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Although surface diffusion has been a s u b ' j  of extensive studies. ib 
understanding is still rudimentary.' E%periment.al results are limited becauss d 
lack of widely applicable techniques. We have recently developed a novel 
tedurque ulilizing optical diffraction from a laser-induced onedimensional 
monolayer grating to probe chemical surface Since the d i i  
involved is onedimensional. it can be easily analyzed. By varying the gratng 
period. the measurable d i m  coefficient can have a dynamic range of about 9 
orders of magnlude. from lo4 cm2/sec to 10''~ cm2/sec. If the grating is 
property oriented, anisotropic surface diiusion can be readily measured. Uso 
the technique is applicable to both metals and semiconductors and probably 
even insulators or fluids. Finally, with linear optical diff faction. the sensitndty of 

- the technique can be so high that a grating with a modulation of a few percent of 
a monolayer is easily dete~table.~ Therefore, the coverage dependence of - 
surface diffusion can also be investigated. We have used this technique to study 
CO diffusion on Ni(1 lo). We are interested in: i) the coverage dqxndence d 
anisotropic diffusion: ii) impurities effects on diffusion; and iii) defect effects on 
diiusion. 

The experiment was performed in an ultrahigh vacuum (UHV) chamber 
with a base pressure of 2.0~10-'~ ton. The Ni(11O) sample was cut and polished 
to within 0.2" from the (1 10) plane. The sample surface was prepared in the 
usual way.2 Auger spectra showed no detectable surface impurities (< 0.3% for 
S and C. and c3% for 0) after the cleaning procedure. A sharp 1 x l  LEED 
pattem from the bare Ni(ll0) surface and a clear 2x1 L E D  pattern from a full 
CO monolayer on the surface could be observed. 

To create a CO grating on Ni(l10). laser-induced thermal desorption with 
two interfering pulsed laser beams from a single-mode 0-switchea Nd:YAG laser 
was used. The depth of the adsorbate grating was controlled by properly 
adjusting the beam inten~ities.~ We chose to have in our experiment a gramg 
period of -3pm and a coverage modulation of -0.03ML on an ao~ustable 

average coverage 3. With such a small coverage modulation. the diffusion 
coefficient measured can be well approximated by a constant deoending only on 
the average coverage. Linear optical diffraction could be used to probe the 
grating. In our experiment a signal-to-noise ratio of 10 was obtained. 



Surface diffusion leads to smearing of the monolayer grating. As a result. 
the first-order optical diffraction signal decays as3 

where the decay constant is 12 
proportima1 to the diffusion 1 .o 
coefficient D and inversely - 
proportional to the square of - : Em 0.8 

the grating period s. Knowing w 0-6 
s. we can deduce D from a fii .. 
of Eq.(l) to the measured S(t). = 0.4 

Some typical resutts are shown z ! 0.2 

in Fg. 1. From such data, D 0.0 
versus temperature T could be 
obtaiied and fit by the Arrhenius 0.2 

law 0 100 200 500 400 500 
T i i  (*) 

FQwe 1: l.hear diffradion signals versus time 
Ediiff fq coverage W.9BML at three temperatures 

D = Doem (- F)i). 
(2) 

for diffusion akng [lie]. The solid l i i  are 
single eqmmmtial I s  by Eq. (1). 

The prwxpmential factor Do and the diffusion activation energy Edirr could then 
be found. 

Figub 2: (a) Diffusion advation energy end @) pr-l fador as a function d CO 



For measurements of anisotropic surface diffusion, the CO monolayer 
grating could be oriented on Nit1 10) along various directions. The average CO 

coverage 8 was also varied for studies of coverage dependence in the diffusion. 
Figure 2 shows how our experimentally determined Edin and Do for CO diffusion 

on Ni(ll0) along [lie] and [001] vaty with the average CO coverage 8. In both 
directions. Editl is essentially constant up to a CO coverage of 0.7ML and then 
decreases monotonically towards full coverage, with Do behaving the same way. 

The CO-CO interaction is dearly important for surface diffusion with 8 higher 
than 0.7ML but does not seem to have contributed addiional anisotropy to Edin 

since the dierence in Em along [ l i ~ ]  and [Wl ]  remains unchanged with 3. 
It is known that below 0=0.7ML, CO adsorbs on both shon-bndge and top 

sites along the Ni atomic rows with a coverage independent occupation 

The separation between adsorbed CO molecules is at least 3.74A in the [ l io ]  
direction. Above this coverage the need to accommodate more CO molearles on 
the surface pushes more molecules to either top cr short-bridge  site^^'^" and 
the close packing causes such CO molecules to tilt alternatively towards (0011 

and [OOi] with a tilt angle of 19' with respect to the surface n ~ r m a l . ~ ' ~ - ' ~  The 

electron obiial werlap of the neighboring CO molearles along [ l i ~ ]  is now 
appreciable considering that the diameters of Ni atoms and adsorbed CO 
molecules are 2.49A and 2.80k respectively. This leads to a short range CO- 
CO repulsive interaction which is significantly relieved if one of the molecules 
would move to a neighboring saddle point on a diffusion pathway. Thus, the 
diffusion energy barriers are effectively reduced. The above picture qualitatiiely 

explains the decrease of Edin with increasing3 above 0.7ML and indicates that it 
is the short-range CO-CO interaction responsible icr the observed coverage 
dependence. 

For comparison, the desorption energy E, of CONi(110) measured earlier - 
by Feigerle et a1 " is reproduced in Fig. 2(a). The resemblance of ED to Edn as 
a function of coverage funher suggests that the Icng-range CO-CO interaction 
has  negligible influence on the potential variation around the adsorption sites. 

We have also investigated the impurity effect on surface diffusion. Figure 3 

presents the effect of S impurity on CO diffusion along [ l i 0 ]  for 8-1 .O. In this 
experiment, S was deposited on Ni(l10) by exposing the surface with a proper 
amount of H2S. It is Seen that even with -.01 to .02ML S, the diffusion coeffident 
D for CO diffusion is already appreciably different from that of a dean surface. 
The activation energy Effl monotonically increases fmm its dean surface value of 



2.1 kcaVmot to a saturation value of -7kcaUmol as the S coveage increases to 
0.05ML. above which D is further reduced through change In DO. In the low 
temperature reglon (-160K), CO diffusion on Ni(ll0) with -3.0SML sf S 
impuntres is already 2 orders of magnitude slower than on the clean surface. 

The existing theory cannot explain such a dramatic mange in the CO 
diffusion coefficient due to a impurities. C. induding the saturation effect, with any 
realistic S-CO interactions. 
It is poscible that such adsorbed 
S atom ,auld induce a local 
surface reconstruction of Ni(11 ohi3 
resulting In a change of local 
polentia barrier for diffusion and 
hence an increase in the diffusion 
anivaticn energy. Another possible 
mechan~sm is that S adsorbates 
may micrate to the step sites. 
Strongly enhancing the energy 
barners at the steps which then 
dominates the CO surface diffusion. 

The effect of surface point 

defects . created by At+ sputtering, 
on CO ciffusion on Ni(l10) has also 
been studied. The data in (9 and (g) 
of Fig. 3 were taken on Ni(1lO) 
surfaces with different defect densities 

for an average co coverage of 8-1 .o. 
In (1) the surface after 30 minutes of 
Arf sputtering (at lo4 ton and 500V) 
was flash-annealed at 11 20K for - 1 

minute. In (g) the surface after Ar+ 
sputteri ?g was fim annealed at 1 120K 
for 10 nin. After it was cooled down to 
room tc?mperature. it was ~ r +  sputtered for Smin. These two cases are compared 
to the normally prepared surface (a). which was annealed a 1120K for 10 
minutes after Art sputtering. CO diffusions in cases (f) and (gj are significantly 
faster, but Edi+, remains unchanged. 

It is dear that the defect density must increase from la) to (1) to (g). OW 

expennental results therefore show unambiguously that CO diffuses along [lie] 
on Ni(l! 0 )  faster it the defect dens~ty is higher. The change comes via the 
preexponential factor DO. Instead of blocking sites in the d1ttuS10n pathways. the 
defects must have increased the apparent jump length in the diffusion process. 

In mmmary, we have shown that linear optical diffractron off an adsorbate 
grating IS an Mective and versatile technique for surface diffusion studies. We 



have used 1 to probe anisotropic CO ditfusion on Ni(110). The coverage 
dependence of the diffusion has also been measured and proven to be 
dominated by short-range COG0 interaction. The sulfur impurities on Ni(ll0) 
effectively impede CO diffusion on Ni(110) with a signifiint increase in the 
diffusion energy barrier. Defects on the surface, on the other hand, speed up the 
diffusion mainly through an increase in the preexponential factor. 
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