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Introduction 

The ordering of two-dimensional (2-D) overlayers reflects 
a host of fundamental phenomena, such as adsorbate inter
actions, diffusion barriers, the mode of growth, substrate and 
overlayer symmetry, the influence of island boundaries or 
domain walls, and the existence of substrate defects. As a 
consequence, the kinetics of ordering of 2-D systems has 
been the subject of recent intense interest [1 —10]. A meas
ure of the growth kinetics is the increase in average size of 
ordered domains with time. If one assumes that a growth 
law <L>oUx is operative, then the exponent χ defines this 
rate of growth. The growth law < L > a i x follows from the 
scaling hypothesis. The determination of χ under different 
conditions and its relationship to the number of ground 
states of the system have been of particular concern. The 
ordering of Ο on W(110) encompasses several of the fea
tures that are at the core of a detailed understanding of 
growth kinetics of 2-D systems. There are at least two or
dered structures of Ο on W(110), both one-phase and co
existence regions are easily accessible in temperature, the 
ground state of the p(2x l ) - 0 structure is highly multiply 
degenerate (p = 8 for the most probable adsorption site and 
ρ = 4 for other sites), and some estimates of the adatom 
interactions are available from fits [11 — 13] to the experi
mentally determined phase diagram [14]. Both the 
W(110)/?(2x l ) -0 (tf sm = 0.5) and W ( l 10)/?(2 χ 2)-0 
(0*at = 0.75) phases belong to the xy model with cubic an-
isotropy i f ρ = 4 [15]. 

Ordering kinetics of two-dimensional systems are most 
easily studied with a surface-sensitive diffraction technique. 
Because a large area of the sample surface is illuminated 
coherently, diffraction provides a statistical average of the 
order that is present at the instant the diffraction measure
ment is made. Measurements are invariably made on a 
quenched-in, disordered phase that is subsequently rapidly 
raised to and held at a particular annealing (growth) tem
perature. Low-energy electron diffraction (LEED) is the 
most prevalent technique in use for these purposes [ 6 - 1 0 ] . 

3 4 5 6 7 

L0G e (T IME) 

Fig . 1 
L o g o f the peak intensity o f the (1/2, 1/2) diffracted beam from 
W ( 1 1 0 ) p ( 2 x l ) - 0 at saturation coverage vs log (time) for three 
different annealing temperatures. The nearly parallel straight lines 
indicate that the data can be fitted using a single domain growth 

mechanism. The average slope o f the lines is 0.66 

From the diffraction measurement, the average size of or
dered regions can in principle be determined both from the 
angular profile or from the peak intensity of diffracted beams 
from the overlayer phase. All but the most recent measure
ments have considered only the peak intensity. We discuss 
here a reinterpretation of peak intensity-vs-time data for 
W(110)/?(2 χ l ) - 0 that emphasizes early-time behavior. We 
discuss possible difficulties with this interpretation that ap
ply also to others based on peak-intensity measurements. 
We also present new experimental evidence that suggests 
that the ground state degeneracy for W(110)p(2 χ l ) -0 is 
p = 8. 

Results 
In the earlier analysis of the growth of the saturation-coverage 

W(110)p(2 χ l ) - 0 phase (prepared by adsorbing Ο at L N 2 temper
atures and then annealing at higher temperature) [ 7 ] emphasis on 
long-time behavior required a fit wi th two different ordering mech
anisms. I f the long-time behavior is deemphasized relative to the 
short-time behavior (accomplished by p lo t t ing the data on a log-
log plot and using the best slope to fit the data), it is evident that 
a single ordering mechanism suffices. This is shown in Fig. 1, in 
which \ogJp, the measured peak intensity, is plotted vs. l og / , the 
time, for three different temperatures. The average slope of these 
curves gives 

JPztQM . (1) 

I n o r d e r to extract the time d e p e n d e n c e of a n a v e r a g e d o m a i n size 
from the peak intensity (i.e., the exponent x) some assumption needs 
to be made about how the peak intensity reflects the average do
main size. I f one assumes that there are Ν = Af, χ M2 = Lxa χ L2b 
atoms in a 2-D domain and all atoms contribute coherently, then 
the peak intensity scattered from this domain is 

IpocN2\f\2 = M2Mi\ß2. (2) 

I f R domains o f this k ind scatter incoherently, then 

/ p a R < L > 4 . (3) 

This is the relation that has been used previously [ 6 , 7 ] . However, 
in this result the coverage is not conserved as the domains grow. 
Furthermore, an incoherent superposition of scattering amplitudes 
from different domains can not be justified because, i f one assumes 
ordered domains of adsorbed species on a well-ordered substrate 
the atoms all contribute coherently. A coherent superposition w i th 
conserved coverage gives 

/ „ a < L > 2 . (4) 

This can easily be seen as follows. Consider the diffuse intensity 
integrated over a Br i l lou in zone, which is equal to N9 the total 
number of overlayer atoms, and thus to the coverage Θ: 

θαΝ= f / ( S ) d S ~ w 2 / p , (5) 
B.Z. 

where w, the w i d t h of the diffracted-beam profile, is the inverse of 
the average domain diameter w ~ l / < £ > . I f one assumes the cov
erage is conserved dur ing the ordering process it is clear that Eq. 
(4) obtains directly. 

We have neglected here possible multiple-scattering effects and 
a possibility that the atoms in the domain walls may be displaced 
f rom lattice sites and therefore do not contr ibute coherently to the 
intensity. This effect would simulate a coverage that is not constant 
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in time. In that case, a value somewhere between the above limits 
probably results, but it is usually assumed that this situation does 
not occur. It should be noted that l imited instrument response does 
not at all affect these arguments, i.e., one can not assume incoherent 
superposition as a result of a l imited capability of the instrument 
to resolve long-range correlations (i.e., a small "transfer width") 
[16 ] . F rom Eqs. (1) and (4) then, < L > o ü 0 3 \ i.e., χ = 0.33. 

0 200 400 600 800 1000 1200 1400 

TIME (sec) 

Fig. 2 
Domain growth vs. time. The data of Fig. 1 arc replotted assuming 
the average linear dimension <L> of domains is proport ional to the 

square root of the peak intensity 
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Fig. 3 
Acdvation energy for the ordering process indicated in Fig. 2. The 
slopes of the lines in Fig. 2 are plotted vs. inverse temperature. The 
fit gives an activation energy of 0.15 ± 0.1 eV and a preexponential 

factor of 6.8 1 0 - ' ± 2 sec" 1 

Discussion 

Fig. 2 shows the data of Fig. 1 plotted so that the time 
axis is linear. I t clearly shows that a single process suffices 
to explain the growth behavior over the range over which 
the data were taken. I f one assumes that 

< Ζ > ^ = Γ ( Γ ) ί ( 6 ) 

= r 0 e - A f l > * r i , 

then plotting the log of the slopes of the lines in Fig. 2 vs. 
inverse temperature gives the activation energy for the 
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change in <L> 3 0 5 . This is shown in Fig. 3. We have no phys
ical interpretation at present for this activation energy. 
However, one can expect it to reflect the difficulty with which 
boundaries are moved in the overlayer film. It is clear that 
one should not expect the value to reflect a simple diffusional 
barrier [17,18]. 

The value obtained in Fig. 2 is very close to that of Sadiq 
and Binder [1] , who calculated ordering for a system anal
ogous to W(110)p(2x l ) - 0 at saturation coverage, using a 
ground state degeneracy of ρ = 4. We present evidence here 
that ρ = 8 in W(110)p(2 χ l ) -0 . This is done by evaluating 
the development of the diffuse intensity as a function of 
coverage for an overlayer that is assumed to be a random 
lattice gas. This is achieved by depositing Ο at low enough 
temperatures so no ordering occurs (i.e., no superlattice re
flections appear with time). The overlayer atoms are all as
sumed to occupy lattice gas sites. These two statements are 
equivalent to saying that there is sufficient driving force for 
atoms to assume regular lattice sites, but insufficient acti
vation energy for them to migrate between sites to form an 
ordered structure. In that case, the diffuse intensity, 7D, is 
[19] 

/ D « 0 ( l - 0 ) , (5) 

where 0 is the coverage, and the 1 implies that saturation is 
one monolayer. If there is only one possible energetically 
equivalent lattice site per unit mesh, the diffuse intensity has 
a maximum at 0 = 0.5. The decrease beyond this point is 
due to accidental correlations between atoms placed ran
domly in lattice sites. At Θ = 1, of course, no disorder diffuse 
intensity can be present, because all sites are occupied [19]. 
If these are two possible energetically equivalent sites in the 
unit mesh then the diffuse intensity will not have a maximum 
at 0 = 0.5, but rather only at 0 = 1 . In other words, acci
dental correlations can not reduce the diffuse intensity. In 
W(110) the two three-coordinated sites on either side of the 
long-bridge site are equivalent. Only one can be occupied 
in each unit mesh, but different unit meshes can have one 
or the other occupied. This site would produce a ground 
state degeneracy of ρ = 8, two translational antiphase do
mains and two rotational antiphase domains for each pos
sible three-coordinated site. This site is the only one on 
W(l 10) for which ρ = 8, but is the site that is found in LEED 
calculations [20] to be the preferred one. Fig. 4 shows the 
diffuse intensity vs. exposure. The measurement was made 
with a fluorescent screen subtending a solid angle of ap
proximately 10°, at sufficiently low energy so that the (00) 
and (10) fundamental reflections just fall off the sides of the 
screen. The screen thus measures a reasonable fraction of 
one Brillouin zone. Ο was adsorbed at L N 2 temperatures 
and the background intensity monitored as a function of 
coverage. Fig. 4 also shows the diffuse intensity measured 
for W(112) [21], for which ρ = 2 and only one site per unit 
mesh is possible. 

One of the important questions in theoretical growth dy
namics studies is the influence of ground state degeneracy. 
Our present interpretation provides good agreement for the 
growth exponent χ with the calculation of Sadiq and Binder 
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Fig . 4 
Diffuse intensity vs. exposure for 0 adsorption on two surfaces of W 
at temperatures below which order ing occurs. Dashed line: Ο on 
W(112) [ 2 1 ] . Solid line: Ο on W(110). The arrows indicate exposure 
values at which o p t i m u m superlattice patterns are observed for 
adsorption at higher temperatures. The ground state degeneracy 
influences the posit ion in exposure of max imum diffuse intensity. I f 
ρ = 4 in 0 / W ( l 10), a peak in the diffuse intensity should occur in 
the vicini ty of 0 = 0.5. The absence of such a.peak implies that 
ρ = 8. Fo r 0 / W ( l 12) (p = 2) a peak is observed at the appropriate 

coverage 

[1 ] , which was done for ρ = 4. This would, on the surface, 
suggest that ground-state degeneracy is not very important 
in influencing the growth exponent in this system. A possible 
explanation is that, although the ground state is eight-fold 
degenerate, only the four-fold degeneracy is effective, be
cause the oxygen atom cannot occupy both three-fold sites 
in the unit cell. However, this conclusion can not be reliably 
drawn even in this system, and certainly not in general, 
because a number of other factors can affect the growth 
exponent, including the temperature at which growth occurs 
[1] , coverage less than saturation [22], substrate defects, 
and the assumption that all atoms are in lattice sites. No 
definitive conclusion can therefore be drawn at this time. 

Summary 

We have reevaluated data for the LEED peak intensity 
from ρ (2x1) superlattice beams in the ordering of Ο on 
W(110) and have found that a single growth exponent of 
χ — 0.33 fits the data over the time range that was measured. 
This agrees closely with theoretical results [1] . The ground 
state degeneracy chosen in the theory was ρ = 4. We have 
shown that ρ = 8 in the physical case. To check the influence 
of ground state degeneracy in this system, it is suggested 
that identical Monte-Carlo calculations be performed for 
ρ = 4 and ρ = 8. 

In this analysis, we have used the peak intensity of the 
(1/2, 1/2) superlattice beam. No account was taken of the 

instrument response function, (i.e., J p in Eq. (1) was assumed 
to be Ip in (Eq. (4)) an approximation that is equivalent to 
assuming that the island size is always small relative to the 
maximum distance that the instrument can resolve, so that 
the instrument response function is a negligible part of the 
measured profile. Initial measurements [18] indicate that 
the island size at low annealing temperatures is in fact of 
the order of 10 — 20 atoms in any direction, even for very 
long ordering times. Such small sizes make the neglect of 
the instrument response function a reasonable approxima
tion. On the other hand, they also suggest some kinetic 
limitation to continued growth, such as substrate defects or 
domain wall interference. 

Finally, use of the peak intensity in this simple way as
sumes the validity of the kinematic approximation. How
ever, it has been shown that the peak intensity may be quite 
sensitive to multiple-scattering effects [23]. A far more re
liable method for evaluating the growth of chemisorbed 
overlayers is from angular profiles of the superlattice beams 
[24]. Such work is in progress on this system. 

We thank D. Savage and D . Saloner for useful discussions. 
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