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Abstract

Surface Diffusion Studies By Optical Diffraction Techniques

° by

Xu-dong Xiao

Doctorof Philosophyin Physics

Universityof Californiaat Berkeley

ProfessorYuen Ron Shen, Chair

Optical techniqueshave been provento be powerfultools for surface studies. In

this thesis, we have presentedthe newlydevelopedtechniqueswith either

secondharmonic(SH) diffractionor lineardiffractionoff a monolayeradsorbate

grating for surface diffusionmeasurement.Their developmentwill change the

situationwith surfacediffusionfield, whichhas been impededby the lackof

convenientand powerful measurementmethods. The anisotropyof surface

diffusionof CO on Ni(110) has been used as a demonstrationfor the second

harmonicdiffractionmethod. The lineardiffractionmethod,whichpossessesa

much highersensitivitythan the SH diffractionmethod, has been employedto

studythe effect of adsorbate-adsorbateinteractionon CO diffusionon Ni(110)

surface.The resultsunambiguouslyshowedthat onlythe shortrange direct

CO-CO orbitaloverlappinginteractioninfluencesCO diffusionbut notthe long

range dipole-dipoleand CO-Ni-CO interactions. Effects of impuritiesand

. defects on surfacediffusion have been further explored by usingthe linear

diffractionmethodon the CO/Ni(110) system, lthas been foundthat a few

percentS impuritycan alter the CO diffusionbarrierheightto a muchhigher

value throughchangingthe Ni(110) surface. The point defects of Ni(110)



surface seem to speed up CO diffusionsignificantly.A mechanismwith long

jumpsover multiplelatticedistance initiatedby CO filledvacancy has been

proposedto explainthe observeddefect effect.



Acknowledgement

I never could have dreamed of receivinga Ph. D. degree if there had not
B

been politicalchanges in China in 1979. The culturalrevolutiononce

terminatedmy highestlevelof educationat middleschool. I cannot deny my

gratitudefora life that put me at the righttime, in the rightplace,and withthe

rightpeople.

Most of the childrenin myvillage lost their opportunitiesfor education

before enteringmiddleschool,ltwas my parents,who themselvesdid not have

highereducation,who encouragedand supportedme to be exposed to higher

and highereducation. They wouldnever have believedthat in ten years, their

son wouldleave hisvillageforever. I want to expressmywarmestgratitudeand

loveto myparents and wishsomeday I could be withthem to trulycompensate

for their emotional lossdue to myyears abroad.

I am gratefulto my advisor,ProfessorYuen Ron Shen, who guided me to

become an experimentalistin surface science.Withouthisunselfishdevotionof

knowledgeand time it wouldnever be possiblefor me to reachthis final stage.

His enthusiasmtowards science, optimismtowardsdifficulties,and profound

intuitionin physics have set a highstandardthat I hopeto continuefollowingin

the future.
=,

I thank ali the membersof the Shen group.With your helpand

. understanding, the six and half years I have spent in graduate schoolwas quite

a pleasantjourney. Maria Feller,withwhom I sharedan officefor five years,

also sharedmy ups and downs. Alongwith beinga good scientist,she is also

full of human emotionand enthusiasmin life. I haveenjoyed her friendshipand



will cherishit for manyyears to come.Wei Chen, a wonderfulscientistand an

understandingindividual, spent tremendoustime with me not onlyto wonder

why we becamephysicistsbut alsoto wonderwhat is the fate of our

motherland. Chris Mullinand DieterWilk-- who I thank for kindlyreading
ql.

through my thesis and correctinga great manygrammar and spellingmistakes--

with your accompaniment, my final year in Berkeley has become less

miserablethan itwould have been. RichSuperfine, Tom Moses, John O'Brien,

Quan Du, and RodneyChin, have ali made their contributionto make the group

a joyfulenvironment.

I owe specialthanksto Viola Vogel and YuanlinXie, two outstanding

postdocs with whom I have worked. Viola shared her preciousexperience in

Langmuir-Blodgettfilmsand helpedme make my first experimenta success.

Yuanlinworkedwith me clayand nightin the lasttwo years, jumpingup and

down aroundthe vacuumchamber, sharingali the frustrationand success.

Without hiscollaborationand contributionin the experiment, I wouldnever have

finishedthe majorpartof thisthesis.

I will always rememberthe invaluableadvice from Rita Jones, the former

group secretary.Her commonsense and caringfor the studentsin the group

impressedme from the veryday I joined. The day Rita left, the life seemed more

boring.

I am thankfulto Pete Miller, the electricianin the department.We pulled

out the four heavy, about 30-years-old laser power suppliesfor repair nearly a

hundredtimes inthe last three years.He once joked that itwas miraclethat I

was stillalive after stickingmy head underneaththe laser table to disconnect

and reconnectthe powercablesthat manytimes. I agree with him.

Two specialfriendsof mine outsidethe lab, Agnes and FelixMerz, my

iv



American host parents,deserve my specialacknowledgement. Our friendship

had startedfromthe veryday I came intothiscountry.Wherever I go inthe

future, I will alwaysthinkof them and remembera very true story that an

Americanlady waited inthe San Franciscoairportfor more than 7-hoursto

welcome her un-metChinese son.

- Finally, I give mydeep-heart appreciationto mydear friend, Qin Xia, who

has been very specialto me since lastyear.



Table of Contents

Acknowledgements iii

Table of Contents vi
.

I. General Introduction 1

References 6

II. Overview on Recent Developmentof Surface Diffusion 8

A. Introduction 8

B. Single ParticleDiffusionon Surfaces 8

C. Chemical Surface Diffusion 17

D. AnisotropicSurface Diffusion 23

E. Effectsof Defects on Surface Diffusion 25

F. Review of Surface DiffusionTechniques 30

References 35

III. Nonlinear and Linear Optical Diffraction Methods for

Surface Diffusion Study 39

A. General Principles of Surface Diffusion Measurement

with Optical Diffraction Methods 39

B. Methods to Determine Laser-Induced-Thermal-Desorption

Yield 40

a) Reflection SHG Method 40 "

b) Linear Reflectance Method 42

c) Laser Heating Model and Laser Induced

Thermal Desorption 46

vi



C. Adsorbate Gratings 49

D. Optical Diffraction as Probes of Surface Diffusion 52

a) SH Diffraction Probe 52

b) Linear Diffraction Probe 54
u

E. Measuring Coverage Dependence of Diffusion 57

References 62

Figures 63

IV. Optical Second Harmonic Diffraction Study of Anisotropic

Surface Diffusion: CO/Ni(110) 74

A. Introduction 74

B. Experiment 75

a) Sample Preparation 75

b) Diffusion Measurement 76

C. Relations Between Diffusion Coefficient and the

SH Diffraction Signal 78

D. Experimental Results 81

E. Discussion 83

a) Heating Effect from the Probing Beam 83

b) Coverage Dependence of Nonlinear Susceptibility 84

c) Coverage Dependence of Diffusion Coefficient 87

• d) Effects of Surface Defect 91

e) Diffusion Results 93

F. Conclusion 95

References 97

Figures 98

vii



V. Adsorbate- Adsorbate Interaction on Surface Diffusion" CO/Ni(110) 107

A. Introduction 107

B. Experiment Details 108

C. Results and Discussion 111
u

a) Measurement Accuracy 111

b) Coverage Dependent Diffusion Results 112

c) Discussion on Coverage Dependence 113

d) Comparison with Other Nickel Surfaces 115

e) Discussion on Anisotropic Activation Energy 117

f) Discussion on the Anisotropy of Preexponential Factor 119

e) Theoretical Fittings of D(e) 123

D. Summary 126

References 127

Figures 130

VI. Impurity, Defect Effects on Surface Diffusion 139

A. Introduction 139

B. Experiment 140

C. Results and Discussion 142

a) S Impurity Effect 142

b) Defects Effect 144

c) Diffusion on Stepped Surface 148 .

Appendix 151

References 155 "

Figures 159

VII. Future Prospects 163
a..

VIII



I. General Introduction

Surface science has been progressed enormously in the last two

• decades. A variety of surfaces have been investigated. In particular, many

aspects of crystalline surfaces such as surface relaxation, surface

" reconstruction18 kinetics of adsorption and desorption of foreign particles917

and chemical reactions on surfaces1823 have been intensively studied with a

number of powerful techniques. Considerable activity in surface diffusion has

also been undertaken in the last 10 years24"26. In contrast to the other subfields

of surface science, however, surface diffusion is less explored and less

understood.

Surface diffusion is a subject that studiesstochasticmotionof adparticles

on surfaces.As is well knowr;, surfaces have two dimensionalperiodic

structuresand a particle,a_,omor molecule,adsorbedon a surface sees a

periodic potential. Most of the time the adparticle residesat a local minimumof

the potential-- the adsorptionsite. Occasionallythisadparticlejumpsfromone

adsorptionsite to another in a randomwalk fashionthroughthe interactionwith

the substratephononsand electronswithoutleavingthe surface. The

adparticle'srandom motionis usuallycharacterizedby ,aquantity looselycalled

the surface diffusioncoefficient.

There are two distinctiveclasses of surface diffusion.The firstone is

. concerned witha singleadparticle random motionand is described by tracer

diffusioncoefficientD*. The second one is concernedwith random motionof a

macroscopic numberof adparticlesand is describedby chemical diffusion

coefficientD24. The firstone isthe limitof the secondat zero coverage. Much

efforthas been devotedto tracer diffusionby fieldion microscopy(FIM) and



othertechniques26.Theoretical studiesof tracer diffusion are coming into

maturityas weil. On the other hand, chemicaldiffusionstudy hasjustbeen

started, especiallyin theory. The existingexperimentaltechniquesfor chemical

surface diffusionstudyare limitedone way or another and a consistentpicture

of chemicalsurfacediffusionhas notbeen formed yet.

Apart from the fundamentalinterestsof searchingfor surface diffusion

mechanismsand measuringsurface potentialcorrugations, surfacediffusionis

practicallyimportantfor surfacecatalysis,crystalgrowth, and material

fabrication.For example, the hydrogenationreactionof CO(a) + H(a) --> CH4(g)

+ CO2(g) on catalystssuchas Ni 27 relieson the mobilitiesof these two

reactants and are likelycontrolledby their surface diffusions. Therefore, surface

diffusionmeasurementsfor singlespeciessystemas well as for mixed species

systemare of primary importance in understandingthe reactionmechanism.

In thisthesiswe will firstbriefly reviewthe statusof the surface diffusion

theory for both tracerdiffusionand chemicaldiffusion.Despitesome interesting

features revealed by the theories, mostof these theoriesare phenomenological

in treatingthe interactionsbetween the adparticleand the substrateas well as

the interactionsamongthe adparticles. There, we will see what.stillneeds to be

done in orderto have a betterunderstandingof surfacediffusion. The

experimentaltechniquesof surfacediffusionmeasurementswillbe summarized

in the same chapter (chapterII) witha discussiononthe limitationsof each

method. To overcomethe limitationsof these existingtechniques,we have

devoted our effort in developingnew surfacediffusionmeasurementtechniques

inthe past few years and have successfullyappliedthe new techniquesto study

anisotropy,coverage dependence, and impurity and defect effects of surface

diffusion for CO of Ni(110).

The new techniques we have developed are based on the following
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principles. First, an adsorbate grating is created by laser induced thermal

desorption (LITD) with two laser beams interfering at an adsorbate-covered

solid surface. With this initial coverage profile, diffraction (linear or nonlinear)

off the grating of a probing laser beam is then used to monitor the time

evolution of the coverage profile. The adsorbate grating is expected to get

- smeared out by surface diffusion and the diffraction signal to decay

correspondingly. From the decay time constant of the diffraction signal the

diffusion coefficient of the adsorbate can be deduced. The details of these

techniques with both SH diffraction and linear diffraction probes will be

described in chapter II1. These methods bear a number of very attractive

features. First, they involve a simple one-dim:,nsinnal diffusion process for

which the data analysis is relatively straightlor;_'d. Second, by properly

orienting the grating, the diffusion coefficient along any direction on the

surface can be directly measured. This makes the anisotropic diffusion

measurement very easy. Third, as an optical method, the technique can be

applied to a wide variety of adsorbates on any substrate. Fourth, with a

tunable probe beam selectively probing particular species of adsorbates,

surface diffusion of individual components of a mixed adsorbate system can

be monitored. This allows the study of influence of surface diffusion on

surface reactions such as catalysis. Fifth, the dynamic range can be

extremely wide, ranging from 10-6 to 10"15cm2/,,,ecfor the diffusion

coefficient. Finally, the technique can be used to study other forms of surface

diffusion like diffusion of electronic or vibrational excitations.

" Surface second harmonic generation (SHG) as a versatile tool for

surface and interface studies has been reviewed by a number of authors28'29

and has been documented in detail in a number of thesis from the Shen

group3°'31. The surface specificity of SH process allowed us to develop a

3



simple, straightforwarddiffractionscheme off an adsorbate monolayergrating

for surfacediffusionstudy31'32. In chapter J_,the anisotropicsurfacediffusion

of CO/Ni(110) willbe presentedand a numberof related issueswillbe

discussed.

Despiteits initialsuccess, the SH diffractiontechniquestillhas a few

limitations.The intrinsicweak responseof the SH process preventsusfrom

studyingcoverage dependencein surfacediffusion. The polarization

modulatedlineardiffractionscheme we have developed has liftedthese

limitationsandexploitedthe fulladvantages of the opticaldiffractiontechnique

for surfacediffusionstudy. The coveragedependentdiffusionstudyfor

CO/Ni(110) willbe presented in chapterV. lt has been found that onlythe short

range CO-CO direct interaction influences the diffusionof CO on Ni(110),

•_vhilethe longrange dipole-dipoleinteractionand CO-Ni-CO interactiondo not.

There existsthe questionhow impuritiesand defects couldaffect surface

diffusion.In manysurface reactionsit has been foundthat impuritiesand

defectscan playcriticalroles.Is thisalsotrue for surface diffusion?If so,what

are the mechanisms?We have answeredthese questionsto a certainextent by

studyingCO diffusionon S contaminatedNi(110) surfaces and Ar+ sputtered

Ni(110) surfaces. The resultswillbe presented in chapterVI. The S impurity

has been found to be able to modify substantially the Ni(110) surfaceeven at

very lowdensitiesand thusalter the CO aiffusionactivationenergy. The

defects of Ni(110) surfaceintroducedby Ar+ sputteringcan also influenceCO

diffusion.However, the effectis quitedifferentas the diffusionspeed actually

increaseswithincrease of defects. Mechanismbased on longjumps over

multiplelatticedistance assistedby CO filledvacancy has been proposed to

interpretthe the observation.

Futureprospectswillbe discussedin ChapterVII. A few important issues

4



in surfacediffusionwill be addressed and someinterestingexperimentswillbe

proposed.
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II. Overview on Recent Development of Surface Diffusion

A. Introduction
4

As pointedoutin Chapter I, surfacediffusionis of interestfromboth

basic and technologicalview points. Theoreticalstudiesof surface diffusion

have undergonesubstantialprogressin the past 10 years1"4.Analyticaland

numericaltools have been developedfor this purpose.The resultsobtainedso

far willbe brieflyreviewedinthe nextfew sections. The surface diffusiontheory

can be classifiedintotwo categories: one deals withtracerdiffusionof a single

adparticle;the otherdeals withchemicaldiffusionof a large numberof

adparticlesamongwhich interactionsmay not be negligible.

Experimentally,quite a few techniqueshave been developed in the last

two decades. Using these method__ !arge base of data on surface diffusion

has been accumulated.However, ali these techniqueshave limitationswhich

have prohibitedthe buildingof a consistentpicturefor surfacediffusion. Most of

these techniqueswillbe discussedin section F. Similarto the theoretical

situation,the experimentalstudiesfall intotwo classesas weil. In the firstclass,

tracer diffusionof singleadsorbedparticlesis monitored. In the secondclass,

chemicaldiffusionof a large numberof adparticlesis measured.

B. Single Particle Diffusion on Surfaces

An understandingof singleparticle diffusionon a surface from first

principleswas achieved early inthiscentury5'6.This was a first steptowards
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understandingmorecomplicateddiffusion. A microscopicpicture of the motion

of an adsorbed particle,atom or molecule,can be establishedin terms of

interactionbetweenthe adparticleand the substrateatoms.The substrate

appliesnot only a two-dimensionalperiodicstaticpotential but also a random

force to the adsorbed particle, lt is thisdynamicrandomforcethat initiatesa

- jump of the adparticle and then damps the motion5'7. The originof the random

force is the thermalvibrationof the substrateatomsandthe excitationof the

substrateelectrons7. Becauseof the randomnessof the dynamicinteraction

betweenthe adparticleand the substrate,the motionof the adparticleis

essentiallyBrownian.To understandthe natureof surfacediffusionit is critical

to firstunderstandthe natureof these interactions.

In orderto describethe motionof the adparticle, modelsof the dynamic

interactionwith the substrate(or,the heat bath) mustbe employed.The very first

systematictreatment was due to Kramers5, who describedthe randomforce

fromthe surroundings(heat bath) by a fluctuatingforce _(t) with a white noise

spectrumand a lineardampingforce -Mqx, with_ as the frictioncoefficientand

_<as the velocity.The fluctuatingforceobeysthe fluctuation-dissipationtheorem

<_(t)> = 0, (la)

<_(t) _(s)> = 2 MqkBTS(t-s) , (1b)

. where M is the massof the adparticle,kB the Boltzmannconstant,and T the

absolutetemperature.With the above mentionedforces, the equation of motion

for the adsorbed particle is then givenby the Langevinequation

Mx = -VU(x) - Mq_<+ _(t), (2)



where U(x) is the staticpotential. Unlikeclassicalmechanics,the motionof the

adparticlein thissituationis notdeterminedsince the fluctuatingforce has only

statisticalmeaning.Startingfrom the Langevinequation,Kramerswas able to

derive the Klein-Kramersequation5'6

-- = "_-Vx + o_v M + M o_v2Jp(x'v't)' (3)

with p(x,v,t) as the probabilitydensityfor findingthe adparticleat x with velocity

v at time t, and U'(x)the derivativeof the staticpotentialwithrespect to x. There

is nogeneral solutionto this equation.To treat the jumpingrate problemfor a

particle from one potentialwell to another,Kramers simplifiedthis equationwith

further assumptionsand then deducedthe jump rate in terms of the vibrational

frequency03of the adparticleand the frictioncoefficient 11.In the case of strong

viscosity,the effectof the Brownianforcesonthe velocityof the particle is much

largerthan that of the staticforce -VU(x), and a Maxwell velocitydistributioncan

be establishedin a time scale shorterthan 1/co.Thus, we have

,,..,, .mv2/2kTpt._...v,,_.= o(x.t)exp( ).

This probability density leads to a jump rate5'6

OXO_

k= 2_tl exp (-Ea/kBT), for 11> 03* (4a)
03

k = _ exp(-Ea/kBT), for 03kBT/2_Ea < 11< r,_ (4b)

where 03= (U"/M)I/2 evaluated at the potentialminimumis the angular

10



frequency of small oscillationsof an adsorbedparticle near the equilibrium

position,o)*= (-U"/M)li2 evaluatedat the saddle pointis the angularfrequency

characterizingthe potentialbarrier (U" beingthe secondorder derivative), and

Ea, the barrierheight,isthe energydifferencebetweenthe saddle pointand the
t

bottomof the potentialweil. In the case of smallviscosity,the Brownianforces

- cause onlya smallchangeof the energyduringa periodof oscillationof the

particle in a potentialwell and thus the probabilitydensitycan be writtenas a

functionof energyandtime, p(x,v,t)= p(E, t), and a jump rate

Ea

k= 11k-_ exp('Ea/kBT) ' for TI< O)kBT/2_:Ea (4c)

can be deduced. In the moderate frictionregime, the result Eq. (4b)is identical

to that from absoluterate theory(or transitionstatetheory,TST, see discussion

below), in whichthe frictioncoefficientis irrelevant. However, in bothweak and

strongfrictionregimes,the diffusionrate is significantlydifferentfrom that of the

absolute ratetheory, lt is also clear that the Kramerstheory only providesa way

for calculatingthe jump rate ratherthan the diffusioncoefficient.Further

assumptionson jumpingmechanismsare requiredin order to find the diffusion

coefficient.For instance,in mostsurfacediffusioncases, the elemental jumpsof

the adparticleare to the adjacentsite. Therefore the diffusioncoefficientisgiven

by8

1
D = _-k<12> , (5)

where <12>is the mean square jump lengthcorrespondingto the lattice

distance.

]]



Kramerstheory dealswith the jump rate of a structurelessadparticlein

one dimension.For surface diffusion,the adparticlecan have many degrees of

freedom of motion.How to couple these other degrees of freedom intothe jump

rate is a difficultproblem.Asa result,the extensionof Kramerstheory into

multidimensionsis very complicated6. Oppositeto this, the transitionstate

theory providesa simple,direct way to solve the problemto some extent.

The basicassumptionsinthe transitionstate theory(TST) are the

following:(1) the adparticlesare in equilibriumwith the staticsubstratepotential

well at every point; (2)onlyadparticleswith energyhigher than the potential

barrierwill jumpto the nextsite. Underthese assumptions,findingthe jump rate

becomesa simple statisticalproblem. With Z0 as the partitionfunctionof the

adparticle at the bottomof the potentialwell and Z_ as the partition function at

the saddle point, excluding the diffusioncoordinate,the jump rate can be

expressedas6

kaT Z_

kTST = h Z0 exp('Ea/kaT)" (6)

For an adparticle withoutinternaldegrees of freedomand in one dimension,it is

easy to verifythat Eq. (6) givesresult (4b).

The degrees of freedomotherthan the diffusioncoordinatecan affect the

jump rate if the correspondingpartitionfunctionsat the bottomof the well and at

the saddle point are notthe same. Forexample, for an adparticle diffusing on a

surface, the second translational degree of freedom will come into the two

partition functions differently. Furthermore, if the adparticle is a molecule, its

bending modes can affect the jump rate through the two corresponding partition

12



functionsas weil.

Despitethe successof the Kramers'theory, it is stillan oversimplified

model. The actualdynamic interactionbetweenthe adparticleand the substrate

is far morecomplicated7. Furthermore,the phenomenologicalparameter

- shouldbe calculablefromthe microscopicoriginof the interaction.Several

authors have derivedexpressionsfor this parameter11by consideringthe

dynamic interactionbetweenthe adparticleand the substratedue to both

electronicexcitationsand latticevibrations9. In general, sincethe electronsare

much lighterthan the adparticleand consequentlytheir fluctuatingmotionsare

fastwith respectto the motionofthe adparticle.Treatingthe forces fromthe

electronsas a Brownian-likeforce as in the Kramers model isa very good

approximation.However, fluctuationsof the substrateatomsare on a time scale

comparable to or even longerthan the motionof the adparticle,makingthe

assumptionof the Kramers modelfor the dynamic interactionvery questionable.

Goran Wahnstrom7 and S. C. Ying10 independentlydevelopedtheories

to accountfor the above effect. Intheirtheories,informationaboutthe dynamic

interactionsis containedin a so called memory function,fromwhichthe

diffusioncoefficientD can be deduced.The detailsof these theoriesmustbe

referredto the originalpapers.The importantresultis that in mostcases, a

spatiallydependent frictioncoefficientTl(r), in contrastto Kramers' constant

. friction coefficient, must be used in the Langevin equation in order to describe

the diffusive motion of the adparticle weil. In the case of light adparticles, even

a position dependent friction coefficient is no longer appropriate to describe the

adparticle's motion and a full account for the couplings between the adparticle

and the substrate must be taken. This is because that the motion of the

substrate atoms is slower than the motion of the adparticle, the forces applied to

13



the adparticleby the substrateatomscan no longer be described as Brownian

force.

Aside fromthe analyticaldescriptionof adparticlediffusion,molecular

dynamicssimulationhas been extensivelyusod and has proved to be a

powerfultool to studysurface diffusionof a singleadsorbate on crystalline

surfaces11. The principlesfor applyingmoleculardynamicssimulationin

surface diffusionare the following. The diffusioncoefficientD* is defined in the

randomwalk pictureby11

<AR2(t)>
D*= lira 4t ' (7)t->oo

with <AR2(t)> as the mean squaredisplacement of the adparticle. This formula

can be rewritten in terms of the velocity correlation

oo

j 1D*= dt _<v(0). v(t)>. (8)

With either Lennard-Jonesor Morse potentialdescribingthe interaction

between the adparticleand substrateatoms as well as between substrate

atoms, the systemcan be thermalizedat finitetemperatureand then the

trajectoriesof the adparticlefollowedso that the mean squaredisplacement, or

the velocitycorrelation,can be calculatedand the diffusioncoefficientfound.

The diffusion activation energy and the pre-exponential factor can be

subsequently determined from an Arrhenius fit.

The trajectory tracing procedure in the molecular dynamics simulation is

very transparent and many interesting features of surface diffusion have been

14



foundwiththismethod.Forinstance,concertedmotionwiththeadparticle

exchangingpositionwitha substrateatom12,correlatedsuccessive

hoppings12'13,multiple-latticedistancehoppings12'13,and recrossingofthe

. saddle point have been observed. These provide essential informationfor

understanding the diffusion mechanisms.

Unfortunately, molecular dynamics simulation is not adequate for

diffusion studies at ali temperatures for most given systems. Especially, at low

temperatures, the adparticle resides at its local minimum energy site for such a

long time that a jumping event is very rare. Directly simulating such a system for

surface diffusion takes an unreasonably long time and it is impossible in

practice. An alternative method to solve this problem is to incorporate a

molecular dynamics simulation into the transition state theory (TST).

Formalisms for this purpose have been developed14. The key point in

this approach is to factor the jump rate constant into two parts: (1) an equilibrium

factor which is simply the transition state theory (TST) rate constant. The rare-

event nature of the process is included in this factor; (2) a dynamic correction

factor, fd (i->j), which accounts for the fact that the flux crossing the dividir_g

surface that separates the initial and final sites of a jump in (1) contains

spurious crossings. The spurious crossings do not correspond to true site-

change event. The jump rate from site i to site j thus can be expressed as

. ki->j = kTST fd (i->j). (9)

The dynamic correction factor fd (i->j) can be evaluated by followingthe

trajectories of the adparticle in a short-time regime in the molecular dynamics

simulation. To illustrate this point further, we look at two different time scales;

_corr' which is the average time it takes an adparticle to thermalize with its
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surroundings;and '_rxn'which is the average time between two reactive

successivecrossings.Since the residencetime for the adparticlein its

equilibriumsite is usuallyvery long in the lowtemperature regime, it is

generallytrue that _corr<< _rxn"With the dynamicphenomenasuch as saddle

point recrossing,multiple-latticedistancejumping, and correlated successive

jumpingali happeningin the time scale _corr' it is easy to see that onlythe

dynamicinformationon this time scale is needed for calculatingthe dynamic

correctionfactorsand thisdynamicinformationcan be obtainedby settingthe

initialconditionsproperlyin a simulation.

Once the rates ki.>j are known,the diffusioncoefficientis then given by

D-_ ._. ki.>j I , (10)
j_el

where multiple-latticedistancejumpinghas been explicitlyincluded, lt is found

in the low temperature regimethatthe TST theory is quite accurate. However, in

the high temperaturqregime, multiplelatticedistancejump rate ki.>j (li-jl>l) is

appreciableand contributesto the diffusioncoefficientsignaificantly11.

Recently,a moleculardynamicssimulationwas appliedto the surface

diffusionof CO on Ni(11i )!5. ltwas foundthat CO is subjectedto a ratherweak

dissipativeforce on the Ni(111) surface, so that correlatedjumps and multiple-

lattice distance jumps are rather common (witha probabilityof 0.5). The internal

degrees of freedom of the CO molecule is also important. In particular, the

coupling between the diffusion coordinate and the bending mode is very strong.

The potential seen by CO can be significantly modified when the molecule

rocks uphill and downhill.
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If only the static interactionis concerned,more advanced methods such

as the ab initio, localdensityfunction (LDF) methodcan be used to calculatethe

diffusionactivationenergyand the lowestenergy path.An example is

AI/AI(100)16, in whichconcertedmotionis found by the LDF method.

C. Chemical Surface Diffusion

In the tracer surface diffusioncase, where only motionof noninteracting

individualatom or moleculeis involved,randomwalk modelscan be applied.

The diffusioncoefficientcan be directly relatedto the microscopicquantities

suchas mean squaredisplacementand jump rate. However, inthe chemical

surfacediffusioncase, where a macroscopicnumber of interactingatomsor

moleculesare involved, the diffusioncan no longerbe defined by simple

microscopicquantities1.The counterpart of the tracerdiffusioncoefficientD* in

the chemicaldiffusion case is the chemicalsurface diffusioncoefficientD,

defined by Fick's firstlaw1,

(--.)

J=-D .VC, (ll)

where J is the adparticle flux and C the adparticle density. Here, we explicitly

indicate the tensor characteristic of the surface diffusion coefficient by D .

. In the isotropic case, the diffusion tensor reduces to a scalar and

m

J = -DVC. (lla)

In a macroscopicsystem, equilibrating adatoms or moleculeson a
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surfaceis a responseto the gradient in chemicalpotentialI,tratherthan the

gradientof the concentration.Therefore,a moreappropriateway to express the

flux is17

J=-LTV.

=-_ -- VC, (12)

where Dr is a constant.The variableC inthe chemical potentialhas bean

replacedby coverageOthroughthe relationC=NsO,with Ns beingthe density

of available adsorptionsiteson the surface. We have

raC kaT )
-1'2V(6)I-4 _0 JT" (13)

4 kBTLT
D

The second step here is to introducea new parameter['(6) a2 6 NS a

quantitycalled effectivejump frequencyin analogy to the jump rate k in tracer

L
diffusioncase. The thermodynamicfactor ( _ 'jr' historicallyfrom Darken

equation1, is related to the meanvalue and the mean square fluctuationof the

number of adparticlesl'17:
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_o_(WkT)___ <N.__._>> (14)

The effect of this thermodynamicfactoron diffusioncoefficienthas been

" discussedrather indetail by Ref.[17] and can be calculated once the

thermodynamicpropertyis known.However, Eq. (13) only definesthe effective

jump frequencyT'(O) phenomenologicallyand does notprovidea way for

calculatingit.

Zhdanov has provideda betterpicturefor the effective jump frequency

['(0) inthe frameworkof lattice-gasmodel18. Considera systemwith adsoroate

interactionwhichaffectsthe energy potentialat adsorptionsite by Ei and the

saddle point by s*i undera specificenvironmentconfiguration(the

arrangement of the restadparticles)marked by i. Assuminga one dimensional

coverage gradientexists, the flux of particlesfrom row1 to row2 is then given

by

1
J1 2 = NII,4u exp('Ea/kBT) ._ PA0i exp(-( s'i" _:i)/kBT)' (15)

I

where Ni =1la is the numberof siteson a unit lengthand t_the effective

vibrationalfrequency of the adparticleat the bottomof the potentialwell at 0=0.

. Ea isthe diffusionactivation energy at 0 --> 0. PA0 i is the probabilitythat

a site in the firstrow is occupiedand the nearestsite in the secondrowis empty,

withthe environmentconfigurationmarkedby i. lt can be further expressedas

PA0i = P00i exp[(_l" Ei)/kBT] ' (16)
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where i_1 is the chemicalpotentialin row 1 and P00 i is the probabilitythat a

pair of the nearest neighborsites,one in row 1 andthe other in row2, are w

empty, withan environmentconfigurationmarked by i. Similarlythe flux of

particlesfrom row2 to row1 can be found. With S defined as

S = _ P00 i exp(- si*/kBT), (17)
i

the net flux from row 1 to row2 is givenby

J=J1 2 "J2 1
!

= NIL_ _ exp(-Ea/kaT) S [ exp( i_l/kaT) - exp( 1_2/kaT) ]

1 a2 1/_(WkBT) L
=" _ exp('Ea/kBT) Sexp(I_(0)/kBT)e _ _ )L VC, (18)

where the difference in the square brackethas been replacedby an

appropriatederivative.Up to thispoint,the effectivejump frequency F(0) has

been relatedto fundamentalquantitiesthrough S and chemicalpotential I_as

F(8) = _exp(-Ea/kBT) SexP(l_(0)/kBT)/8. (19)
,=

and can be calculatedonce those quantitiesare known.The diffusion

coefficientD as a functionof coverage is given by

1 a2 1/_(IJJkBT)__
D(0) = _o exp('Ea/kBT) Sexp(I_(0)/kBT)e _ _ jr (20)
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As an example, we considerthe mean field approximationwith a square

lattice inthe latticegas frame and restrictourselvesto the nearest-neighbor

interaction. We write down19'19a

i

6

exp(l_(0)/kT)= _ exp(4Ee/kT), (21a)

S = (l-e) 2 exp (-6E.0/kT). (21b)

The detail derivation of Eq. (21a) can be found in Ref. [19a]. To derive Eq. (21b)

one simplyhas usedthe fact that the probabilityof findingan emptysite is (1 -

e). The coveragedependentdiffusioncoefficientis thus obtainedas

1 a2D(e) = _- _ exp (-Ea/kT)

x (l-e)exp(4Ee/kT)exp (-6E,0/kT)

x{1-_6+4E0/kT} . (22)

The physicalmeaningof this formulaisworthexploring.The first line is the

diffusioncoefficientfor a singleadparticle.The factor (1-6) is the siteblocking

effect in a randomdistributionconfigurationof adsorbates.The two exponential

factors are the effecton the effectivejump frequency from the lateralinteractions

• of the adsorbates.The last factoris the thermodynamicfactor.

For repulsivenearest-neighborinteraction,Eis positive.If there is no

effect on the saddlepoint (c,---0),the repulsiveinteractionnotonly lowersthe

jumpingbarrierso as to increasethe effective jumpingfrequency,but also

increasesthe thermodynamicfactor.Therefore, the diffusioncoefficient
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increaseswith coverageuntil a very highcoverage where the blockingeffect (1

- e) dominates,and then itdecreases. If the nearest-neighborinteractionis

attractive,the diffusioncoefficientwillmonotonicallydecrease to 0. Certainlythe

interactionsbetweenthe adsorbatescan affectthe saddle point as weil. As a

furthercomplication,the lateral interactioncan be longrange (e.g., dipole

interactions)so that one adparticlecan interact with manyother adparticles

which are far away. Many bodyeffects suchas adsorbate-substrate-adsorbate

interactioncan be importantas weil. lt is this interactionthat providesattraction

between adsorbatesin mostcases2°. None of these have been fully explored

and they stillcomprisethe mostchallengingproblemsin surface diffusion.

More sophisticatedmodels, such as the quasi-chemicalapproximation

(QCA), have been used to calculatethe effectivejump frequency ]"(e) to

investigatethe effect of adsorbateinteractionson surfacediffusion.Nearest-

neighborinteractions17'18'21,next nearest-neighborinteractionsand

interactionsat saddle pointslShave ali been considered.The qualitative

behaviorof the diffusioncoefficientas a functionof coverage is similarto that in

the mean field approximation. Inthe same frame, surface diffusionin the case

with adsorbate-inducedsurface reconstruction22 and coadsorbatesurface

diffusion23 have also been studied.

As we discussedin the previoussection,the dynamicinteractionof

adparticleswiththe substrateis the drivingforce for surface diffusion,lt is also

true that other adparticlescan exert dynamicfluctuatingforces on the adparticle

underconsideration.Howthisdynamicinteractionaffectssurface diffusionand

dependson coverageare not includedin the latticegas model and has never

been studied,lt is certain that the other adparticleson the surface can also
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serveas a heat bath for the specificadparticlein a similarway as the substrate.

Therefore, includingonlythe staticinteractionfrom otheradsorbatesas in the

latticegas model is insufficient.The importanceof sucheffects may requirea

firstprinciplecalculationto reveal.m

The blockingeffect can be morecomplicatedin the case with ordered

- domain formation.If attractiveinteractionsexistso that the moleculeslike to

formtwo dimensionalislands,the blockingeffect is apparentlylarger than what

the (l-e) factorcan accountfor. Thisfactor (1-0)can onlydescribea random

adsorbatesdistributioncase. Therefore,correct descriptionof the site blocking

effect is nota simple matter.

In principle, moleculardynamicssimulationcan be used in chemical

diffusionstudy as weil. Unfortunately,the large numberof moleculesinvolvedin

the problemmakes it too time consumingand practicallyimpossible.Instead,

Monte Carlo simulationshave been applied in manycases17'24'25including

orderedsurface layers25.The lateralinteractionsused inthese Monte Carlo

simulationsare basicallythe latticegas type. Mostly,onlythe firstnearest-

neighborand second nearest-neighborinteractionshave been considered.The

resultsare qualitativelythe sameas those from the analyticalstudywiththe

latticegas model.

D. Anisotropic Surface Diffusion

For surfaces with crystallographicunequivalentdirections, surface

diffusionsalongthem are expectedto be different. In the extremecase,

adparticleson such surfacescan preferentiallyhop in one direction,leadingto
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one-dimensionaldiffusion.In most cases, diffusionon such surfaces can be a

competition between the two directions. In understanding the details of diffusion

mechanisms, measurement of the anisotropic surface diffusion is important.

One natural question is how many measurements are needed in order to

describe a two dimensional diffusion completely.

As we know, surface diffusionis mathematicallydescribed by a second-
(.-)

rank tensor D, which has four elements. In general, the diffusion tensor can be

diagonalized so that there are only two independent elements that should be

determined 26.To see this diagonalization, let's break the diffusion tensor into a

symmetric and an antisymmetric part as

D (Dll D121= D21 D22 = D++D ". (23)

Substituting this into Fick's second law of diffusion

_C
= V'(D.VC), (24)

_t

we obtain

a_.C.C= V.(D+.VC)+V.(D..VC) " (24a) .
_t

For a diffusioncoefficientwhich can be approximated by a constant in the

specificcoverage range, the secondterm is givenby
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" a2c " a2c (25)
V.D'.VC = D 12 Ox1ox 2 + D21 _x2Oxl,

q

whichvanishes sinceDI2 = - D2]. Therefore, the antisymmetricpart of the

diffusioncoefficienthas no physicalimportancein the real diffusion

measurementand the surface diffusioncan be fullycharacterizedby a

symmetricdiffusiontensor, whichcan alwaysbe diagonalized.To further prove

D12 =- I_]= 0, general Onsager reciprocityrelationsmust be applied26a.

Fromthe above argument, it is clear that anisotropicsurfacediffusionin

general needs onlytwo independentmeasurementsin order to fully specifythe

diffusionproperties.

Anisotropicsurface diffusionhas been rarely investigatedtheoretically.

For singleadparticlediffusion,can the diffusionalong a principalaxis be treated

as a one dimensionaldiffusionor not? Is there a couplingbetween diffusion

alongthe two principaldirections? These questionshave notyet been

answered.

In the case of chemical surface diffusion, if the adsorbate-adsorbate

interaction is anisotropic, how can this anisotropy be incorporated into the

lattice gas model or other theories? This needs to be addressed before we can

- fully understand the diffusion anisotropy.

D

E. Effects of Defects on Surface Dlffuslon

An important question in surface diffusionis how the surfacedefects
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influencethe adparticlediffusion.In tracersurface diffusiun, the measurement

techniquesare microscopicand the defect Droblemhas been simplyavoided.

lt is however possiblethat a defectcan cause some modificationin the vicinity

of the defect site, thusaffecting diffusionof the adparticleinthat vicinity.Such

problemsunfortunatelyhave remainedunexplored. On a differentnote,

diffusionof singleadparticlesin a disorderedlatticesystemhas been

extensivelystudiedby randomwalk modelswith pre-specifieddistributionsof

the jump rate27.

In the chemical surfacediffusioncases, a largecrystalsurface is usually

used andthe effect of surfacedefectscould be important.With somedensityof

pointdefects, the dynamicinteractionof the adparticlewiththe substrate,or the

frictionforce, may be stronglyalteredbutthe staticpotential may remain

approximatelyunchanged. As a result,the diffusionmeasurementof such a

systemmay providean intrinsicactivationenergy but nota reliable

preexponentialfactor. Howto evaluate this statementremains as an unsolved

interestingproblem. On the other hand, theoreticalstudiesof chemicaldiffusion

on an inhomogeneous surface in the framework of lattice gas model have

appeared recently 28.

The effect of stepson surfacediffusioniseasier to analyze. In the case of

lowstep densities,we can assume that surfacediffusionconsistsof two

independentparts, one on terracesand the otheron steps.No interactions

between stepsor between stepsandterraces have to be introducedin the first

order approximation.Considera case with unidirectionalsteps. For diffusion

parallelto steps, the diffusioncoefficientis simplythe sumof two diffusion

coefficientswith the properweighting:
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D = msDs +mtDt , (26)

where Ds and Dt are diffusion coefficientsfor diffusionon terraces and on

steps,respectively,and ms, mtare the area percentagesof stepsand terraces

onthe surface. For diffusionperpendicularto the steps,the diffusioncoefficient

- can be obtained by summing up the diffusion time for adparticles to crossa

terrace and to traverse an adjacent step. With Ds' denoting thediffusion

coefficient when the duration time of the adparticle on terraces is negligible and

Dt' denoting the diffusion coefficient when the duration time of the adparticle on

steps is negligible respectively, the diffusion coefficient in general is given by

1 1 1
-----+--. (27)
D- Ds' Dt'

We have used the relation that the diffusioncoefficientis inverselyproportional

to the diffusiontime to obtainEq.(27). Equations(26) and (27) indicatethat the

diffusioncoefficientsin the case withunidirectionalstepscan be constructedas

either in seriesor in parallel, analogousto the case in electriccircuits.

Recently,it was pointedoutthatthe stepscan dominatesurfacediffusion

even if the stepdensity is lOW19'29. The importantissuehere is the difference

between the terrace diffusionactivationenergy and the step diffusionactivation

energy. If the time a moleculeis trapped in the potentialwell associatedwith a

" stepis longcomparedto the time it spendsto crossa terrace, the surface

diffusionperpendicularto the stepswillbe controlledby the steps.The
B.

conditionfor thi_;to occuris the following'

N2
7 = exp [ (Ediff(ten'ace)-Ediff(step))/kBT]<< 1, (28)
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where N isthe numberof rowsof atoms ina terrace. For obtainingEq. (28), we

have assumed that the pre-exponentialfactors for the elementaryjumping

processesof an atom or moleculefrom one site to another on a terrace and
,,D

across a step are the same. lt is clearthat the maximumN for stepdominated

diffusionis closely relatedto the differencebetweenthe terrace diffusion

activationenergy andthe step diffusionactivationenergy. If the assumptionon

the pre-exponentialfactors is lifted,a modificationon the stepdensitywill result

in the step controlleddiffusioncondition.

In additionto controlling surface diffusion, steps can change the

anisotropy of surface diffusion. In general, steps make an angle with respect to

the principal axes, e.g., a surface miscut is in some arbitrary direction with

respect to the principal axes. Although microscopically steps are developed to

be parallel to either of the two principal axes, we assume that these step-kink-

like small segments of steps can be considered to form macroscopic steps at

an angle with respect to the surface principal axes and a unique diffusion

activation energy across these macroscopic steps exists. Bearing this

assumption in mind, we are going to construct the diffusion tensor on a surface

with such unidirectional steps.

The intrinsic surface diffusion tensor for a surface without steps is given

by
P

/D'°ID = 0 D2 , (29) "

with the diagonal elements along the principal axes of the surface. Denoting the
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angle between the stepsand the first principalaxis as $0' and usingthe

coordinateframe withthe two axes along or perpendicularto the steps,the

intrinsicdiffusiontensoris transformedto

" _, IDlCOS2_)+D2sin2O(D1-D2)sin(_cosO)D = (Dl'D2)sin(_c°s_ Dlsin2_.D2cos2_ . (30)

The effect of stepson the diffusiontensor now only shows up in the diagonal

elements but not inthe off-diagonalelements.The diffusiontensor element in

the directionperpendicularto the stepsshouldbe replacedby DI' with (see Eq.

(27))

1 1 1

DI' = DlCOS2_H-D2sin2_+ Ds , , (31)

where Ds' is the diffusioncoefficientacrosssteps.The diffusiontensorelement

in the directionparallelto the step is replacedby (sae Eq. (23))

D2' = 1"1t ( Dlsin2O+D2cos2O) + 11sDs . (32)

With the two off-diagonalelements remainingthe same as in Eq. (30), the new

diffusiontensoris also symmetric.Generally, it can not be diagonalizedin any

of the two coordinateframes mentionedabove. However, the general property

. of a symmetrictensorallowsit to be diagonalizationin some other coordinate

frame.
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F. Review of Surface Diffusion Techniques

The techniquesthat are availablefor surfacediffusionmeasurements

have been reviewed1. Generally,these techniquesare dividedintotwo

differentcategories:those that measurethe tracerdiffusionandthose that

measurethe chemicaldiffusion.Detail descriptionof these techniquescan be

found in Gomer's reviewarticle. In the followingI willbrieflydescribethese

techniquesand pointout their limitations.

The techniquesto measuretracer diffusionare the field ion microscopy

(FIM) and scanningtunnelingmicroscopy(STM). In the FIM technique the

adatomand the atoms inthe firstlayer of the substratecan be imagedby

imaginggases, usuallyHe or Ne, so that the randommotionof the adatom can

be directly observed30. The very highelectric field (~1V/,_,) near the tip surface

(substrate)involvedin the image process and the field-inducedstresscan alter

the surfacepotentialin somecases so that the diffusionis notpurelyintrinsic.

Also,the tip materialsare usuallyrestrictedto refractorymetals and the

adparticlesin mostcases are limitedto metal atoms.

In comparison,the recentlydeveloped scanningtunnelingmicroscope,

or STM, has several advantagesin measuringsurfacediffusion31.There, a tip

with nominallyone or a few atomsat the end is usedto imagethe surface

structure.The principleof operationis the following. When the tip is close
O

enoughto the surface (a few A ), the electronscan tunnelthroughthe vacuum
I

gap between the tip and the surface withan appliedbias voltage. As the tip

movesaroundat a constantheightthe local electrondensityof the substrate

can be mapped. An adatom on the surfacecan change the localelectron

densityenough for the recognitionof the existenceof the adatom. This image
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processclearly allowsdirect observationof the adatom diffusion. Other mode of

operationexistas weil. The electricfield requiredfor STM is at least an orderof

magnitudeweakerthan that for FIM. Furthermore,the onlyrequirementon the

substratesurface is a large enoughconductance.Therefore, adatom diffusion

on semiconductorscan also be studied.On the other hand,for some metal

substrates with electronshighlydelocalized,the atomic resolutionmightbe lost

and diffusionof adparticleson suchsurfacesare not observable. As a whole,

STM is a moreversatiletechniquefor tracersurface diffusionstudy.Because

STM is able to imagea large area (11_x11_),diffusionof a large numberof

adparticles (submonolayer)has been investigatedwith this methodas well31.

Most of the diffusionmeasurementtechniqueswere developedto

measurechemicalsurfacediffusion.Ali butone (FEM, see below) requirean

initialcoverage gradientprofile. The techniquethat has been employedto

measuresurface diffusionfor manysystemsis the fluctuation-correlationfield

emissionmicroscopy (FEM)32.The principleof this methodis that the number

of electronsemitted from a tip to a screenundera highelectricfield depends

on the adsorbatecoverageon the tip because the work functionof the tip

dependsonthe adsorbatecoverage.With the numbersof atomsor molecules

fluctuatingin a restrictedarea, the emittedelectroncurrentfluctuates.This

fluctuationcan then be relatedto the surfacediffusioncoefficientthroughthe

. current fluctuation-correlationfunction.Since no initialcoverage gradient profile

is requiredin this method, it is basicallyan equilibriummethodand very

° suitable for study of coverage dependence in surface diffusion.The drawbacks

are mainly from the restriction on the tip material, similar to those mentioned for

FIM. Therefore, the systems commonly studied with this method are molecules

or atoms on various tungsten and nickel surfaces1.
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Anothertechniquethat hasgained popularityin recentyears is the so

called "holeburning"LITD method33, in which a laser pulse is firstusedto

desorbadsorbed moleculesor atomsfromthe surface to create a holein the

adsorbate layer, and _hena second laser pulse is subsequentiallyapplied to o

probe the holewith a mass spectrometerto measure the amountof molecules

that backfilledthe hole from the surroundingsvia surface diffusion.This second

laser pulsecan be appliedat differentdelayedtimes so that a refillingcurve

can be measured, and subsequentlythe diffusioncoefficientcan be deduced.

The advantageof this methodis its simplicityand its applicabilityto a large

familyof adsorbatesand substrates. The difficultiesare as follows. First, with

lateral adsorbat-adsorbateinteractionsthe diffusioncoefficientis not simply

related to the refillingrate. A theoreticalexpressionof the refillingthat takes

these lateral interactionsinto account does notexist34. Second, the

applicationof multiplelaser pulsescan damage the substratesurface35. Third,

the coverage dependence is difficultto measure in a well charactedzed

manner. Lastly,the informationon diffusionanisotropyis difficultto obtain.

Recently,a modifiedscheme of LITD has been proposedoy King'sgroup3s

where a step-likeinitialcoverage profile is formed with laser desorptionand the

time evolvedprofile is also detected by laser desorption.By applying

Boltzmann-Matano analysis, the coverage dependence of surface diffusionof

H, D/Rh(111) has been investigated.The disadvantageof this methodis the

experimentalcomplexity and the low spatial resolution(~2501J.m).Only

relativelyfast diffusioncan be measured,whichcan be a problemif the

desorptionrate competeswiththe diffusionrate.

Many other methodshave been developedto measuresurface diffusion.

Usually, these methods monitora time-dependentchange of a coverage profile

with a certainspatial resolution.These methodsincludethe work function
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change method,the fieldemissionshadowingmethod,and the electronbeam

scanning method1. The work functionchange methodhas a low spatial

resolution,typicallyin the ~10014mregime.The energy resolution(~ 0.1eV)

associatedwiththismethodlimitsthe systemsit can measure. Typically, a

work functionchange of ~1eV upon adsorptionis requiredfor good

- measurements.The fieldemissionshadowing methodhas the same limitations

of FIM and FEM. The Augerelectronscanningmethodhas highspatial
O

resolution (~50DA), but is limitedto speciesit can detect (for example,

;lydrogen is not observable)and to substrateswith highenoughelectric

conductancein orderto avoid the surfacechargingeffect. Ali these methods

share a commondisadvantage,whichis the difficultyin creatinga well

;;haractedzedinitialcoverage profile. Therefore,they have not been very

popularand only limitedsystemshave been studied.

Methodsbasedon FTIR and NMR havebeen usedto studysurface

#,i_:/usi_nin some systems.The FTIR method37relieson the spectraldifference

for adp_ ticteson differentsites,and thereforeitcan notbe usedto study

diffusionon P hor,;ogeneoussurface with singletype sites.The NMR method38

uses the propertythat an adparticlehas different resonantfrequenciesin

differentenvironments.A spectral densityanalysisof the NMR spectrathen

allowsthe deductionof the diffusioncoefficient.This method is very limited

becauseof its complicateddata analysisand low signal-to-noiseratio.

, Heliumscatteringhas been appliedto studysurface diffusionas well39.

The diffusioncoefficientis relatedto the scatteringpeak width.The analysisis
II

very model dependentand therefore the resultsare onlyqualitatively

meaningful.

One importantaspect of surfacediffusionis the directionaldependence
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of the diffusioncoefficienton a crystallinesurface.Only someof the above

methodscan be used to studysurfacediffusionanisotropy.The difficultieslies

mostlyin preparingthe initialcoverageprofile. In this thesis I willdescribe

opticaldiffractionmethodsfor surfacediffusionstudies. The newlydeveloped

methodscan overcomemanyof the shortcomingsmentionedabove. In short,

the methodsallow one to studysurfacediffusionof any adsorbateon any

substratewith coverage dependenceand anisotropyof surface diffusion

measured in simple manner.
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III. Nonlinear And Linear Optical Diffraction Methods For

Surface Diffusion Study

4

A. General Principles of Surface Diffusion Measurement With

" Optical Diffraction Methods

As mentionedin chapter II, there exist several techniquesfor surface

diffusionmeasurement.The techniquesthat measure the tracer diffusion
w

coefficientrelyonthe randomwalk modelto obtainthe quantityD

. <AR2(t)>
D = lira 4t • (1)t->co

For those techniques that measure the chemicaldiffusioncoefficientD, the

fundamentalequationis Fick's secondlaw (exceptthe FluctuationCorrelation

FEM method):

aC
--= V.(D.VC). (2)
at

To ultilizethis equation, two questionsimmediatelyarise"First,there

, must be an adsorbate density gradient in space; how is this density gradient

created? Second, the time evolution of the density distribution must be known in

" order to extract the quantity D; how is this time evolutionof the density

distribution measured?
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In the techniquesthat I am goingto describefor surfacediffusion

me_;drements, the gradientof adsorbatesurface density(coverage) is

generated by laser inducedthermaldesorption.By usinga one-dimensional

spatially modulatedlaser intensity, the desorptionyields a one-dimensional m.

monolayer grating. To probesurfacediffusionof adsorbatesin such a case, one

monitorsoptical diffractionfrom the grating.Beforediffusion,there is a finite

diffractionsignalfromthe grating. As diffusionproceeds,the adsorbategrating

gets smearedout. This resultsina decay of the diffractionsignal, fromwhich

one can deduce the surface diffusioncoefficient.

B. Methods To Determine Laser-Induced-Thermal-Desorption Yield

The key step in preparingfor a diffusionmeasurementis to create a

monolayergratingthat will yielda strongenoughdiffractionsignal. This can be
t_

achieved by laser-inducedthermaldesorption(LITD) with a spatial intensity

modulationformed by interferingtwo laser beams. In order to create a

prescribedadsorbategratingprofile, the desorptionyieldversus desorbing

laser energyhas to be known. In thissectionI willdescribethe methodswe use

to measure this relation.

4

a) Reflection Second Harmonic Generation (SHG) Method

Reflected second harmonicgeneration(SHG) can be used to probe laser

desorption. Because of the surface specificity,SHG is sensitiveto the presence

of adsorbateson a surface1. The SHG signalusuallyhas a one-to-one
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correspondencewith the adsorbatecoverage and thus can be used to measure

of the adsorbatecoverage. In lightof this,we can first measurethe reflected

SHG as a functionof gas exposure(pressurex time) to the surface. The

absoluteadsorbatecoverage from exposurecan be calibratedby from thermal41,

desorptionspectroscopy(TDS)2. Combiningthe resultsof SHG and TDS, the

relation between reflected SHG and adsorbate coveragecan be determined.

To eliminate contribution from the bare surface, a nonlinear interference

method can be used to directly measure the adsorbate induced SHG change,

namely IAX(e_f(e)l2,-" as a functionof coverage 0. The detailsof this method can

be found in Ref. [3]. A p-in(fundamental)/p-out(SH) polarization geometry is

usually chosen for SHG measurements since this SHG signal is normally the

strongest among ali the different polarization combinations, which is due to the

(2)lm is the dominating component in the nonlinear susceptibilityfact that 7,,zzz_--,

tensor.

If an intense enough laser pulse is applied to the adsorbate-covered

sample surface, it can thermally desorption of the adsorbed atoms or molecules.

The number of adsorbates that remain on the surface can then be measured by

reflection SHG. Consequently, the desorption yield can be determined. By

varying the energy of the laser pulse the relation of the desorption yield versus

desorbing laser energy can be determined.

The set-up for the LITD experiment is shown in Fig.l, where the
ql,

desorbing laser beam is aligned collinearly with the probing laser (for SHG).

The probing beam radius is one tenth that of the desorbing beam and probes

only the central uniform part of the desorbed area. As an example, the
(2)/_i2

measured resultof IAT,,elfWJ_is shownin Fig.2 for CO/Ni(110). The CO
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desorptionyield from Ni(110) as a functionof laser energy is depicted in

Fig.3(a)4.

b) Linear Reflectance Method
=,

A second method for measuringthe desorption yield of laser induced

thermal desorption is linear optical reflectance. As we showed in Ref. [5] the

linear reflectance can be used to monitor the adsorption and desorption

processes in situ.

The experimental setup is shown in Fig.4. Since the adsorbate-induced

signal is low, a lock-in technique is used. A chopped He-Ne beam first passes

through a polarizer and then a Babinet phase compensator. The polarizer is

adjusted to transmit equal intensities from the bare surface reflected p- and s-

polarized light. The phase compensator is adjusted to compensate the phase

shift introduced by the metal surface between the p and s components. In this

way, an analyzer set at 45o with respect to the plane of incidence can cross out

reflected light from the bare metal surface. Because of scattering from various

optical components, this polarization cross-out can be achieved only to 10-5 of

the total reflected light intensity from the surface. A lock-in amplifier can detect

this background with a noise level of 1%. Therefore, a change of 10-7 or larger

in reflection due to adsorption of atomsor molecules on the metal surfacecan

be detected.

With the above set-up, the following quantity

s(e) = I rp(e) Ep- rs(e) EseiA$12+A'
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= I rp(e) -rs(e)12+ z_
rp(0) rs(0)

= IAr(e)12+A, (3)

is measured with _. beingthe scatteredbackground,and rp(e) ( rs(e) .) and Ep

(Es) the field reflectivityat coveragee and the field amplitudefor the p (s)

polarization, respectively. The quantityAS= Sp-_S is the phase shiftbetween

the p and s polarizationsintroducedby the Babinetphase compensator• The

Es eiA$ rp(0) set in the experimenthas been used to obtaintherelation Enn = rs(0)IV

secondequation.The last equationdefines _r(6) = rp(e) rs(e)
rp(0) rs(0)

The principleunderlyingthis methodis simple•lt is well knownthat atoms

or moleculesadsorbedon a metal surface respondto p-polarized lightmuch

morestronglythan to s-polarized light.Fors-polarizedlight, the reflectancefrom

metal surface is almostunityand the phasesbetween the incidentand the

reflected lightare opposite,so that the field immediatelyoutsidethe metal is

nearlyzero. With a moleculeadsorbedat suchpositions,the responsemustbe

veryweak. Forp-polarizedlight,the situationis completelydifferent.The

- boundaryconditionsat the metal surface do notrequirethe field at the surface

to be zero. Thiscomponent inducesa polarizationon the adsorbed molecules

" and causes rp(e) to differ appreciably from rp(O).Therefore, the quantityM(O)

is finite.
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Althoughthe principleis describedfor a metal substrate,it is valid for

any materialwith a high indexof refractionsuch as semiconductors.

Es eiA_ -_ can never be met exactly due
In practice, _,i°_econdition _ = rs(0)

to mis-adjustment. If we introduce two parameters, 8am and 8ph, to represent

the mis-adjustment for the amplitude and the phase, respectively:

Es eiA$ rp(0)rs(0)(1+ 8am) eiSph then the final form of the measured signal is:
=

Lp

S(e)o,{irp (e) rs(e) iSp 12}rp(0) " rs(0) (1+Sam) e h +A

0, {IAr(e)-Sam-iSphl 2 }+A. (4)

Unlike the background A, which is incoherentwith respect to Ar(0), the

misadjustment terms 8am and 8ph are coherent with respect to z_r(e).They can

be exploited in a heterodyne technique to improve the sensitivity of measuring

_r(e) by about one order of magnitude5.

To reach the highest sensitivityof measuring Ar(0), in principle, 8am and

8ph should be chosen as large as possible so that the signal is dominated by

the interfering term 2Re{(Sam + iSph)_r(0)}. Unfortunately, along with the

enhancement in signal, 8am and 8ph also contribute to the noise significantly "

through the term 18am-iSphl2 . Therefore the compromised values of 18am12

and 18ph12should be on the order of lx10 -5 of the reflected light intensity.
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As mentioned earlier, the minimum reflectancechange S(0) we are able

to measureis 10-7 of the reflected lightintensity. Althoughit is two ordersof

magnitudebetter than other schemesfor measuringAR(0)/R 6,7, the sensitivity

of measuringAr(e)is onlycomparableto those schemes, in whichthe effective,lh

5am and 8ph have been chosennearlyunityand therefore the strengthof the

. signal2Re{(Sam + iSph)Ar(0)}is correspondinglyabouttwo ordersof magnitude

larger. As a result,our schemehas notimprovedthe sensitivityfor Ar(0).The

advantage here is the simplicityof the set-up.

With this linear reflectancetechnique,we measuredthe adsorptionand

the laser inducedthermal desorptionfor CO/Ni(110). In Fig. 5 we plotthe

differentialreflectancesignal S(0(t)) as a functionof time. The signal increases

as we dose CO onto the Ni(110) surfaceuntilsaturation,whichcorrespondsto a

full CO monolayer.At time t-..350sec a stronglaser pulsewith 1.1J/cm2 is

appliedto desorbCO from the surface. Immediatelythe signaldropsto a low

level whichcorrespondsto a lowCO coverage.At time t=410sec the signal

recoversas moreCO moleculesare adsorbedonto the surface untilsaturation

is reachedagain. A second laser pulsewith 0.9J/cm2 is appliedsome time later

and the signal drop is less, correspondingto a i_duc_d CO desorption.

With a calibrated relation between coverage and exposure time as

obtained by TDS2, the differential reflectance signal s(e(t))can be related to

CO coverage. In Fig. 6, the desorption yield is shown as a function of

• desorption laser energy for three different initial coverages. The accuracy in

determiningthe #,esorptionyield is better than 0.05 monolayer,which is much

betterthan reflection SHG. In principlea sensitivityof 0.01 monolayercan be

achieved.We are basicallylimitedby the longterm instabilityfrom mechanical

driftsof the opticsand sample inourset-up.
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c) Laser Heating Model and Laser Induced Thermal Desorption

The reasonthat a laser pulsecan desorb adsorbedatomsor moleculesfrom ,

the surfaceis that the laser heatsupthe surfacein a very shorttime. Models

have been developedfor thisprocess8. In ali the models,the absorbed laser

energy is instantaneouslyconvertedinto heat, which resultsin an increase in

the surfacetemperature.The equationsthat govern this temperaturechange

are the heat-conductionequationand the Fouri_r's law:

A(r,t) (5)V.J(r,t) + pCp o_t = '

J(r,t) =- K V'l'(r,t), (6)

where p, Cp, K are the density,heat Capacityand heat conductanceof the

substrate, respectivelyand J is the heat flux.The laser heatingeffect is

representedby the sourceterm A(r,t), or by boundary conditions,dependingon

the model.The two equationsabove can be combined into a diffusionequation

V2T(r,t). ] o_T(r,t) A(r,t)K o_t =" K ' (7)

with K=K/pCp,the heat diffusionconstant. Inour situationthe laser spot is

usuallyvery large comparedwiththe heat diffusionlengthP,~(K_p)1/2~11_.

Therefore the lateral heat diffusionon the time scale of laser pulse duration_p

can be neglected and the lateraltemperaturedependencecan be treated

quasi-statically. This reducesthe heat diffusionequationto a one dimension.
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There are two commonways to treat the laser heatingeffect:one is called

surface heating,the other, volumeheating. Inthe surface heatingmodel, the

source term is assumedto be a delta functionand can be effectively

, representedby a boundarycondition

- KdTd(rzt) Iz__0 =-(1-R)l(r,t)lz=0 , (8)

where R is the reflectance,and I(r,t) isthe laserintensityat the surface. Using

the fact thatthe temperaturefar into the bulkof the substrateisconstant, the

surface temperature rise is givenby

t exp(-t'2/_p)
AT(t) = AE(r) (1 - R) cos 1 dt'

einc"_1:p -ooJ" _ , (9)"_l_pCpK _/ t - t'

where AE/_, is the laser energy impingingon the surface, and 0inc is the

incidentangle. For the surface heatingmodelto be valid, the heatdiffusion

lengthP,mustbe muchlongerthan the laser absorptiondepth. This condition

can be met by metals,which have a very highthermalconductivityand a large

absorptioncoefficientfor light.However,for materialssuch as semiconductors,

which have reasonablethermalconductivitybut a low lightabsorption

coefficient,the surfaceheatingmodelmay fail. A betterway to treat the problem

is the volume heatingmodel,whichtakes

A(r,t) = Im(1-R)ocexp(-o.z)f(r)q(t) and

dT(r,t)
dz Iz=0 = 0, (10)
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where functionsf(r), q(t) describethe spatialand temporal shape of the laser

pulse in the medium, Im is the peak intensityat the surface,and a the

absorptioncoefficient.The solutionforthe surfacetemperaturerise is now

given by

lm(1 - R)(X,K t

AT(t) - 2_/'_K f(r) J"dt' exp(-t'2/1:p) exp[Ka2(t-t')]erfc[_K(t-t')]l/2], (11)-OO

where the complementaryerrorfunctionis defined by

O0

2 I exp('x2)dx"
erfc(t) = _ (

In the limit a.>oo, the resultof volume heating model reducesto that of the

surface heating model.

For the laser inducedthermaldesorptionexperimentson CO/Ni(110),

the reflectanceof Ni at the incidentangle 0jnc~0° is R=0.728, the laser pulse

width is Cp= 10nsec, and the density,heat capacityand heat conductanceof

Ni are p =8.902g/cm3, Cp= 6.23cal/moI.Kand K = 91W/m.K, respectively9. With

the desorptionrate of CO fromNi(110) given by a firstorderprocess

=.v_..,_oes,,,B,_t'__ A,_T,_ (12) "dt

v the desorptionpre-exponentialfactor,Edes the desorptionenergy, and kB

the Boltzmannconstant, the thermaldesorptionyield is
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Ae(t) = es 1 - exp( - ve'Ed/kBT(r)dt') . (13)
-OO

In Fig. 7, we have shown the laser-induced surface temperature riseAT(t) and

the desorptionyieldA0(t) from sucha calculation.The desorptionyielddata

- from both methodsnowcan be fit bythe surface heatingmodel.The solid lines

in Fig.3(a) and Fig. 6 are fits of the data usingEqs. (9) and (13). The fitting

parametersfor the desorptiondata with reflectionSHG methodare v = 1x1014

and Edes= 28kcal/mol.For the data withthe linear reflectancemethod, v =

lx1014 and Edes= 30kcal/molfor initialcoverage 00 =1.0 and v = 2x1014 and

Edes= 32kcal/molfor 00=0.50 and 00=0.25. These resultsare in good

agreement with previousmeasurementsby other techniques10.

C. Adsorbate gratings

As pointedout in the introduction,the creationof a monolayergratingis crucial

for diffusionmeasurementswith opticaldiffractionmethods.To make a

monolayeradsorbategrating,we interferedtwo laser beams at the sample

surfaceto producea spatiallymodulatedlightintensitypattern

2_x
. I(x) = Ioll . r cos(--s--)], (14)

where Io isthe average intensity,sthe gratingspacing, r the contrastof the

interferencepattern,and x the coordinateon the surface. With this intensity

profileand the relationof desorptionyieldversus laser intensityfromthe
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measurementsdescribedin section2, the adsorbategrating, namely the

coverageas a functionof x can be mapped out. This is shownin Fig.3.

The diffractionsignal fromthisadsorbategratingcan be estimated. In

the SH diffractioncase, the adsorbate inducedsecondorder nonlinear

susceptibilityAZ (21((])is modulatedby the adsorbategrating8(x) with a

periodicitys, therefore the diffractionsignal of the n-th order is given by

Sn--IAn 12,

1_/2

A lim 2 J2 (e_l(6(x)) 2n_:x
= - exp(iT)dxn L->OO L Z, , (15)

m

(2).
where L is the d;_nensionof the grating.Assuminga simplecase with Zeff(e(x))

= A+B0. The ratio

Sn 1 Ben

S--O~ n2_2 I A+B60 12 (16)

can be estimatedwithknownA, B, 60 and en , where On is the n-thFourier

componentof the adsorbategrating. Since SOcan be easily measuredfor any

systemwithouta gratingon the surface,the diffractionsignalscan then be

estimated by Eq. (16).

In the lineardiffractioncase, the estimateis verysimilar.We onlyhave to

replace Z (62)(e)by the field reflectivityr(0). That is

Sn rn12so - IF°
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~ 1 r(0)- r(0) 12
n2_2 I _(_ , (17)

with rn defined as

. _ 2n_x
r = lim 2 L/2 r(e(x,t))exp(i--_--s))dx, n=0,1,2....
n L->OO L .Lj,_,2

If the absolutechange in the reflectivityis known,the absolutestrengthof the

diffractionsignalcan be estimated.Typically,r(B) - r(0)is about 10-4 - 10-3 so

the firstorderdiffractionsignalwillbe 10-9 - 10-7 of the reflection.

The periodicitys of the gratingis determinedby the angle betweenthe

two interferinglaser beams.Withthe half angledenotedby ¢, the grating

spacingis given by

%
s=_. (Is)

2sine

The choice of this spacingdependson the diffusionrate. As we will see in the

nextsection,the diffusioncoefficientD is relatedto the decaytime constant_of

the nth-orderdiffractionby _ = s 2/8_2n2D. The maximumdecay time constant

we can measure is limitedby the longterm stabilityof the systemand the rate of

contaminationof the samplesurface. Thistime is typicallyone hour.The

minimumdecay time constantis limitedby the data acquisitiontime. In the SH
,B

diffractioncase it is about halfan hour,but in the lineardiffractioncase it can be

lessthan a second, lt isthen seenthat properlyadjustingthe gratingspacing,

the dynamicrange of the diffusioncoefficientwe can measurecan extend from

10"6 to 10"15 cm2/sec.
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The depthof the adsorbategratingshould be chosen accordingto the

signal-to-noiseratioof the diffractionsignaland can be controledby the

intensitiesof the two interferinglaser beams. Typically,an initialsignal-to-noise

ratio of 10 is requiredfor diffusionmeasurementwith 20% accuracyin

determiningthe diffusioncoefficient. For largeresponsesystems the adsorbate

gratingcan be made shallow, i.e., witha smallcoverage modulation. For small

responsesystemsthe adsorbategratingshouldhave a large coverage

modulation. A controlof this coveragemodulationrelieson the controlof the

two laser beams' intensities. Aswe willsee, the linear diffractionmethodhas

the capabilityfor detectingshallowgratings,whilethe SH diffractionmethod

may requirea deep grating.

D. Optical Diffraction as a Probe of Surface Diffusion

a) Second Harmonic Diffraction Probe

In the second harmonicdiffractioncase, the surface specificityof the

signaleliminatesthe backgroundfromthe bulkmetal so that no modulation

scheme is necessary.This can be seen as follows.Since the scatteredlight

intensityin the diffractiondirectionis roughly10"6of the reflectedintensityand

the diffractionsignal is on the orderof 1/10 of the adsorbate-inducedSH

reflectionsignal,the signal-to-backgroundratiois then 105 due to the fact that

the change in SHG signaldue to adsorptionis comparableto the bare surface

signal. The opticalarrangementfor the diffusionexperiment is shownin Fig.8. A

single-modeQ-switchedNd:YAG laser witha pulsewidthof 10nsat 1.061_m

was used for boththe creationof the adsorbategratingand the SH diffraction
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measurement. The detectionof the diffractionsignalrelieson the knowledgeof

the diffractionspotposition.One can calculatethis diffractionSpotpositionfrom

the relation

2_n
kx n(2Oo)=2 Rx (o))+---_, (19)

where kx n(2O0)and kx (co)are the tangentialcomponentsof the wavevectors

for the n-thorderdiffractionsecondharmonicbeam and the incident

fundamentalbeam respectively. In practice,the alignmentof the detection

systemthen is performedusingthe calculatedanglebetween the reflection

directionand the diffractiondirection.

The diffusion of atomsor moleculeson a surfacecan be relatedto the

diffraction signal in a simpleway. The solutionof the one dimensionaldiffusion

equation

- - o_x D , (20)

with a periodicinitial conditioncan be expressed in terms of a Fourierseries

expansion'

OO

e(x,t) = e0 + 7_,6n(t)cos(2n_x/s) • (21)
n=l

Q

If D is assumed to be independent of the coverage 0, we further obtain

53



OO

e(x,t) -e 0 + _ en0COS(2n_x/s)exp( - 4n2_2Dt/s2). (22)n=l

From Eq. (15) we findthe n-th orderdiffraction signalto be

Sn(t) = len12

=Sonexp(- 8_2n2Dt/s2), (23) "

withthe diffusioncoefficient only relatedto the decaytime _ = s 2/8_2n 2D but
(2)

notto the signalstrengthif the opticalresponseZeff(0(x)) is linear withthe

coverage_. With this importantresult the diffusioncoefficientmeasurement

can be achieved simplyby measuringthe diffractionsignaldecay.

b) Linear Diffraction Probe

The disadvantage of SH diffraction is that the nonlinear optical processis

usuallyvery weak so the signalstrengthcan be very small. However, linear

opticalprocessescan have tremendouslystrongerresponsethan SHG. The

difficultyin applying lineardiffractionfor probingsurfacediffusionis that the

signal from a monolayergratingof adsorbatesis buriedin a muchstronger

scatteredbackground,which is typically10"6of the reflectedintensity. This
m

rendersa direct measurementof diffractionsignaldifficult.

To overcome thisdifficulty,we have to use a methodin which the

diffractedsignal is modulateddifferently from the scatteredbackground.One

way to achievethis is polarizationmodulation. If we realize that the scattered

backgroundlightis arisingfrom the roughnessof the surface and the defects in
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the bulk, then the intensity is not stronglydependenton the incident light

polarization. In contrast,the diffractionsignal from a monolayergratingis a

responseto the electricfield at the surfaceand therefore is stronglypolarization

. dependent. Fors-polarizationthe electricfield at the surface is almost zero, for

p-polarizationthe electricfield at the surface is nonzero.Therefore, modulating

" the polarizationof the incidentlight suppressesthe scatteredbackground.The

suppresscan be achievedto as muchas a factorof 105. With a signalstrength

comparablewiththe backgroundthe signal-to-backgroundratio is about 105.

Inthis way, the sensitivityof detectinga monolayergratingwith optical linear

diffractionis greatlyenhancedcomparedto the SH diffractioncase.

The lineardiffractionset-up is shownin Fig. 9. A polarizedHe-Ne beam

(5mW) firstpassesthrougha photoelasticmodulatorwhich modulatesthe

polarizationsinusuodally at 50kHz. Then the beam is enlarged by about a

factorof 3 witha telescope. This beamis slightlyfocusedby a 2m lens ontothe

sample surface.A PMT detectoris alignedin the first orderdiffractiondirection

by usingthe relation

s(sinen-Sine0)=n_,, (24)

where en is the n-th order diffractionangle, e0 is the incident angle, and n= +1

for the first order diffraction. Experimentally, this direction can also be

determined if a permanent grating is created with the two interfering beams.

The diffusion coefficient is deduced in the same way as in the SH diffraction

case. The diffraction signal detected by the set-up in Fig. 8 is expressed as

- 12Is (25)Sn =lrnpl 2 lp Irns ,
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2 L/2 2n_x

with rnK=L.>oolimE -_2 r_(0(x)) exp(i_))dx, for K= s,p.

With the incident light being polarization modulatedto give intensities

lp*. I Epl2 cos2 (_sinot+$0) ,

Is" I Es12sin2 (_sino}t+$0), (26)

with _ the phase modulationamplitude,o the modulationfrequency, and $0 the

residual phase inthe modulator,the lock-inamplifiarthen detects a signalof

Vp + Vs Vp - Vs c°s(_sino}t+$0)' (27)Sn= 2 + 2

with Vp and Vs the diffractionsignalstrength for p and s polarizations

respectively.The cosinefunctionin Eq. (27) can be expanded into Fourier

series,and the coefficientsof the Fourierseriesare givenby differentordersof

Bessel functions. With $0=0, onlyeven harmonicshave nonvanishing

coefficientand with $0 =_/2 onlyodd harmonics have nonvanishingcoefficient.

If we desire to measurea signalwiththe fundamentalfrequency, the phase _0

=_/2 has to be introducedwith a quarterwave plate.

The optical diffraction methods off an adsorbate grating for surfacediffusion

measurement have a number of very attractive features. First, it involves a

simple one-dimensional diffusion process for which the data analysis is

relatively straightforward. Second, by properly orienting the grating, the
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diffusioncoefficientalong any directionon the surface can be directly

measured. Third,as an opticalmethod,the techniquecan be appliedto a wide

varietyof adsorbate-substratesystems.Fourth,with a tunable probebeam

. selectivelyprobingparticularspecies of adsorbates,surface diffusionof

individualcomponentsof a mixed adsorbate layercan be monitored.This

• allowsthe studyof influenceof surfacediffusionon surface reactions.Finally,

the techniquecan be used to studyother formsof surface diffusionsuchas

diffusionof electronicor vibrationalexcitations.

E. Measuring Coverage Dependence of Diffusion

In order to studythe coveragedependenceof diffusion,two schemes are

considered.The firstscheme is simple and easily implemented.The second

one involvessome carefulconsiderationsand at presentstill is difficultto

implement.

In the first scheme, we make an adsorbategratingwith shallowdepth AO.

Upon establishinga uniformcoverageof adsorbatesthroughdosing, we use

two laser beams with predescribedintensitiesto interfere at the surface. The

intensitiesof the two beams are chosen so that onlya littledesorptiontakes

. place to create an adsorbategratingwith a smallmodulationdepth Ae. The

choiceof thisdepth is limitedby the strengthof the diffractionsignalfor the

specificsystemunderstudy. In the CO/Ni(110) case, the depth ischosento be

0.05 ML. With such a shallowgratingthe diffusioncoefficientcan be verywell

approximatedas a constantand can be describedby Eq. (23). With varying
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initialcoverages the dependence of the diffusioncoefficientwith coverage can

be determined.

The second scheme for coveragedependent diffusionstudy is principally

the same as the Boltzmann-Matanomethod12,wherea step coverage was

initiallycreated. With laser desorptionby a spatiallymodulated intensity,a

singlestepcoverage profileis difficultto achieve and even if it is achieved,the

diffractionsignalwouldbe very weak. Naturally,a seriesof step-likecoverage

profileswith a periodicitydefined by the interferingbeams can be easily

realized by choosinga large enoughintensitymodulation.If we can detect not

onlythe firstorder diffractionsignalbut also ali the higherorders, in principle,

the evolutionof the coverageprofilecan be determined.With this known

coverageprofile as a functionof time, it is possiblefor us to solve the diffusion

equation numericallyand find the coverage dependentdiffusioncoefficient.

To examine thisclearly, let us startwiththe Fourierexpansionsof the

coverage and the diffusioncoefficient

OO

e(x,t) = e0 + T., 9n(t)cos(2n_x/s), (28)
n=l

D(e(x,t)) = DO+ _ Dn(t)cos(2n_x/s). (29)
n=l

Assumingthe Fouriercomponentsas functionsof time in the expansionof

coverage are knownfrom the multiplediffractionmeasurements,then

substitutingthem intothe diffusionequation,
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aB
_-ax D ,

we obtain
e

oo a0n(t)
7., _ cos(2n_x/s)

" n=O at

n{,nItlcosIn'xsloS00nCtl°sl2nxsl•

Bycarrying out the derivatives and collectingthe terms with the same base

function, we can show that

aeo(t)
_ _0

aB1(t) _2 7_,n[ Dn+llt)enlt)-Dn.l(t)enlt)]1 n=l

-- _ (D0(t)-_ O2(t)-_ -- 2el(t) ) el(t), (30)

and generally,

a°m(t_) m2x2 1 n,,m)"n[Dn+l(t)On(t)-Dn.1(t)On(t)]

- a2 (D0(I)2 Dm+lit)+ 2em (t) ) 0m(t) •

. (31)

. These are coupled equations for the Dn(t)'s. By solving them we should be able

to obtain ali the components of Dn. From them we can easily construct
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OO

D(e(x,t)) = DO+ T.. Dn(t)cos(2n=x/s)
n=l

There are two ways to determineD as a functionof 0 fromthe above equation.

The first one is to sit at a fixedpositionx and watchthe coveragechange as a

functionof time. For any timet, there is a corresponding0 and a corresponding 11

D(0). A complete mappingfor D fromvariablet to 0 can be achieved if the

change of coverage at the chosenpositionx coversthe full range.The second

way is to fixthe time and examinethe coverages at differentpositionswithina

periodof the grating. D(0) can then be mapped outthroughthe variablex.

In orderto complete the discussion,we stillhave to relatethe Fourier

componentsof the coverageto ali differentordersof diffractionsignals.For such

a purposewe need to knowthe coverage dependentreflectivityr(0) first.This

can be approximatelymeasuredby the methodwe discussedin section2. For

an adsorbategratinggivenby Eq. (25) we have

OO

r(e(x,t))= ro . T_,rn(t)cos(2n_x/s), (32)
n=l

and the n-th order diffractionsignal isdirectlyproportionalto the Irn(t)l2. To

relate these measuredquantitiesto the Fouriercomponentsof coverage en(t),

we ultilizethe inverse function0(r) of r(0) and then solvethem interms of rn(t).

,o

To elaborate on this point further, let us expand r(0) into a powerseries,

r(e)= T.,an(0-60 )n (33)n=O
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around the average coverage 00. Substitutingthe Fourier expansions for

boththe coverageand the reflectivityintothe above equation,we can then

relate the measuredquantitiesrn(t) to en(t). One importantpoint isthat the

" phasesof the Fouriercomponentsof the reflectivityare notdirectlymeasurable

sinceonlythe diffractionintensitywas measuredand notthe diffractionfield. In

simplecases suchas a real functionaldependence, the phasesreduce to plus

or minus and it is possibleto determinethem by constructinga self consistent

coverage evolutionprofile. In more complicatedsituationsdirectdetermination

of phases is needed.This is yet to be solvedinthis multiplediffractionscheme.

Despite the difficultiesin the secondscheme, it is stillvery intriguing.

With a slightlycomplicatedset-upto measureali the ordersof diffraction,

coveragedependentdiffusioncoefficientmeasurement requiresthe creationof

only one singlegrating.The data analysisis then supposedto give complete

informationon D(e) with 0 almostas a continuousvariable.This is certainly in

strongcontrastwiththe firstscheme, where the coveragedependence

measurementis done by varyingthe initialcoverage. Since it can save a

tremendousamountof experimentaltime, the secondscheme is attractive.The

additionalproblemis that if the diffusioncoefficientis not onlydependentoil the

. coverage butalso the coveragegradient,then the measuredD(O) inthe two

schemescan be different. Even thoughtheoreticallyit is possible,practically,

" that effect may be very small as comparedto the coverage dependence itself.
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Figure Captions

Figure 1" Opticalset-upfor experimentusingopticalsecond harmonic

- generationto probe laser inducedthermaldesorption.F1 and F2 are color

filtersand Q is a quartz plate employedto cancel the SHG signalfrom the bare

Ni(110) surfaceby interference.

Figure2: J&X(e2)(e)j2versuscoverage 0 measuredby SHG withthe plane of

m

incidence parallelto [110] and the p-in/p-outpolarizationcombination.

Figure3: (a) Desorptionmass yieldversusdesorbinglaser energyas

measuredby laserinducedthermaldesorption.The solid line is a theoretical

calculationfrom Eq. (3) with _=1x1014 and Edes=28kcal/mol.The dashed line

alongthe data pointsis for eyeguide;(b) Laser energy distributionat the surface

from two interfering laser beams; (c) The resultingcoveragegratingcreated by

the laser energydistributionin (b).

Figure4: Sketchof the experimental set-upfor differentialreflectance

measurement.P is the polarizer,A the analyzer, and C the phase compensator.
D

Figure5: DifferentialreflectancesignalS(e(t)) versustime for CO adsorption(at
i.

CO pressure2.5x10-8 torr) and laser inducedthermaldesorptionkineticson

Ni(110) surface.
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Figure6" Laser inducedthermaldesorptionyieldversus laser energy for

CO/Ni(110) systemat three differentinitialcoverages:e0=0.25, 00=0.5, and

e0=1.0. The solidcurvesare fits from a simplethermaldesorptionmodel

discussedin the text.
o

Figure7: Surface temperature rise AT(t) and laser-induceddesorptionyield

Ae(t)as a function of time calculatedfrom Eq.(9) and(13). The laserenergyand

the desorptionparametersused for the calculationare 1.0J/cm2 and v = lx1014

and Edes= 30kcal/mol respectively.The surfacetemperature levelsat a

differentvalue from itsinitialone due to the fact that no heat dissipation

mechanism has been introducedin the model.

Figure8: Experimentalset-up for surface diffusionexperimentwith SH

diffractiondetection. A single laser shotat 1.061_mis alwaysused to generate

an adsorbategrating.The decay of the gratingis monitoredby the first-orderSH

diffraction usingthe 0.532_m probebeam.

Figure9: Schematicof the experimentalarrangementfor detectionof first-order

linear diffractionfrom a monolayergratingon Ni(110). The He-Ne laser has

been polarization-modulatedby entering intothe chamber. The diffraction angle

with respect to reflectioncan be calculated.
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IV. Optical Second Harmonic Diffraction Study of Anisotropic

Surface Diffusion: CO on Ni(110)

q

A. Introduction

The study of heterogeneoussurfacediffusionis a fundamentalstep

towards understandingthe mechanismof manysurface processes,ranging

from associativedesorptionof adsorbates,epitaxialcrystalgrowth,to

catalysis.1,2,3lt can also provideuseful informationabout the effectivesurface

potentialand diffusionpathwaysexperienced by adsorbates.On crystalline

surfaces,the structuralanisotropyis expectedto effect anisotropyin surface

diffusion.Anisotropicsurfacediffusioncan cause preferentialdevelopmentof

surface reactionsin certain formsand is therefore importantin the practical

considerationof controllingsurfacereactions.Surprisingly,despite its

importance,researcheffort on anisotropicsurfacediffusionso far has been

rather limited.This is presumablydue to limitationin the existingexperimental

techniques.

In thischapter ! willpresentan anisotropicsurfacediffusionstudy using

the SH diffractionoff a monolayergratingtechnique.As discussedin chapter III,

this methodis particularlysuitablefor surfacediffusionanisotropystudy.The

systemchosento demonstratethe techniqueis CO/Ni(110).4 The Ni(110)

surface hasa rowstructurewith atomscloselypacked in the [lT0] direction
==

(see Fig. 1). The CO moleculescan adsorb witnalmost equal probabilitieson

both top andshort-bridgesitesup to a coverageof 0=0.85.5 For0>0.85, the CO

moleculesare pushedtc the short-bridgesiteto form zig-zag chainsalong the

[11-0]rowswith adjacentCO moleculesdisplaced inthe [001] and [00TJ
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directionsrespectively6. At a fullcoverage,the tilt angleof CO molecularaxis

with respectto the surfacenormalis -200 andthe adsorbatestructureappears

as 2xl .6 Obviously,surface diffusionof CO on Ni(110) at ali coveragesmustbe

anisotropic.At an average CO coverageof 60-0.5 we can expect diffusion
iJ

along [11-0] as jumpingfromtop or short-bridgesitesto short-bridgeor top

• sites;andalong [001] as jumpingfrom top sitesto top sites and fromshort-

bridgesitesto short-bridgesites.Thus one wouldanticipatethe existenceof two

independentdiffusionchannels,one along [110] and the otheralong [001].

They were indeed identifiedin our experiment.The diffusionenergiesand the

pre-exponentialfactorsfor the two channelswere deduced. Both of them show

stronganisotropy,namely, the diffusionenergy is significantlylargeralong

[001] than along [1i'0], accompaniedby a largerpre-exponentialfactor also

along [001]. Our resultsare howeverapproximatesincethe coverage

dependenceof the diffusioncoefficientshas notbeen taken into accountin the

analysis.The coveragedependenceof surfacediffusionfor CO/Ni(110) willbe

the topicof nextchapter.

B. Experiment

a) Sample Preparation

I,

The experiment was performedinan ultrahighvacuum (UHV) chamber

with a base pressureof 1.0x10"10torr. The singlecrystalNi(110) samplewas

cut and mechanicallypolishedto within0.30 from the (110) plane withthe

miscutalong the [001] direction,and mountedverticallyon a rotatablesample

holdercapable of more than 900 of rotationabout [110]. Beforeany
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measurement,the surfaceof the sample was firstAr+ sputtered(at 1.0xl 0"4torr

with a 500V beam voltagefor approximately30 minutes)at room temperature

untilno impuritycontaminationcouldbe detectedby the Auger electron

spectrometerwithinits detectionlimit(<0.3% for carbon,and <0.5% for sulfur).

The sample was thenannealed at 1070K for a few secondsfollowedby a slow

coolingdownto the measurementtemperature.Rightbeforeeach dosingof CO

the samplewas flash heated to 570K to remove residualadsorbed molecules

fromthe ambient,mostlyhydrogenand CO. The adsorptionof CO on Ni(110)

surfacewas carried out at approximately100K by introducingCO intothe

chamberthrougha leak valve. A sharp lxl LEED pattem was observedfor a

clean Ni(110) surface and a 2xl pattern for a full CO monolayeron Ni(! 10). In

order to avoidpossiblealternationof the surfaceand the adsorbatemonolayer

by the electron beam in the LEED measurement,separatelyprepared

monolayerswere used for the diffusionexperiment.A Chromel-Alumelthermal

couplewelded to the samplewas used to monitorthe sample temperature.The

diffusionexperimentwas conducted in a temperaturerange of 100K to 170K

and was controlled to within2K. The average CO coveragefor ali the diffusion

experimentsat differenttemperaturesand in differentdirectionswas 00-0.5,

with e=l defined as fullCO coveragewithone CO moleculeper Ni atom on the

surface.

N

b) Diffusion Measurement

The opticalarrangementfor diffusionexperimenthas been shown in

Fig.8 of chapter III. A single-modeQ-switchedNd:YAG laserwith a pulsewidth

of 10ns at 1.06mm was usedfor boththe monolayergratingcreationand the
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SH diffractionmeasureme.nt.To create a CO monolayergrating on Ni(110), the

1.06mm beam was split it,totwo andthen recombinedat incidentangles of

$=±1.50owithan overlapping area of ~2mm in diameter onthe Ni(110) surface

fullycovered by CO. The gratingperiodwas s=Z/2sin_~20_m. The two beams'

intensitieswere chosen so that the average intensityI0 correspondedto a

- desorptionyield of 0.5ML, and the contrastof r=0.53 was enoughto modulate

the adsorbatefrom full coverage to zero coverage, makinga square-wave-like

pattern.This kindof gratingcouldyieldthe highestSH diffractionsignal.

To probethe diffusion,a frequency-doubledlaser beam at 0.532_m from the

Nd:YAG laserwas used. Its intensitywas ~1/10 that of the desorbingbeam. The

beam was incidentat 700 with respectto the surface normaland the first-order

second harmonic(SH) diffractionfrom the CO gratingwas detectedas a

functionof time in order to probethe decay of the CO gratingvia CO diffusion.

The probebeam was not strongenoughto desorbCO from Ni, as could be

checked by monitoringSHG in the specularlyreflecteddirection.Alternatively,

thiswas made sure by creatinga CO adsorbategrating inthe [001] directionat

~100K and monitoringthe change inthe first-orderSH diffraction.No change

was found for several hours,indicatingthat diffusion,desorption,and

adsorptionof CO are ali negligiblein that circumstance.The diffusioncoefficient

couldbe deduced from the decay of the diffractedSH signal.

In comparisonwith CO/Ni(111) diffusion, the CO-inducedSHG from

• Ni(110) is 4~5 times smallerthan that from Ni(111)7'8'9. The desorptionenergy

range is also very narrowfor CO on Ni(110) as opposedto CO on Ni(111)10. In

• the presentcase, the desorptionlaser energyhas to be controlledto within

2~3% of 1.24J/crn2 in order to create a good gratingthat can yielda reasonable

SH diffractionlevel (~80counts/5min,with S/N~10 in our measurement).These

reasonsmake the surface diffusionexperimentof CO/Ni(110) ratherdifficult.
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Moreover, for gratingsalongdifferentcrystallineorientations,the SH diffraction

signal may differby about 10% because the p-in/p-outSH responsewiththe

plane of incidenceparallelto differentcrystallinedirectionsinvolvedifferent

componentsof the second-ordernonlinearsusceptibilitytensor Z (2)(0)• For 9

X_2 (2) (2),and .(2 )instance, )is a linear combinationof ZZZZ, Zxzx X;zxxif the plane

- _(2) _ (2)
of incidenceis parallelto [110] and a linear combinationof Xzzz, Zyzy, and

(2) if the plane of incidenceis parallelto [001]. Nevertheless, thisZ zyy

magnitudedifferencewouldnot affect the diffusioncoefficientmeasurement

since it affectedthe signalstrengthbut notthe decaytime constant,whichis

directlyrelatedto the diffusioncoefficientas has been seen in Chapter III.

The diffusionanisotropywas measuredin the followingway. For

measurementof CO diffusionalong a selected directionon Ni(110), the sample

was rotatedto have that directionin the plane of incidenceof the desorbing

laser beams. The CO monolayergratingon the surface couldthen be created

by the methoddescribedin Chapter II1.The diffusionmeasurement along such

a chosen directionwas subsequentlycarriedout at a few temperatures in order

to find the temperaturedependenceof the diffusioncoefficientD(T).

Measurementswere performed for CO diffusionnotonly along the principal

axes of Ni(110) but also along othel directionsof interest.

C. Relations Between Diffusion Coefficient and the SH Diffraction

Signal

Surface diffusionis generallycharacterizedby a rank-2 diffusion
(-..>

coefficient tensor D which is relatedto the particleflux J and the surface
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concentration C by

j= -b'.v c. (1)

1)

The tensorcan be diagonalizedalong symmetryaxes in the surface. For the

• case of Ni(110) the axes for diagonalizationare [110]and [001], so that we

have

,/O,o,O,o/= D[001 ] "

!

Thus for surface diffusion along a directionat an angle _ away from [110], the

diffusion coefficient is given by

2_ sin 2_.
D($) = D[1-_o] cos + D[OOl] (3)

As discussedin the Chapter III, we are interestedin observing surface

diffusion from the time-dependent smearing of a monolayer grating of

adsorbates. In this case, surface diffusion is governed by the one-dimensional

diffusion equation

" _-= _-xD , (4)

with a periodic initial condition. In the case of coverage ir_JependentD the

solution is
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oo

e(x,t) = e0 + T_,en(t)cos(2n_x/s)
n=l

oo 0
= e0 + T_,0nCOS(2n_x/s) exp( - 4n2_2Dt/s 2), (5)

n=l

t

O

where Onare constants.More generally, D dependson 0 and the solution

becomes morecomplicated.This willbe discussedlater inthe discussion

section.

The nonlinear susceptibility Xe_)(0)--responsiblefor SHG from a CO

covered Ni(110) surface can be separatedintotwo parts, one from the bare

metal substrate,and the other from the adsorbate-inducedcontributionwhich

depends on coverage'

If O(x) is periodic in x, then Xe_2)(O)is also periodic in x, and can be written as

oo

(2 (2.)/0*eff)(e(x)) = Zeft_ )+ ,T_,An(t) cos(2n_x/s) (7)
n=O

with

LI2

lim 2 r ( 2 2n_xAn = L.>Oo _ J Zeff)(e(x)) exp(i--_)dx . (8)
-L/2
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SHG from such a susceptibilitygratingappears both in specular reflectionand

in diffraction.The specularly reflected SH signalis proportional to

Ix_f_)(0) + A012 and the nth-order diffractedSH signal is proportionalto IAn12

Considerthe simple case that AXe_)(e)is linearly proportionalto the
9

coverage e. Then A = e and the nth-orderSH diffraction is given by
• n n

Sn(t) = len12

=Son exp( - 8_2n 2Dt/s 2) , (9)

From the time constantof the exponentialdecay of the diffractedSH signal,the

diffusioncoefficientD can be deduced. Note that the decay time constantis
(2)

independentof _thegratingpatternexcept the gratingspacings. If &xeff(e) is

not linearlyproportionalto 0, the situationagain becomes more complicatedas

Sn(t) is no longerproportionalto len(t)l2. The decay of Sn(t) would appear
as

multi-exponential.This will be discussedin the discussionsection.

D. Experimental Results

The measured data of the first-order SH diffraction signal versus time

from CO monolayer gratings on Ni(110) along three different directions, [110]

. ($=0°), [001] ($=90°), and _=45 °, are presented in Fig. 2(a), 2(b), and 2(c),

respectively. Assuming that Eq. (9) is valid, we fit the data at each temperature

by a single exponential, as shown by the solid curves in Fig. 2. From the fit and

using Eq. (9) with n=l, we can deduce the decay time constant and hence the
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diffusioncoefficient D(T) (withs=201_m).The fluctuationof the data pointswas

mainlydue to the poorsignal-to-noiseratio.The uncertaintyin determiningthe

diffusioncoefficientD is around_40%.

The deduceddiffusioncoefficientD versus1/r is plottedin Fig. 3 for CO lt

diffusionalong the threespecificdirectionson Ni(110). The resultsfor diffusion

alongthe orthogonaldirections,[11-0]and [001], are well describedby the

Arrheniusform,

D = DOexp(-Eclifl/kBT) . (10)

This indicatesthat CO diffusion on Ni(110) has two distinct channels, one along

[110] and the other along[001].The fit of Eq. (10) to the data points in Fig.3

yields

w

along [110]" Ediff([110])= 1.1 +_0.2 kcal/mol,(0.048eV)

Do([11-0])= (3.8 + 2.0)x 109cm2/sec;

along [001]" Ediff([001])= 3.1 :t:0.4 kcal/mol,(0.134eV)

Do([001])= (4.8 + 4.4)x 10"6cm2/sec.

That surface diffusionof CO on Ni(110) is anisotropicis obviousfrom the above

results.For diffusionalongthe direction(I)=45°, we expect from Eq. (3)

D((t)=45°) = _ (D[1-_o] + D[o01]) . (1 1)
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Plottedin Fig.3, Eq. (11) fitsthe experimentaldata veryweil. Note that

twocombinedexponentialfunctionsof 1/1"are neededto describeD((l)=45°).

This further supportsthe pictureof two orthogonalindependentdiffusion

channelsof CO on Ni(110).

Figure4 depictsthe measuredD as a functionof the diffusiondirection

, specifiedby (I)at fixedtemperatureT~110K. The solidcurvecalculatedfrom Eq.

(3) is also in good agreementwiththe data. The diffusionanisotropyat T =110K

is obviouslyvery significant.

E. Discussion

In deducing the diffusioncoefficient D from our experiment, we have

made a number of simplifying assumptions (see Sec. C). In this section, we

shall first consider the effects of those assumptions and other possible

experimental complications before we discuss the implication of the

experimental results.

a) Heating Effect From the Probing Beam

. One may wonder if the laser beam usedto probe the monolayergrating

wouldheat up the sample surfaceand significantlyaffect the surfacediffusionof

" the adsorbates. In ourmeasurements,the fluence_f the probe laser pulsewas

~0.1 J/cm2. UsingEq. (9)in Chapter III, we estimatea maximumtemperature

riseof 65K for the Ni surface at t~10nsecdue to laser heatiag.This temperature

risedecaysaway to AT<10K at t~40 nsec. From Eq. (10), we find D(T+AT)/D(T)
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= 10 to 500 for a temperature rangeof T ~100 to 170K withAT= 65K if Ediff= 3.1

kcal/mol.The excess mean squaredisplacementresultingfrom D(T+AT) during
8t

the heatingperiod of 8t~40nsec is given by A<x2> = j' 2{D(T+AT)-D(T)}dt
0

~2D(T+AT)St. This is negligiblecomparedto the mean square displacement

2D(T)At of CO molecules duringthe periodAt = 0.1sec between two

successivelaserpulses.For smallerEdiff,the effectis even smaller.Thus we

can concludethat the probe laser heatingeffect is insignificantin our surface

diffusionmeasurements.

b) Coverage Dependence of Nonlinear Susceptibility

(2),
In the data analysis,we assumed AX,eff_0) is linear in 0. This is not

true in general and is a poorapproximationfor CO on Ni(110) as seen in Fig. 2

of Chapter II1.As mentionedbrieflyin Sec. C, the nonlinear relationbetween

AZeff 0) and e may cause the first-orderSH diffractionto decay multi-

(2)1eexponentially or non-exponentially. This can be seen by expanding &_ff_ )

into power series of (0 - 80), where 00 is the average surface coverage of the

monolayer grating.
,i,

(2 (2)_,_ 1
"xeff)(e) = _:Xe,f'"o) + (eeo) + I (e-eo)2+

o
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1
1

+ 6 _ de3 o(ee°)3* (12)

From Eq. (8), the first-orderSH diffractionamplitudetakes the form

A1(t)= _ _-_ )%e 10exp( - t/2_)+

o"1 0 0 2 21t/2_

+ 2 L de2 m=l'T"ernOrn+lexp( - [m +(m+ 1 )

J J

(2)
(d3AZeff

8_L 0 O0

+ { ,T., emenern+n+lexp(-[m2+n2+(m+n+l)2]t/2_)
de3 0 (m,n)=l

+ 3'. emenOm+n.lexp(-[m2+n2+(m+n-1)2]t/21;) }(ro,n)=1

+ ...... , (13)

o o
where _ = s 2/8_2D and D is assumed constant. Since generally, em+l < 0m

• <1/2 for m>l, we expectthat the higher-ordertermscan be appreciablysmaller

than the firstterm in Eq. (13). The two leading correction terms are

Zeff)/de2) 0 0" ele2exp(-5t/2_ ), and _'( Zeff)/d
eo o0

x exp(-3 t/2_). For t>_/2, they are further reduced by factors larger than

e-5/4 and e "3/4, respectively. Thus we can conclude that if A_el_)(e)'- can be
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approximatedby a powerseries expansionof Eq. (12) and if the data analysis

putsmoreemphasison the diffractiondata at later times, thena single-

(d ;exponentialdecay of the diffractionwith A_ e)=A .)(e0)+ AT,eff)/d6
0

x(e-eo) is a fair approximation.In principle,one can make grating groove
(2

sufficientlyshallow to render Azefft6) 0<(9-60) SOthat the decay would I

certainly be single exponential.Unfortunately, limitedby the diffractionsignal

strengthwhich is proportionalto I_fte)l 2, this may not always be possible.

(2
For the case of CO on Ni(110), the experimentaldata of Azeff_e) can be

approximatedby (see Fig.2 of Chapter III)

(2)/0 = _ _ _ ...,AZ eff_ ) 0.707 + 0.707(0 - 0O) 0.354(0 00)2 + 0.354(0 00)3 + (14)

with 60=0.5. If we assume an initialCO monolayergratingof the rectangular

periodicform

oo 2 n_
O(x) = 0.5 + 7_,-- sin(--2-) cos(2n_x/s), (15)n=1n_

Then we can show from Eq. (13) that by keeping only the first term in Eq. (13),

the decays calculated from IAl(t)l 2 with t_>0,tz_/2, and t__ are 22%, 4%, and
4

1% slower than the real case.

In deducing D from fitting our experimental data with IAl(t)l 2, we

recognized the poor signal-to-noise ratio at large t. We therefore fit the data with

a single exponential starting from t=0, knowing that the deduced value of D

could be larger than the real value by about 22%. This is especially true for the
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lower temperaturecases, where lessdata with t>¢12are available because of

larger_. These systematicerrorsmake ourdeduceddiffusionactivation

energiesand pre-exponentialfactorssomewhatsmaller than their real values.

c) Coverage Dependence of Diffusion Coefficient

The diffusioncoefficientgenerallyalso dependson the surface coverage

of adsorbateswhichwe have neglectedin our data analysis. If the dependence

of D on 0 is strongand the gratinggroovedepthis deep, then even with

_X,ef e) linear in e, the first-order SH diffractionwill not have a single

exponentialdecay. This is seenas follows.

Assume D(e) can be describedby a powerseries

D(e) = D(e0)[l+dl(e-e0)+ d2(0-00)2 + ... ]. (16)

From Eqs. (4) and (5), we find,

ae1 __.2_2 1 1 3

a---_-=- a2 D(eO) [ e1 + _ d I e le 2 + _- d2e 1 + ... ] (1 7)

ac2 4_2 1 2 1 1

, a--_ =- a2 D(Oo)[e 2+4-'dl eI --_-dlele3...].

....,,

lp

lt is obvious that the solution of Eq. (17) will give a 0l(t) with a non-exponential

(2)/eor multi-exponentialdecay. Thus even if AZeff , ) o, (0-00) so that Al(t) =
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(d&x_f2)/d0) 01(t)from Eq. (13), the first-orderSH diffractionmay decay
eo

non-exponentially.However, if dlel0 2 and the higher-orderterms in Eq. (17)

are muchsmallerthan 01 , we still have

o_61 _2

a--t-=-a 2 D(e0)el

and hence 81(t) = exp( - t/2_), from which D(00) can be deduced. This can

be achievedwith a sufficientlysmall e2 either from a shallow monolayer
o

gratingwitha small initiale2 or by waiting longenough for 02 to decay to a

small value.

In our experiment,the CO monolayergratingwas square-wave-likewith

a modulationrangingfrom zero to fullcoverage. We estimated0_~0.1. The fact

that the decay of SH diffractioncan be roughlyfit by singleexponentials

suggestsd1<< 20 andd2<< 4. The valuesof D(00) deduced fromthe

experimentare accurateto withina factor of 5 judgingfrom the above

discussion.

As we will see in ChapterV, the diffusioncoefficienthasa strong

coveragedependence and thereforewith a deep modulationon the coverage

gratingourdata analysiscan onlyprovidesome kind of effectivediffusion

coefficientD. What is the meaningof this D? Is it the diffusioncoefficientat the

average coverage? To answer these questions, let us use a coverage

dependentD(e)given by

D(0) = D(0), for 0<c
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I_d e-c /= D(O)ex (T)_ , fore>c (18)

where d(T) is a temperaturedependent constant and decreases as temperature

increases. As we willsee in ChapterV, thiscoverage dependentdiffusion

coefficientD(0) can describeCO diffusionon Ni(110) with c =0.67 quiteweil.

With this D(0), we have solvedthe diffusionequation (Eq. (4)) numericallyfor an

initialsquare-wavecoverage profile. The evolutionof the coverage is shown in

Fig. 5(a) for d=2.5, lt is clear fromthisgraphthat the highcoverageregion

smears out significantlyfasterthan the lowcoverage region, especiallyin the

early time period(t< s2/8_2D(e=0.9) ). The calculatedSH diffractionsignal for

d=2.5 (Eq.(8)) by taking Eq. (14) for AXe_)(0)'-is depicted in Fig. 5(b). The

diffusioncoefficientobtained is ~3.5D(0) ifwe limitthe approximatedata fitting

to decay to only70% of the initialsignaland is ~1.25D(0) if we fit the data

approximatelydownto 5% of the initialsignal.The physicalpicturehere is that

in the earlytime period,diffusionoccurs mostlyin the high coverageregionand

thereforethe diffusioncoefficientdeducedfrom the SH signalcorrespondsto

highcoveragevalues. As time goes on, the weightingof the lowercoverage

(0<0.7) diffusionbecomes largerand largerand bringsthe deduceddiffusion

coefficientcloseto lowcoverage values. This resultclearly demonstratesthat D

deducedfromour measurement,in general, is neither the diffusioncoefficient

at the average coverage (whichshouldbe D(0) in the above case) northat of a

uniqueeffectivecoverage. Dependingon the lengthof the relative timet/_

, (¢=s2/8_2D(0)) in whichthe data has been collected,the deduced D may

correspondto the value at a very highcoverage(if t/_ <<1) or to that at a

somewhat lowercoverage (if t/_ >>1). In particular, the deduced diffusion

coefficientin ourexperimentat low temperaturesappears to correspondto the
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value at high coverages (~0.90ML) since only data during the initial decay

period t << _ were collected,while at hightemperaturesitshouldcorrespondto

a value at relativelylow coverages(~0.7ML) sincedata witht >>_ were

measured.

Guided with thisgeneral argumentand using the coverage dependent

diffusioncoefficients for diffusionalong [lT0] from ChapterV, we have

obtainedthe effective D as a functionof reciprocaltemperature and the results

are shownin Fig. 6(a). lt is seen that the diffusionactivationenergydeduced

from such a set of data can appear lowerthan the realactivationenergy at full

coverage.This is indeedthe case for Ediff [lT0] observed in our SHG

experiment,which is 1.1kcal/molas comparedto 2.0kcal/molat fullcoverage.

Therefore, the diffusionparametersEdiff and DOdeterminedfrom the

experiment are not quantitativelymeaningful.

However, unlike the case of diffusionalong [1i0], the a,ctivationenergy

for CO diffusionalong [001]deduced from the presentset of data is still

comparableto the valueat full coverage (ChapterV), with the former being

3.1kcal/moland the latterbeing2.8kcal/mol. Thiscan be understoodif we

notice that the measured SH signal 17.elf2)(e)12= IZe_2)(0)+ AZ(_)(0)I2

along[001] direction is insensitiveto CO coverage above 0.80ML(Fig. 7). Using

a AZe_f_)(8)"given by Eq. (14) below 0.8ML and by a constantabove 0.80ML,

simulationof CO diffusionwith an initialsquare-wavecoverage profileyields _'

approximatediffusioncoefficientsat towtemperaturescorrespondingto

0<0.8ML (Fig. 6(b)). Becausethe SH diffractionis insensitiveto diffusionof

highcoverages, the measured Ediff [001] appears to be somewhat larger than

the activationenergyat full coverage.
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In principle,we should be able to quantitativelysimulatethe SH

diffraction results by the experimentally measured D(e)from Chapter V.

Unfortunately, we have not succeeded in doing so. A number of reasons could

be responsible for it. First, the accuracy of D(e)was not sufficient for such a

quantitative simulation and the functional form of D(e) given by Eq. (18) was

" only meant as an approximation. Second, the initial coverageof each grating

prepared for SH diffraction experiment was not necessarily the same and their

detail shapes could have affected the decay constants of SH diffraction
(2)cdifferentlyat differenttemperatures.Third, by no means the form of 7eff ,0)

used inthe simulationwas accurateenough. Fourth,and the mostimportantly,

the presentmeasurementswerecarriedout on a differentNi(110) surface from

those presented in Chapter V. With significantlystrongerlaser intensitiesused

to create the adsorbate gratingsinthe presentmeasurements, the Ni(110)

surfacecould be disturbedto a higherdegree. As we will see in Chapter V and

VI, laser-induceddefects may havesignificanteffect ondiffusion.

Q

d) Effects of Surface Defect

Before we discuss the results of our surface diffusion measurements, we

need to know whether they are intrinsic to the Ni(110) surface or dominated by

• defects on the surface. First, consider the effect of point defects. Their density is

presumably around 10-3 to 10"4 of a full monolayer if it is properly annealed. 11

These defect sites are often first covered by adsorbates because of the stronger

binding energy. In our experiment with an average coverage of e0~0.5, the

effect of such point defects may be negligible. The same argument can apply to
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short line defects(ineffective in blockingdiffusionpaths) with lengthsmuch

shorter than the size of the grating.(However, I will presentexperimental

evidence in ChapterVI that rendersabove statements).

Special attentionhas to be paidto linedefects which run acrossthe ,,

sample and are parallelto the adsorbategrating.They can be stepsarising

froma miscutof the sample. Fordiffusionperpendicularto the steps,we have to

considerthe durationsthat the adsorbatemoleculesspendon the terracesand

in traversingthe steps. Let the average trappingtimesof an adsorbatemolecule

on a terrace and at a stepsite be _Tand _S' respectively.The total time for the

moleculeto diffuseacrossa terrace and a step is simplythe sum

_tot = '¢T+ 'CS (1 9)

if Na is the averagewidthof a terrace,a the latticeconstantand also the width

of the steps,and N the average numberof rowsof atoms in a terrace, then from

<x2> - 2Dt, we have (N+1)2a2 = 2 D _tot"With DT and DS denotingthe

diffusioncoefficientsof adsorbatesdiffusingon a terrace and acrossa step,

respectively,we also have N2a2 = 2 DT _T and a2 = 2Ds,¢S. We then find

1 2_tot N2 1 1 1

=(N+l)2a 2 = (N+I) 2 DT +(N+I) 2 DS ' (20)

For the stepsto dominatein the surfacediffusion,we musthave DS << DT/N2.

In ourcase, the Ni(110) surface hada 0.30 miscutalongthe [001]

direction. This leads to an average terrace width of N~70. If we assume that the

trial frequencies (pre-exponential factors in D) for crossing a step and jumping

over a barrier on a terrace are roughly the same, then DS << DT/N2 leads to
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7 - N2Ds / DT

= 702 exp [ (Ediff(terrace)- Edi_f(step))/kB'r] << 1 (21)

- where Ediff(terrace)and Ediff(step)are the diffusionactivationenergies on a

terrace and acrossa step, respectively. If whatwe measuredin ourexperiment

were a step-dominateddiffusionprocess (7<<1) with Ediff(step)=3.1kcal/molas

obtainedby fitting D = DOexp(- Edift/kBT) to the diffusiondata along[001], then

Eq.(21) dictatesEdiff(terrace)shouldbe smallerthan [Ediff(step)- 8.5kT], which

at T=150K is 0.56kcal/mol. This smallvalue of Ediff(terrace)isonlytwice as

muchas the thermalenergy (0.3kcal/mol)and wouldmake the stable

adsorptionof CO on top and short-bridgesitesof Ni(110) unlikely,contraryto

the experimentalobservation.Therefore, we believe that the measured

diffusionis intrinsicforCO on Ni(110) with7>>1, and the effect of linedefects is

notsignificant.If we assume7=10 we estimatefrom Eq. (21) that Ediff(step)~6

kcal/mol.

e) Diffusion Results

Despite the various systematical errorsdiscussed above in the

• measurement, the diffusion results are very suggestive. First, under similar

conditions for measurements along [110] and [001], for which similar

systematical errors must exist, the anisotropy of the surface diffusion of CO on

Ni(110) has been beautifully shown. Two independent diffusion barriers, one

along [110] the other along [001], have been identified. To our best knowledge,
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this is the first direct observation of anisotropicheterogeneousmolecular

diffusion with two independent channels.

The two diffusion activation energies along [110] and [001] are clearly

different,with the barrier along [001] higherthan that along [110]. Qualitatively, ,,

this is understandablesince the Ni atoms form closelypacked rowsalong [1i'0]

and the resultingsurface potentialseen by a CO which is adsorbedon the Ni

rows isthen expected to be lesscorrugated. A theoreticalcalculationby Doyen

and Ertl indeed predicteda surface potentialvariationof --1.25 kcal/molalong

[11-0]and ~2.25kcal/mol along the [001] direction12.The experimental

observationof streak-like c(4x2) andc(8x2) LEED patternsby Behm et al,

which was interpretedas a consequenceof CO occupationat intermediate

positionsotherthan the highsymmetry sites (on-topand short-bridgesites)

along [1i0] direction,further indicatedthat the potentialcorrugationalong [1i'0]

is smootherthan that along [001] 13 .

The deduced diffusionpreexponentialfactorsalong the two directions

are also anisotropic,however,the systematicalerrorsmay have contributedto it

to some largerextent than to the diffusionactivationenergy. Therefore, any

quantitativediscussionon them is not very meaningful. The detaildiscussionof

the implicationof CO surface diffusionon Ni(110) shouldbe postponeduntil

betterqualitydata are available(see Chapter V).

In comparisonwith adatom diffusionof metal atomson the (110) plane of

fcc crystalssuchas Ni/Ni(110), Pt/Pt(110), Ir/Pt(110), lr/lr(110) andW/lr(110), in

whichtwo distinctchannelswith adatoms hoppingalong the atomic rowsof the
lh

substrateor exchanging withsubstrateatoms (concertedmotion)to go across

the rows3, we can concludethat the diffusionpathsfor CO/Ni(110) are as

follows:alongthe [110] direction,a CO molecule hopssuccessivelyfroma
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short-bridge (or on-top) site to a neighboringon-top (or short-bridge) site, then

to a neighboringshort-bridge(on-top)site, and so on; along the [001] direction,

CO hopseither from a shortbridgesitethrougha hollowsite to another short-

bridgesite and so on or from a on-top site through a long-bridge site to another

on-topsite and so on (see Fig. 1).
tr

F. Conclusion

The new technique using SH diffraction from a monolayergrating to

measure surface diffusion is applicable to measure surface diffusion for ali

surfaces and is ideal for studying diffusion on crystailine surfaces with strong

anisotropy. The anisotropic surface diffusion of CO/Ni(110) is used here as a

demonstration. The results indicate unequivocally the existence of two

independent diffusion channels along [001] and [110] with strong anisotropy.

The smaller activation energy for diffusion along [110] is directly associated

with the close-packed rows of Ni atoms along [110]. The various effects that

may influence the data analysis have been discussed.

As seen from the work described here, the monolayer grating technique

has clearly the advantage of involving a simple and straightforward data

analysis in the case with the optical field response linear to coverage and the

diffusion coefficient independent of coverage. This eliminates the need of

• developing a theoryjust for the data analysis as with some other techniques.

However, the presentmethodusingSH diffractionto probe the monolayer
4

gratingoften suffersfrom a poorsignal-to-noiseratio.This makesthe studyof,

for example,coveragedependenceof surface diffusiondifficult, lt is possibleto

greatlyenhance the sensitivityby using linearopticaldiffractioninsteadto

probethe monolayergrating.The coveragedependence of surface diffusionof
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CO/Ni(110) which we have neglected in the presentwork can then be

measured. This is the topic of next chapter.
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Figure Captions

Figure1" Ni(110) surface with (a) c(4x2) and (b) p2gm 2xl CO superstructures

o=_it. The sizesof Ni atoms and CO moleculesare not shownin proportion.

Figure 2" Normalized first-order SH diffraction signal versustime at different

temperaturesfor CO diffusion along (a) [1i0], (b) [001] and (c) the direction

bisecting [110] and [001] on the Ni(110) surface. The solid linesare the

exponentialfits with Eq.(9).

Figure3: DiffusioncoefficientD versusreciprocaltemperature 1/'1"in an

Arrheniusplot for CO diffusionon Ni(110) along [1"10],[001], and the direction

bisectingthe two ($ = 45°). The solidlinesaru least square fits by Eq.(10) and

Eq. (11) with Edifl[110]= 1.1 kcal/mol,Do[110]= 3.8 xl0 -9 cm2/sec,and

Ediff[001]= 3.1 kcal/mol,Do[001]= 4.8 x 10-6cm2/sec.

Figure4: Diffusion coefficient D for CO/Ni(110) as a function of azimuthal angle

away from [110] at T~110K. The solid line is calculated from Eq.(3) using the

diffusion parameters deduced from Fig.3.

Figure 5" (a) Coverage profile evolutionssimulated with a coverage dependent

diffusion coefficientgiven by Eq.(18) with d=2.5. The labeled time are in unit of "

_=s2/8_2D(0), with D(0) definedin Eq. (18). (b) The simulatedSH diffraction
(2).

signal decay with D(e) given by Eq. (18) and _Xeff_e) given by Eq. (14). The

exponential decay curve exp(-t/¢j is shown for comparison.
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Figure6" (a) Simulateddiffusioncoefficientas a function of reciprocal

temperaturealong [110].The two linesare from the resultsthat willbe

presentedin ChapterV. Startingfromthe lowtemperatureend, the first poi;_tis

resultedfrom fit to the simulatedSH diffractionsignal from t=Oto the time with

80% of the initialsignal left (d=5), the secondpointto 50% (d=4), the thirdpoint

" to 40%(d=3), the forth pointto 20%(d=2.5), the fifth pointto 1% (d=1.5). (b)

Same as (a) for D along [001] direction with the first point fit to 85%, second

point to 60%, third point to 40%, forth point to 20%, and the fifth point to 1%.

Figure 7: Reflection SH signal l_el2)(e)l2 as a function of CO coverage for a

polarization combination p(in)/p(out) with (a) t'._ _lane of incidence parallel to

[110], (b) the plane of incidence parallel to [0011i.
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V. Surface Diffusion with Adsorbate-Adsorbate Interaction:

CO/Ni(lI0)

A. Introduction

I

Surface diffusionis of great importanceto many processesin surface

science and have receivedincreasingattentionin the past decade1. For

example, a full understandingchemical reactionson surfaces, surfacecatalysis

and crystalgrowth,ali requiredetailed informationaboutsurface diffusion.

Tracer surface diffusionwhich concernswith a singleadparticlemotioncan

providevaluable knowledgeabout adsorbate-substrateinteraction.However, it

can not accountfor th9 morecomplicateddiffusionprocesses, in whicha large

numberof adsorbedatomsor moleculesare involved. The lattercase, known

as chemical surface diffusion, connects morecloselywiththe real surface

problems•The adsorbate-adsorbateinteractionscan significantlyaffect

chemicaldiffusionand need to be carefullyinvestigated2.

Theoreticalstudieson chemical diffusionwith differentadsorbate-

adsorbate interactionshave been reported in the literature2'3. In these studies,

the adsorbate-adsorbateinteractionsare treated in the frameworkof the lattice

gas model, and often only nearest-ne:chborand the next nearest neighbor

interactionsare included. Interactionsof an adsorbateat the saddle point

(activated complex)with its surroundingadsorbatesare sometimesconsidered

" as weil. However, the originof the adsorbate-adsorbateinteractionshas been

seldom discussedandthe differenceof their effecton moleculesat adsorption

sitesand at saddle points has never been systematicallyexamined. Intuitively,

the inducedpotentialchange by a longrange adsorbate-adsorbateinteraction
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such as dipole-dipole interactionon an adsorptionsite and a saddle point may

only have slightdifferenceand thereforewill not alter the diffusionbarrier height

much. In strongcontrastto this, a shortrange adsorbate-adsorbateinteraction

can affect the potentialat the adsorptionsiteand the saddle point by

significantlydifferentamountand consequentlyalter the barrier height of

diffusion. Experimentally,no directconfirmationof this assertion has been

madeyet.

Inthischapterwe willpresenta coverage dependentstudyfor

anisotropicsurfacediffusionof CO on Ni(110) using a newlydeveloped

technique, namely, the polarization-modulatedlinear opticaldiffractionoff a

monolayeradsorbategrating4. The CO/Ni(110) systemis interestingbecause

the short range adsorbate-adsorbateinteractionoccursonly at high

coverages5. Therefore, the effectsof differenttypesof adsorbate-adsorbate

interactionson surface diffusioncan be studiedby varyingthe CO coverage.

Moreover,the Ni(110) surface is anisotropicand one may wonder if an

anisotropyin the coveragedependenceof surfacediffusionalso exists. Our

resultshave unambiguouslyshownthat the diffusionactivationenergiesare

influencedby the CO-CO short-rangeinteractionbut not by the long-range

dipole-dipoleand CO-Ni-CO interactions.The anisotropyof the adsorbate-

substrateinteractionaffectingsurfacediffusionis present,but the short-range

CO-CO interactiondoes notseem to have appreciableeffect on the anisotropy

of surfacediffusion.

B. Experimental Details

The experiment was performed in an ultrahigh vacuum (UHV) chamber
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witha basepressureof 2.0x10"1°torr. The singlecrystalNi(110) samplewas

cut and mechanicallypolishedto within0.2° from the (110) plane, and mounted

verticallyon a rotatablesample holdercapable of more than 900 of rotation

. about[110]. Beforeany measurement, the samplewas treated by many

sputteringand annealingcycles for few days to reduce impuritiessuch as S, O,

" and C in the bulk. A normalcleaningprocedurewas adopted subsequentlyto

cleanthe samplesurface:it was firstAr+ sputteredat 1.0xl0"4torrAr pressure

with a 500V beam voltagefor approximately30 minutesat roomtemperature

and then annealed at 1120K for 10 minfollowed by slowcoolingat a rate of

~0.5K/sec to 820K and a rate of ~2K/sec to roomtemperature. Auger spectra

showedno detectablesurface impurities(< 0.3% S, O and C ) after this

procedure. A sharp lxl LEED pattern from a clean Ni(110) surface and a

clear 2xl LEED patternfroma fullCO monolayeron Ni(110) couldbe observed.

They ensuredthat the surface was wellordered. Liquidnitrogencoolingand

electronbeam heatingwere used in the experimentto controlthe sample

temperature. A Chromel-Alumelthermalcouplewelded to the samplewas

usedto monitorthe sample temperature. The temperaturecould be controlled

to within+IK.

The diffusionexperimentwas conductedin the temperature rangesof

140Kto 220K for the [lT0] directionand 180Kto 240K for the [001] directionfor

coveragesup to 0.8ML. For highercoverages in the [001] directionsomewhat

- lowertemperatureswere chosenin orderto avoid possibleCO adlayer phase

transitions6. Immediatelybefore each measurement,the samplewas flash-
q

heated to 600K to removeresidualadsorbedmoleculesfrom the ambient,

mostlyhydrogenand CO, or previouslyadsorbedCO monolayer.'The

adsorptionof CO onthe Ni(110) surface was carried out at approximately180K

by introducingCO intothe chamberthrougha leak valve. The CO coverageon
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Ni(110) at this temperaturewas calibratedby thermal desorptionspectroscopy

(TDS). The accuracyin determiningthe CO coverage was about0.03ML

We used a polarization-modulatedlinear optical diffractiontechniquewhich has

been describedin Ref. [4] and Chapter III to measureCO diffusion.The CO

adsorbategratingwas created by laser-inducedthermaldesorptionwithtwo

interferingpulsedlaser beams from a single-modeQ-switchedNd:YAG laser

(pulsewidthof 10nsat 1.061_m)7.The gratingperiodwas s~3p.m. The depth of

the adsorbategratingwas controlledby adjustingthe beam intensitiesproperly.

We chose to have a coverage modulationof ~0.03ML on top of an average

coverage varyingfrom 0.07ML to 0.97ML With such a smallcoverage

modulation, the diffusioncoefficientcan be very well approximatedby a

coverage independentconstant and the coverage dependence of the diffusion

shouldonlycome fromthe averagecoverage. To probe the adsorbategrating

by linear opticaldiffraction,a 5-mW He-Ne laser was used.The probebeam

was polarization-modulated,whichwas achieved by passingthe beam through

a photoelasticmodulator.First-orderdiffractionfrom the gratingwas selected by

an aperture and detectedby a lock-inamplifier. The startingsignal-to-noise

ratiowas on the orderof 10.

The detail derivationof the relationbetween the diffractionsignaland the

diffusioncoefficientis referred to Ref. [4] and Chapter III. Here, we onlymention

that upon diffusionthe firstorder diffractionsignaldecays exponentiallywith

time and is givenby

$1= S01 exp(- 8_2Dt/s 2), (1) "

where the exponentis directlyproportionalto the diffusioncoefficientD. In

determiningD, onlythe decay time constantand the gratingspacings need to
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be knownaccurately.The detail shape of the gratingis of no consequence. To

deducethe diffusionactivationenergy andthe preexponentialfactor from D

followingthe Arrheniuslaw, measurementsat fivetemperaturesor morewere

made for each coverage. Surface diffusionalongdifferentdirectionswere

measured by setting the adsorbategratinginthe appropriatedirections.

C. Results and Discussion

a) Measurement Accuracy

Representativediffractiondecay curvesare shownin Fig. 1(a) and (b) for

average coverage 0=0.98 for diffusionalong [110] and [001] directions,

respectively.The decay time constantdeducedfromsuchcurves can be usually

determinedto within+15%, however,the accuracyof determiningthe diffusion

coefficientsin ourexperimentis renderedto +50% by the irreproducibilityof the

measurements. Two sourcesfor this irreproducibilitycouldexist, one beingthe

intrinsicpropertyto the sample, the otherbeingthe lasereffect of the desorbing

laser beams.

Experimentally,we have explicitlyshowedthe existenceof the laser

effect by shininga secondlaser pulse (singlebeam) onto an adsorbategrating

. at certain time after itscreation.Some typicaldata are shownin Fig. 2 for initial

CO coverage 0=0.5ML at T-210K. The decaytime constantsof the diffraction

signalbefore and afterthis laser pulse are ali indicatedalongthe curves. The

accuracyof the deducedtime constantsis ~+5%. lt is clear that the decay time

constanthas been alteredby thissecond laser pulseand becomes longeror

shorter in a randomfashion. Since the coverageeffect has been properly
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avoided by workingwith initialcoverage8=0.5, where D(0) is coverage

independent(see subsectionb) ), the change in the decay time constant

shouldsolelycome fromthe lasereffecton the substratesurface.The

backgroundlevel change inducedby the secondlaser pulse incurve (a) and

(c) further indicatedthe existenceof sucheffects. However,the natureof this

laser effect is not apparent. If the laser pulseonlycauses surface damage the

decay time constantshould changein only one direction. Only if the laser can

also anneal the surface,the decay time constantcan change randomlyin both

directions.

The above experimentcannotrule outthe possibilitythat the observed

irreproducibilitycould be an intrinsicpropertyof the surface. Methodsthat do

notperturb a surface betweendiffusionmeasurementsshouldbe applied to

addressthis issue. The Fluctuation-correlationfield emissionmicroscopy(FEM)

method,which has an accuracyof +15% to deduceddiffusioncoefficientfroma

singlerun, seemsto be ideal forthispurpose.The fact that even with FEM an

irreproducibilityof -2 has been observed indicatesthat the irreproducibility

could be the intrinsicnatureof metalsurfaces8.

b) Coverage Dependent Diffusion Results

Diffusioncoefficientsversusreciprocaltemperature1/T for coverage
=,

e=0.98 and 0.48 in both[110] and [001]directionsare plottedin Fig.3 as

examples. The solid linesare bestfitsby the Arrheniuslaw,
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D = Doexp kBT_, (2)

" with DOas the preexponential factor, Ediffas the diffusionactivationenergy,

and kB as the Boltzmannconstant. The deduceddiffusionactivationenergies

and the preexponentialfactors for CO diffusionon Ni(110) surfaceboth along

[110] and [001] directionsare shownin Fig.4 (a) and (b). In Fig. 5 the diffusion

coefficientsas a functionof coverageare depicted for three temperaturesfor CO

diffusionin [001] direction.

The coveragedependence of diffusionare similar in both directionsas

shown by Fig. 4. The diffusionactivationenergiesare almostconstantsup to a

coverage of 0.7ML and thendrop by ~2kcal/molat fullcoverage. The

preexponentialfactorsfollowsimilartrends. The anisotropyof diffusioncan be

seen from bothFig. 3 and Fig. 4. The activationenergies inthe lowcoverage

regimeare 4.7kcal/mol along [001] and 4.0kcal/molalong [110]. The

preexponentialfactorshave a differencearounda factor of 3, withthe one along

[1i"0] larger. Inthe highcoverage rangethe diffusionactivationenergies in both

directionsdrop by aboutthe same amountto reducethe activationenergy in the
m

[001] directionto 2.8kcal/mol and in the [110] directionto 2.0kcal/mol. This

result indicatesthat the adsorbate-adsorbateinteractionhas littleeffect on the

anisotropyof the diffusionactivationenergy.

c) Discussion on Coverage Dependence

Adsorption sites of CO on Ni(110) have been studied with dynamical

LEED9, electron energy loss spectroscopy (EELS)l° and reflection-adsorption
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infraredspectroscopy(RAIRS)11. Below 0.7ML(theoretically, it should be

0.67ML), CO adsorbson bothshort-bridgeand top sitesalong the Ni atomic

rowswith a coverage independent occupationratio11'12.The separation

betweenthe CO moleculesis at least3.74A inthe [1i"0]direction. Certain

superstructuressuch as c(8x2), c(4x2) have been observedby some

authors6'9'13and these structuresindicatethat the site registryis not ideal13.

Above thiscoverage the CO moleculesare pushedto short-bridgesites9'13

(EELS resultsprefer top sites10)and tilt inthe [001] and [00T] directionswitha

tiltangle of 19owith respect to the surfacenormal5'6. At the full coveragea

p2mg(2xl) structureis formed5'6. The adsorbate-adsorbateinteractionshave

been investigatedby TDS 14, EELS10, angular resolvedphotoemission

spectroscopy(ARUPS)15and other techniques. While ARUPS concernsmore

aboutthe electronicstates, TDS and EELS do providebindingenergy

information,lt has been foundby TDS that an o_2 desorptionstate with a low

desorptionenergy appears at coverage above 0.7ML, withsome dispute in the

exact uptake coverage13'14'16. The coverage dependent desorptionenergy14

is depicted in Fig. 4(a) along withthe diffusionactivationenergies. The

correlationbetween them is excellent;boththe diffusionactivationenergies and

the desorptionenergyshow a decrease above coverage0.7ML. The drop inthe

desorptionenergy is about 4kcal/moland inthe diffusionactivation energies is

about2kcal/mol. Up to this point,we can concludethat the long rangedipole-

dipole interactionand CO-Ni-CO indirect interaction,which are presentat ali

coverages, do not influencethe diffusionactivationenergy and the desorption

energy.This is because firstthey are of longrange. The potentialat the saddle

pointsmay have been affectedby the same amountas that at the adsorption

site. Second,the dipole-dipoleinteractionis repulsiveand the CO-Ni-CO

interactionis attractive17.Their effectson the surfacepotentialmay get
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canceled to certain extent. Above0.7ML coverage, sincethe CO moleculehas

a diameterof 2.8A 6 and the Ni atom has a diameterof 2.49A the CO-CO, !

moleculesstart to have significantorbitaloverlappingin the [110] direction(The

_ nearest-neighborCO's in the [001] directiondo not have this interaction

becausethe distancebetweentwo Ni rowsis 3.52A, largerthan the diameter of

CO molecules.The displacementof the CO moleculesmakes the situation

somewhatmorecomplicatedbut willnotchange this result,see Fig. 6). The

orbitaloverlappingis significantlyreducedonce a CO moleculejumpsto a

saddle point,which is at least ~3.10A in the [1i'0] directionand ~2.72A in the

[001] directionaway from the nearest-neighborCO molecules9. Because of this

repulsiveCO-CO interaction,a net reductionof diffusionactivationenergy can

result. The same reasonshouldbe responsiblefor the dropin the desorption

energy.

d) Comparison with Other Nickel Surfaces

A comparisonwith CO diffusionon the othertwo low Miller indexplanes

of nickel, namelyNi(111) and (100), is worthwhile.CO diffusion on Ni(111) has

been studiedin detail by FEM methodand no coveragedependence for the

activationenergy (6.8kcal/mol)has been found18. Even at the saturation

coverageof 0.57ML for a (_/2xNr-7/2)R19.1 ° superstructure19 for CO/Ni(111 ),

the shortestdistancebetweenCO-CO is about 3.30 A, whichis stillmuch larger

than the CO diameter.Therefore, no CO-CO direct interactionis expected on

thissurface.The diffusionresultsof CO/Ni(111 ) then confirmour findingsfrom

CO/Ni(110) that the longrangeinteractionsdo not affectthe diffusionactivation

energy. However, this agreementis contrastedby a strongcoverage

dependent desorptionenergyof CO/Ni(111), which is 30kcal/molup to 0.35ML
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and drops monotonicallyto 14.5kcal/molto the saturationcoverage20.The

difference in the coverage dependencesbetween the desorptionenergy and

the diffusionactivationenergy can onlybe explainedby assumingthat the long

range interactionsaffect them in differentways. The situationfor CO/Ni(100) is

different. CO diffusionhas been measuredfor onlya few coveragesby the LID

method21 and a coverage dependentactivationenergy has been found with

Ediff=6.4kcal/molat 0=0.25ML, and Ediff=4.6kcal/molat 0=0.4 and

0.64ML(saturationcoverage). While it is clear that the CO-CO overlapping

interactionis notresponsiblefor thisdropsince the CO-CO separationat

saturationis at least 5.0A22, the coveragedependence has been interpretedas

due to the CO superstructuresc(2x2) andc(2"_x'_)R45 ° at the two high

coverages21. No reliabledesorptionenergydata exists for thissystem.

However, qualitatively, the desorptionenergy has been estimatedto also have

a coverage dependence, namely 26kcal/molat low coverage and 10kcal/molat

high coverage23.

From the data discussedabove, we obtainthe ratiosof diffusion-

activation-energy/desorption-activation-energyas: >0.23 for CO/Ni(111 ), >0.24

for CO/Ni(100), and _0.15 for CO/Ni(110). From these ratiosand the absolute

diffusionactivationenergies, Ni(110) is seen to be the smoothestfor CO

diffusion.The fundamentalreasonfor thismay have to do withthe relaxationof

the clean Ni surfaces, lt has been foundthat the firstatomic layersof these three

surfacescontractby differentamount:about 1% for Ni(111)24 and Ni(100)25,

and 9% for Ni(110)26. The significantly large contractionin Ni(110) can result

into a much smootherelectronicchargedensity and thusa smoothersurface

potential corrugation27.
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e) Discussion on Anisotropic Activation Energy

m

Diffusionactivationenergies along [110] and [001] directionsof Ni(110)

. are expectedto be different. Due to the relativelysmoothelectroniccharge

density along [110] direction,the potentialseen by a CO moleculealongthat

" directionshouldbe lesscorrugatedthan that along [001] direction. A theoretical

calculationby Doyen and Ertl indeed predicteda surface potentialvariationof

--1.25 kcal/mol along[lT0] and --2.25kcal/molalongthe [001] direction28.The

experimentalobservationof streak-like c(4x2) and c(8x2) LEED patternsby

Behm et al, whichwas interpretedas a consequenceof CO occupationat

intermediatepositionsotherthan the highsymmetry sites (on-top and short-

bridgesites)along the [110] direction,furtherindicatedthat the potential

corrugationalong [1i0] is smootherthan that along [001113.The measured

diffusionactivationenergiesof CO on Ni(110) for ali coveragesunequivocally

showedthis predictedanisotropy.However,ourobserved --20% anisotropyof

the CO-Ni interactionappearing in the diffusionactivationenergies is somewhat

insignificant.This weak anisotropyis in good agreementwith the EELS

measurement1°, in whichthe vibrationalfrequenciesof the two CO frustrated

translationalmodes (correspondingto the two diffusioncoordinateshere) also

showedvery littleanisotropy. In the case of adatom diffusionof Ni/Ni(li0), the

anisotropyof diffusionactivationenergiesmeasuredby FIM is ~ 40%, again a

- relativelysmall value.

We can furtherseek for a quantitativeagreementbetween the diffusion
l,

results and the EELS results.The CO frustratedvibrationalfrequenciesspectra

of a full CO monolayercan be estimatedfromthe measureddiffusionactivation

energieswitha simplechain model. Considering the force on CO at a Ni site
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2

to be -Mco0xand the force froma nearest CO to be proportionalto the difference

of their displacements,the equationof motionfor the s-th CO moleculeis then

d2Xs 2 "
M =- Mo)0xs C + Xs. -2Xs) (3)dt2 " (Xs+l 1 '

=b

where xs is the displacementof the s-th CO molecules,M the mass of CO

molecule,and C the forceconstantbetween CO molecules(repulsive).Using

the standardprocedure in textbooks29, we can obtaina dispersionrelationfor

the phononspectrumas

2
o_2=o_0 - -_ (1-cosKa). (4)

where K is the wave-vectorand a the latticeconstant.Approximatingthe force

constantby Mo_ = Ea/a 2 and C = _a 2, with Ea as the diffusionbarrier heightat

zero coverage and _ as the CO-CO interactionenergy,we have obtained

downwarddispersionrelationsof phononspectraof 105cm"1 to 74cm"1 from

the ]" point(K=0) to the zone boundary(K=_/2a) inthe [110] directionand

80cm"1 to 62cm"1 in the [001] direction. Despite the crudenessof the

calculation,quantitativelythese resultsare in good agreement withthe EELS

measurement1°.

Oppositeto whatwe mightexpect, the CO-CO adsorbate-adsorbate

interactiondoes not showany anisotropiceffect in the diffusionactivation

energies.The reductionsof these diffusionactivationenergiesdue to the short

range CO-CO direct interactionin both[110] and [001] directionsare aboutthe
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same, 2.0kcal/mol. Althoughwe cannot ruleoutthe possibilitythat the CO-CO

direct interactionis isotropic,the modelwe will constructnextseems to be more

reasonableto explain thisabsence of anisotropy.

In Fig. 6 (a) and (b), we have shownthe adsorbatesconfigurationsnear

the saturationcoverage (onlyone site is notoccupied)for CO diffusionalong

• [110] and [001], respectively.Since only neighboringCO moleculeson the

same Ni rowinteractwith each other(see subsectionc)), a diffusingCO

moleculejumpingfrom its adsorptionsite to neighboringempty site along [110]

can interactwith onlyone nearestneighborCO. On the other hand, a diffusing

CO along [001] can interactwithtwo nearestCO molecules. This wouldlead to

anisotropydue to adsorbate-adsorbateinteractionon diffusionactivation

energy if the effect from adsorbate-adsorbateinteractionon the saddle points

did notcancel it. However, a CO moleculeat the saddle pointC along[110] is

at least3.10A away fromali the otherCO moleculesandthusshouldnotbe

affected by the directCO-CO interaction.The situationfor CO at the saddle

pointC' along [001] is very different.The distanceof CO at C' from the two

nearest neighborCO moleculesis ~2.72A withoutconsidering possible

displacementof the activatedcomplexalong the surface normaldirection.

Therefore, the adsorbate-adsorbateinteractioncannotbe neglected, lt could

havecompensatedthe effectson CO at the adsorptionsiteand resultedin

apparentlyweak anisotropyin the change of diffusionactivationenergy due to

• CO-CO interaction.

f) Discussion on the Anisotropy of Preexponential Factor

From Fig. 4(b), the anisotropyin the diffusion preexponential factors are

obvious. However, the usual compensation law is not obeyed. With the diffusion
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m

activationenergies along [001] being largerthan those along [110],the

associated preexponentialfactors inthe [001] directionare smallerby a factor

of 3 than those inthe [110] direction.Due to the smalldifferencein the

activationenergies, thisviolationof the compensationlaw may not be very .

severe.

Transitionstate theory (TST) can be appliedto calculateanisotropyof the

preexponentialfactoronce a surface potentialis known. Because of the

coverage independenceof the diffusioncoefficientin the low coverage region,

we can simplifythe calculationby applyingthe TST in the e-> 0 limit(tracer

diffusion).The expressionfor the tracer diffusioncoefficientis1

1
D = _-<12>v =1/4 <12>v0exp(- Ea/kBT) , (5)

where I is the hoppinglength, v the hopping frequency,v0the trial frequency

and Ea the diffusionactivationenergy.The pre-exponentialfactor is defined in

terms of hoppinglengthI and trial frequencyv0 by

D0=1/4 <12>v o. (6)

In the transitionstatetheory, the trial frequencyis given by30

kT Z_

v0- h ZA ' (7)
q

where ZC is the partition function of the adsorbate (excluding the diffusion

coordinate) at the saddle point C and ZA is the total partition function of the
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adsorbate in the well A (see Fig.7). In order to calculate the partition functions,

we use a surface potential

_ 2_x "_a y) (8)V(x,y) - Ediff[110](1 - cos _) + Ediff[001 ] (1 - cos
q

• where Ediff[li0 ] and Ediff[001] are the measured diffusion activation energies

in the two principal directions respectively. The periodicity of the surface

potential has been chosen to be the same as that of the substrate, namely a

along [1i"0] (_ direction) and "q'2aalong [001] (_ direction). This potential can

give correct barrier heights for CO diffusion. Since the well site A is common,

the partition function ZA is the same for both [1i'0] and [001] directions. The

anisotropy in the trial frequencies comes solely from the partition functions at

the two different saddle points along the two corresponding directions. The

relevant partition functions at the saddle points C and C' in [1_0] and [001]

directions (see Fig. 7) can be written approximately as

Z_[ 1TO]=Zc,yvib.ZC,bending Zc,zvib.ZC,in.ZC,el ' (9)

Z_,[001]= ZC,,xvib. ZC,,bendingZC,,zvib.ZC,,in.ZC,,el, (10)

^

, if the coordinates involved can be separated. Here, z is the [110] (surface

normal) direction. The electronic, CO internal vibrational, and the z-direction

' vibrational partition functions ZC,el(ZC,,el) , Zc,in .(ZC, in.), and Zc,zvib.(Zc,,zvib. ) at

the two saddle points certainly would not differ very much because the

corresponding potentials seen by the electrons of the molecule or by the

molecule as a whole do not have large differences31.The anisotropy in the trial
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frequenciesshould be dominatedby the difference in the frustratedtranslational

partitionfunctions Zc,yvib.and Zc,,xvib.and the bending(frustratedrotational)

partitionfunctions ZC,bendingand Zc,,bending.

The frustratedtranslationalpartitionfunctionscan be readilycalculated ,

by usingthe surface potentialof Eq. (8). Includingcontributionfromthe

continuumstatesto the partitionfunctions,we obtain °

23

T_.  2k2E ,Zc,yvib.= exp(- n_B--_T)+ exp(- 2MkBT) exp(- dill[001EBT )
n=0 k
23

nl%0 ._a._ MkBT2_ E ]
diii[001

--- exp(- ka-i-_)+ - exp(- kaT ), (11)
n=0

15

_nri°°x_ l_k2 Ed,tf[li'0]Zc,,xvib.= exp(- k--_ ) + exp(- 2MkBT) exp(- ksT )
n=0 k
15

nri°°x _.,_/MkBT Edif,[li0]= exp(- k--_) + 2---_exp(- kBT ) , (12)
n=0

where the vibrationalfrequenciescan be calculatedfrom small vibration
A

formulas: mx= (2_/a)[Ediff[1T0]/M]1/2~2_xl05cm "1 for vibrationin x and00y=
A

(2_ _ a) [Ediff[001]/M]1/2~2_xS0cm"1for vibrationin y. The numberof discrete

states in the summationare truncatedby the maximumpotentialand no

anharmoniceffect has been included, lt turns outthatthe contributionfrom the

continuumare negligible.The resultsof the two partitionfunctionsare

Zc,yvib.~2.45 and Zc,,xvib~2.00 respectively.Fromthe above discussion,the
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ratioof the two preexponential factorsis givenby

D0[1T0] Z_[1T0] a2 Zc bending (13)
• O01001] = Z_,[001] (_/2a) 2 ~0.6 ZC' bending

t

The bending partitionfunctions are somewhatdifficult to calculate because the

correspondingpotentials are notknown. Assumingthey are not very different

at the two saddle points,we thenobtain comparablepreexponentialfactors for

the two directions.This can be comparedwiththe experimentalvalue of 3.

Consideringthe approximationsmade in this estimate, the agreement withthe

experimentis reasonable.

e) Theoretical Fittings of D(e)

The adsorbate-adsorbateinteractioneffect on surfacediffusionhas been

investigatedon a numberof othersystems. Some systemssuch as H or

D/Ni(100)32, H/Ru(001)33, H or D/Rh(111)34,35,CO/Rh(111 )35,and CO/Pt

(1 11)36 do notshow muchcoveragedependence, other systemssuchas H or

D/Ni(111 )32, D/Pt(111)35 and CO/Ru(100)37 show strongcoverage

dependence. Most of these studiesexcept CO/Ru(100) did not address the
11

nature of the adsorbate-adsorbateinteraction. ForCO/Ru(100) systemthe

natureof adsorbate-adsorbateinteractionwas identified as CO-CO direct

interaction.However, the use of a latticegas model for thissystemwith

nonequivalentsitesdiminishesthe value of theoreticalattempts3'37. Without

identifyingthe range of the nearestneighborinteraction, two separate
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calculations,one includingCO-CO interactionat saddle points3 and the other

not37, yieldedvery different in'_eractionparameters.

Inthis sectionw:, willtry to use a simplemodelto fit the coverage

dependent diffusionresults.The simplesttheory isthe latticegas modelwith a

mean field approximationas discussedin Chapter I1.For CO/Ni(110), the

assumptionsof the latticegas modelare notstrictlymet since the adsorption "

site in CO/Ni(110) systemchangesfroma mixtureof top and short-bridgesites

below a 0.7ML coverageto pure short-bridgesites above 0.7ML coverage. The

CO-CO direct interactioncomes in as a resultof the changeon adsorptionsites.

To accountfor thiseffect,we modifyEq. (22) of Chapter II by replacingthe

adsorbate-adsorbateinteraction4_6 and 6_.6 with2_eeff and 2_.t)eff

respectively,where Cefris definedby

Cefr= O, for e<60

6-60

= 1-e0 ' for e>e0 (14)

The 4->2, and 6->2 change in the interactionis due to change inthe numberof

nearest-neighborsites. In ourcase, the numberof nearest-neighborsiteof CO-

CO direct interactionfor CO/Ni(110) is 2 when the CO is at an adsorptionsite

and 4 when CO is at the saddle point.This modificationcorrectlygives us the

CO-CO interactionbelow 00 andat 6=1. The 00 is the coverage at whichthe
f

adsorptionsite startsto change.We will take it as the hypotheticalvalue

60=0.67 for ourcalculation. The coveragedependentdiffusioncoefficientis

then given by38

D(e)=DO exp(-EalkBT)(I-0)exp(2_eeff/kBT)exp (-2_,eeff/kBT)
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The diffusionactivationenergyand the preexponentialfactorcan be derived

q fromthis expressionas

• 2_Oeff (1-0)

Ediff(0) = Ea - 2SOeff + 2S,eeff - 1+ 2SOeff (1-6)/kBT (16)

2_:0eff(1"0)/kBT

D0(e)=D0{I+2Eeeff(1-e)IkBT} exp(-I+2 eeff(1-e)IkBT) (17)

Assumings, = 0, we fit the diffusionactivationenergiesby Eq. (16). The solid

curvesin Fig.4(a) are fittingswith parameter2E= 1.8kcal/mol in both[lT0] and

[00_,]directions.The agreementbetween the experimentaldata and the

ca=cula_ioll_svery reasonableand the resultinginteractionenergy fromthe

fittingsare comparable withthe reductionof the activationenergies, namely

2kcal/mol. However,the same parameterwill not fit D0(0). This is because the

theory has notconsideredthe effect of the adsorbateson the preexponential

factor correctly.Withoutproperlyevaluatingthe entropychange fromadsorption

sites to saddle pointscausedby the adsorbate-adsorbateinteractions,the

" model cannot predict a correctpreexponentialfactor. Forexample, the

preexponentialfactor from Eq. (17) at 0=1.0 is D0, whichis unreasonableas it
J

is the same as that of tracerdiffusion.The compensationeffect betweenthe

activationenergyand the preexponentialfactoris missingfrom Eq. (16) and

(17), in contradictorywithourexperimentalobservation(see Fig. 4). Becauseof
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this,any attemptto fit D(e) as a functionof coverageat a constanttemperature

by Eq. (15) willnot result in a correctadsorbate-adsorbateinteractionenergy.

An attemptto fit D(0) by Eq. (15), shownby Fig. 5, leadsto an interaction

energys abouta factorof 3 smallerthan the correctone.
t

D. Summary

In summary,we have studieda coverage dependentdiffusionfor a

systemwithintrinsicanisotropy.Only CO-CO direct interactionis found to affect

surfacediffusion.The adsorbate-substrateinteractionand its anisotropyare

clearlyidentified. The CO-CO direct interaction is deducedto be about

2kcal/moland its effect on the anisotropyof the diffusionactivationenergy

appears negligible.The latterhas been explainedas a resultof different

adsorbate-adsorbateinteractionson the two saddle points.Comparisonswith

other experimentalresultshave been made and in mostcases good

agreementshave been reached. Theoretical fittingof the coverage dependent

diffusionresultshas been attempted.The crudenessof the model has

prohibitedus to obtain a completeagreement withthe experiment.
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Figure captions:

Figure 1" Lineardiffractionsignalsversustime for coverage0=0.98 at three

temperaturesfor diffusion(a) along[110], and (b) along [001]. The solidlines

are singleexponentialfits.

Figure 2: Diffractionsignalsversustime with a second laser pulseappliedat

the times indicatedby the arrows.The experiment have been carried outalong

[001] at T=210K for initialcoverage00=0.5. The startingSIN is -40, and the

second laser pulseintensitiesare: (a)1.08J/cm2, (b) 0.98J/cm2, and (c)

1.11J/cm2. The time constantsindicatedalongthe decay signalsare from

singleexponentialfits.

Figure3: Arrheniusplot for diffusionof CO on Ni(110) with coverage0.48ML

and 0.98ML along the two principaldirections:[110] and [001].

Figure 4: (a) Diffusionactivationenergyand (b) preexponentialfactor as a

functionof coveragefor CO diffusingalong[110] and [001] directions.The solid

lines in (a) are theoreticalfits by Eq. (16), and the solidlines in (b) are for

eyeguide. The desorptionenergy as a functionof coverage has also been

depicted in (a) for comparison.

Figure5: Diffusioncoefficientas a functionof coverage at constant

temperatures.The solid linesare theoreticalfits by Eq.(15) with 2_=0.55kcal/mol

for 218K, 0.61kcal/molfor 200K, and0.63kcal/mol for 182K respectively.
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Figure6: Geometriesof CO on Ni(110) surfacewithone Ni site unoccupied.

The positionsof diffusionsaddle pointsalong [110] and along [001] has been

indicatedin (a) and (b) with the relevantdistanceslabeled. The Ni and CO are

• not drawn in proportion.

" Figure7: Surface potentialcorrugationsgivenby Eq. (8). The scalesof the

barrier height in [110] and [001] are not in proportionfor the purposeof showing

anisotropy.
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VI. Impurities, Defects, and Surface Diffusion: CO/Ni(lI0)

A. Introduction
B

" As an importantsurfaceprocesssurfacediffusionhas been studied

extensivelywith a varietyof techniquesin the past1. Considerabledata base

was establishedfordifferentsystems. However,questionssuchas how

impuritiesand defectsaffect surface diffusionwere seldom explored

experimentally. Theoreticalcalculationson these questionsdo exist.They

predict littleeffect from smallamountof impuritiesor defects (few percent)2'3.

lt has been notedthat surfacediffusionmeasurementscardedout

presumablyonthe same systemswithdifferenttechniquesby differentauthors

often yield ratherdifferentactivationenergies and preexponentialfactors1'4The

discrepancywas often attributedto differencein temperaturesI or techniques5

used inthe measurements. Whether thisdiscrepancycan also be due to

different samplesand differentsample treatments,or morespecifically,due to

surface impurities,defects, or strains, no one has yet providedany answer.

Recentlywe have worked onCO diffusionon Ni(110) surface using

differentsamplesand differentsample preparationprocedures. The results

showedunambiguouslythat the sample treatmentcould significantlyaffect

surfacediffusion. Inthischapter we will reporteffectsfromS impuritiesand

surfacedefects on CO diffusionon Ni(110). The investigationon the effect of S

• impuritieswas performedfor a few low S coveragesand it was found that as

low as 3% S monolayercould change appreciablythe diffusionspeed and its

; activationenergy of CO on Ni(110). The effect of surfacepointdefectswas

examined in a qualitativeway, namely by additionalAr+ ion sputteringon a
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well annealed surfaceor by annealingan Ar+ sputteredsample for different

lengthof times. The step effecton CO diffusionwas carriedoutwith a miscut

Ni(110) surface.The effectof pointdefectswas foundto be profoundin altering

the preexponentialfactor,but insignificantto the diffusionactivationenergy. The II

steps have been found to dominate surface diffusion with an increasing surface

diffusionbarrier.Qualitativeexplanationsare given for the observations.

B. Experiment

The experiment was performedin an ultrahighvacuum (UHV) chamber

with a base pressureof 2.0xl 0"1°torr. The majorset of the data was collected

from a singlecrystalNi(110) sample,cut and mechanicallypolishedto within

0.2° fromthe (110) plane.The data on the step effectwere obtainedfroma

Ni(110) sample r:/+¢scutby -1.5 ° alongthe [lT0] direction. Before any

measurement, the samplewas treated by many sputteringand annealing

cyclesto get ridof impuritiessuchas S, O, and C. Subsequently,normal

cleaningprocedurewas adopted to prepare a clean surface, i.e., the surfaceof

the samplewas firstAr+ sputteredat 1.0xl 0"4torrAr pressurewith a 500V beam

voltage for approximately30 minutesat roomtemperatureand then annealed at

1120K for 10 rainfollowedby a slowcoolingdownat a rate of ~0.5K/sec to

800K and a rate of 2K/secto roomtemperature. In the latersections,surfaces

prepared by this procedurewill be referredas normally preparedsurface. Auger

spectra showed no detectable impurities(< 0.3% S and C ). Sharp lxl LEED

pattern from a clean Ni(110) surfaceand clear 2xl LEED patternfroma full CO

monolayeron Ni(110) were observedto ensure that the surfacewas well

ordered. Liquidnitrogenwas usedto coolthe sampleafterwardsto the

measurement temperatures. A Chromel-Alumelthermalcouple welded to the
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samplewas used to monitorthe sampletemperature. The temperaturecouldbe

controlledto within+1K.

For experimentonthe S impurityeffect, the S surface impuritieswere

introducedthrough bulk-to-surfacesegregationby heatinga normallypreparedm

sample for an extendedperiodat 1120K, typically,aboutone hourto yield 1%

" S. The concentrationof S was measuredby AES with a calibratedratio of

S(152eV)INi(848eV) 6. The S atomsare knownto desorbonly at very high

temperatures (above 1200K)7 and are presumablyuniformlydistributedon the

Ni(110) surface due to the S-S repulsiveinteractions. Therefore brieflyflashing

sample to 600K to get ridof eitherthe adsorbedambientgas moleculesor the

previouslyadsorbed CO before eachdiffusionmeasurement shouldnot alter

the amountof S. The experimenton the effectof pointdefectswas performed

in two differentways. The firstonewas by annealingthe sampleat 1120K for

differentlengthsof time, from lessthan 1 minuteto 10 minutes, after it is

sputteredby Ar+ for 30 minutes.The secondone was by sputteringa

normallyprepared Ni(110) surface by a 500eV Ar+ beam with a currentdensity

of 51.tA/cm2 at roomtemperaturefor 5 minwithoutno furtherannealing.

With the Ni(110) sampleprepared in the above ways,we then dosedCO

to a saturationcoverage. LEED structureswere stillfoundto be 2xl for ali the

surfaces except for the 15% S surface,where a 2xl structurewas barely visible

with a largediffusedbackground. CO diffusionalong [1i'0] was chosento be

. investigatedand was measuredat leastat four differenttemperaturesinthe

rangeof 140K-220K on each preparedsurface. The measurementtechnique

was describedin Chapter III andwe give only a brieflyreviewhere. First, two

1.061_mlaser beams were usedto interfereat the CO covered Ni surfaceto

create an adsorbategratingwith a coverage modulationof ~3% and a grating

spacingof ~3_rn. Then a polarizationmodulatedHe-Ne laser beam was used
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to probe the adsorbategratingwithan incidentangle of 45o and the firstorder

diffractionsignalwas monitored as a functionof time by a lock-indetection

scheme. The decay of the first orderdiffractionsignal is relatedto the surface

diffusioncoefficientD by

$1= S01 exp(- 8_2Dt/s 2) .

where s is the gratingspacing and S01 isthe initialdiffractionsignalstrength,lt

shouldbe noticedthat the decay time constanthere dependsonlyon the

gratingspacingbut not no its shape.

C. Results and Dlscusslon

a) S Impurity Effect

In Fig.1 we showthe measuredCO diffusioncoefficientsalong[1i"0] as a

functionof reciprocaltemperature inan Arrheniusplot for a numberof differently

preparedsurfaces with a CO averagecoverage of (]--0.98. Data (a)is from a

normallyprepared surface as describedinthe previoussection. Data (b), (c),

(d), and (e) are from surfaceswithdifferentamountof S impurities. The

Arrheniusfittingparameters for thesecases are summarizedin Table 1. lt is

seen thatthe CO diffusionactivationenergyon Ni(110) with <1% S impurity

remainunchanged (2kcal/mol)withinthe experimentalerror. However, the CO

diffusionactivationenergieson surfaceswith 3% or higherS coverage are

clearly much higher: about 6kcai/molfor surfaceswith 3% and 5% S coverages

and 8kcal/molfor surface with 15% S. Althoughthe preexponentialfactors are
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significantlylargerwith impuritiesthan that for a clean surface, the CO diffusion

speedsare muchslowerthan that on a clean surface in the temperaturerange

of our measurement.Especiallyin the lowtemperature region(~160K) the CO

diffusionon surfaceswith 5% S impurityare 2-3 ordersof magnitudeslower.lm

The above resultsare surprisingin manyfolds. First,with onlya few

• percent of S impurityon the Ni surface the CO diffusionhas been dramatically

impeded in the lowtemperature regime. The barrierfor CO diffusionhasalso

been significantlyaltered. Second,the change of CO diffusionactivationenergy

seemsto havea suddenjump as the S impurityon Ni(110) surface increases.A

careful investigationof this may provideinformationabout the natureof the S

contaminatedNi(110) surface.

If sulfuris onlyconsideredas a usualcoadsorbateof CO, the existing

theorycannotpredictsucha dramaticchange in the CO diffusioncoefficient

with any realisticS-CO interactions2. What is responsiblefor the change, in

our opinion, mustbe associatedwiththe Ni substrate, lt is knownthat S acts as

a poisonon Ni for catalyticmethanationreaction9'1°. The surfacescience

studies of S/Ni(110) has revealedthat S atomsadsorb at the rectangularhollow

sitesof the Ni(110) surface and form a p(2x2) superstructureat 0.25ML

coverage, and a c(2x2) superstructureat 0.5 ML11. Sulfur has a strong

interactionwith Ni surfacesand this interactiongenerally leads to an expansion

of the Ni surface. With a saturationS coverage (0.5ML, c(2x2)), the originally

. contracted Ni(110) surface (Ad12/d12B~ -9%, d12B is the bulk distance between

two layers in the surface normal direction) is expanded by more than 10% as

' compared to the bulk atomicdistance11. For a clean metal surface, contractive

relaxation presumably results from smoothing of surface electronic charge

density 12. Expansion of ~20% of the first Ni layer at an S saturation coverage

could significantly increase the electronic charge density corrugation and thus
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the surface potentialcorrugation. Althoughno measurementexistson howthis

firstNi layer of Ni(110) expandsas S coverage increases,experimenton

S/Ni(100) systemseemsto indicatethat the substrateexpands linearlyas a

functionof the S coverage13. Inthe case of Ni(110), we suspect that

considerable first Ni layer expansioncan occurat low S coveragesso that a

large numberof CO adsorptionsitesare affected. Despitesome controversy14,

itwas suggestedthat for a S/Ni(100) surface each S atom may have effectively

poisoned10Ni atoms10'15. Theoreticalcalculationon S/Rh(100) also indicated

that the effect of S-Ni interactioncan be extendedto the next nearestneighbors

of the S adsorptionsite (hollowsite) throughthe localdensityof electronicstate

at the Fermi energy16. For S/Ni(110), ifwe assume thatthe local Ni expansion

induced by S is independentof coverage,then thisdistortionhasto be relaxed

by the nearby Ni atoms.Consequently,it is possible that one adsorbedS atom

can affect its nearest fourand the next nearest neighboreight Ni atoms.With

thispicture in mind, a 3% S coveragecould have affected more than 30% of the

Ni(110) surface. With CO diffusingon such a modified,more corrugated

Ni(110) surface, the CO diffusionenergybarriercan be effectivelyhigher,as

indicatedby our measurement.

The suddenjump in the diffusionactivationenergywith coverage of S

could be due to the fact that a criticalcoverageof S can effectively inducea

surfacecorrugationchange over the entiresurface.Whether this is true or not

can be checked by a dynamic LEED analysisas a functionof S coverage.

lt

b) Defects Effect

The data (f) and (g) in Fig. 1 were taken on surfaceswith different defect

densities for CO coverage 0=0.98. In the case of (f), a Ni(110) surface was
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flash-annealedat 1120K for < lmin followedby a coolingdown procedure

describedin sectionB. In the case of (g), a normallypreparedNi(110) surface,

whichwas annealed at 1120K for 10 min,was Ar+ sputteredfor 5min.

Comparingto the normallypreparedsurface (a), CO diffusionsin cases (f) andi-

(g) are significantlyfaster. However,the diffusionactivationenergies remain

" the same as that of a normalsurfacewithinthe experimentalerror (Table 1).

In order to explainthe CO diffusiondata with defectson the Ni(110)

surface, we needto knowthe defectsdensityon the surfaces. Although

experimentshowedthat a saturationdensityof defects createdby Ar+

sputteringexists17, no absoluteknowledgeof this value is knownsince the

techniquesthat havebeen employedin measuringthisquantitycan only

provide relative information.In principle, the annealing processshould remove

the surfacedefects and lead to a microscopicsmooth and flat surface as long

as the annealing temperature is lower than the surface roughening

temperature and the annealing time is long enough18. However, the healing

speed and its temperature dependence are seldom known, in the literature,

annealing temperatures in the range of 1000-1300K for preparing a Ni(110)

surface have been often reported without providing the annealing time19, not to

speak about the residual defect density. For Pt(110), which has a surface

roughening temperature of 1080K2°, it has been found that as much as 40rain

annealing at 1000K is required to remove the defects and create a smooth flat

, surface (judging by the X-ray diffraction pattern to have an average step

spacing of 500,_)21. In the case of Ni(110), the surface roughening has been

" studied by high resolution LEED and a roughening transition temperature of

1300K is found22. Annealing Ni(110) at 1120K should eventually lead to a

microscopically smooth surface. The annealing time at this temperature can be

estimated by the power law of the terrace growth kinetics 23,
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L =A(T)tn ,

,t

where L is the dimension of terrace, A(T) is a temperature dependent rate
1

coefficient, and the exponent n is foundto be ~ _ by at hightemperatures21. ..

Knowingthat A(T) is proportionalto the self-diffusioncoefficientD(T) and

D(T~1120K) ~ 3x10"6 cm2/sec for Ni(110)24, and D(T~1000K) ~5xl0"7cm2/sec

for Pt(110)25, the annealingtime for gettinga smoothNi(110) surfaceisthen in

the order of minutesat 1120K. Fromthe above argument,we concludethat the

defectdensitiesincreasesas we go from (a) to (f) and to (g).

Althoughin the surface treatmentof (a) and (f), two processescould

happen simultaneouslyduringsurface annealing,one being the healing of

defects, the otherbeingthe segregationof S atomsto the surfacewithtime, we

could safely excludethe possibleS impurity effect sinceit has an extremely low

surfacedensity(<0.3%). Knowingthat there were increasingsurfacedefect

densitiesfor surfaces(a), (f), and (g), ourexperimental resultsshow

unambiguouslythat CO diffusionalong [1i'0] on Ni(110) becomes fasterwith a

largerdefect density.Similarbehaviorwere also observed for low CO

coveragesand for CO diffusionalong [001]. These resultsare very astonishing

and puzzling. Intuitively,one wouldexpect CO diffusionto become sloweras

the defectdensityincreasessinceCO moleculesadsorbedon the defect sites ",

have a larger bindingenergy than those on normalsitesand may diffuseslower

on one hand and blockdiffusionof the otherson the other hand. Theoretical

calculationsbased on latticegas modelsfor adsorbatediffusionon an

inhomogeneoussurface also predict that the diffusioncoefficient decreases

with increasinginhomogenity3. However,both the intuitionand the theory have
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assumedthat the defectsiteshas changedonlythe diffusionactivationenergy

butnot the preexponentialfactor. The probableexistenceof a compensation

effect between the activationenergyand the preexponentialfactor,namelythe

. largerthe activationenergythe largerthe preexponentialfactor, may lead to

fasterdiffusionon defectsites. However, thisdoes notexplainourobservation

° either because the relative low defect densitycomparedto normalsitedensity

indicatesthat the CO diffusionon surfaceswith low densityof defects should

correspondto normal-sitediffusion. The observed invarianceof the CO

diffusionactivationenergy is a further supportto thisassertion.

No similarstudyhas been carried outon any other systemsand a

general conclusionis verydifficultto reach at this moment, lt can be shown

(Appendix)that in the usual latticegas models,even assumingthat the

interactionsbetween CO moleculesdependson whether they are adsorbedon

normalsitesor defect sites, an appreciablechange inthe diffusioncoefficient

is notpossible.Therefore, new mechanismhasto be responsiblefor our

observation.

One possiblemechanismis longjumpsover multiplelatticedistance

initiatedby CO filledvacancies.As an experimentalfact, it is knownthat a

second layer CO moleculecannotbe formedon top of the chemicaladsorbed

firstCO layer. Therefore, it is very possiblethat a CO adsorbed in a vacancy

can smooththe potentialat that site for otherCO. UnlikeCO adsorbedon

. normalsite, a CO moleculeadsorbedin a vacancyeven geometricallymay be

lesseffective in blockingmotionof otherCO moleculesdue to the lowered
4=

latitude. As a result, a CO moleculeadsorbedon a normalsite near the

vacancycan jump across thisvacancyand landat the next normalsite. Such

longjumps can increasethe diffusioncoefficientthrough its quadratic

dependence on the average jumping lengthbut willnot change the diffusion
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activationenergy. As long as enough CO moleculesare there on the surfaceto

fill the vacancies,no coveragedependence shouldbe expected for CO

diffusionon surfaces withdefects. Therefore, ali our resultshave been

consistentlyexplained. The detailsfor this modelto workcertainlydepend on

the exact surface morphology.There are experimentalevidencethat both Ni

adatomsand vacanciescan existon a sputteredNi(110) surface. Furthermore,

'a vacancyclusteringmodel has been proposedto interpretthe low temperature

(~340K) thermalannealing results17.With this largervacancystructure, the

average distanceof longjumpscan be muchlonger. Then, to explainour

observation, only a low density of vacancies is needed.

c) CO Diffusion on Stepped Surface

Study of CO diffusionhas also been carried out on a stepped Ni(110)

surface. The sample we used hasa stepdensityof ~1 step/40 terrace atoms

and a stepdirectionparallelto the [001] direction. In Fig. 2, we have plottedthe

CO diffusioncoefficientalong [lT0] as a functionof reciprocaltemperature for

the steppedsurface (a) and the good surface (b) at 9=0.98. lt is seenthat the

CO diffusionactivationenergyon the steppedsurface is much higherthan that

on the good surface (5kcal/molvs. 2kcal/mol).This is a clear evidence that
=.,.,

diffusion along [110] has been affected by steps. However, detailed

understandingis notstraightforward. From the discussioninChapter II, with

the interactionbetweenthe stepsand the terrace neglectedthe diffusion

coefficienton a surfacewith steps is givenby
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D-D s' Ot'

with Os' denotingthe diffusioncoefficientwhenthe durationtime of the

. adparticleon terraces is negligibleand Dt' denotingthe diffusioncoefficient

when the durationtime of the adparticleon steps is negligiblerespectively. The
lP

overalldiffusioncoefficientD is expectedfromthe above relationto be smaller

than the terrace diffusioncoefficientDt' (Bydefinition, Ds' < Dt' ). Oppositeto

thisanticipation,the diffusiondata shownin Fig.2 showeddiffusionon stepped

surface isfaster than that on good surface inthe hightemperature region.

Withoutknowingthe true morphologyof such a steppedsurface we cannot pin

downthe reasonfor the observedphenomenon.However, the resultscan be

easily understoodif we assumethat a significantlarge numberof pointdefects

also existon the terrace regionof the stepped surface.

The coverage dependentCO diffusionactivationenergiesand the

preexponentialfactorsonthestepped surface are shown in Fig. 3. The

activationenergyof CO diffusionalong[001] direction(parallelto the steps) is

not affectedby the stepsas comparedwiththat on a good surface (Fig. 4 in

Chapter V). However, the preexponentialfacLorsare largerthan that on a good

surface. Inthe [1i'0] direction(perpendicularto the steps), boththe CO diffusion

activationenergy and the preexponentialfactor are affected by the steps

significantly.From the discussionin Chapter II, the invarianceof CO diffusion

activationenergy along [001] on the stepped Ni(110) is a consequenceof the

relativelylow step densityand the preexponentialfactor change is a

consequenceof possiblepresenceof pointdefects associatedon the stepped

surface. Fordiffusionperpendicularto the steps, i.e., along [110], the
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differencein the activationenergiesassociatedwith terrace sites and step sites

is very important.UsingEq. (28) of Chapter II,

N2
_/ = exp [ (Ediff(terrace) - Ediff(step))/kBT ] << 1,

as the conditionfor steps to dominatediffusion,we findthat N _;70 if the energy

difference Ediff(terrace) - Ediff(step) is taken as -3 kcal/mol. That N ~ 40

on the steppedsurfacewe used is in agreementwith the step dominated

diffusionpicture.

In summary,we have reporteda CO diffusionstudy on Ni(110) to

observethe effectsof impuritiesand defects. The resultson S impuritiescan be

understoodthroughsurface modificationinducedby adsorptionof S. The defect

effecton CO diffusionis moredifficult to understand:first,we do nothave a

good descriptionof defects and defectdensitieson Ni(110); and second,an

intuitivethinking leads to resultsoppositeto observations. We propose a

vacancy-filledmodelthat lead to longjumps indiffusionto explain the

observations. Resultsonthe effectof stepson CO/Ni(110) showthat stepscan

dominatediffusionif they are perpendicularto the diffusiondirection.
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Appendix

In order to showthat the observeddefect effect on CO diffusionon
.4

Ni(110) cannotbe a thermodynamicresult, we use the expressionfor

- coverage-dependentdiffusioncoefficient fromChapter II

D(e) = _)a2 S(e)exp(-Ea/kBT) exp0_(e)/kBT)_ _ _-_ Jl-'

whereu isthetrialfrequency,a thelatticeconstant,E a theactivationenergyat

zerocoverage.The quantityS(e)and chemicalpotentiall_(e)willbe discussed

inthisappendix.Now we havetwokindofsites,normalsitesand defectsites

(ignoringthedifferencesamong adatomsites,vacancysite,and double

vacancysites,and soon)on theNi(110)surface.The adsorptionofCO on

thesetwo kindsofsitesresultedindifferentbindingenergies,ED on defectsites

and EN on normalsites.Using

a= exp(EN/kBT),

and

b=exp(ED/kaT),

we can write down the free energy for a noninteracting CO adlayer

'v

Nd Nd! Nt! N.nb n
exp(-13F)= Z = n=OT-"n!(Nd.n)! (N.n)!(Nt.N+n) ! a ,
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where Nt is the numberof normalsites,Nd the numberof defectsites, N the

totalnumberof CO moleculesadsorbedon the surface,and n the numberof CO

moleculesadsorbed on the defectsites.There is no exactway to carryoutthis

summation.However, we can simplytake the mostprobableconfigurationof n

withoutintroducingtoo mucherror. Let the firstorderderivativeof the quantity

withinthe summationsymbolwith respectto n be zero, we obtainan equation "

for the mostprobablen,

(Nd'n)(N'n) a

n(Nt-N+n) =_.

If the interactionbetweenthe CO moleculescomes only from nearest neighbors

and can be treated as perturbationandthe mean field approximationis

employed,the free energyfor an interactingsystemcan be expressedas

exp(-pF) = Z = Nd! Nt! aN'nb n
n!(Nd-n)! (N-n)!(Nt-N+n)!

*exp (- Nttctt/k BT) ex p(- NdtSdt/kBT )

where Ntt is the numberof pairsof nearest neighborCO's on the good sites,

the correspondingCO-CO interaction;Ndt is the numberof pairsof nearest

neighborCO's with oneCO on good siteand otheron defect site, Edtthe

correspondingCO-CO interaction.In the mean fieldapproximation(seeRef. 19a

in Chapter II),
t

Ntt= (N-n)2/Nt

Ndt= (N-n)n/Nt
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The chemicalpotentialwillbe givenby
o_F

tdkT=

o_n N-n 1 [ 2¢tt ¢dt]. =(1-_-_)In Nt.N+n-In a + Ntt (N-n_ + nk-_j

" + Ntt (N'2n}k-"_ " (N'n)k-- J

Expressingthisintermsof coverages,we have

O_6d 0-Sd -in a +
g/kT= (l+--_-)ln et.e.e d

1[ 2¢tt Cdt]+ett (O'Od)kBT + "d k- -Yj

where e t is the percentage of the normal sites on the surface, 0 the

CO coverageand ed the CO coverageon defect sites.The

thermodynamicfactor_ _-_ flcanthenbefoundfromtheabove

expressionandisinvolvedwithfirstandsecondderivativesofed withrespect

to0.Thedefectassociatedcontributiontothediffusioncoefficientisrelatedto

ed anditsderivatives.However,witha reasonabledifferenceinthebinding
li

energyforCO ondefectandnormalsites,a ratioof10-I000canbeexpected

forbla.Inthisrange,nisalmostequaltothedefectsites.Therefore,the

derivativesof ed areverysmallr_ndtheircontributiontothediffusioncoefficient

negligible.Numericalcalculatior;sshowthat10% increaseinD couldbe
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expectedfrom 5% defecton the surface.This is too smallto explainour

experimental results.
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Flgure Captions

. Figure1' CO Diffusioncoefficientalong [1i'0] as a functionof reciprocal

temperaturefor a numberof differentlytreated Ni(110) surfacesat coverage

0=0.98: (a) normallyprepared, (b) 1% S, (c)3% S, (d) 5% S, (e) 15% S

contaminated,(f) flash-annealed, (g) normallypreparedfollowedby 5rain Ar+

sputtering.

Figure2" CO diffusioncoefficientalong [1i0] as a functionof reciprocal

temperatureat coverage 8=0.98 on (a) good surfaceand (b) stepped surface.

Both surfaceshave been flash-annealed after 30 minutesAr+ sputtering.The

steppedsurface has a step densityof 1step/40terrace atomsand a direction

perpendicularto [110].

Figure 3: Diffusior_activation energies and preexponential factors as a function
,._

of coverage along (a) [! !0] and (b) [001] for CO on the stepped Ni(110) surface.
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VII. Future Prospects

In the previouschapters manyaspectsof surfacediffusionhave been

discussed. However, surfacediffusionis notyet a maturefieldand there are

stillmanyproblemsto solve. The importan,,ssues in surface diffusionstudies

are"First,the existingdata measuredby differentmethodsoftendo notoverlap

" due to their limiteddynamicrangesand are often contradictory.The optical

diffractionmethodpresented inthis thesiswith its extremelylarge dynamic

range shouldcontributein resolvingthisproblemto a great extent. Second,the

systemsthat have been measuredare often limitedto adsorbatediffusionon

refractorymetalsurfaces. Diffusionon soft metal surfaces and semiconductor

surfaces shouldbe exploredcomplementarily.Third, theoretical studiesof

surfacediffusionare very limited,especiallyfor chemicaldiffusion.Modelsthat

can account for the adsorbate-adsorbateinteractionin more sophisticated

manner than the latticegas modelmustbe developed.The role of the

thermodynamicfactor ( _ )r insurface diffusion in connectionwith

adlayer propertieshas to be further investigated. Only with substantialadvance

intheory, can a varietyof experimentalresultsbe understood.

Relatedwiththe first issue,the studyof effects of defects and impurities

presentedin Chapter VI has revealedthe importanceof surface

characterization. Since diffusionis very sensitiveto the fine conditionsof a

surface,cautionhas to be takenwhen one comparesdiffusiondata for the

nominallysame surfaces.This may havecontributedto the divergenceof the

existingdata in a large degree.

Withthe S impurityeffect on CO diffusioninterpretedinterms of S

inducedsurface structurechange in ChapterVI, one may wonderwhether

impuritiesof oxygen, and hydrogencan have similareffect. Experimentto
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reveal the answer for it is currentlyundergoingin Shen's group. Oxygen hasa

strong interactionwithNi(110) and presumablywill change the structureof

Ni(110) to certain extent. On the other hand, hydrogeninteractswith Ni(110)

lessstrongerand probablywillnotaffect CO diffusionmuch.

The observedeffect of defects for CO diffusionon Ni(110) is counter-

intuitiveand can be explained interms of multiplelatticedistance jump assisted

by CO filledvacancies. Is thispicturegeneral? Experimenton other systems,

for example, CO/Pt(110) whichresemblesCO/Ni(110) in many aspects, can be

used to test our proposedmodel.Alongthisdirection,significanteffort in both

experimentand theoryhas to be invested.

Coverage dependence measurementsof CO diffusionon low Miller

index Ni surfaceshavenot reached a consistentpictureyet. A measurementfor

CO/Ni(100) withthe opticaldiffraction techniquewouldbe helpful in orderto

eliminate the possibleartifacts due to "holeburning"LITD measurement

scheme, which is iii definedfor coverage dependence studies.Hopefullythe

new resultswill supportthe conclusionfromthe othertwo surfaces, namely long

range CO-CO interactiondoes not change the diffusionactivationenergy.

Whether it is generallytruethat longrange interactiondoes not affectdiffusion,

systemswith other adsorbateand other surfacesshould be also investigated.

Only with an accumulationof experimentaldata, can a consistentpicturethen

be built.

Diffusionof adsorbateson semiconductorsurfaces are ve.'yinteresting

due to the intrinsicbondingdifferencebetween semiconductorsurfaceand

metal surface. The covalentbondingin the case of semiconductorpresumably

providesa muchhigherpotentialbarrier for adsorbateto overcomein the path

of jumpingfrom one well to another. Diffusionof H and K on GaAs(110) is

being investigatedwiththe opticaldiffractiontechnique.Since the surface
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potentialsof these two systemshavebeen calculated, directcomparisonwith

experimentalresultswillbe possible.In particular,diffusionof K could be very

interestingbecause K mightformchains along [1:10]on the GaAs(110) surface.

Whether K diffusesas a chainor an atomshouldbe an importantissueto

address.Even if the diffusionoccursvia singleatom motion,howthe K atom

" detachfrom one chain and jump oversome distanceto attachto another chain

shouldenrich our understandingson crystalgrowth.The anisotropyof the

systemsagain providesus one moredegree of freedom.

The last, the opticaltechniquefor coverage dependencemeasurement

could be improvedwith a schemeof simultaneousdetectionof multi-order

diffractionsas describedin Chapter III. A successin implementingsuch a

schemecould save tremendoustime and improvethe measurementaccuracy.
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