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lnlrod-

Oplical second harmonic generation (SHG) has recently been shown 10be a sensilive, real- lirnc, w
silu probe for studying interfaces under many dilferenl environmenls[l ]. Wilh regard 10
atomically clean well-characterized surfaces , SHG has been shown 10be sensilive 10submonol.lyw
coverages of adsorbales [2,3], lhe structural symmelry or molecular arrangement on Ihe surlact?
14], and 10surface reordering observed during laser induced melling and rccry.sfallizalion [5].

?r~vious SHG sludles of bimetallic systems have focused on alkali rnelal adsorption ofllo lr:lrl~ !Wrl
met.+1subs[rales. In Ihese syslems the observed SH response IS enhanced by a factor of on(? !IIW:; .11:,:

uporl :~lkaii adsorption, due 10 Ihe large charge Iransfer lo the subsfrale[6]. We havo chos(!n ICI::IL;.I
[he growth of Ag overlayers on an atomically clean and well-characterized Cu(l 10) surface. Thu A(;
ovcrlayer growfh on Ibis subslrale is known to have some interesting Iemperafure dependent
behavior lhal is typical for syslems in which significant three-dimensional clu~lering is knowrl 10
be imporlanl [7], Cu and Ag, while electronically similar, are immiscible near room tcmpcralmu,
hence there is no significant surface m bulk alloy formaliorl [8].

&prirllPf]:al

rho !mrnp!e used wiJs a 10 mm dia. x 1.5 mm lhick, >!.)!l,39!)5”!0 pure, Cu Sirlqlu Crysl:ll OIII!Il! IId [o

wilhin A0.50 of Iile (1 10) surface. A trakeable UiiV surface science apparallls (base prcssur[!
<2x 10-10 Iorr) ‘was equipped wilh low-energy eleclron diffraction (LEED) oplics which could ill!;~

1)0 L’Wd in Ihe relirrding field mode 10perform Auger-eleclron spoclroscmpy (AES) and work Iuncliwl
rm:asur(?rnerlts. The syslem was mocfifi[:d 10allow laser beam i]cc~ss 10 Ilw sm,plo lace :IIId ;I
fuscdsilica cxil window was provided for Ilm specularly rcflocfcd IUSCIb(!nms used for SHG
m(?:lsuromcnts, Tho surface was cl(wned by ‘opealed Ar”+ spull(?ril!q (3 ko’/, 10 @crn~)
f,]lluw(!d by vnno;ding hl vacuum al 900K, Ag W:ISdcposilr-d from :1collilll;lt(xl, rusi:;livoly tII!. IIIIIi
v:lpor source operaled al 1000 12 K ilrld (!quipp?d willl ii rncchilrlic:ll :;llllll(’r for ;I(:c(lr;ll(!ly
(:orllrollirlq IIW Ag dosaqc limo. A(] W;I%Vilpo[ (ii!poSitt;(J ill b:l:l(! prl!,;:;lllll 01 III:;:; Ii]; Ill :1xI() I “ !. )11

A Art (!(!po$iliorl r;!l(; of ilp~lOXlllliJl(!ly OIII! Aq(l 1 1) Illorlol;ly(!r (Ml ) ~)i:rIIlirlilll;Wii!; II:;IXI,

I ()! 11](!Sj-lG rncasurenl(!nls, 1110(JIJlplll of il 10 }{z pUl:;rJd Nd:YA(”i l;I:;I!r ~~lovi(h!(l 10 11’;{ll!I]lji’;l”; .11
I ()(ifl Ilrll Illcld[!ll[ Wl th(] CU SIJrfilCi! ;Jl ilrl illlf]t(! d 6W, wilhjhl! pL)l;ul;!; Jlioll v(!(:lor Ili!;u 11111
[ I I ()] :;llrl;ux! (ilf(x:liorl. (J:;irlq ln:;III flll[!fltx’!; [d lo(lllW~ml~, wllI(Qf~,1111;I III I:IIII I!(I IIIIIIW
:.lll, illf!I ttl, Jll till! rf’poll(!d d;lrl);JIJl! ttlrl!:; tloki hll (;11(1 [())[;’!i~l], rl[) II I!; III lll(tlkx!(~ !;lllf,l(:l! (1,1111,1111’

I)ll;lliil(l Wil!; olm!rwxj. Thn lil~[}r OUtl)III lml;lrl~;~ti(~r~CIIUl(i III) v,ultd Il:;lrl(l :1Il;lll W;IVI! [)I;IIII III ,11111, I

1111’II!I 1] or C; lrl~)(j[ pl:lfl~;l[l(yl r(!l;lllVfl [() lllf~ :;lllf; l~:{! rmrlll:ll. I Ill! :;~)f!(lllillly ll!lll)(ll(!ll ‘+1I
(11111)111,lti:j.Jh(’)lolls/pulse, w:m s(!~);n;ll(!d Irwtl Ilm furl(i:um!lll;d Il:;m(] ;J :;I!II(I:; of III, II;:; 1111111’;Wllll
;111[1I!xllfu:litm r;llirl qro;m!r lh; m I 01 ‘1, ~xl:;:;{!(l lllr[)lJqll d (Mm I“:lyhll ~J~d;lfl.’I!r Itl; ll [:1)11111INI 1111,111111
ILI l);it~ orlly III() p or %~ml;uizr!d [:or!llvvllvtl, ;Irl[l (tI!II!(:II!(~ U:;III(j ii t:(NJII![l I’M I



EesllJE

The CU(l 10) surface is a corrugated low-density face consisting of rows of Cu aloms SCp;II:IIIII.i !~y
Iroughs running in Ihe [1~0] direc[ion. our previous s[udies of Aq cwerlayer growlh on Cu( 11O)
using AES and LEED [!3] have shown that Ihe firsl Ag ada!oln layer is formed whcm Aq, III III,IIIy

conlined along Ihe :rough direchon, forms an ordered Ag( 111) ovcrlayer wilh the Aq. Aq II WUI?:; I
neighbor dislance aligned across lhc [roughs, in Ihe ~100] direclion, which gives rise 10the
observed c(2x4) LEED patlern, Furlher deposition of Ag on [his monolayer Iemplate was stmwr~ 10
have a Iemperalure dependenl overlayer growlh morphology. Al 120K il was found Ihal addlllcrl,~l
Ag deposition resulled in disordered layer-by-layer growlh forming a continuous, though somw.vtl:lt
disordered, Ag film. This disordered ~ growth closely approximates a Franck-van der Mcrwc
film growth mechanism. This was in sharp conlrasl to lhe behaviol observed near 3GOKwhore
additional Ag deposition, belween one and two monolayer, resulted in Ihe nucleation of 3. D Aq
cluslers .-20 A thick on top of Ihe Ag monolayer templale via a layer -cl ‘W or Slranski. Kr; l:; l~rlov
film growth mode. Wilh further Ag deposition, Ihe Ag cluslers were found 10grow laterally :wru:;s
the surtuce and coalesce to form J mntinuous Ag film.

Al 120K and300K the inilial AES siqnnl Incre:+scs Ilrltmrly mdicalinq Ih;lt ;~one n~r]rml:ly[lr III:, AI1,.:5:;
IS rllalrlt airled up to :1 Aq( 111) fil:- covl:rilq~i, Above one rnormlayer, I:l[! AE~ siqrl~lls snow I.tIIy
L!lffl?rcrll behavior Lit!tw IWGlcrl!~er.llures. AI 120K, Ihc I\ES slgrlul Irwruasus ~rl~~witllj M ,1‘:,ilw:
characterlsti~ of pure Aq al 3 h.lL covuraqe. The 300K AES signal shows a sharp hulk ,lII(wu MU

monolayer coverage. The prcmounccd bfcakpomt observed above one rnonolak “ for !IIII :IOOK .IES
dala is due to self -shadowing of !hc Ag from 3 D Ag crysla!lile forrnatiGrl during Ag Illrn
growlh[20]. Taking Ihe iniliul slope of Ihc AES signal after tho monolayer breakpcml at 3(.NK
(dashed line), and assuming an ideal clusltiring mode [91, wc rxtimale Ihal the Aq cluslcr:; rlll(+!;lll!li
on Iho surface are roughly 6-9 I;lyers Ihick. For a Ag(l 11) inlurplanar dislancc of
2.35 A Ibis corres~nds to a Ihichrw:,s of 20A, Followinq clu:;tur rluclwltion, IIW :Iddilioll 01 rllurl!
~lq qIv~:s ;] smuolh increase ir~ IIIC AES viqnal indicalm

i
Inleral qrowth of thu Ag clush!rs, wtllt:ll

i;J;t?IIIu;IIIyco; descr; 10 forrll ii cmlIlrm~lu:; A(I Iilm 25 Itlick. AI [:~v(!i~;{]f?!i ili)ov{! Iml! rllollol,lyl’1, III,]
I.LED d;ll;l ;Irl: cullsIslulll wlltl 1’:,! ;hwu Ir;lr.:rprol;llwrl wtllle il!!XJ uxhlbitlrlq :;wlw v[sry t:f)lrll~ll!~
llllfr; wlmrl f~!~llulcs IIlilt will t)ti ltl):;crlbfd Irl (i(!lilll ulwnvlwrc [ I 0] t ILnmvf:l, II is Illlporl;lrll It) 11,111)
II1;II wc observe a reumslruclioll of Illo filsl rllorlolilycr of A(J for subseq:lcnl Ag dI!po:;IIIuII iii I :’OK:
spccdicully the c(2X4) pailorn is rcplticcct by a (8X1) LEED p~lllorn bclwcer~ 23 ML.

TIN+SI-I signals dcfccled in real-lirne ;Is Ag was dcposilud cm Ilw substrillo ilr(j slmwrl ill :100 K ;Irld
120 K in fiqurc 1. The vertical ilrrows im.fic:ito lhc Aq covcr~ge wlmrc sharp 1EED ~illl[prll~ wllrlp
IIISI obs(!w(!d, TI1o irlput I:lslJr l!xcilaliorl wil~ ~)~l:wizod ;Ir}d 1111!p pol;lrw(:d S1{ OIIl~IIIt w, I”;

(h?loctud, rwrmi]llzo(f, ;md dv(!ril(~(!d ovur ;JLIInwr puIw~, “1Il(! Sll rlj:;pull:;o Ilil:i lN!t!ll rmrlll,lll,’l!~l It)
III(! d(!iirl C(J( I I Oj siqrml I(Jv[!l. Ill illl CilSl!!i 1111:Sill :;i(m;d illili;llly (h!(:r(!il~l:!; fol IIM! 111!;1 () !1 All
of Aq [Illposlliorl arid tlum rlpcovtlr:; h) rli!;u 11:;111111,11v;II(J!! :11 I hll Ill{! :;oilti Ilrllv; ,Ir(q (“,11(.III; II II(I

Ill:; I(\ Itll! (Iillil.

I Ill’ l)r{)llo~Jllr:[x~ ll!lll~)l!ril[lll(: (Illl)(!rulllll[’fl I]f 1111!!;1 I rl!:;l)t)ll!;[p (Illrlll[l AtI [h Il)I):;IIIiIII I; 11111,,10,111111,VIIII

III!! }]ftxilfpI;:;wig lrlf:r~q;l:;[! ill 1111!,11111111(: I;[”,III1roll~llllllp:;!; ,1:; Illfivll’[1 lr~lrll IIN! Al f; iIIl:l I I I l) rl,’.llll’i
1111!illlll.lrlt.iqrtll!rll of tllf! !;11 :;lllrl,ll ,IllI)vfI 11111[“14Y,I11(:11f;ll :wlrl,ll (Irllv t)rx:lll’; ,11!;ljt)’;lr,lll’ lIIlt II II II.111111. ,

;Irltl A(I c[wl!ril[~l!:; wlwul! f! 1) A(I rl;lll~)(:l(l’,illr:; ;Irv hllowrl h) IIII[:II?,IIII ;Irl[i {Irl)w[’)1 I ltII Ilt II II II, Il
(I[u:rl!;u;o irl IINJS1.1OIIlp(Jl irl (It)III(I Ir(llll (Tzlrl (;I.J h) ;1[:~~lllm(ul:; At I Illrll II; (Ixl)i!(:liul :;IIII i’ [:11 II, hIIII”.k II

lo Il; lvit inl[ptb:lll(i ll;lllsili~)lw Iyillll lJiPlwI*IuI ;’ :1. I!V :11111;I Aq IllIll 11’’;:;ttl;lt} :IOA1111[h 11,11:II() Iq)III,Il

Ir:lll:;lli(ms Iwk)w !) (IVII 1]. 1111’r[pll)rlt,1111!!;ll(i fr[)lll IIII! (’II v;l(’1111111llll~!lf;l~:i? will l)!’ Illl;(ul.llllly
I!llllilll(:l!(j ill !if12 rim (?.:14 I!V).

I 11.~llrlp:’ !;tl~~w:;III() (:t)rrlq:;lN)rl{llllfl ~11,111111:III 11111W(IIh lllrll:ll(~ll l:ll,ullp’ (,:,) l(~i All [lt)~)()’,lil(~ll 1)1,



~-i!!” .1112C!Kand 300K. The gerlcrid decrease In o horn C,J 10A,; ,s ccmsisl[:rlI wl!h :!:t.I I!+MI !,..:!
,: :alu@I 2]. The m~no!orlic dccrcase m o beyond I ML Ag cove: age shows no swwlhvlly 10Aq
n.moclusters. This is nol surprising since Ihese clus!ers have an wsllrnalud density <1% of lhc
s~rface alom densify[9]. The la~ge inilial slor~ of o and subsequent recovery in Ihc 0.1 ML
rcglon has been prwiously observed dfld ekplained in terms of island growlh in several bimetallic
sjslems. The larger initial decrease in o al 120K is expecled for film growth wllh a smaller
o~wage Island slze[13] which is consistent with a disordered layer growlh mode. In conlrasl 10
pruwous SHG studies of adsorbale-subslrale inleraclion[3,6] and jellium model predlclions[l 4]
which report an inverse correlation belween the SH response and o, we observe a direcl
correlzhon befween these quantities under cur uxcitalion conditions. As the inver~e correlation
bclween SHG and o is only expected 10hold when Ihe rree eleclron conlribu!ion 10 ~(2)
dominates[3], Ibis implies that \(2) is significantly influenced by [he inlerband eleclrons.

Figure 3 shows Ihe input and oulpul polarizalmn dependence of SHG for subsequent room
Iemperalure depositions of Ag on Cu(l 10). The SHG from the s-plarized inpul was observed 10bc a
factor 01 -50 less Ihan Ihe SHG irom the p-polarized input. However, Ihe s-deleclcd cornpcmcnt of
[he SH ouIpuI does I1OIshow the enhancement allribuled 10 the formalion of Ag nanoclustcrs. This is
i.mnsislunl with Ihe simple idea that those 3-D, G-atom high cluslers excile surface plasmorls which
:.m only radiate in Ihe p-polariz;ilion direction,

III IllIY) :;twllurl wc cjevulop a slrllplc , Ilrw;u L:ovcrilgc dopcndcrll mcch+l for l(~), Iho Ilorl.linc!;w
:;u.wcpllblllly, which ;Idequalcly cfcscribt!s II1o SH d:Il;I ;il120 K aS well iIS ill~ s-dclecled SH (iillil ;It
300 K. Sublr:~clinS i{way Ibis layer growlh conlllbulion 10 Ihc S}1 response from Ihc l)dui~~lcd, III(!
:I!)OKSH data givt!s [hc SH response due 10the rmclcaliorl md growlh of Ag nimoch,slers, We ~ill]

(fl!’il!k)p :vrnplc uxprw; sions for I (2) a!xwlllirlq klyf~f(!d filrv growth of irw adsorbuw :1s follow:;. Fur
II!(! INK d; II; l, w(! wrllo

(1)

wtl[!ru 0, r) ‘, I is f ;md osi = 1 ML us indicalcd by AES i.md LEED rl!sulls. TI1O lX)V(Yil~L! I;lclor ill III(! ‘ r:ll
ft:rrrl of IIW r.11.~of eq. (1) ilc~x)urlfs for the disilpp[!ilrall(:e O; llw Cu illli!rl; mu, LEED not;lliun h:Is t)(!(!l)
III;IW to I:lbd Itw fiuxwplibilify of Itm rusullirlq bilnclallic irllWfilCO. f% d!!posiliorl of Ih[! m!xl A(I
tIVIIIl; IyI!I 11111 ~t]:;~rvl!~f rt!corls[llJ[;ll~f} IU ;III (Ijx I ) I ~-~.D ~mltolrl :;uqq[!!;tfi 1111:followlml l!~:)fil:;’:iljll,

, ‘.:’)(11) m.(;~x,~) ( f’:::? “) ‘,\ ’’:;:’l I }(:’~(llxf) (f’ “:;l) ir\’’:;:tl, (:’,1)

wlllll{~ Ii,;! ,1 11:.:1 ,.\l,:;; ll “:,:1 ,Ii; l illlif II,;: I ?,!} Ml . A[hhlIoit 1}1:;(WIII;II rlli}rl’ At I l, IyIIII, I, IIIIIIIV

““llllllll.,” 11111 ,lll.;lIIIl~ lIIIIII!I;IIII(: IIIIIyIf,ItSI! ;IIII1 WI I II, IVII hlr IIIIF; t:twftI,l~~II 1111111)11,
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~a that each cqua[i~nyields IWOfll p?ramelers: rAB =B.A .md “ ,\D= .\B .\,~

For the 300K dala we may qgain use eq.(1 ) for Ihe first rronolayer ot Ag coverage. Al covcr;~ces
above 1 ML Ihe LEiED shows no significant reconstruc!lor of the first cwerlayer. By arlalogy 10eq.
\2a), we have,

,C)(rj) = d2)c,2x4)+ dz)~g(“: - “’s1) ..”’.32 :s1).

This represents lhe decay in Ihe SH response 10a conlinous Ag film belween and 1 and 9 hlL coverage
Table 1 gives the fit vaiues fw Ihe 120K and 300K dala using the Iayer. by-layer model. The
s-delecled, 300 K SH data shown in figure 3 is well described by the ‘it. The solid line Ior Ihe

p-delecled, 3Q~ K shown in figlJre 1 shows [he resuhing W reqxmse when only Ibis calculated
layered growth contribution is considered. Unlike the prevu.rs fils, large differences are evidenl in
the 1-8 ML region, which must correlale to Ihe nucleation and growlh of Ag narmcluslers, Clearly,
Ihe simple mverage dependence of {(2) corresponding 10a layer growth does not explain Ihe SH
resfxmse for Iayer-clusler growlh.

We develop a model for the S1+respons~ 10Ag nanoclusler growlh and coalescence by adding an
nddilional susceptibly, i(2)51) 10 the r,h.s, of eqn.(2b). \$’e postulate Ihal this Ierm may be
w;lllen as,

J+,(.) ,,(Slpl(,.,) D(~I,K) :2(K), (4)

where ~(~) 1(,.,)) is Ihe surface plasmor] corlmbulion, D is Ihe clusler density and L is a local Iicld
Ifaclor whit depend soley on K, Ihc cluslcr aspccl ratio [15]. The product D(ti,K) L2(K) is a

roughness funclion Ihat effectively mediates Ihe surface plasmon contribution. Assuming Ihal
L(K) . :~K2 [15], and D= “’ /rl\cl [ f 6] where n is the bulk cfcl~:;i!y and Vcl is Itw average cluslcr

~/~K~, wtlere d is II:L a~’ijr:~qe cluslcr lhicknr?ss iNIC~S IS :1volufl]e. From [16] we hww Vcl .: Xd
:;ll;lp~~dependent faclor. Substilulillq Ihww d~ifirliliuns inlo LIqIi.(4) gives

t(2)cl(I.1).- I[2)pl(Ii.J)A ti K~/d~ , (5)

wfwro A is conslant 10, a given cluslvr silape. Wc oxamino cqn.(5) in Iwo regirnus: clusler
m:lluralicm,i,e, early growth belweorl 1.1,5 ML and cluster malesccrwe bulwoon 2-5 Ml .

1,, “,1(”’) , ““ (1,,1)

Ill !!11’I(xliful 01(:111’;hlf(:{~rllf!’;(.l!rll:i:, WII ,II;I;III IIII, fl)ll~~will,l IIli], 111,11K I’; I.I)III;I,IIII ;IIIII {1, , II 1 “
I Ill!; Ili;l(l:; 10 [Ill! l!xpl!(;ll!d II!!;IJII 111,11[),, ,1 ‘ “ Il(ililll[l 11111:;

,(:’),.,(11)r, ,, 1/:’ (Iii})



Figure 4 shows Ihe difference belween the :Y:elayer conlrlbuliorl (solid line) ~rld lhc p d~’ll?c:,:d.
300 K dala in figure 1, appropriately plolled !O Iesl eqns. ~dj. As can be seen. [his model Im
Iayer-clusler enhancement 10 the susceplibil:ty reasanabiy explai,ls the observed. highly rmrl::’s..w

coverage dependence.

Oplical SHG is a sensitive technique which has been used 10sludy Ag layer and 3-D nano. cluhler
growlh on Cu(l 10). We have found Ihal SHG can be used to distinguish belween differenl film
growlh modes in Ibis bimetallic syslem. The SH response 10 film growlh al 120K is well described
bu a layered growth model for the mverage dependence of X(2). The deviations from this nwdel fc:
Ihe SH response al 300K provide a slrong fingerprint for Ihe nucleation and growth of Ag nanometer
Ihick cluslers, which presumably arises frum a surface plasmon contribution whicl I is rm?dldled by
fhe cluster-induces roughness.
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Figure 1. surface SH signals as a function ot surface coverlqe 011CLI(l 10)

;it substrate tenlperatures of 120 K arid 300 K. The solid lIIIeS iIrc tllodel

fits to the data.
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F_igure 2. Work function change as a function of surface coverage on
Cu(l 10) at substrate temperatures of 120 K and 300 K. The s-detected SH
response directly correlates with the measured work function change.
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Figure 3, Surface SH signals as a function of Ag coveracje on Cu(l 10) at
300 K for different laser polarization combinations. The 1064 nm input

and 532 nm detected polarization cornblnatiGns are drawn schematically

at the top. The solid line is a fit to the Is~ data.



TABLE 1.Layer-by-Layer Fif Parameters 10Ihe SHG
Response From Ihe Ag/Cu(l 10) System

Fit Parameter 120 K-SHGa 300 K-SHGb
.— —- —...—— -

‘:s1 1.Oc 1.0
5s2 2.5 9.0
5s3 5.0 “.atd

rl 0.98 0.9
r2 1.0 0.47
r3 0.5
61 68° ::””
62 50° 180”
63 160° n.a.

a) p-detected SH
b) s-detecled SH
c) All saturation mverages are referenced 10a Ag(l 11) monolayer.
d) Only IWOcoverage regions were needed 10 fil the 300 K data.
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Figure 4. Coverage dependerlce to the susceptibility attributed to layer

cluster growth for Ag on Cu(l 1G) between 1-5 ML at 300 K, Lines: fits

over coverage regior;s associated with the maturation and coalescence of

Ag clusters are in good agreerrent with the layer-cluster model
preciictions in eqn.(6).


