dieserArbeit basierenauf der Lokalen-Dichte-Appoximation.
Die Wechsekirkung zwischenlonenund ElektronernwerdendurchPseudopotentiale
beschriebenGleichgevichtskonfiguationen werdendurchEnegieminimierungoerech-
net, die Diffusionsp&de der Adatomefolgen ausaufeinandefolgendenMinima der
Gesamteneye.

Ausgangspunkst die Bestimmunglerstrukturellerundelektronische Eigenschaften
derreinenTiSe, (0001)Oberfache.Aufbauendierzu,werdendie Adsorptionspitze
unddie Diffusion von Alkaliatomenauf der TiSe2(0001) Oberfacheberechnetind
mit Gesamtengien fur in dervan der WaalsL ticke eingelagerterAlkaliatomenver-
glichen.Auf derOberfachebindendie Alkaliatomeandenhcpundfcc Platzen beide
mit einervemleichbarenAdsorptionsengiie, die nur etwas groRerfur die hcp Platze
ist. Innerhalbdervan der WaalsL iicke gibt eszwei Gleichgavichtsplatz, einenok-
taedrischemnindeinenTetraederplatalie enegetischum0,5eV gunstigersind,alsdie
BindungsphtzeanderOberfache.

Zusatzlich konnteder Einflul3 der Alkaliatome auf die Ladungsdichteerteilung der
ElektroneranderOberfacheuntersuchtverden.HierbeizeigtsicheineVerschiebng
derLadungsdichteveg von denAlkaliatomen,hin zur Bindung zwischenihnenund
den Challogenatomen Desweitern erlaubendie Rechungengie Abhangigleit der
physikalischereigenschafte\dsorptionsengie, AustrittsarbeitundLadungsdichte-
verteilungvon derAlkalibedeckungzu analysieren.

Esstelltesichdie Frage wie die AlkaliatomevonderungesbdrtenOberfachedurchdie
Atomlagenrhindurch,in dievanderWaalsL ticke gelangenAufgrunddergrolRerEner
giebarrierg3,81eV) ist die direktelnterkalation durchdie Schichterausgeschlossen.
Dahermussdie experimentellgefundendnterkalationan Defekten,wie Stufenoder
VersetzungeanderOberfacheerfolgen.Hierzuwurdedie DiffusionvonLi Adatomen
Uberund entlangzweierverschiedenestufen,(1010) und (1211), untersuchtDiese
AuswahllegenSTM Untersuchungenahe.Die Rechungenreigendasdie Li Atome
ander (1010) Stufe eine negative Ehrlich-Schweebel Barrierespiren, was die Ein-
lagerungauf der unterenTerrasseerleichtert Im GegensatzhierzumufRdasAdatom
ander(1211) StufeeineEhrlich-SchvweebelBarrierevon 0.31eV uberwinden Hier-
auskonnteein Model fiir die Interkalati in UMDC {iber (1010) Stufenentwiclelt
werden.



