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Rotationally anisotropic sscood.harmonic gesterdtm studies of lbe sbmcture and
electronic properti= of bimetallic interfaces: Ag on Cu(; 10)

Mark .4. Hoffbaucr and Victaia J. McVeigh

Chemical and law Scknca Division,
h Aianm National ‘.dora~, Los ~, New Mexico 87545

Rotationally anisouopic surface aecmd-hasmtic gcnuaticm (SHCi) has &n measured born a elm, wcllwdcrcd
Cu(l 10) singie+rysud susf~e as a function of W surface tunpmamrc and Ag average. W the cla Cu(l 10) surfau,
the tcmpcrmure dependence of the SH response al a fixed azimuthal angie can ix correlated with a s:wfacc phase
transformation. A large dccmasc in the rowionaiiy anisouopic SH responseas a funclion of surface tcm~rature c-anbe
miatul to changes in the surfact dkordcr, The rcauitswe canparwi with *r studiesof Cu(l 10) surfau structureusing
bdr x-ray and He-atom scauctig. The rotatkma.ily anisua’epic SH respnsc haa also imcrrmeasured as a function of Ag
coverage with the CU(110) surfrjce rcmpraturc fud al 3(K)K. Ihc results ciosciy follow the formaticn of an ordered
Ag(l 11)-like ovcrlayer, the nuicat.ion of ~dimensionai Ag ~iuskrs (c20 A thick) ti enhamc the aniscmcpicSH
rc~nsc, and W aubsqucm growh of a -10 monolayer thick Ag fti. Variations in the rotationally anisotropic SH

~ u a *Lion of M m-r m d to mtc h munant awface ckrmic umtibuths to the nonlinear
susceptibility of the interface.

Lla

lnterfmcs play a key role in Mmnining the mcchanicd, ckmicai, and clarrmic -W of mataiala, Obviously,
the microsqic strucm.rcand tkmai ~biiity of intdmxs arc of fundarnatai impxtmcc in dctumining the suitability of
a material fw ● part.icuksrapplication. New ex~cntal mcthrxlscapbic of mcnsuring intcrfacial poprties arc of great
pacticai importance for mamiais studies of thin f--ins, metals, scmiconductorsoand poiymas. F%reiy optical methods
have a unique and implant rok to play in intcd~ial studies since they aliow the dir~t d-rime interrogation of the
slnrctural and chemical cnvirrmnwnt of an inta!wc over a vuicty of ambient cxpcrimcnlsi conditions ranging from liquids
to uiua.high vacuum (lJi-iV). A number of row * ex@ments, performed under andit.ions ranging fmm UHV to
ci@rochemical cells, have cstabiishcd that optical sun~e ti-hmmonic gcmcralion(SHG) can & an effective tad for
surfaceand intaf~ &,.’ciies.1~ T’k technique is inuinskdy infaface s@.k Sk SHC is gcrrcsallyfcrbiddcn (in the
c.icctricdipoie approximatiw) by the inversion symmq of bulk regions. A surf= w Lntcrfaczbsrwcur rwo dissimilar
materials is, by definition, a non~trosymmcoic en~nL ‘llmf~, a,ufacc SHG is an allowed intaf=e-specific
fXoFX5K

In the UHV cnvironmenh surke SHG has ken usal to poix fn tiru surface oderi.ng and symm~ 3-6 and to
follow changes in surface structure that WM on k pic~ time -C as a rc.suiI of law inducai melting and
rccrystaliiution of swfaccs. 7- io Whancancmts in k surkc SH intensity can rcsuh from demonic rcamnce effects in
the surface species. Such SH cnhancanents can be very wtitive to surl’we suwturc, the adwpt.ion of damns, the

~c-c of 3-D surf= uructurcs, ail of whish can _ 9k wcxdudu mmiimar suseptibiiiry of the intaf~. ]

Rcccrrt.iy,we have&n dcveicping surf= SHG for w m smdying intmkial pcrpmks of cicm, well-characwizcd
aingie-c~stai surfaces in the UHV environment- ‘flu present invctigat.ion of rotationally azimuthal SHG from cican
Cu(i 10) and Ag overiayers on Cu(l 10) compliments our pevious fixed azimuthal angie SHG cx~riments on the
Ag/Cu(l 10) system. 1i 112 The Cu(l 10) surfue has C v symmetry, is highly ccnuga , and consisls of rows of Cu

?atoms &parated by parallel t.mughs. IL was anticipad rom rlwwcticai umsickrations 1? thal the rotational aniwopy
thm the clean surface shouid have cmtributions arising prdominstcl I from ~foid symmetry ekmcmts in the surf~e
-end-order nonlinear sumpt,ibiiity ~. Howv~, it WM not known if changcain ~ rotslimdiy ~isot,ropic surkc
SH intensity wouic! be timed as the surfmx tcmpaturc incna.scd ma could be ccmclatcd with ~sumd dwmally
inducal changes in the surface sma.urc. 14-’6 in add.itirm,chandc.sin the rotuioruiiy aniwtropic surface SH intensity
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b oould be expected rcsultin horn the growth of an mlered Ag(l 11) ovalaycr on tis Cu(l 10) subsoatcand, as indicatedby
5our previous studies ] *s] of LheA@(l 10) system. UK subseqirent enhancement in SH inrensily rcsuh.ingfrom the

growIJI of 3-D Ag nanocluslers (c 10 monolaycrs lhick) on the surface could significantly change the rowtionall y
anisotropic SH response.

The expcrimcnrd techniques used in this study combine c@ca.1 surface SHG disgnostica wilh conventional W-IV
su.rfamanalysis techniqueswhich include Auger elatron spccwopy (MS) snd bw+mgy ekctron diffracticm (LEED).
‘fle Ag/Cu( 110) sywcm has betm k sub~t of an extensive surface science invesbgation in our laboratory and rhcrefore
-es as an ided model systemfcn st.ldying Mmcxallic ove.rlayergrowth usrngopbcal SHG uchniques. ~7018

A bakeable W surfx~ wiemce chamk (base ~saure Qxl&10 W) api,~ with instruments for making AE5
snd LEED surtme mmwwne nrswas@ fathem@onall y akrfropic surf~e SHG exp%nems as shownschermuidy
in Figure 1. A Cu single crystal (>99.995% purity) qqxcmtily 9 mm in diameler was cut and miald to within l~o
of tie (1 10) surf- using x-ray difhaction techniques, I’?tesample was mechani~ Iy @ished to an optically flar mirror
fimh, ekaropotistd, md mounted on ● five-axis maniptdmor svstern that allowed healing, cooling, snd azimur.hal

romion over a range of -2200. The Cu aurfacc could be Immod to 1000 K and mold 10-170 K as mawred by two
rhermocoup!es attached 10diffcrenl sample lcmtions. The surkc lunpcramre measwe.mems arc amrate 10 whhi.n 5 K.
Windows cm tie vacuum system albw for law h ~ss to h sample face AM fm he ~uhtriy reflcded SH law
h to exit lhe chamber. The Cu surfx w= cknmd by _ ugon-icm sputig followrd by aruwaling in W for

five minuus al 875 K. The surke was always cleaned and checked fw impurities using AES prior 10SHG measurements
snd a sharp LEED paturn was confirmd LEED malsuremcmtsalm allowed a direct dclerrninalicrnof* akdulc surke
azimuthal orientation m wihin t 3°. Both AES and LEED wc to moniux ltre Ag coverage and overlaycr grow~

lfltieollimaud Ag vajm samce ofwamd at 1075 )( andmoqhologies arrd lhe reauhsare describedin Mail e.lsewiwe.
equipfd wilhs manual shuuer was@ fa controlled Ag @nsitions ats me equivaleru 10a~ximatcly one Ag(l 11)
monolayer (ML) per minulc.
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All of the SHG mcasurememsvmre made using a 10 Hz pulsed Nd:YAG law at 1(MLInm tluMprovided pulseswith
-10 nsec temporal wid~ and pulse emrgies on the Cu surfmx of -10 rnJ ( -1017 photons/pulw). The laseJ was mildly

focussd onto the surface(= * -3 rrunin diameleJ) al m im-idenl angle of +380 relative to the Cu surface mrrmd. The
bser poltition could lx vticd to Mec[ eifher p- a s-input pobrixdtion Aativc to tlw surface Iuxmal. Lascf-inducd
surfacedamageor surfMx FCMXSSadriven by bru hating were na expxled since thew k flwms are a hundredtimes
mailer lhan the Wr damage thr&old fcuCu md Ag surf-s 19 and the ealeubted laser-inducedswfme Ating 20 yields
a surface tcmperamre rise of ~ C.

‘IIIe spedarly rcflcctal SHG wtpm at 532 run (>IMKI photons~lse) was qm.ratal from the fundamcrmalwith a
combination of color fiiters, pwed through a pohr thaI wuld be wted to passonly he P a s-pobrimd eanponem,
and de[ecti using a phommultiplier UJb. A gatcd boxcar irrtegrwm and micrcxxmputer were usd to measure the outpu~
signal which was LIIemrwmalid m the ~uare of the irdent laser~wer mamrexl m ● shot-to-shofbasisby doubling in
a KDP crystal. Tim miuacwnputcr was als used to ecnmolother experimental aspectsand for &ala analysis. Typically,
the SH signal was detectd in d-time as the subsmstewas automndcally rotated OVCJa fixed range of azimuthal angles
(approximately -110010 I(WJ with mspca to the rows of Cu surfacz atoms) with the substratetcmpcxatureheld IXHMtant10
wi~in 2 K. In all cases,the linear reflectivity ●t 532 nm was ~rmcd over the same angk rangead fad to h constant
to witiin 2% prior IJW H~UUS of the rutIuicmallymkotropic SH intensity.

The nationally aniscmqic MU SHG expwirnenlal rauhs &mild &bw fcms on tk tempraurc dqxndence of
tie SH response from clean Cu(l 10) ~d tie changes in the SH respnse LIUMoccur as the result of the growth of Ag
overlayers on the Cu(l 10) substrate. The resuhs clearly tionstram the ~lectivity and sensitivity of the optical SHG
tcchniquc to changes in the surf= strueum &id symmeuy. ‘fbe changesarc tin related to odwr -s of the thennsd
popert.ies of the Cu(l 10) sti= al the overlayeJgrmth mex@ol@a im~t in the A~u( 110) sysum.

TIc dynamics of aderdi~ ttmsitions cmmsrkes have mxmtly reeeivd considerable attention in the scientific
lileramre sirIce such Pae$ses em im~ fundamental Iimiu cm material prfosmaxc ● cleva!ed tempralures, Many
high-index (i In) f-s (wke -2) of singkrymal mad surku are known to urvkrgo this type of phase-bansition. By
definition, roughen,. ~ of an atomically ckan surface czmsistsof IJMprolifcntion nf atomic stepsby thermal means at a
roughening kmperature, ‘a, where tk surkc free eIwgy fcwcreation of a stepbcumes m, An mredved questionof
fundamental imporanw ii w.he-therthe Mugheaing wxnpra[ure of a bw-index (1 10) surf~e can be lower lhan the bulk
crysud mell.hg le~npera!ure. FOI high index fsx.s, a IUS stringentMitition of roughening involving lhe prohferalion of
dnks on t.twalrctiy prwml *p rows thal can ~ mn&mly has~ auggcsud, Tlw e.wrgy quid for c3emionof a
kink amm is lower than that rquircd fm gememtkn of a ~ mom, thus roughcmingat tem~tura bwa thanthe bulk
mekirig temperature CM occur fm steppedswf~s as _ to bw-irukx umfaces. Pmvbus invcar.iguionshave in(ked
shown brxh theoretically and experimentally W hi h-index faca of Cu. Ni, and Mer nwals undergo a roughening

transition well bebw the bulk nwlting tire, 1?

Various su.rkepobe tachniq~s have shown thaI lb bw-hdcx Cu( 110) f- has an armsnaloustkrmal IAavior
sevraiing a dramelie darease in mcawed sigd as lhc au-ace krn~m is raid tive -503 K. Recent x-my scai~5n
dels suggest that k Cu(l 10) aurfme umlergocda disdna UICrnul roughening transith M tunpmues almve +W) K, 1!!

A sharpdecrease in the ~uGred x-ray intity above -WI K was a&ibute.d to the migratitm of steps on k surf= M

form randomly shapedislands, HOWCVU,v~ ~dy m Utergy-scudvedw-- XWzing Caperimemfoundno evilWuX
for tie proliferation of steps up to 9(XI K, Whk k lie-am- intensity falls rapidly above -5S0 K as in the x-ray
seallering expcrimemls, an ~ in the num~r of surke @qm W would b manifes[ by a Immdening in the angular
distribution of the He-atom &am was not ob~cd, The rcsulu aggat tht, ratk than Cu(l 10) undergoing an order.
d.ismde-rtransition, tlw surf- hasrn ~ vibrmicuul mhmncmlchy above -5X) K due 10an momalcms immaM in k
mean+quarc disfkenwu d k surf= amms,

Our ex@-nents IMve examined the IIwrmal Mavirx of Cu(l 10) using routionally azirnuhl SHG. WinjJ 10 the
inherent surface qwif~i[y d SHG, MaIls regarding k ~pmture ~n[ surke structure and symmetry can be
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measured. lnFigm2ti SHin&ntity ufm4timu~mgles of@d,-750k sbwuafuKti of*stiace
lemperamre. Ihe projwtions of tie inpui laser @arization relative 10 the azimu!lud angles of lhe Cu( 110) subs~~
correspond m 0° for ppolarizatin along W rows of Cu surfax amms in W [110] directh and M@ for polarization
across the rows in he [(K)u direction. In all of the rotationally anisotropic SHG expcnmen~ re W beiow, no
pla.rimtion stlcction of the SH ourpw signal was performed. F@Mzation studiesrcpmled elsewhere

1f’?2 i~- ~~

he s-polarized SH signal is a factor of-30 smalkr IJIM the p@arizcd SH signal. Themforc, wirh rm @arizatioII analysis
of tie S!+outpul signal in the pesm cxpaimems, we src assued the ~ti SH signal is pmknnirumly ppolariud.
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Figure 2. SH intensity u a function of Cu(l 10) surfacetcmpzaturc u fixed rubstrate azimulhal Mglcs of @ and 75° wilh
I’qlUl 10he rows of sllrfxe Cu ●urns,

A smoothnearly lirtardecrcAw in the SH intensity is obserwxl at @ azimuthal angle up to -SW K after which l.hc SH
~[cnsily sw ~ ~~ ~ jdlv ~~ king UM~U,UC. m~ ~d lflcrrnd bhavk)r ve~ CiWly fllRIChCS k)d)

!lhc x-ray SCSUHC4 inlcnsily 5&d lhe Hc-uicrd inlensity 16 M furdms of stdzc lem~turc, AI an dmWh$l @e
of -75° a sharplinear dccresw in the SH irdensily is ~ed up to -TOO K above which the SH intensity SKIPSdecreasing
and remains con.slmw The tempramrc dependent Wvim okrd in Figure 2 is cmmplckly reversible ss he surface
tempcrmurc is mrnped up and down. Extensive chd.s were pfcmrmd 10= if he p%slbility of impurities segregating
from tic bulk could affwI he SH signalsand none were found. Thus W Icmpemlurc ckpcncknt SH inlensily obsmd in

Figure 2could h used to monitor the surfact ~peraturc rise following heating from other mrcet This Iypc of
mcaumtncnl bs recently ~n nqxmcd for I,hc clean ~g(l IO) surface where k lime dependent surface tempccalurewas
measumd following hating U-by a pulmd k. t
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In Figure 3 the rotationally anisotropic SH imensily as a function of substrmeazimulhal angk aI eigh[ different fixed

surface Iemperamres is strewn. Except far changes in h aurfxe tcmpmturc, all ahcr expcrimemti umditis were f~ed

belwccn individual azimuthal angle ~s, Thus, tie SH intensity ● different Icmpatures and different angks can h
cliredy compared on m absolute scale. At M bwc.r umpmures a large tkgrcc of nnhotmpy in the SH imcnsity is
obs.med wilh a distinct minimum near N and a maximum al f W.
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figure 3. Row,iona,lly azimuthal SH inlcnsily u s funeticm of Cu(l 10) surface azimudutl angle at the fixed surface
kmpcramres indicated. The solid lines are thcorellcal fits to the dam uiscussed in the ICXI.
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The solid lines in Figure 3 sre the.omical fits 13 to the clm using an cqwcssion for h SH inu.nsily as a function of
the azimurhaf angle,*, of the form

lSH=l A+ BeOS(@)+COOS(@)!2 (1)

where the cwfficients A, B, and C represent the isotropic, n-fold aniaouopic, and 2n-fold aniscmqic susceptibility
elements, respectively. RN the clean Cu(l 10) Mace, n-2 si.ncztk surfacehas twofold C2V symmetry. 11can easily b
seenhorn Figure 3 thai the rou@mally azimudualSH intemaityumkgas a ratk dramak ckrcasc witi bcreasing Surfaa
kmpermure. For W 177 K surface a very pcmounced misoawpic two-fold SH mspcmscis obsencd su@mposcd orI an
isowopic background whexc B/A = -0.32 and C -0. As he surfwe temperamre is i.nmasd & anisotropic two-fofd
cent.ribtmionto the SH intemsity is obacrvd to &csu.w signifkantly ad a smalf dccrcmc in M imtropic contribution is
observed. FcECxlUnpk, at 3CK)K B/A = 427 and C = O. At 765 K the UliSOilUpyrcspomibk fcwlhc oscillatory changes
in St-l intensity has nearly vaniskl, B/A = -0.085, md ● significantfour-fold coefficient C/A = 0.U3 is nedcd to
d~ll@y q)rcsenl the data. Such a~ krcaseinche ~C ~ff~i~~ W~ * C- if IJ= lw~fold
symmetry of the Cu(l 10) sawf- ~ d= to hmally induced%n@cning- cffetxs

In a separate expcrimcmt, die CM Cu(l 10) surf= held at 300 K wss sputteredusing 3,0 keV Ar+ (five minutes aI
-20 vA), LEED measurements prfonncd following sputtering indicad ● vc$y diffus.s ~kground with almost no
evidence of surface cndcr. ~ tionally mimtrqic SH ~ u 3CK)K was rncasurd un& i&nticsl conditions to
fhose dcscribd atom and found to be ~ly idmticsf to the data shown in Rgure 3 M 765 K (i.e, B/A = 43.071). ‘fhis
result implies that the ddiber8tcly “cbxdcrd mtferd Cu surfsccand lhc Cu(l 10) surf-M 765 K hsve similar ovemdl
SfJUC[UrCS.Such Wdd b -~kd ifa tkrndy ioked surf= ~ IIm&kXl -* m.ding in ● signik.am dc~
of SurfamdiscY&.

With s-input b W~ “ sndthcmwfuctc xnpaaaucf@at300K, tkmcmkmal aniwcropic SH inlmsity was
measured as a function of azimuthal mgle. Using the ssmc inpt lucr pulse -y ml irkntiuf gaxncuy 8s Ihat wwd to
ohain the &la in Flgurc 3, the okmd SH intensity wss qqmmirnstely 30 times wcakex than the 3Ul K data shown in
Figure 3. A clearly dcfimd maximum was -d in the SH intensity at @ and a minimum a! * !@. Fits to the dala
yield B/A = 0.071 and C/A - 0.0S 1, indicating ● significant (our-fold melfrrient is required m _nl tie data, 1[ is
worth noting that for either p- or s-input polarization he rotationally anisoucpic SH intensity is obscmcd to maximixe
u hen the projection of Lhcincidemtrdi@Nl p~ M ~ the lUwSof CU 6urf&X UOtllS.

The sensitivity of SHG to surfxe ~urc and symmcmymake it paaiblc to investigate &ailMI ~rties regarding
lhe growb, strucmrc, and 8tability of uhra-thin f s. Ho~c_v&, very few SHG mdics of metal ovdaycr gmwih in the
W!V environment have sppmd m he literamrc. P The pestnl mdy is intmdcd to puvidc infcmmticmrcgudi.ng changes
in overlayer structu,e and symmetry &r the ~u(l 10) systun. l%rt of our intercw in mudying h A@lr system was in
=paming contributions to the SH response resulting h eitk changes in surface strwturc w changes in lhc free
Clcclrllrl, interbandCkctKsl, a -date cktrcmk ~ cfhs.

Our previous studies of Ag overbycr growth on Cu(l 10) at m K using AES, WED, d Rutirford kkscaaenng
spectroscopy 17.18 have shown IJU ●t subrnonolayw averages, Ag wm found to grow in the troughson the Cu surface,
llc first one monolayer hick Ag adatom Isycr forms M crtbcd, cccnmensuratc Ag(l 11) hexagonally close packed
overlayer with tic Ag-Ag ~t ncighlmr ~ aligd ~ the Cu troughs. TM Ag(l 11) ovcdaya gives rise to a
sharpc(2A4) LEED pturn. Additional Ag ~ition, tctwan me and two monolaycm, rCJUILSin the nuck.at.ionof 3-D
Ag clusters -8 faycrs hick (-2o A @l) cmtop of the Ag(I 11) mcmcdaycrtemplate. Wih furtha Ag ckpsitiorr, the Ag
ch.mers were found 10grow mmss theM&.C and txmlcxt to fcmrs czmlinwtrs M ‘dlsmkrd Agmrn.

The SH in nsity ~ti at ● fmd timuthsl U@ was ~rved m undergochwrgeaM Ag w &~itd cmCu(l 10)
Yat 300 K. 11’1 The SH intmsity initially ~ fm k firsi ~,5 ML of Ag @mshicm md then recovers to near its

inilia] value at -1.0 ML. Mwrrn 1,0 md 13 ML, the SHG infcnsity ~s above lhc clean Cu( 110) signaf level by a
fwtor of approaimalely three, d them&UyS MIItMMy tivc -1.5 ML 10 a cmmt vduc a[ + ML similar to SHG
from bulk Ag. The initi dOCX in the SH titcnsity u •tfri~ti to tigcs in k inter&d electronic resonance
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conu’ibutions. Cu has a 3d4s intu’band ekcutmic transitionslying between 2.0 and 3.0 eV. Ag has no optical transitions
below -3.6 eV 22. The Cu-vmn.un intcrfau is Uwefcw: expc.ctcd to have resonantly enhanced SHG contributions at
532nm (2.34 cV),

The pronounceddmwsnent d he SH ai@ Ody ~urs m @ c-ovuagcsW~R 3-D Ag nmcdustcrs me known to
nuclcac and grow. Tlw efficicmy d SHG from tk inwface ismcdiamd by he prcscmx of 3-D Ag nanoclustus that ccmple
the riuliation field into cxcitaion ofsurke plasmons as cmfiirmcd by polarization soxl.ics. Betwca 1.5 and -9 ML k SH
Si@ dCC8yCO~ to ~ lWlOdWh!l -g ~ tk StiX and CVCSltLUdly CdMCilIg m fCWlll8 ~tiUOW Ag
film. A[ difkem fixed azimuthal angh & covunge @cnrkswics ofthc SH intensity show very similar features to rhosc
just describd. However, the absolute intmsity of k SH 9gnal is a sucmgfunction of the azimuthal angle. CMprinciple
concern in lhis study is whclhcr changes in LIE rotatimally animtropic SH reqmnsc fa different Cu and Ag ov rla er
suucmrcscanxcount for LIE~cd SH intuuity changes m a fmctkm of Ag covczagc u f~ai azimuthal angks. h.fi

The rotationally ●nisotmpic SH intensity mcaswcd ●t300 K as a functicm of subauatc azimuM angle at seven
diffc.rwu Ag overiaycr covaag~ is showm in Figm 4. As fcx tlw clean Cu(l 10) resultsdiscuswd above, no changesin tic
expcrimenud sap WO’Cmule ~wcm individual azimulhal angle scansexcept for the &position of ● hewn arnoun of
Ag. Thus the SH intensities can bs ~ on -I dsolute tic. The solid h?CS in Figure 4 arc tkxctkd fks 14 ~

thedata usingan expressionsimilar to Equation 1 fcr the W-fknsity as a function of the azimuhal angle

w~re the ~fflcim~ A, B, ~ C, ~ M- in ~ijon 1 fa the Cu(l 10) tiu and the cafflcicnts D d E ~t
possiblethin- ad six-fold anisotropk suq’mlility amhibutkms ckrivcd fra’n the hcxqpmal Ag(l 11) overlaycr template
~ving C3V symmm tit is pscnl cmIop ofthc CIJ(l 10) smfacc a Ag c4Jvcmges above -1 ML.

Large changes in the overall SH intmhy and camurmt changes in the shape of he ankumopy as s function of
azimuthal angle arc obacnmd with irtcmming Ag coverage. As demibd in conjunction witi FIgum 3, the 300 K clean
surface has a very pronourttd misouopic twmfold SH rqmnse. At wvcragcs of 0.5 ML, whuc the Ag tides in the
Cu(l 10) uoughs, and 1.0 ML, WtlC4C a Ag(l 11) hcxag(mal OVUby@ is formed, the animtqic SH ~ is tily
unchangedexcept fcx a small cbxmaM in the ~ic ~kground. At 1.5 ML awrage, wh 3-D Ag nsncdumcrs have
nucleatedon tic surke, the overall rotationally azimuthal SH intensity -6 by a fxtor Of dy * Ova LhCCla ;
Cu(l 10) values and a signifiil change in ~ of the anhtropic SH rqmnsc is observed. ‘Jle fit to the data using
Equation 2 requiresa signifunt rw@fold mcfficicnt da three-fold c~~~icmt (B/Aw41,37, D/A=4J 11, C-O, and b W to
dqucly rcprcwnt the data, Itisimpsible to fit the dau using Equati 1 with either n-2 w n-3 symmetry elanel.~
exclusively. As the swfacc coverage is further ~ hum 1.5 ML to 9.0 ML, wkc Ag nmdustcrs make to form
a uniform though discnxicd Ag fh, h animtropic SH intensity is okrval m ~ amcuthly until St 9.0 ML the
aniaotropic SH intensity hasb nmrly cmaal. Fits to the data ovcz this coveragerange again r@rc w and rhw,-fold
coefficients to dequstcly ~t the @ md at the higher c.ovemgcsa significant changem h azimuthal angle offs is
also required, For euunplc, an timuthal angle off~t of -1P is required to fil h data m 9.0 ML. This offsa may k
indicative of changesin the tilutc azimwhal aic.ntatkn of h tkk Ag film relative to h atbstrate,

While the SHG ex~rime.nts tiribd akmvecmnot uniquely mlve b kbtc ~
dynamics of the Cu(l 10)

Tr

%g,tlte ~’a~~umti~~
with regard to Lhc~csence of ● “k” order-diwmkr tramtmn

vibrational anharmonicity it is wcwth mxing mnw dist.kt diflcrcnces intrinsic in the experimental cchniqucs
employed. First. consider the ~~tion times Inhcsentin auface structural probes lnscd UI x-ny ~tering 14, He-atom
uuering 16, and the presentstudy usingoptiul SHQ. X-ray ~ : 8 ~*dy hlvolve.s the iNcrmXiotI of imi&nl

Xn intuactiOn ,ITM of .IO-l?f-tiWm” ‘WhM’mww* ‘ed~~~~cv~!~volvlng

x-rays witi the core elcntron
=. OpL@ SHG Lnvolvcs the mucring of an ixicknt photm from either IJE frcz or

imerband elc-ctronsof the surke moms. 711cintmsity of the SH signal is tiincd by h nonlinear susceptibility of h
surfaceatoms which is in turn rc4atcd tik ~ potability. The intc~ti~ liinc involved can again & viewed
as instantaneousIypicslly lasting <10 R SCZ. HOWCV~, f~He-a~~t@tig k intmdon time with t,hesurface~ms
is diffcrcm. In the He-atom titing expcrimnts qxnlcd &ove the He-atom kkknt mcrgy was -18 mcV which
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Figure 4. Rotationally szimulhal SH intensity mcnsurc.d al 3CKIK as a function of CU(l 10) surface azimuthal angle at

wm Ag ~a ~v~~. Tk did lines - ~ filstOLkd818 diSCu!ldinthCtCXL

awmpmds w m inci~nt velocity of -1($ cm/a@r. At mh low collision energies the incident Hc-alun can be expected10
intemct wi~ the ~cztrcm density of ti cu tiwx storm ova a distan of-S A cmtie incoming and ou~oing tra;ccmry.

YMs@ W He-mm Inmaa.ion time with k surface alms is -Ir] sec. ~is intaacticm he is spptwximatdy hrce
crdcrs of rnagniludc longer than

9
characteristicof x-ray scatteringor @al SHG. ksuming thw the Cu surfaceatoms

bvc a vituaticmnl period of -10- 3 - typical of melal surf- w ~ K, then it can tu conjezturcd that He-mm
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scaucrinq as an expuimental pro& measuresthe time averaged structure of ti CU(l 10) sufke. As suggestd by the He-
alom scau.ering data, in a time avcmgul picture the Cu surface alom pitions are confind Lothe [1 101 rows ova the
temperwre range of 4CKI K . However, due tos large anhamoniei[y in he vilwational rnoiion of the Cu surfiwcatomsas
a functiot, or ~mpemture, the insmnmncow psitions at ekvated tempramrcs sppear diwdered. One could thenenvision
a “l-D” type of disorder where the insiantancousCu mxrf= - psitions in the [I1OI rows sppar to be highly kinked.
1~is this instantaneous position that is probed by bodt the x-ray scattering and tie body anisotropic SHG
experimentsqmned atmve.

Over the temperature mnge of -900 K ● picture of the thermally induecd changes in the tiace s-mm thal is
consistentwiLh ail thret experimental Lechniqucsis one whereon the avangc the uuface looks like an ided e-cmugated
Cu(llO)surfaet but an instanuuKuu.s smpshotof Ihesurfxe Would revedalargemomlof l-Ddiamder whemthe rows of
Cu atoms are highly kinked. This dismdcz inmasea sharply Wilh hcreasing Iuw_. Suppos’tfcwthis picture comes
from the fixed azirnudml mgk UJILpmturec@mskme cM_in FIgvc2ti-7~. TI’tcsmoo hlincsrdccreawwith
increasinglempcralwe maybe dm 10the increasing l-DdiscdrY in he rows of Cu amms. The fxt that the dataa~ LO
level off above -700 K might suggestthw either the uthrmmieity -M with the l-Ddkamk~ imxuse funher
atilahve tism~mtiti- a&*mtihg mdydiamkmd m a 2-D *E.

IL is interesting LOnote that with eithers- w P@rization of the inckkmt &on ● maximum in the SH intensity is
obscrvd aL azimuthal angles umqxmdhg to irmeasd polarizability mmas the sows of C’] MOMSwhere the electron
densiLy would be exp.ctcd to be fhc mallest. A possible explanation of our rotationally misouopic SHG results
involving a subflc distinction betwom rkm.lly imlwmd e.kuuri density ckkalization md surf- mom dispk.emem also
needs to be considemi. However, it ~ md@e “ thafov= tF4~pmturc rmgc8WWl theekCtmtity-h

uncoupled from tie atomic psitions.

The ro~tiontdly anisompic SH utensitiw ~ at 300 K as a function of Ag co~e me ccmsislcntwith LIK
kmownchanges in surface syrnmay md structurededuced h LEED and US studies. 7he strong enhanccrrmt in the
SH intensiLynear 1.5 ML coverage is comla&d wilhlhc pwthof AgLumoclLLsla’sonthesurf uanclisobscnedatd
azimulhal angles, The fact that k arc no dmstic changesin he miwmwpy with inerctsing Ag Cowrage cmfirms thal the
fCaLweSobserved in the fixed azimuthal angle exprimms mnotsokly~ ; bychang~in timisotLupy butrather
by prexlic~bk changes in eilha the surface ebctronk pswpties, @vemge, nmphology, m sbuctum. It is also reassuring
that the anisoLroJydiminishes as h Ag nanaluslcrs caalesw to form a diamked thick Ag Wdly=.

Rotationally anisotropie SHG has ben d 10 stmdythe - LUJUCmremd bnnal stability of a clean Cu(l 10)
surface and the Ag overlayer s&ueture W! Ag 3-D nanoclustergrowdI mcxphology cmCu(l 10). The results show clear
evidence of the surface strucfmd rem.skivity of the c@@ SHG ~ technique. The lcmpemtwe &pencknce of lhe

rowiona] anisotropy from Cu(l 10) is in agscxanentwilh other exprimenla @omd using vay cliff
that indicatea tempmxure inducal change in the Cu(l 10) strf- atrUWrc d -V ~~~K~’:~= *w Wepwpoae
Ihal a tirmally induec 1-D clism&Mg phmmnma ~ls fm all of* ULperimml obtm.rvalionst

The Ag coverage dcpcncknccof the suasional anktropy has~ shown m k wasistit with our p’cviwsly rem
SHG resuhs for the A~u(l 10) system md provides impcmant new informuion regarding changes m M microscopic
structureand surfaec electronic -ies I.Iw!acur with increasingAg mvuage. Ex@muLts cunmly in progrms using
a tunable laser source will make it pssibk to determine IILCrelative cmtributions of surke rntcrhand md free4edron
transitions to the SH respnsc. TIM tcmpaature, cme.rage, and structural changes in the ektnmic stsus giving rise to
resonant excitations will also k investigated. Thcomtical Iauicc dynamics ~cidations should be very useful in
understandingthe lhennally indual vitxwticmalmharmmu“ itymdtk micrmwopicmiginsofthe diffu’auxs 0t9crved in the
x-ray, He-alom, and surke SHG ex@nents. An exlensicmof this h to the Cu(l@ md CU(l 11) arrf-s which have
very different tierrnal ~havim and Ag ovedayer growth morphologiea will be useful in testing the qenertsliLyof the
conclusionsdrawn from this work. Additkmal ex@ncnts will pwik fundarnemtslrnfcmnationimpwlanl in rkLmnining
thegeneral utility of o@cxd Iunlim.m suff~ spcawxpies &sinterfmt s@.fic *.



1208-13

This work was funded Lhrough Institutionally Supponed Rewarch al Ims Alamos Nahnal lAIbOIWW ~d performed

under W auspicesof tie U. S. Deparimem of Emergy.

1. Y. R. Shen, “Surface Smcbes by Optical Seared Harmonic Gencmtion: An OVCMCW”, J. VW. Sci. Tahno!. B ~,
1464(1985); ‘Surf= Second Harmonic Genezmion: A New Technique for Surface Swd@”, hn. RCV. mwr. Sci. K.
69(1986); “SurfacePrcpmies I-Wwn2by ~Hmnomc “ andsum-Flqemcy Gcnmion”,Mmre33z519(1989)m

2. G. L. Richmond, J. M. Robinson, and V. L. Shannon, “second Harmonic Genemtion Studies of Intcrfacial
SIIIJc[ureand Dynamicsn, J%og.Surf. Sci. a,l(1988).

3. H. W. K. Tom, T. F. Heinz, and Y. R. Shem,“M-Harmmuc “ Rcflectkm fmn Silicon Surfaces and its Relation

10 Strucm.ral Symmetry”, Phys. Rev. IAL u, 1983(1983).
4. H. W. K. Tom and G. D. Aurnilkr, ‘Ohmukm of Roimional Ani.wuopy in the Seared-Harmonic Gem40n

from a Melal Surfxe=, Phys. Rev. B Q 8818(1986).
5. T. F. Heinz. M. M. T. by, and W. A. ‘f’hompson, “Study of Si(l 11) Surfaces by Optical Second-Harmonic

Generation: Reconsiruchon md Swk-e PhaseTransfcmnachm-,Phys. Rev. Ua. ~, 63(1985).
6. S. S. lyer. T. F. Heinz, and M. M. T. Loy, “Summary Al-c Epitaxy of Monolayer Silicon Films Studied by

Optical Scccmd-HarrnonicGamalkm “,.J. Vat. Sci. Tochnol. B ~ 709(1987).
7. C. V, Shank. R. Yen, d C. Hmlhmmn, ‘l%mtosarnd-Ti.rnuResolved Surf- Smucunal Dynamics of Oplically

Exciti Sdicon”, Phys. Rev. IAL U $KIO(1983).
8. S. A. Akhmanov, N. 1. KcmtcEv, G. A. Pa&n. 1. L. Shumay, M. F. Galjaurdinov, md E. 1. Shlyrkov, “Pulsed-

IAWr AruAing of GaAs Surface Smdkdby Tiie-Redved Secud-Harmmk GUM@CXI iII R*@I”, -S cofnm~,
a, 202(1983); ‘San’i-i-humhc snd Sum Freqwncy Gcaeram“ md Refledcm: Robing of G* Surthce Saucmre ad
ke-r-lnduti Phase Transiti, J. OpL SOC.Am. U, 283(1985).

9. A. M. Msdvezzi, J. M. I& and N. Blocmbergen, “Scccnd Hanncmic Gamticm in Rektkm km @sMline
Ga& Under huemsePicoseumd - Ir#iatim”, Appl. Fhys. Leu a, 1019(1984).

10. i-l. W. K. Tom, G. D. Aumi.ller, and C. H F%ilo-cnu, “Time-Resolved Smdy of Lam-Induced Disor&r of Si
Surfaces-, Phys. Rev. LCU m, 1438(1988).

11. M. A. Hoffbauer and R, E. Muenchausm, “Cl@cal Seamd-Hmnonic Gemedcm SMies of Ag hyer and 3-D
Cluster Growti on Cu(l 10)”, ~

. . . .
“G. Gauge, mm, h. SPIE W 38(1989). .

12. M. A. Hoffbauer, T. N. Taylor, and R. E, Muenc&wl,, ‘Optical Seamd-Hmnonic GeIe&cm as s Rob of
Bhnome~r ScaJeRoughnew: Ag NanoclILs= Growlh on Cu(l 10)”, in ~-e.

13. J. E. Sipe, D. J. Moss, and H. M. van Driel, “Plmcunenobgic.al lheory of Optical SemNI- d ?Mrd-Harmonic
Generation from Cubic Cenmymmeaic Crydds”, FIIys. Rev. B 35, 1129(198~.

14. M. den Nijis, E. K. Ride], E. H Conr@ and T. Engel, “Roughening of S- Meul Surkes”, Phys. Rev.
fzU. U, 1689(1985).

15. S. G, J. Mochrie,Thermud Roughening of the C- (1 10) Surfsce: An X-my Diffmclb Exprhnent”, Phys.
Rev. b[L X, 304(1987),

16. P. Zeppenfcld, K. Km, R. Dnvid, and G, Cmnsm,“No llmnal Roughcming of Cu{l 10) up m 9(KI K“, Phys.
Rev. Lcu. Q, 63(1989).

17. T, N, Taylor, M. A. Hoffbauer, C. J. Maggim, and J. G. Bq, “The Growth and Subility of Ag hyers oti
Cu(l 10)”, J. Vat. Sci. Te.chnol. As, 1625(1987).

18. T. N. Taylor, M. A. Hof!lmuer, L. Bmodovaky, J. G, BCCV, and C. J. Maggicue, ‘Ag hyers on Cu(l 10):

Bonding, Suwcture, and Subility”, MaL Res. Sot. Pm. m, 259(1987).
19. Y, J&, M.F. Becker, and R.M. W&r, ‘User-lndti Damage on Single-Cqvmd Metal Surf&es”, J. (3PL SW.

Am. B 5, 648(1988).
20 1. F. Ready, ‘Effec[ of High l%wer b Mdhicm”, (Acskmic, New Ymk, 1971).

21. J. M. Hicks, L. Urbach, E. W. Phunmer, and H. L. Dai, ‘Can Pulstd kr Exciticm Be ~xribed by a Thermal
Model”, Phys. Rev. Lat. U, 2588(1988).

22. J. G. Tobin, S, W. Robcy,d D, ?. 3: Aey, Twwlimmsional vdcrtcc+kctmnicstrwtureof Bmonolaya of ~~g

on Cu(OOl)”Yhys. Rev. B 33, 227q1986); J. G. Tobin, S. W, Robey, L. E. Klebanoff, and D. ,,, Shirley, “Devebpmen[

of a Lhreedmensional va.le.nce-bmd sJmWre in Ag ovcdayeJs on Cu(l 10)”, Phys. Rev. B 35, X)56(1987).


