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Injrodyction

Oplical second harmonic generation (SHG) has recently been shown o be a sensitive, real-time,
situ probe for studying interfaces under many different environments|[1]. With regard to

alumically clean well-characterizea surfaces ., SHG has been shown to be sensitive 1o submonol1ycr
coverages of adsorbates [2,3], the structural symmelry or molecular arrangement on the surlace

(4], and lo surface reordering observed during laser induced melting and recrystallization [5].

Previous SHG sludies of bimetallic systems have focused on alkali metal adsorption onto tran= tion
melal substrates. In these systems the observed SH response is enhanced by a factor of one thous .
upon alkaii adsorption, due to the large charge transfer to the substrate(6]. We have chosen 1o sl

the growth of Ag overlayers on an atomically clean and well-characterized Cu(110) surface. The Ay
overlayer growth on this substrate is known to have some interesling temperature dependent

behavior that is typical for systems in which significant three-dimensional clustering is known to

be important |[7]. Cu and Ag, while electronically similar, are immiscible near room temperature,

hence there is no significant surface or bulk alloy formation [8].

Experimenial

The sample used was @ - 10 mm dia. x 1.5 mm thick, >99.3995% pure, Cu single crystal onented 1o
within -0.59 of e (110) surface. A bakeable UHV surface science apparatus (base pressure
<2x10-10 lorr} was equipped with low-energy electron diffraction (LEED) optics which could also

be vsed in the retarding field mode to perform Auger-electron spectroscopy (AES) and work function
measurements. The syslem was modified to allow laser beam access 1o the sampla face and a
lused:-silica exit window was provided for the specularly reflocted laser beams used for SH( i
measurements. The surface was cleianed by 'epeated Art sputtening (3 keY, 10 pA/em®)
lullowed by annealing in vacuum at Y00K.  Ag was deposiled from a collimated, resistively heated
vapor source onerated at 1000 2 K and equipped with a mechanical shutter for accurately
controliing the Ag dosage time. Aq wis vapor depositea at base preasumm of less tian 210 10 0
A Aq deposition rate of approximately one Aqg(1 1 1) tmionolayer (Ml } her minute wiass used,

For the SHG measurements, the output of it 10 Hz pulsed Nd:YAG Lser provided 10 nsec puises .
Hid nmoancident on the Cu surtace at an angle of - 689, with |Iw palinzation vector nesu the

[110] surface deection.  Using lger fluences of - 100mJzeme, which are i heeded times

sinaller than the reported damage threshold tor Cu(10)[2450)], no Liser ndeced surface damange
heating was observed. The laser output polanzation could be vanoed usimeg o halt wave pliate 1o el
mtherpoor s mpul polarization relative 1o the surface normal. The speculady tellected  SH

output,  103photons/puise, wis wp wated rom tho fundamental using asones of glass iltlers with
and extinction ratio graater than 1ot, passed through a Glane Taylor polarneer that could be rotafed
to piist only the p or s polanzed companent, and detected using o cooled PML



Besults

The Cu(110) surface is a corrugated low-density face consisting of rows of Cu atoms separitid by
troughs running in the [110] direction. Our previous studies of Ay overlayer growth on Cu(110)
using AES and LEED [9] have shown thal the first Ag ada‘oin layer is formed when Ag. intlialily
conlined along the irough direct:on, forms an ordered Ag(111) overlayer with the Ag-Ag nearest
neighbor distance aligned across the troughs, in the [100] direction, which gives rise to the
observed c(2x4) LEED pattern. Further deposition of Ag on this monolayer template was shown o
have a temperature dependent overlayer growth morphology. At - 120K it was found that additional
Ag deposition resulled in disordered layer-by-layer growth forming a continuous, though somawhal
disordered, Ag film. This disordered [ayer growth closely approximates a Franck-van der Merwe
lilm growth mechanism. This was in sharp contrast to the behavio! observed near 300K where
additional Ag deposition, between one and two monolayers, resulted in the nucleation of 3-D Ag
clusters - 20 A thick on top of the Ag monolayer templale via a layer-ctuster or Stranski-Kriastanov
lilm growth mode. With further Ag deposiiion, the Ag clusters were found to grow laterally across
the surtiace and coalesce 1o form 4 continuous Ag film.

At 120K and300K the initial AES signal increases inearly indicating that a one monolkiayer thickness

's maintained up to a Ag(111) ML coverage. Above one monolayer, the AES signals show oty
different behavior at the twe tempoeratures. Al 120K, the AES signal mgcreases smoothly 1o 0 value
charactenstic of pure Ag at -3 ML coverage. The 300K AES signal shows a sharp break above one
monolayer coverage. The pronounced breakpoint observed above one monolay ' for the 300K AES
dala is due to self-shadowing of thie Ag from 3 D Ag cryslallile formaticn during Ag film

growth[20]. Taking the iniliai slope of 1he AES signal alter the monolayer breakpoint at 300K

(dashed line), and assuming an ideal clustering mode [9], we estimale that the Ag clusters nucleated
on the surface are roughly 6-9 layers thick. For a Ag(111) interplanar distance of

2.35 A this corresponds to a thickness of  20A. Following cluster nucleation, the addition of more
AQ gives & smooth increase in the AES cignal indicating lateral growlh of the Ag clustors which
evyentually coalesce to form a continuous Ag him - 25 A thick. Al coverages above nne monolayer, the
LEED data are consistent with e above interpretation while also exhibiting some very complox
difraction teatures that will be descnbed in detal elsewhere [10] However, itis important to note

thiit we obscerve a reconstruction of the first monolayer ot Ag for subsequent Ag deposition it 10K,
specilically the c(2X4) paitorn is replaced by a (8X1) LEED pattern between 2 3 ML.

The SH signals detected in real-time aus Ag was deposited on tho substrate are shoan it 300 K and
120K in figure 1. The vertical arrows indicate the Ag coverage where sharp LEED paltemns wirre
rst observed. The input lasar excitation was p polarized and the p polanzoed SH outputl was
detected, normahzod, and averaged over 39 laser pulses. The SH response has been normateed 1o
the clean Cu(110) signal lovel. In all cases the SH sianal initially decreases tor the st 0 9 ML

ol Aq deposdion and then recovers o near s antial value at 1 ME The sond hines are cateutated

fits 1o the data,

The pronounced lemperature dependence of the SH response dunng A doposition e coneadent wih
ther progressive inceease in the alomie scale toughiness s anforrod from the AV S andd TEL D el
The enhancement of the SH signal above the clean Ca SHeagnal only ocears of sabestoade empesaton-
and Aqg covenges where 31D Ag nanoctustenss ine known to nocleate and grow[91 The genenal
docrease in thg SH output in goineg rom clean Gu to v continous Ag bilm s expoctod sinee Go ey known
1o hava intetband lansitions lying botween 2530 eVoand i Ag il ess than 20A thick haes no oplicaal
ansitions below S aVH ] Theretore, the SHG from die Ca vacaumontertaes will be resonantly
enhanced at 532 nm (2.4 V).

Figuie 2 shows the conesponding change in the work lanction change (o) for Ag deposaiion o,



-

C. 117 at 120K and 300K. The general decrease in o trom Cu 1o AG s conaistent with the 1eported
: values[12]). The monotonic docreasea in » beyond | ML Ag coverage shows no sensitivity 10 Ag
nanoclusters. This is not surprising since these clusters have an estimated density «<172% ol the
surface atom density[9]. The la:ge initial slor 2 of .» and subsequent recovery in the 0-1 ML
region has been praviously observed and explained in terms of island growth in several bimetallic
systems. The larger initial decrease in o at 120K is expected for film growth with a smaller
average 1sland size[13] which is consistent with a disordered layer growth mode. In conlraslt to
previous SHG studies of adsorbate-substrate interaction(3,6] and jellium model predictions[14]
which report an inverse correlation between the SH response and o, we observe a direct
correlation between these quantities under cur excitation conditions. As the inverse correlation
between SHG and o is only expecled to hold when the iree electron contribution to \(2)
dominales[3]. this implies that (2 s significantly influenced by the interband electrons.

Figure 3 shows the input and output polarization dependence of SHG for subsequent room
lemperalure depositions of Ag on Cu(110). The SHG from the s-polarized input was observed 10 be a
factor of - 50 less than the SHG irom the p-polarized input. However, the s-detected component of
the SH output does not show the enhancement attributed to the formation of Ag nanoclusters. This is
consistent with the simple idea that these 3-D, 6-atom high clusters excite surface plasmons which
<an only radiate in the p-polarization direction.

A iy a3

s sechion we develop a simple , inear coverage dependent medel lor \(2), the non-linear
susceptibiily, which adequately describes the SH data at120 K as well as ihe s-detected SH data al
300 K. Subtracting away this iayer growth conliibution to the SH response from the p-deiccled, the
300K SH data gives the SH response due to the nucleation and growth of Ag nanoch.sters. We cian
develop simple expressions for (@) assuming layered tilm growlh of ine adsorbate as follows. For
the 120K dita, we wile

) ARy (1 g gy gy (1

where 0 1 og g and tgy= 1 ML as indicated by AES and LEED results. The coverage factor in the “rat
lenm of the r.hus of eq.(1) accounts lor the disappearance ol the Cu interface. LEED notation has been
used to label the suscoplibility of the resulting bitnetallic interfaco. For deposition of the next Ag
averlityer the observed reconstruction to an (8X 1) | EED pattem suggests the tollowinag espiession,

O IR T S TY KL VINED FAISI B IR G TS (LT RS ()

Whote oy g Ny o o o 25 MU Addition ol sevetal more Aqg Layers simply
"By lhn YL .lmq hum-l he mlml e uul wer have for this coveer, W tegqion,

V) gy A ) g 4

Whete ey e e A g b on il - h MU Thes Lt equanon eodentical to e covegage
depoendent 1 () nmpo'.ud by provious workens o model simple substrate .Id-.mh. ter
mtections] 3], We may express the complex susceptibility tor species Aas Nt )/\ Avxpinp)



< that each equationyields two fit pzrameters:rag =B.A and ~zg=.\g - A

For the 300K data we may again use eq.(1' for the first m2nolayer ot Ag coverage. Al coveraces
above 1 ML the LEED shows no significant reconstruct:or of the first overlayer. By analogy !0 &q.
{2a), we have,

() = ) oyay + 1 Blag (F - igq) g ). (2b)

This represents the decay in the SH response to a continous Ag film between and 1 and 9 ML coverage.
Table 1 gives the fit vaiues for the 120K and 300K dala using the layer-by-layer model. The

s-detected, 300 K SH cata shown in ligure 3 is well descr.bed by the fit. The solid line for the

p-detected, 300 K shown in tigure 1 shows the resulting SH response when only this calculated

layered growth contribution is considered. Unlike the prevwus fits, large dilferences are evident in

the 1-8 ML region, which must correlate to the nucleation and growth of Ag nanoclusters. Clearly,

the simple coverage dependence of \(2) corresponding 10 a layer growth does not explain the SH
response for layer-cluster growth.

We develop a model for the SH responsa 1o Ag nanocluster growth and coalescence by adding an
additional susceptibily, \(2)3” to the r.h.s. of eqn.{2b). \W- postulate that this tlerm may bu
wiilten as,

Ny @) DK LK), (4)

where (2) I(«») is the surtace plasmon contnbution, D is the cluster density and L i |s a local field
factor thCﬁ depend soley on K, the cluster aspect ratio [15]. The product D(#,K) L2(K) is a
roughness function that effeclively mediates the surface plasmon contribution. Assuming that
L(K) = aK2 (15], and D=+ /n\ ¢ [16] where n is the bulk densily and Vg is the average cluster
volume. From [16] we have V| - ..ds 2, where dis the avorage cluster thickness and s is a
shiape dependent factor. Substituting these definitions into egn.(4) gives

\(z)cl(l_') - \(2)p|(n_)) A K6 / d3 ' (5)
where A is constant fo. a given cluster siiape. 'We examing eqn.(5) in two regimes; cluster
malturation,i.e. early growth between 1-1.5 ML and cluster coalescence between 2-5 ML .
During cluster maturation, we assuma that the cluster density, D, 15 constant and that the Ag
coveraqe is proportional to the cluster thickness, 0a d. This implies that the shape dependenit aspoct

tiatio K (defined as tho rativ of the clusler thickness 1o the width) is also proportional to the
coverige, Ka o . This leads to predict tha

Iu_'\( l(_,) . ,." ("-l)

I the region of clust coaleseence, we s umn tollowing [16], that K s constant and ., o be
This leads 1o the expected tesalt that De, oo U2 [r6fand thos

gy e 12 (i)



Figure 4 shows the difference between the ne layer coninbulion (solid line) and the p detaci:e,
300 K data in figure 1, appropriately plotted o test eqns.i5). As can be seen. this model for
layer-clusler enhancement to the susceplibilly reasonabiy explains the observed. highly noni»ar
coverage dependence.

onclysi

Optical SHG is a sensitive technique which has been used 1o study Ag layer and 3-D nano-cluuter
growth on Cu(110). We have found that SHG can be used to distinguish between different film
growth modes in this bimetallic system. The SH response to film growth at 120K is well described
bu a layered growth model for the coverage denendence of x(2). The deviations from this mcdel tc
the SH response at 300K provide a strong fingerprint for the nucleation and growth of Ag nanometer
thick clusters, which presumably arises from a surface plasmon contribution which is mediated by
the cluster-inducea roughness.
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IFigure 1. Surface SH signals as a function ot surface coverage on Cu(110)

at substrate temperatures of 120 K and 300 K. The solid lines are model
fite to the data.
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Figure 2. Work function change as a function of surface coverage on
Cu(110) 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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atthe top. The solid line is a fit to the 154 data.



TABLE 1.Layer-oy-Layer Fit Parameters to the SHG
Response From the Ag/Cu(110) System

Fit Parameter 120 K-SHG2 300 K-SHGP
381 1.0€ 1.0
552 2.5 9.0
&s3 5.0 nad
r1 0.98 0.9
r2 1.0 0.47
r3 0.5 n.a.
&1 68° 50°
62 50° 180°
&3 160° n.a.

a) p-detected SH

b) s-detected SH

c) All saluration coverages are referenced lo a Ag(111) monolayer.
d) Only two coverage regions were needed to fil the 300 K data.
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Figure 4. Coverage dependerice to the susceptibility attributed to layer
cluster growth for Ag on Cu(i1GC) between 1-5 ML at 300 K. Linear fits
over coverage regior:s associated with the maturation and coalescence of
Ag clusters are in good agreement with the layer-cluster model
preaictions in eqgn.(6).



