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Spectral,tensor,andabt'nitiotheoreticalanalysisofopticalsecondharmonic

generationfrom theFutileTiO2(110)and(001)faces

M･Omote,H･Kitaoka,E･Kobayashi+,0･Suzuki,K･Aratake,H･Sano,G･Mizutani**

JapanAdvancedInstituteofScienceandTechnology,Tatsunokuchi,Ishikawa923-1292,Lrapan
W.Wolf

MaterialsDesigns.a.r.I.,44,av_F.-A.Bartholdi,72000LeMans,France

R.Podloucky

InstituteofPhysicalchemistry,UniversiO,ofVienna,Liechtensteinstrasse22A,A1090Vienna,
Austria

Weoverviewourrecentexperimentalstudyontheopticalsecondharmonic(SH)responseofthe

rutileTiO2(Ilo)and(001)faces,andtheanalysisoftheseresultsbyphenomenological

electromagnetictheoryuslngnOnlinearsusceptibihtytensorsandbyabinitiotheoryuslngthe

self-consistentfullpotentiallinearizedaugmentedplane-wave(FLAPW)methodwithinthe

local-densltyapproximation. SincebulkrutileTiO2hasaumiaxialcrystalstructureofsym metry

Di4h,nOnlinearoptlCalresponseofitssurfaceandbulkshowedremarkableanisotropy.The

TiO2(I10)faceexhibitedstrongerreflectedSHresponsewhentheincidentelectricfieldwas

directedparallelthanperpendiculartothel001]axis,whiletheTi02(00I)faceexhibitedrelatively

isotropicSHresponse.TheanisotropyoftheSHintensltypattemSdependedremarkablyonthe

incidentphotonenergyandthepolarizationcombination. ByuslngaPhenomenologlCal

electromagnetictheory,weperfわrmedasimultaneousanalysisoftheSHintensltypattemSfTromthe

(Ilo)and(001)facesasafunctionofthesamplerotationanglearounditssurfacenormal. Asa
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resultwecouldseparatethecontributionsfromthesurfacesecond-orderandbulkhigherorder

nonlinearsusceptibilities.WealsofoundthattheSHintensltyspectraaSafunctionoftheSH

photonenergydependedstronglyonthesamplerotationangleandthepolarizationcombinationof

thefundamentalandSHlight.TheonsetoftheSHresonanceoftheTiO2(110)facewaslocatedat

2TIO)～3.4eVwhentheinducednonlinearpolarizationwasperpendiculartothesurface.Itwas

locatedat2T10-3.2eVwhentheinducednonlinearpolarizationisparalleltothel001]directionin

thesurfaceplane.TheseonsetenergleSWerehigherthantheonsetenergyofthebulklinear

absorptionat3,OeV.Ontheotherhand,theonsetenergyoftheSHresonanceofthe(001)face

wasfoundat2T10-3.OeV.DiscussionwasgivenOnthephysicalmeanlngOftheobservedSH

intensityspectra.Furthermore,abinitiocalculationofthenonlinearopticalresponsefromthe

TiO2(I10)surfaceusingtheFLAPWmethodwasperformed.Thecalculatedresultsagreedvery

wellwiththeexperimentalSH intensltyPattemSandspectra. WefoundbothfTrom the

phenomenologicalandabinitiocalculationthatthemainSHresponsefromtheTiO2(110)surface

originatedfromtheTi-0-Ti10-zigzagchainsontheTiO2(I10)surface.

Keywords:surfaceopticalsecondharmonicgeneration,rutileTiO2(110),(001),photocatalyst,ab

initiocalculation
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1.IntrodⅦction

Opticalsecondhamonic(SH)spectroscopyhasemergedasanewtoolfわrtheanalysesof

surfacesandinterfacesofsolidstatematerialsll][2][3][4].Byusingthesurfaceandinterface

specificityandresonanceproflleofsecondhamonicgeneration(SHG),wecanfinddistributionof

surfaceandinterfaceelectroniclevelsontheenergyscaleinthebandstructure.Byuslngthe

stronganisotropyoftheSHresponsefromasymmetricatomicbonds,wecanflndinfbmationon

thesurfaceandinterfacestructuresincludingthosewithadsorbates. ThisnonlinearoptlCal

teclmiqueoffTersusseveralsignificantadvantagesovertheconventionalsurfacespectroscopleSaSin

thefbllowlngS:Unlikethemethodusingelectronorionbeams,itis丘･eeofmaterialdamageand

contaminationassociatedwithchargedparticles. Samplesurfacesinreactioningaseous

envirormentareaccessibleandsoaretheburiedinterfacesunderoptlCallytransparentmaterials.

Insulatorscanbestudiedwithoutaproblemofchargingeffects.Forexample,stoichiometricTiO2

investlgatedinthisstudyisaninsulatoranditssurfaceelectronicstatescannotbestudiedin

pnnciplebyionorelectronprobesduetothechargeupeffect,whileitcan bestudiedwithno

problembysecondhamonicspectroscopy.AlsoinSHspectroscopyonecantakeadvantageof

theexcellentspectralandtemporalresolutionglVenbythewell-developedpulsedlasersorcoherent

lightsources.

hspiteoftheseadvantages,theanalysisoftheanisotropyandthespectraofSHintenslty

ofsolidstatematerialsurfacesisnoteasyandhavenotbeenperf♭medprevalently.Onlya
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limitednumberofattemptsofsystematicanalyseshavebeenmadesofarl5][6][7][8].The

separationofthecontributionfromthesurfaceandbulknonlinearsusceptibilityelementsxiFuヱand

r帥Jisdifficult,becausethenumberofthesesusceptibilityelementsaregenerallylarge･For

mediawithoutbulkinversionsymmetry,StrongbulkdipolarSHresponseoverwhelmsthesurface

response,sowehavetochoosespecialconfigurationstosuppressthebulk l9]. For

centrosym etricmedialikeTiO2Studiedinthiswork,thestrongbulkdipolarSHresponseisabsent

buthigher-orderelectromagneticmultipolescauseaweakbulkSHradiation[10][11].

Thebasicfbmulationoftheanalys上sOfSHintensltylSStraightfわrward,accordingtome

frameworkdevelopedinthetextbookbyBloembergenl12].However,foranisotropicmaterials

likeTiO2theanalysisofthesecondhamonicintensitylSCOmplicated.也ananisotroplCmedium,

theincidentelectricfieldissplitintotwoelectromagneticfieldsknownasordinaryand

extraordinarywavesduetothebirefringenceeffect.WhenwecalculateitsnonlinearoptlCal

responsewemustconsiderthebire斤ingenceeffectbothfTorincidentandsecondhamonicwaves.

Someoftheworkshavegoneintodetailsofthistreatmentfわranisotropicmedia[13][14][15][16].

However,therehasbeennoexampleofasystematicandsimultaneousanalystsOfSHintenslty

pattemsandspectrafbran anisotropICnOnlinearsurface.InthisstudyweareglVlngSucha

demonstrationfわrtitaniumdioxideTiO2,amaterialalsowell-knownasaphotoICatalystworking

underUVlightillumination.

ThesurfaceorinterfaceelectronicstatesofaphotoICatalyticmaterialisveryimportantto
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investlgate.ForthispurposeSHspectroscopylSagoodcandidatetoolbecausephoto-catalyst

usuallyworksinagaseousenvironment.Infactwehavepolntedoutinourpreviousstudythatthe

SHintensitychangesastheTiO2interfaceisilluminatedwithUVlightl17][18].Inorderto

analyzesuchaphenomenonandgetinfbmationontheworkingelectronicstates,athorough

scrutlnyandbasicunderstandingofthenonlinearopticalphenomenainthismaterialnotonlywith

butalsowithoutUVlightilluminationisimportant.Thisshdyisfbcusedonthelattercaseasa

firststepofsuchastudy.

InourpreviouspapersweperfわrmedatentativeanalysisoftheSHintensitypattems丘om

rutileTiO2(110)asafunctionoftheazimuthalanglearounditssurfacenormalfわrtheexcitation

photonenergyatTIO)-2.33eV[14].FromthisanalysiswehaveconcludedthattheobseⅣedSH

lightisgeneratedmainlyfromtheelectricdipolepolarizationwithinafTewatomiclayersfromthe

H20/rutileTiO2(110)interface. Thecontributionofthebulkhigherorderelectromagnetic

multipolestunedouttobenotsolarge.WehavealsofわundthattheSHintensltyPattem

drasticallychangedasthephotonenergywaschanged[14][19].Wesuggestedinthepaperthat

theanisotropyofSH radiationisrelatedtotheanisotropyoftheTi-0-Ti-OIChainsonthe

TiO2(110)surface(Fig.1).

InthepresentworkwemeasuredSHintensityspectrafTromtherutileTiO2(110)facefor

variouspolarizationconfigurationsandsamplerotationanglearounditssurfacenormal.Inorder

todiscussthephysicalmeanlngOfthespectra,wecombinedtheanalysisof也eSHintensltySpectra
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WiththatoftheSHintensltypattemS.We丘rstperf♭medanalysesoftheSHintensltypattemSby

aphenomenologlCaltheoryatseveralphotonenergleS.Forthispurposewealsoneededthedata

fromtheTiO2(001)facefわrcomparison.WefittedthetheoreticalSHintensitypattemstothe

observedonesofthe(110)and(001)facessimultaneously.BetweentheTiO2(110)and(001)

faces,thesurfacenonlinearsusceptibilitiesarediftTerentbutthebulknonlinearsusceptibilitylS

common.Fortheanalysisofthe(001)facewealsoneededtheincidenceangledependenceofthe

SH intensltylnOrdertoremovetheuncertaintylnthefittingprocess. Thenwegavean

interpretationtotheSHintensltySpectratakingaccountoftheobtaineddominantsusceptibility

elements.

FromtheanalysisoftheSHintensltyPattemSandspectraitbecameclearthatthesurface

Til0lTil01ChainscontributedominantlytotheanisotropicSHradiation.Inordertoconfirm the

validityofthismodelandtoestablishthestrongwaytoanalyzetheSHresponseofthecrystal

surfaceingeneral,wehaveperformedanabinitiocalculationoftheelectronicstatesofthe

TiO2(110)su血ceandhavecalculateditsSHintensityspectraandpattems[20】.

Thispaperisorganizedasfわllows.Insection2weshow丘rstthemethodofoursample

preparation,Ourexperimentalsehp fわrtheSH spectroscopy,andthemethodsofour

phenomenologlCalandabinitiotheoreticalanalyses.Insection3weshowourexperimental

resultsoftheSHintensitypattemsandspectraoftheTiO2(110)and(001)faces.Insection4we

showtheresultsofournumericalanalysisuSlngthephenomenologlCaltheorywithnonlinear
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susceptibility.Insection5WeshowtheresultsofourabinitiocalculationoftheSHintenslty.In

section6,weevaluatetheresultsofthephenomenologlCalanalysis,discusstheonglnOftheSHG

fromtheTiO2faces,andconsiderthephysicalmeanlngOftheobservedSHintensltySpectral

2.Experimental

2.1Samplepreparation

ThesampleswerepolishedrutileTiO2(110)and(001)crystalfaces(NakazumiCrystal

Laboratory).Theywerefirstannealedat9000Cinoxygenatmospherefわr2hourstoremovethe

bulkoxygenvacancies.Then,theywereetchedfわr2hoursin5mol/1NaOHaq.Solutionatabout

lOOoCandsubsequentlyin2%HFaqueoussolutionfわr1minuteatroomtemperature,rinsedin

purewaterandwasdriednaturallyinlaboratory.ThesurfaceoftheTiO2(110)facethusprepared

wascharacterizedbyXPSandRHEED.WecouldidentifyaphysisorbedH20layeronthisface

anditdisappearedafterarmealingat3700Cinvacuum･Wecouldalsoseeacarbonslgnalbutthey

werejudgedtobeadsorbedontheH20layer.Thusthepreparedinte血ceontheTiO2(110)bulk

canberegardedasaH20rri02(110)interfaceandwecallit"theTiO2(110)face"inthispaper.A

RHEEDpattem from this(Ilo)facewastakeninavacuum chamberimmediatelyafterthe

chemicaletching.Theyshoweddistinct(1Xl)pattems.AsarietaLhavereportedtwotypesof

(1x2)structures.ARHEEDpattemfTromoneofthe(1x2)structureslookedalmostlikea(lXl)

patteml21].Thus,wecannottellinprinciplewhethertheobserved(lxl)RHEEDpattems&om
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oursa甲pleoriginatefromthe(1Ⅹ1)or(1x2)structuresonTi02(110)･Ontheotherhand,Onishiet

al.haveshownbyLEEDandSTM analysesthatthe(1xl)strucmreisstablefわrthealmealing

temperamrelowerthan900K.whilethe(1x2)struc山reisstablefわrthealmealingtemperamre

higherthanl150Kl22].ConsideringthatourchemicallyetchedTiO2(110)Surfacehadnot

experiencedatemperamrehigherthanlOOoC,the(1Ⅹ1)su血ceismoreprobablyrealizedunderthe

H20physisorbedlayer. Chungetalalsoreportedthatthe(110)lxlsurfaceisquiteinertandthe

(lxl)structurepreparedinUHVremainsafterexposingitinairfor30minutesl23].Fromthese

observationswebelievethattheinterfacewepreparedwasH20/TiO2(110)(1Ⅹ1)[24].The

TiO2(110)facethuspreparedlookedpaleyellowandtransparentandwasexpectedtohavevery

littleoxygenvacanciesbothinthebulkandattheinterface.

HTheTiO2(001)face''waspreparedbythesameprocessasthe(110)face.Thisfaceis

saidtoreconstructtofわrm (011)and(114)facetsbyannealingortoform (1Ⅹ1)surfaceby

fracturingitatroomtemperatureinvacuuml25].Attemptswerenotmadeinthepresentworkto

clarifywhichoftheabovestructureswererealizedonthepreparedTiO2(001)face.Thisis

becauseonlythebulkcontributionfromthe(001)faceisimportantfromapointofviewof

determiningthenonlinearsusceptibilityofthe(110)face.Surfacecontribution-ofthe(001)face

willbecomeinterestlnginthefuturewhenthesurfacestructuresarecharacterized.

2.2SHGmeasurement
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Theexperimentalset-upfortheSHGmeasurementsusedinthisstudyisschematically

showninFig.2.ThelightsourceofthefundamentalfrequencylSanOPtlCalparametricoscillator

(OPO)drivenbya&equency-tripledQ-SwitchedNd:YAGlaserwithlightpulsesofduration3ns

andrepetitionratelOHz.Thepulseenergywas0.5to1.0mJ/pulse.Thefundamentallightbeam

fromtheOPOwaspassedthroughacoloredglassfilter,apolarizer,andalensandwasfocusedinto

aspotof3mm ¢diameteronthesamplesurface.Theincidentanglewas450丘･omthesurface

nomal.ThereflectedSHlightbeam inthespeculardirectionwascollectedbylenses,passed

throughacoloredglassfilterabsorbingthefundamentallight,apolarizer,lenses,anda

monochromatorandwasdetectedbyaphotomultiplier. Thesignal丘.omthephotomultiplierwas

digitallystoredinapersonalcomputer.Tocompensateforthetemporalvariationoftheincident

laserpulsepower,weusedareferencesamplelGaAs(001)inair]andcalibratedthesignalintensity

bytakingtheratiooftheintensitiesmeasuredinthesignalandreferencecharmels.Tocompensate

forthesensltlVltyVariationoftheoptlCalsystemasafunctionofthewavelength,theSHintenslty

ofazICutWedgedquartz(α-SiO2)platewasmeasuredasareference.TheTiO2(110),(001)and

α-SiO2(0001)samplesweremountedonasamplestagewi也 aslidingmechanism andtheir

absoluteSHintensitiesweremeasuredinexactlythesameopticalconfiguration.Formeasunng

thedependenceoftheSHintensityonthesamplerotationanglearounditssurfacenomal,the

samplewasmountedonan automaticrotationstagewiththesurfacenomalsetparalleltothe

rotatlngaxisofthestage.Allmeasurementswereperfomedinairatroomtemperature.

10



2･3PhenomenologiCalanalysisoftheSHintensitypatterns

WeusedMaxwell-sequationswithanonlinearsourceten andcalculated血eampl血deof

asecondhamonicwaveinathree-layeredmodelshowninFig.3.m血ismodel,Layer1isa

vacuumlayer,Layer2isthesurfacelayerwithsecondorderopticalnonlineanty,andLayer3isthe

bulklayerwithahigherorderopticalnonlineanty･TheonglnOfthesecondordernonlineantyln

Layer2isthebreakingofsym etryinthedirectionnomaltothesurfacebythediscontinuity,

reconstruction,orrelaxationonthesurface.WehaveassumedthatLayer2isathinlayerwitha

uniform linearandnonlinearoptlCalresponse.Infactthedielectricstructureoftherealsurface

layerisnotsosimple.Theassumptionisacceptablebecausethesurfacelayerinthisstudyis

muchthinnerthanthewavelengthoflight. 也 suchacasetheradiation丘･om nonlinear

polarizationscanberegardedasthatfromonehomogeneousdipolesheet.Layer3isthebulk

regionofacentrosymmetriccrystalwithDiI.structureofthebulkrutileTiO2. 1tdoesnothavea

secondorderoptlCalnonlineantywithinadipoleapproximation,buthasahigherorderoptlCal

nonlineanty. Layers2and3areassumedtohaveauniaxialdielectricresponse.Namely,

dielectriCfunctionshasanisotropICtenSOrcomponents.InModel1thec-axisinLayer3liesin

direction1andinModel2itliesindirection3.

ThesecondordernonlinearpolarizationinLayer2isde丘nedas

吾,;'-∑.,kX.52k'EjEk

ll

(1)



usingthephenomenologicalnonlinearsusceptibilityelement来…'･Ej OrEk isthelocal

electricfieldcomponentoftheincidentlightinLayer2.FollowingGuyot-Sionnestetall26]we

furtherde血ethesurfacenonlinearsusceptibilityinthesubstrateframeasxSZl･･ 城 isobtained

byintegratingx諾'overthesurfacelayer(Layer2)asafunctionofdepth･ Whensomeofthe

sufficesofthesusceptibilityIncludethecoordinate3,theintegrandisdividedbythedielectriC

functionfortheelectricfieldindirection3inLayer2atthefrequencyofthecorrespondingphotons･

Herecoordinate3indicatesthedirectionperpendiculartothesurfaceplane.Whenwehavea

uniform linearandnonlineardielectricresponseinLayer2Wewillhave,

x523),,≡

x皇23),,≡

x3(32三d

833(2a･)ls,,(a･)]2

633(2a))

xLt;･i･≡x,5･k2)d

(ij-1,2)

(ij-1,2)

(ij,k-1,2)

(2)

(3)

(4)

(5)

Coordinates1and2refbrtothedirectionswithinthesurfaceplane.Forthe(110)facethe

numbers1,2,and3represent血e[001],[110],and[110]directions,respectively.Forthe(001)

face thenumbers1,2,and3 represent thel100 ],[0 10],and loo 1 ]directions,respectively･

ThebulknonlinearpolarizationinLayer3iswrittenas
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Pb;,31,.･-∑jA_lr,,klEj∇kEl (6),

wherer.jA･listhehigher-ordernonlinearsusceptibility[10]･ EjOrElisthelocalelectricfield

componentoftheincidentbeam inLayer3.Thesuffixirepresentsthedirectionofthenonlinear

polarizationatfrequency20)andthesufficesjandIrepresentthedirectionsoftheincidentelectric

fieldatfrequencyo). Theyrefertothecrystallographicaxesx,y,andzinthecrystalstructureof

TiO2.

TherearefiveandthreeindependentsurfacenonlinearsusceptibilityelementsxiZl-for

theTiO2(110)and(001)facesandtheyareshownlaterinFigs.9and10,respectively･Herewe

haveassumedthatthestructureofLayer2hasC2v andC.v sym etriesfortheTiO2(110)and

(001)faces,respectively.Layer3consistsofthebulkrutileTiO2Crystal.Thereareeleven

nonzerobulknonlinear susceptibilityelementsr,jklaccordingtothesym metryofitscrystal

structureDi4handtheyareshownlate,inFig.11.

InordertocalculatetheSHintenslty,theelectricfieldamplitudeoftheincidentlaserbeam

inLayers2and3iscalculatedfirstuslngMaxwell.SequationsasshowninAppendixAll･Then

thenonlinearpolarizationsinLayers2and3areobtainedbyusingequations(1)and(6)IFinally,

theamplitudeoftheelectriCfieldradiatedbythenonlinearpolarizations(1)and(6)arecalculated

byMaxwel1-sequationswithnonlinearsourcetensas,

vDx(vDxEq万 雷

asshowninAppendixA-2.

47Td2pNL
c2 ∂2
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2.4Methodofabitzitiocalculation

Theopticalsecondharmonic(SH)responseoftherutileTiO2(I10)surfacewasfurtherstudiedby

applicationoftheself-consistentfullpotentiallinearizedaugmentedplane-wave(FLAPW)method

withinthelocal-densltyapproximation.AbinitiocalculationsofthesurfaceSHresponsewas

performedforonlyafewsurfacesystemsofmetalandelementalsemiconductorsuchasSil27].

h血ecaseofTiO2,therehavebeenalotoftheoreticalshdiesontheelectronicstates,thelinear

optical property l28][29], the surface structure, and the surface electronic states

l30][31][32][33][34][35],buttherehasbeennocalculationforsurfaceSHresponse.

Thedetailsoftheabinitiocalculationwillbepublishedelsewherel20][36].hshort,for

modelingtherutileTiO2(I10)lxlsurfaceweappliedarepeatedslabconstruction.Thestructure

oftherelaxedTiO2(II0)surfacewascalculatedbyusingtheabinitiopseudopotential(PP)method

withinthegeneralizedgradientapproximation(GGA).Thecalculationsofthegroundstateand

theoptlCalpropertiesweremadebyapplicationoftheFLAPW methodwithinthelocal-denslty

approximation(LDA)ofHedinandLundqvists[37].Density,potential,andbasis丘lnCtionsinside

theatomicsphereswereexpandedintosphericalhamonicsupto 7 -8. Reciprocal-spacerrm

integrationwasperformedwiththeGaussiansmeanngteclmiqueapplyingawidthof0.leV.

hthestandarddensity-functionaltheory(DFT)calculationwithintheLDA,calculated

bandgapsaretypicallysmallerthantheexperimentaldataandgiverisetored-shiftedcalculated
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spectra. Inordertoimprovetheagreementofthecalculationwiththeexperimentaldata,

quasi-particle(QP)correctionshavebeenoftenused.Ascissors-likeoperatorschemewasused

forthispurpose･Thescissors-likeoperatormakesalltheunoccupiedbandsshiftupwardbya

constantenergyA Q,leavingtheoccupiedbandsunshifted･InthisstudythevalueofA Q,-1･5eV

waschosentomatchthecalculatedabsorptlOnedgewiththemeasuredone.

Thesecond-ordernonlinearoptlCalsusceptibilitytensorゑ2'wascalculatedrefbmingto

theformalismofRef.[20][36][38][39].Theimaginarypartofthesurfacenonlinearsusceptibility

isdefinedby

lm[伽 )]-苦 (£ )3k;Z(写 妄 妄 (讐 碧 [6(Ers一泡 ,-26(E"sl2%,]/l∫ rS

･学 祭 6(E,,一物 ))/I∫ r∫

一貫妄妄(讐 碧 [6(E"∫一利 126(Enl-2% ,,〃∫

･碧 空6(E"∫一泡))) (8,llS

wherethebracesindicateasym etrizationofthecomponentsjandk,0isthevolumeoftheslab

intheunitcell,eandmaretheelectronicchargeandmass,ando)denotesthefrequencyofthe

incidentphoton.Thenotationss,r,n,andlindicateelectronicstatesofthevalence(V)or

conduction(C)bands. Ewdenotesthedirectenergygapbetweentheoneelectronenergylevelsn

ands.ThesymbolpnJ,(k)denotesthematrixelementofthemomentumoperatorpLdefinedby

pnJ, - -i㌫:Vn(k)l∇ノIV,(k)>･ThesymbolPこ,(k)marksthematrixelementofthemodified
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-0-en山-operatorforthee-issionofSHradiationdehedbyA-壬[S(Z)pD･pq(Z)],whereS(Z)

isafunctionwhichdecaysinsidetheslab. InordertoobtaintherealpartoftheoptlCal

susceptibility,theKramers-Kronigtransfわrmationwasused. Usingthenonlinearandlinear

susceptibilitiesthusobtained,theSHintensltyWasCalculatedaccordingtotheproceduredescribed

insection2.3.

3.MeasuredSIIintensityfromtheTiO2(110)and(001)faces

3.1SIIintensitypatternsfromtheTiO2(110)face

InFig.4WeshowtheSHintensitykomtheTiO2(ilo)faceasafunctionofthesample

rotationanglearounditssurfacenormal,fTordifferentpolarizationcombinationsandfわrdifferent

SHphotonenergleS.Ineachpattem theSHintensityisplottedintheradialdirection.The

directionoftheincidentplaneisdefinedinrefTerencetothel001]axisasshowninFig.4aandd.

IneachrowtheSHintensltyPattemSfわrfわurdifferentpolarizationcombinationsareshown.As

wegodowntothelowerrows,theSHphotonenergy211(0decreasesandapproachesthebulkband

gapofTiO2(3.OeV).

WeseethattheSHintensltyShowssym etricpattemsasafunctionofthesamplerotation

anglefわreveryphotonenergyandpolarizationcombination.Accordingtotheatomicstructureof

theTiO2(I10)interfaceofC2,Sym etry,alltheSHintensitypattemshavetwo-fToldsym etry.In

ordertocheckexperimentallywhethertheobservedSHGoriginatesfromthereglOnWithinafTew
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atomicmonolayersfrom theinterfaceorfrom thebulk,wehavedepositedSiO20fseveral

nanometerthicknessontheTiO2(110)faceandhavemeasuredtheSHintensitypattemsl40].The

observedpattemsweredifferentfromthosefromtheTi02(110)face,sothatwecansaythattheSH

lightobservedinFig.40mglnateSmainlyfrom thereglOnWithinafewmonolayersfromthe

TiO2(110)inte血ce.ThepatteminFig.4cisespeciallysensitivetotheSi02depositionandis

rotatedby900degreesbythedepositionofSiO21ayers･

LetusfirstlookattheSHintensitypattemforp-polarizedinputandp-polarizedoutput

(Pin/Pout)lightwavesattheSHphotonenergyof2TIO)-4.66eVinFig.4a.WeseethattheSH

intensityishigherwhentheincidentplaneisparalleltothel001]direction.Inthisconfiguration

theincidentelectricfieldisintheplanecontalnlngtheTi-0-Ti-0-chainsincludingthebridging

oxygenatomsattheinterface(Fig.1).

LetustumtotheSHintensitypattemsfわrtheotherpolarizationcombinationsinthefirst

row(Fig.4b,C,andd).InPin/Sout(Fig.4b)andSin/Pout(Fig.4C)polarizationcombinations,the

SH intensltylSWeakbutweseeanisotropicSH intensltypattemSClearly. ForSin/Sout

polarizationcombination(Fig.4d),theSHintensityisaslowasthenoiselevel.

Wenow仙mtotheSHintensltypattemSfわrSHphotonenergleSOtherthan2Tl(0-4･66eV･

WhentheSHphotonenergy2Tl(0approachesthatofthebandgapofTiO2(3.OeV)[41],theSH

intensitybecomesweakerandtheSHintensltypattemSChange.AllthepattemsfわrPin/Pout

polarizationcombinations(Fig.2a,e,i,andm)consistoftwolobes,butat2TIC)-3.65eVthe
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two-lobedpattem isnarrow inthemiddle(¢-90oand2700). ForPin/Soutpolarization

combination,theSH intensltyhasfTourlobesatalltheSHphotonenergleS. ForSin/Pout

polarizationcombination,theSHintensityislargewhentheincidentplaneisparalleltothellI0]

directionat2叩 -4.66eVand3.65eV,whileitislargewhentheincidentplaneisparalleltothe

l001]directionat2¶0-4.00eV.Atthephotonenergyof2¶0-3.34eV,theSHintensityisweak

andwecarmotfindapattem.ForSin/Soutpolarizationcombination,theslgnalatalltheSH

photonenergleSisbeloworcomparableto血enoiselevel.

ThevariationoftheSHintensltyPattemSShouldreflectthevariationoftheshapesofthe

resonantsurfaceelectronicwavefunctionsasafunctionofthephotonenergy,becausetheshapesof

theelectronicwavefunctiondeterminestheratioofthemagnitudesofnonlinearsusceptibility

elements.ThevariationoftheabsoluteSHintensityasafunctionofthephotonenergywillbe

shownintheSHintensitycurveslaterinFig.7,atvariouscombinationofpolarizationsandsample

rotationangle中,indicatedbyalphabetfromatoeinsmallcirclesinFig.4a,b,andc.

3.2SHintensitypatternsfromtheTiO2(001)face

InFig.5WeshowtheSHintensitypattemsfromtheTiO2(001)faceasafunctionofthe

samplerotationangle.ForallthefourSHphotonenergleS,theSHintensityislargefTorPin/Pout

polarizationcombination,isnon-zerofTorSin/Poutpolarizationcombination,andisatanoiselevel

fTortheothertwopolarizationcombinations. ForPin/PoutpolarizationcombinationtheSH
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responseisalmostisotropICaSafunctionofthesamplerotationangle,butfour-foldsym etric

componentisseenfor2TI0-4.00,3.65,and3.34eVasshowninFig.5e,i,amdm. Theratiosof

themaximumSHintensitiesforPin/PoutpolarizationcombinationfromtheTiO2(110)facetothose

fromtheTi02(001)facearelistedinTableⅠ.

Figure6showstheSHintensityfromtheTiO2(001)faceasafunctionoftheincidentangle

fortheSHphotonenergy2T10-4.66eV.ThesedataarenecessarylnOrdertodeterminewhether

thesurfaceorbulkcontributionisdominantforthe(001)face.InFig.6dotswitherrorbars

representSHintensityfromtheTiO2(001)facedividedbytheSHintensityfromtheGaAs(001)as

afunctionoftheincidentangle. ThesolidcurvesarecalculatedSHintensityforselected

nonlinearsusceptibilityelementsandwillbedescribedindetaillater.

3.3SHiTltenSityfromtheTi02(110)andTiO2(001)facesasafunctioT10fthephotoTleTlergy

InFig.7weshowtheSHintensityfromtheTi02(110)faceasafunctionoftheSHphoton

energy2TIOforvariouspolarizationcombinationsandsamplerotationanglesO･Thepolarization

combinationandthesamplerotationangleadoptedfわreachpanelwasindicatedinFig･4uslngthe

alphabetfromatoeincircles.Forexample,thepolarizationcombinationandthesamplerotation

angleindicatedbythesymbol@inFig.4aglVeStheSHintensltyspectruminFig.7casafunction

oftheSHphotonenergy.TheSHintensitybetweenthephotonenergies2T10-3.36eVand3.64eV

wasnotmeasuredbecausethelightsourceweused,i.e.theoptlCalparametricoscillator,doesnot

19



OscillateinthisphotonenergyreglOn.

InallthefivespectraSHintensltynSeSabovetheSHphotonenergy3eV,butthedetailed

onsetenergleSOftheSHintensltyaredifferentbetweenthespectra.InFig.7aandctheonset

energylSaround3.2eV.hFig.7b,d,andetheSHintensltylSWeakbelow2TIO-3･4eVandrises

abovethisSHphotonenergy.ThisisconsistentwiththefactthatFig.4mfTor2TIO-3･34eV

exhibitsflniteSHintensltyWhileFig.4nandoshowveryweakSHintensities.InFig･7cweflnd

thatSHintensltylSalmostzeroaround2T10-3.65eVfTorPin/Poutpolarizationcombinationandat

¢-900.ThisisconsistentwiththefactthatSHintensityisalmostzeroat¢-900and270oinFig.4i.

InFig.7dweflndthatSHintensityisloweraround4.leVthanat3.6eVand4.7eV,whileitis

higherinFig.7e.ThisisconsistentwiththefactthattheSHintensityishigherat¢-90oinFig.4c

andk,whileitishigherat¢-OoinFig.4g.

InFig.8weshowtheSHintensity丘omtheTiO2(001)faceasafunctionoftheSHphoton

energy2TIOfTorPin/Poutpolarizationcombinationandwiththeincidentplaneparalleltothel100]

direction,WeseethattheSHintensltyrisesabovethephotonenergyof2T10-3.0eV･TheSH

intensltyat3.65eVisroughlythemaximumintensltyinthespectra.Thisisincontrasttothefact

thatinFig.7aandctheSHintensityforPin/Poutpolarizationcombinationat2T10-3.65eVisfar

belowthemaximumintensityinthespectra.

hordertocheckwhetherthesignalobseⅣedinFigs.7and8isinone-ortwo-photon

resonancewiththesurfaceelectroniclevels,Wehavemeasuredsumfrequencygenerationfromthe
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TiO2(110)andTiO2(001)fTaces(notshown).Theresultsshowedthatallthesignalswereintwo

photonresonance.

4.ResultsofthephenomenologicalanalysisoftheSHintensitypatternsat2T10-4.66eV

InthissectionwewillcarryoutanumericalanalysisoftheobservedSHintensltyPattemSfromthe

TiO2(110)andTiO2(001)facesshowninFigs.4and5byaphenomenologicalelectromagnetic

theoryuslngthesecondordernonlinearoptlCalsusceptibilitiesasadjustableparameters.

Figures9and10show血ecalculatedSHintensltypattemSandthepeakintensities丘om

thedielectricstructuresofModels1and2illustratedinFig.3fわrtheTiO2(110)and(001)faces,

respectively,whenoneofthefiveandthreesurfacenonlinearsusceptibilityelementsx諾誉110) and

z£i(ool'aresetequaltoacommonvalueandtheotherelementsareallsetequaltozero･Here,

xLZl(110)andxLZl(ool'aredefinedasthesurfacenonlinearsusceptibilityforthe(I10)and(001)

faces,respectively･ We used dielectric constants ofTiO2, g"(2･33eV)-8･821 and

c"(4･66eV)--7･409+i13･24fbrtheelectricfieldsparalleltothel001]crystalaxis,and

c⊥(2･33eV)-71129andc⊥(4.66eV)-3.165+i8.15fわrtheelectricfieldsperpendiculartothel001]

axisl42].Thepattemswerecalculatedfわrallthefourcombinationsofthep-ands-polarized

incidenceandoutput.Figs.11showthecalculatedSHintensitypattemsandthepeakintensities

fromthedielectricstructuresofModelsIand2,whenoneoftheelevenrtjkl elementsissetequal

toacom onvalueandtheotherelementsareallsetequaltozero.
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NowwefltthetheoreticalSHintensityPattemStOthoseobtainedintheexperimentshown

inFigs.4and5.Wecalculatedthelinearcombinationsof也epattemsinFigs.9,10,andllinthe

complexplanewitheachpattem multipliedbytherelevantnonlinearsusceptibilityelement

xと:,J'i_ユlo),XSZ.,'iool),orr,jkIandthenvarythenonlinear susceptibilityelementsasadjustable

parameters.Generallyinfわrtunatecases,wecandeterminethenonlinearsusceptibilityelements

fromthebestfltresultsofthisfltting.However,sincetherearesusceptibilityelementsglVlng

similarpattemsasseeninFigs.9,10and11,wecannotdeteminetheunlqueSetOfsusceptibility

elements. Thus,thereisaconsiderableamountofarbitrarinessinthedeterminationofthesetof

thenonlinearsusceptibilityelementsforthesefacesandinsuchacasethefittingprogramshows

unstableou申ut.

Inordertoovercomethisproblemweshouldgetfurtherinfbrmationfromotherindex

facesortheincidentangledependenceoftheSHintensltyOfthefacesunderstudy,inordertoget

也einfbmationofthedominantsusceptibilityelements[43].hthepresentcase,wemeasuredthe

incidentangledependenceoftheSHintensityfromtheTiO2(001)faceasinFig.6anddetermined

whetherthesurfaceorbulkcontributionisdominantintheSHradiationfromthe(001)face.We

alsoreducedthenumberofadjustablesusceptibilityelementsbymakinggroupsoftheelements

glVlngthesameorsimilarSHintensltypattemS,andbymakingonlyonememberineachgroupan

adjustableparameterinthefltting.

InFig.6theSHintensitywasmeasuredrelativetothebulkSHintensityfromGaAs(100).
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WealsoshowbysolidcuⅣesthecalculatedSH intensltybyselectednonlinearsusceptibility

elementsfromthestructureModel2dividedbythecalculatedSHintensityfTromGaAs(100). The

nonlinearsusceptibilityelementsconsideredarexSfl'f冒01',xと?3'5冒01',andr"Z･Thereasonwhy

weconsideronlytheelementrwHamongtherEjkl'sisasfo1lows･InFig･llthebulknonlinear

susceptibilityelementsgivingintenseisotropicSH intensitypattemsfrom the(001)facefわr

Pin/PoutpolarizationcombinationlikethatinFigl5aisr"Zz,r,zzy,and㌦ ･ Am ongthese

threeelementsI二才doesnotmakedominantcontributioninFigl5abecausetheobservedSH

intensltyinFig.5cisnotsolargecomparedwi血thatinFig.5dunlike血eco汀eSpOndingpattems

forrz,q inFig･11･r,ZL,givesthesamepattemsasr"zz,asisshown inFig･llandalsoasis

describedlaterinEq･(10)･ Thusweshouldonlyconsidertheryy==elementam ongther,jkl'S･

CompanngthetheoreticalandexperimentaldatainFig.6,itisclearthatthex523!(3001'elementisthe

mostdominantamongthethreesusceptibilityelements.

h ordertoreducethenumberofthesusceptibilityelements,thefbllowlngnOn-Zero

susceptibilityelementsareselectedfromthegroupsoftheelementsintheparenthesesas,

F.wz(㌦ zJ zL,,J zIZZ)

r"I(r,yzz,r,=グ)

and

rxw(rxw,,r 耶 )

Inthepresentstudywefurtherassumed
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xLT.',ooユ)= 0, rqZ,-0

fromtheabovediscussiononFig.6.Wealsoassumed

r,yZ-0

(12)

(13)

becausewehavefわundthattheSHintensltyinFig.4cisnotduetothebulkresponseaswas

mentionedinsection3.1.

InFig.12WeshowthecalculatedSHintensltyPattemSfittedtotheexperimentaldata.

ThepattemsinFig.12atodreproducethemeasuredpattemsinFig.4atod,whilepattemsinFig.

12etohreproducethemeasuredonesinFig.5atod. Weflndthatthecalculationbasedonthe

phenomenologlCaltheoryreproducestheexperimentaldataverywell.也Fig.13,thecalculated

pattemsinFig.12atodaredecomposedintothesurface(atod)andbulk(etoh)contributions.

IntheSHintensitypatternsforallthepolarizationcombinationsexceptSin/Sout,thesurface

contributionisdominant.

Furtherseparatlngthecalculated SH intensltyPattemSfわrPin/Poutpolarization

combinationat2T10-4.66eVintothecontributionofeachsusceptibilityelement,Wefindthatthe

contributionofthexとミミ',110) elementisthela,gestandthenthe xと…呈',110' and xと32ミ',110'elements

arethenextlargestintheSHintenslty.TotheSHintensityfわrPin/Soutpolarizationcombination

thexと苦言',110' and xと;主',110' elementscontribute. Fo,Sin/Poutpolarizationcombinationthe

xゝ;ミ'll10) and xと;三'2110' elementscontributesmuch,butthe,esultingSH intensltypattem is

determinedasaresultoftheinterferencebetweenmanysusceptibilityelements,soitisnoteasyto
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deteminewhichelementsdominatetheobservedSHintensltyPattem.ForSin/Soutpolarization

combinationthebulkcontribution(Fig.13h)islargerthanthatfiomthesurface(Fig.13d),butthis

isaresultofe汀OneOuSSeparationofthenoisecomponent.

Mostofthesignalsfrom theTiO2(001)faceforPin/Poutpolarizationcombinationis

assignedtothesurfacecontribution,andthexと…三',ool)elementwasshowntocontributemost

dominantlytomeSHintensity(notshown).ThisisconsistentwiththeresultinFig.6.

TheSHintensltyPatteminFig.5cisreproducedasafour-foldsym etriccurveasshown

inFig.12g.Thefour-foldsym metriccomponentisattributedtothebulkhigher10rdernonlineanty,

becauseweseeinFig.10thatnosurfacecomponentglVeSafour-foldsym etricpattem･The

four-foldsym metriccomponentforSin/Poutpolarizationcombinationismostlygivenbythermr

andrm,elements,whiletheisotropiccomponentisgivenbythexと…ミ'1001'element･

TheanalysisoftheSHintensitypattemsinFigs.4and5f♭rmeSHphotonenergies

2T10-4.00and3.65eVgavesimilarresults,andthedominantcontributionofSHintensityfromthe

TiO2(110)faceforthePin/Poutpolarizationcombinationcamefromthex三言;',Ilo)element.The

dependenceoftheSHintensltyPattemOnthephotonenergyasseeninFig.4C,g,andkisvery

interestlng,butwecouldnotdeteminefromthisanalysisWhichnonlinearsusceptibilityelementis

responsibleforthispattem variationbecausemanysusceptibilityelementscontributetotheSH

intensityforthispolarizationcombination.Thedominantsusceptibilityelementwillbeanalyzed

inaqualitativediscussioninsection6.3.

25



At2TIO-3.34eVthefittingerrorwassolargeandwecouldnotdeterminewhethersurface

orbulkcontributionwasdominant.SincetheSHintensltyPattemSinFig.5showsfour-fold

symmetriccomponentforthePin/PoutpolarizationcombinationforthelowerphotonenergleS,the

bulkcontributionlSjudgedtobestrongerfわrthelowerphotonenergleS.

5.Resultsoftheabinitiocalculation

Hereweshowtheresultsofourrecentabinitiocalculationaccordingtotheprocedure

describedinsection2.40ftheSHintensityfromtheTiO2(110)surfhceandwillcomparetheresults

withourexperiment.Furtherdetailscanbefわundinourfuturepublicationl20].

Firstly,wenotethatinthecalculateddensityofstates(DOS)oftherelaxedsurfacetwo

peaksasslgnedto血ebridgingoxygenα-0inFig.1Wereseenatthetopofthevalencebandand

around也eenergyoト16eV(notshown).TheDOSofα-0hasapeakattheenergyof～leV

belowthetopofthevalencebandfortherelaxedsurface,whileitwasfoundjustatthetopofthe

valencebandfortheunrelaxedsurface.ThispeakshifHndicatesthatthesurfacerelaxation

reducestheenergyoftheelectronicstateof比-0.BecausethevalencebandofTiO2COnSistsofthe

filledstatesofoxygenatoms,thisreductionoftheenergyofα-0givesrisetoalargersurfaceband

gapenergythanthatofthebulk.

Fivenonlinearopticalsusceptibilityelementsx皇子ミ',110',xと…2',110',xS;三㌧110',xと;呈'2110',and

xと;三',Ilo)we,ecalculatedfrom thewavefunctionsoftheTiO2(110)su,facebytheabiniiio
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calculation.TheothercomponentswerezeroduetothesymmetryselectionrulesoftheTiO2(110)

lxlsurface.UsingthesenonlinearandalsolinearoptlCalsusceptibilitywehavecalculatedSH

intensltyaSShowninFigs.14and15.

ThemeasuredSHintensityforPin/Poutpolarizationcombinationandfork////loo1]shown

asemptycirclesinFig.14ismuchlargerthan thatforSin/Poutpolarizationcombinationandfor

k////[001]shownasgrayfilledcircles.ThemeasuredSHintensityforthetwoconfigurations

increasesshaIPlyaroundtheSH photonenergyof211(0-3.5eV. Thesefeaturesaremostly

reproducedbythecalculatedSHintensityoftherelaxedTiO2(110)surfacebyasolidcurvefor

Pin/PoutpolarizationcombinationandbyadashedcurveforSin/Poutpolarizationcombination.

However,wealsonoticethattheexperimentforthePin/Poutpolarizationcombinationshowsa

gradualriseinSHintensityatlowerenergythanthecalculation.

Figure15showsthecalculatedSHintensltyPattemSaSafunctionofthesamplerotation

anglearoundthesurfacenormalattheSHphotonenergy211(0-4.0eV.Thecalculatedresultsof

therelaxedsurfaceagreewellwiththeexperimentaldatainFig.4etoh&omtheviewpolntSOf

boththeshapesofanglepattemsandtheintensltyratiosbetweendifferentpolarization

combinations.Herewenotethatthecalculatedresultsoftheunrelaxedsurfacedidnotreproduce

themeasureddataatalL

WehavealsoexaminedwhichoftheTi-0pairsontheTiO2(110)surfacedominantly

contributetotheSHresponse.AsshowninFig.1,thetopsurfaceofrutileTiO2(110)consistsof
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fouratomicspecies,i･e･bridgingoxygen(α),in-planeoxygen(β),6-fToldcoordinatedtitanium(†),

and5-fToldcoordinatedtitanium(8).Accordingly,therearethreepairsofTiand0atomsadjacent

toeachother:α-OIYITi,Plo-†-Ti,andβ-018lTi.WecalculatedSHresponsefrom electronic

wavefunctionslocalizedineachTil0palr.Wefわundthatthecalculatedpattemoftheα-0-†-Ti

pal一agreedwi血 血emeasuredpattem,whiletheothertwocalculatedpattemsdidnot･

Furthermore,calculatedSHintensltyOfthe比lo-Y-TipalrWasmorethanafTewhundredstimes

largerthanthoseoftheotherpalrS.Therefore,mostoftheSHintensltyinPin/Poutpolarization

combinationlSjudgedtocome丘omtheα-0-†-Tipal一s.

ThefactthatthecalculatedSHintensltyPattemSCOrreCtlypredictedtheexperimental

resultsmeansthatnotonlytheabsolutevalueofthesurfacenonlinearsusceptibilitybutalsoits

phasehasbeencalculatedproperly.Thisintumindicatesthatthewavefunctionsoftheelectrons

attheTiO2(110)surfacehasbeencalculatedsufficientlywellforthepurposesofthisstudy.

6.Discussion

6･lEvaluationofthephenomenologicalanalysis

ThephenomenologlCalanalysisdoesnotglVeaphysicalinsightintotheonglnOftheSHintensity,

butclarifiesdominantnonlinearsusceptibilityelements,andthushelpsustointerprettheSH

intensityspectra.Thesimultaneousnumericalanalysisofthe(110)and(001)facesinthepresent

shdyglVeSuSthenonlinearsusceptibilityelementswithlessambigultythanseparateanalysesfわr
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thetwofacesl14][43].However,therewasstillsomearbitrarinessintheobtainedsetofnonlinear

susceptibilityelementsandwehadtomakeseveralassumptlOnStOgetthesusceptibilityelements

forphysicaldiscussion.

Nevertheless,theanalysisattheSHphotonenergyof2TIO-4.66eVwasqulteSuccessful.

ThisfactindicatesthatalsoatotherphotonenergleSSuchasat2TIO-3.34eVwecandetemine

nonlinearsusceptibilityifwecouldmeasureSHintensltypattemSWithbetterS/Nratio.hthis

workweusedhnablenanosecondoptlCalpulses,butifwecoulduseplCOSeCOndpulses,theSH

responsewouldbestronger.Thenwecouldevenperfbm realtimedeteminationofthenonlinear

susceptibilityelements,whilewescanthewavelengthofthehnablelightsource,justaswedoin

thespectroscopICellipsometryexperiment.

ItisverylntereStingthatthehigher-orderbulkoptlCalnonlineantywasobseⅣedthrough

thefour-foldsym etriccomponentintheSH intensltyPattemSforPin/PoutandSin/Pout

polarizationcombinationinFig.5.However,thefour-foldsymmetriccomponentintheSH

intensltypattemSdonotdominatethesignalintenslty,andwecannotgetdetailedinfbmation丘om

thepresentresult.

6.2OriginoftheSHGfromtheTiO2(110)face

OneofthebiggestfindingsinthisstudyisthatstrongSHresponsetotheelectricfield

paralleltothel001]directionhasbeenassignedtothesurfacecontribution.Fromthisfactandthe
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discussionbelowwethinkthattheSHintensityfわrthis(110)facestemsmainlyfrom the

Ti-0-Ti-0-chainsonthissurface.

GoniakowskiandGillan[44]haspredictedthatthesurfacebridgingoxygenstateislocated

atthetopofthebulkvalencebandintheenergybanddiagram.Thisleadsustothinkthatthe

observedupwardtwophotontransitionmaystartfromthebridgingoxygenstatebecausetheSH

photonenergyinthepresentshdyisJustabovethebulkbandgapenergyofTiO2. Thenthe

electronwillbesuccessivelyexcitedbytwophotonsofthesamephotonenergyandreachthe

emptyTistate.Theseelectronictransitionsco汀eSpOndtotheelectronmovement丘omtheα-0to

†-TiinFig.1,i.e.withintheTi-0-Ti-0chains.Thispictureisalsosupportedbythefhctthatin

Fig.4atheSHintensityfromtheTiO2(110)facefわrPin/Poutpolarizationcombinationislargeat

thesamplerotationangle4FOo.Atthissamplerotationangletheincidentelectricfieldisparallel

totheTi-0-Ti-0-Chainandthusthemovementoftheelectronisinducedwithinthechain.Ithas

beengenerallypolntedoutthattheTi10lTil0lChainisveryImportantindesignmgthenonlinear

opticalmaterials[45].

ItisalsointerestlngtOfindthattheabinitiocalculationat2TIO-4.0eVsupportsthismodel

ofresonantSH photonemission丘om theTi-0-Ti-0-chainsconsistlngOfα-0-†-TipalrS.

Generally,wemustbecarefulinadoptingtheresultsoftheoreticalcalculations.However,inthis

studytheabinitiocalculationreproducestheexperimentalSHintensltyPattemSandspectratoa

considerableextent.h suchacasewefeelthattheabinitiocalculationisqultereliablein
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predictingvariouslinearandnonlinearoptlCalpropertiesofthissurface.ThoughTiand0atoms

belowthetopsurfacealsocontributetothetotalsurfaceSHresponse,theircontributiondrastically

decreasesastheygodeepIntothebulk.Therefわre,weconcludethat血eTi-0-Ti-0-zigzagchains

consistlngOfα-0and†-TionthetopsurfacedominantlycontributetotheSHresponseofthe

TiO2(110)su血ce.

6･3SIIintensityspectraoftheTi-0-Ti-0-chain

InthissectionwediscusstheelectronicstatesofthesurfaceTi-0-Ti-0-chainfromtheobserved

SHintensltySpectrainFig.7.TheelectronicstateswediscussinthisphotonenergyreglOnhave

notbeentreatedwellbyphotoemissionorinversephotoemissionspectroscopy[46][47][48].

InordertoanalyzetheSHintensltyspectraWefurtherdiscussthenonlinearsusceptibility

elementsresponsiblefわrtheSHintensltypattemSinFig.4.h血eSHintensitypattemanalysュsin

section4Wecouldnotdeducewhichnonlinearsusceptibilityelementisresponsiblefbr血e

variationoftheSHintensltyPattemSforSin/PoutpolarizationcombinationinFig.4C,g,andk.

However,judgingfromtheresultofaseparateexperimentinsection3.1thattheSHintenslty

pattemsforSin/PoutpolarizationcombinationaresensitivetotheadditivedepositionofSiO2layers,

Wecansaythatthesignalsinthispolarizationcombinationcomesmainlyfromthesurface.Then

fromthecalculatedpattemsinFig.9,wecansaythatthepattemsfortheSin/Poutpolarization

combinationinFig.2candkaredominatedbythenonlinearsusceptibilityelementx皇…ミ(1110),and
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thatinFig.2gisdominatedbyxと……'2110'

Forthediscussionoftheelectromicstates,Wefirstnotethattheonsetenergyoftheriseof

theSHintensltyisdifferentbetweenFig.7a,d,ande.InthespectrainFig.7a,d,ande,the

dominantsusceptibilityelementissuggestedtobex皇子T,110',xと…三㌧110',and xと…!',Ilo),,espectively,

斤omtheabovediscussion.InFig.7atheonsetenergylSaround3.2eV,whileinFig.7dandeitis

around3.4eV.TheobserveddifferenceinthephotonenergyoftheSHintensityrisebetweenFig･

2a,dandeshouldreflectthedifferenceintheelectronicstatesortheelectronicconflnementinthe

Ti-0-Til0-zlgZagChain.HerewemodeltheTi-0-Ti10-zigzagchainasaquantumwireand

considerthebehaviorof仇eelectroninthiswire.hthesecondhamonicgenerationprocess

describedbythenonlinearsusceptibilityelementofx崇),(,Ilo)dominatingtheSHintensltyinFig･7a,

thefinaltransitiondipolewithfrequency20isinducedindirectionI.Inthesecondharmonic

generationprocessdescribedbythenonlinearsusceptibilityelementsofxi23).(.Ilo)andx52,)2(ilo)

dominatlngtheSHintensltyinFig.7dande,respectively,thefinaltransitiondipolewithfTrequency

20isinducedindirection3.TheelectronicwavefunctionintheTi-0-Ti-OIChainisdelocalized

inthedirectionofthechainaxis(direction1)butlocalizedinthedirectionperpendicularto血e

chainaxis(direction3).Thusthetransitionenergyshouldbesmallerintheprocessdescribedby

xLi71(,Ilo)asinFig.7aandlargerintheprocessdescribedbyx52,).(1110)andx与2,)2(ilo)asinFig.7dand

e.However,thisfeatureisnotseeninthecalculatedresultsbytheabinitiomethodinFig.14.

Theclarificationofthisdiscrepancywillbeourfutureproblem.
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ItisalsointerestlngtOnotethatthespectrainFig.7distheupISide-downimageoftheone

inFig.7einthephotonenergyreglOnfrom3.6eVto4.8eV.Thisfeatureisconsistentwiththe

observedpattemsinFig.4C,g,andk.Namely,inthesepattemstheSHintensltylSStrongeitherat

4)-0or900exclusively.Thismaybeonefeatureoftheenergyspectrumoftheelectronsconfined

inaquantumwire.Namely,differentmodesofelectronicoscillationmaybeexhibitedinthese

twospectra.However,thecheckofthevalidityofthisguesswillalsobeourfutureproblem.

ItisalsointerestingthattheSHintensityspectrumoftheTiO2(001)faceinFig.8exhibits

aloweronsetenergyoftheSHintensityrisethananyofthespectrainFig.7.Asispointedoutin

section2.1,thestructureoftheTiO2(001)faceisnotcharacterizedinthisstudysothatwehaveno

ideaabouttheoriginofthisdiftTerence.However,wecansayatleastthattheTiO2(001)facehas

aninterfaceelectronicstatediftTerentfromthatoftheTiO2(110)face.

7.Conclusion

Wehaveobserved opticalsecond harmonicgeneration (SHG)&om therutile

H20/TiO2(110)and(001)interfacesasafunctionofthesamplerotationangle4)arounditssurface

normalandthepolarizationsofincidentandsecondharmOniclightatdifferentSHphotonenergleS･

AnlSotropyinthenonlinearoptlCalresponsefromitssurfaceandbulkdependedstronglyontheSH

photonenergy. Inordertoseparatethecontributionsfrom variousnonlinearsusceptibility

elementswehaveperformedanumericalanalysisoftheSHintensitypattemsasafunctionof4)
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fromtheTiO2(110)and(001)facessimultaneously.Wehavefoundthatthesurfacecontribution

isdominantatmostofthemeasuredphotonenergleSandthemostdominantcontributionin

p-in/p-Outpolarizationcombinationwasthex57).(3110) element. WehavealsoobtainedSH

intensityspectrafromtheTiO2(110)and(001)facesasafunctionoftheSHphotonenergy.For

intelpretingtheseSHintensityspectratheresultsoftheSHintensitypattemanalyseswereused･

WehavefoundthattheonsetoftheSHresonanceoftheTiO2(110)interfaceis2T10-3.4eVwiththe

nonlinearpolarizationat2TIOPerpendiculartothesurface,whileitis2T10-3.2eVwiththe

nonlinearpolarizationat2TIOParalleltothel001]directioninthesurfaceplane.Abinitio

calculationbyusingtheFLAPWmethodwithinthelocal-densityapproximationisshowntopredict

co汀eCtlytheSHintensltypattemSandspectra.TheresultthattheSHintensitypattemswere

predictedfairlywellindicatesthatthewavefunctionsofthesurfacehavebeencalculated

sufficientlywellforopticalapplication.Alsobyuslngthecalculatedresults,Til0lTil0-chains

includingthebridgingoxygenatomsonthesurfacehasbeenidentifiedasthemainonglnOftheSH

radiationkomtheTi02(110)surface.

Summarizingalltheseresults,titanium dioxidehasturnedouttobeavery

goodexampleforaconsistentinvestigationofexperiment,phenomenologicaltheory

andabl'nl'tl'Ocalculationofsurfacesecondharmonicradiation.Thefindingsmadein

thispaperwillfurthergive a Progressin studying the mechanismsofthe

photocatalytic,superhydrophilic,andbiocompatiblepropertiesofthismaterial.
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Appendix

InthisappendixwereviewatheoreticaltreatmentofthereflectedSHradiationfromananisotropIC

mediumlikemtileTiO2. Similartreatmentwasshownbyseveralauthors[13][14].Soweonly

showtheequationsusedinourcalculation.

AllLinearreflectionandrefractioninananisotropICmedium

First,Weshowtheequationfわrtheintemalfieldoftheexcitationbeaminadielectricstructurein

Fig.3.

Forthe(Ilo)face(Model1)itis,
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whereE,?.(i-S,p)istheelectricfieldamplitudeofthereflectedlightofi-polarizationinLayer1.

Itisdeflnedby
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whereE,?andE:arethes-andpIPOlarizedreflectedelectricfields,respectively･ E,,?A(i-2,

3;j-e,o;k-J,千)istheelectricBeldinthei-thlayerandisdeflnedby
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ThesufflCeSeandodenotetheextraordinafyandordinaryelectromagneticwaves,respectively.

ThesufnlCeSJand千denotethedownwardandupwardpropagatingwaves,respectively.The

vectoreTkistheun1tpolarizationvectoroftheelectriCfieldandcanbewrittenas
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Forthe(001)face(Model2)Wecanseparatethediscussionintothoseofs-and
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p-polarizedfield.Theequationfortheintemalfieldis

1 -e20sJy -e2Ws†y

cosO -a20sJx -a205†x

0e20sJye'kTE=d e2Ws†ye-L'kZ･=d
0a20sJxeLk203=d a2Ws†xe-ik20"d

0
d

d

枝

川f
:

同
一

同
一

O.i
･

.=･

a
q
fR

♂
rB

一

一

fors-polarizedinput.ForP-Polarizedinput

cosO -e2WpJx -e2Wp†x 0
1 -a2WpJy -a2Wp†y

oe20pJxeLkTpd e2Wp†xe-L'k'Tp=d
0a20pJyeL'k2ap=d a2Wp†ye-L'k20pd

F
f
if
I.

ii,-.
i
[

:

〟

〟

燭

燭

e

ど

エ

γ

･
･4
.

:..
･･
[

･

O
l

↑

1

.iJ
.iJ
..

.iJ

..

.
i
J

E,･:S. (A.12)

(A.13)

Here,E,?0(i-S,p)いsdeflnedineqs.(A.2)and(A･3). E,,?k(i-2,3;j-e,o;k-1,千)is

deflnedineq.(A.4). e7kisdeh edas

(A.14)
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Here,E,2,;,E,,7km.,e7kO,k30,a,完,a.,諾,andα,,2Da,edehedbyeqs.(A.2)to(A.ll)witha
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replacedwith20･αIHisdefinedby
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forthenonlinearpolarizationintheplaneofincidence･Here,E,2,;isdefinedineqs･(A･2)and
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L}a).

(A3)withj-S,p, EikW.isdeflnedineq･(A･4)withj-S,pandwithoreplacedwith20･ e,jk lS

dehedineq･(A･14)and(A･15)withoreplacedwith20･k,,2kWisdeflnedineq･(A･16)and

(A･17)withoreplacedwith20･Finally,a,,2kWr,a,,ZkWy,andαEj70 arede丘nedby(A･9)to(A･11)

withoreplacedwith2oandwithj-S,p.
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FigureCaptions

Fig.1 Modeloftheatomicarrangementofaclean TiO2(110)surface.Bridgingoxygenatoms

α-0'sandthenearestneighbortitaniumatoms†-Ti-sfbm Ti-0-Ti-0-zigzagchains.

Fig.2 Blockdiagramoftheexperimentalset-upfわrSHGmeasurements.OPO,BS,PMT,Amp,

andA/DrepresenttheoptlCalparametricoscillator,beam splitter,photomultipliertube,amplifier,

andanalog-to-digitalconverter,respectively.

Fig･3 Dielectricmodelofathree-layersystemusedinthephenomenologlCalanalysts.The

dielectricconstantsfわrtheelectricfieldsinthedirectionsindicatedbyarrowsareshownforthetwo

models.Models1and2arefortheTiO2(110)and(001)faces,respectively.Thec-axisorl001]

directionofbulkTiO2Crystalliesindirections1and3inModels1and2,respectively. Inthe

Appendixofthispaperthecoordinate(I,2,3)isrewrittenas(x,y,Z)inordertoavoidconfusion.

Fig.4 MeasuredSHintensitypattemsfromaTiO2(I10)faceasafunctionofthesamplerotation

angle,0arounditssurfacenormal. Theincidentangleis450. Theinputandtheoutput

polarizationsareshowninthefigure,suchasPin/Soutforp-polarizedinputands-polarizedoutput･

TheSHphotonenergleSareShowninthele氏.TheSHintensltylSplottedintheradialdirection･
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Thescalemaximumof血eintensityisshowninanarbitraryunittotherightofeachpattem,andthe

pattemsfわrthesameSHphotonenergyaredrawninacommonunit.Thezerodegreeco汀eSpOnds

totheconfigurationwhentheplaneofincidenceincludestheloo1]directiononthesample. Small

alphabetfromatoeincirclesindicatetheconfigurationsfbrthespectroscopICmeaSurementSinFig.

7.

Fig.5 MeasuredSHintensitypattemsfrom theTiO2(001)faceasafunctionofthesample

rotationangle中arounditssurfacenormal.Theincidenceangleis450.Theinputandtheoutput

polarizationsareshowninthefigure,suchasPin/Soutfわrp-polarizedinputands-polarizedoutput.

TheSHphotonenergleSareShownintheleft.TheSHintensltylSPlottedintheradialdirection.

Thescalemaximum oftheintensltyisshowninanarbitraryunittotherightofeachpattem,andthe

pattemsfわrthesameSHphotonenergyaredrawninacom onunit.Thezerodegreeco汀eSpOnds

totheconfigurationwhentheplaneofincidenceincludesthel100]directiononthesample.

Fig.6 TheSHintensity fromtheTiO2(001)faceasafunctionoftheincidentangleattheSH

photonenergyof2T10-4.66eV. ThedotswitherrorbarsrepresentSH intensltyfrom the

TiO2(001)facedividedbytheSHintensityfromtheGaAs(001)asafunctionoftheincidentangle.

ThesolidcuⅣesarecalculatedSHintensityfわrthreeimportantnonlinearsusceptibilityelements･
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Fig.7 ThereflectedSHintensityfTromtherutileTiO2(110)faceasafunctionoftheSHphoton

energy2110)inair.Thepolarizationcombinationandthesamplerotationangleadoptedfわreach

panelareindicatedinthefigureandwerealsoindicatedinFig.4usingthealphabetfromatoein

circles.ThesolidcuⅣesareguidetotheeye.Thea汀OWindicatesthebandgapofthebulkmtile

TiO2.

FigL8 ThereflectedSHintensityfromtherutileTiO2(001)faceasafunctionoftheSHphoton

energy2¶oinair.ThepolarizationcombinationisPin/Poutandtheplaneofincidenceisparalle

tothe[100]direction.ThesolidcuⅣeisaguidetotheeye.Thea汀OWindicates血ebandgapof

thebulkmtileTiO2.

Fig.9 SHintensltyPattemSObtainedbytheoreticalcalculationwhenoneofthesurfacenonlinear

susceptibilityelementsx;,;1_'110'issetequaltoacertaincommonvalueandalltheotherelements

∬esetequaltozero.TheSHintensltylSnOmalizedbythemaximumintensltyineachpattem

andthemaximum intensltylSShownbelow thepattem. Theintensitiesareinarbitrary,but

commonunits･ThesufnlCeSi,j,andkofthesurfacenonlinearsusceptibilityx;,;三̀110'refertothe

axisfhmedefinedinFig.1.

Fig.10 SHintensltyPattemSObtainedbytheoreticalcalculationwhenoneofthesurfacenonlinear
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susceptibilityelementsxと,;･三̀Oolh lSSetequaltoacertaincommonvalueandalltheotherelements

aresetequaltozero.TheSHintensltylSnormalizedbythemaximumintensltylneachpattem

andthemaximumintensltylSShownbelowthepattem.Theintensitiesareinarbitrary,but

comm onunits･As thesufncesofthesurfacenonlinearsusceptibilityelementsx三,;･三̀ool',Iindicates

thedirectionl100]and3indicatesthedirectionl001].

Fig.11 SHintensitypattemsobtainedbytheoreticalcalculationwhenoneofthesurfacenonlinear

susceptibilityelementsr.jklissetequaltoacertaincomm onvalueandalltheotherelementsare

setequaltozero.TheSHintensltylSnOmalizedbythemaximumintensityineachpattemand

themaximumintensltyisshownbelowthepattem.Theintensitiesareinarbitrary,butcommon

units･Thesufficesofthebulknonlinearsusceptibilityr.jklrefertothecrystallographicaxisof

bulkTiO2.

Fig.12 SHintensitypattemsobtainedby血eoreticalcalculationfittedtomeexperimentaldataof

Fig.4atod(atod)andtothoseofFig.5atod(etoh).

Fig.13 Calculatedsurface(a-d)andbulk(e-h)contributionsintheSHintensityseparatedfrom

thepattemsinFig.12atod.
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Fig.14 CalculatedSHintensityasafunctionoftheSHphotonenergyfわrPin/Pout(solidline)

andSin/Pout(dashedline)polarizationcombinationsfortherelaxedTiO2(110)surface.Theplane

ofincidenceisparalleltothe[001]direction.Emptyandgraycirclesare血emeasuredSH

intensltyandarethesamedataasthoseshowninFig.7aande.Thescaleofthemeasureddatais

adjustedtomatchthecalculateddata.

Fig.15 SHintensityasafunctionofthesamplerotationangle¢aroundthesurfacenormalatthe

SHphotonenergy2Tl(0-4.0eVobtainedbytheabinitiocalculation.Thescalesintheradial

directionareinanarbitraⅣbutcommonunit.
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TableI TheratiosofSHintensitiesoftheH20/TiO2(110)facetotheH20/TiOZ(001)

face

SHPhotonenergy2TIO (110):(001)

3.34eV

3.65eV

4.00eV

4.66eV

1.77 : 1

0.83 : 1

1.98 : 1

1.41 1
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