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Dynamical scaling in the domain growth of a chemisorbed overlayer: W(112)(2X 1)-O
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We observed a self-similar growth (scaling of oxygen antiphase domains) of the (2X 1) structure
chemisorbed on the W(112) surface using time-resolved, high-resolution, low-energy electron
diffraction technique. The initial stage of domain growth after the system was quenched from a
lattice-gas state was shown to obey a curvature-driven mechanism. The scaling function was ex-
tracted from the angular distribution of the intensity of the (—0) beam and was compared with re-

cent analytical theories and Monte Carlo simulations. Breakdown of scaling was observed after the
termination of the curvature-driven regime.

The dynamical evolution of a two-dimensional (2D)
system, such as a chemisorbed overlayer, quenched from
a disordered state far from equilibrium to an ordered
state has recently attracted intense interest. ' '" These
studies have been focused on important physical concepts
such as universality, conservation laws, growth exponent,
and scaling. These concepts are tested through the study,
either theoretically or experimentally, of the evolution of
order domains generated from the disordered state. It
has been found that the growth dynamics can be
grouped into a small number of classes which depend
only on the dimensionality and symmetry of the system,
but not on the detailed microscopic interactions among
the constituents that give rise to the collective phenome-
na.

The simplest type of growth process is perhaps the sys-
tem with a twofold degenerate ground state (DGS) and a
nonconserved order parameter. It is well known that the
evolution of the ordered domains at the initial stage
obeys the Lifshitz-Allen-Cahn (LAC) growth law i.e.,
the time-dependent average domain size R follows
R ~ t', where t is the time. This growth law can be de-
rived from an interface curvature-driven mechanism. Re-
cent Monte Carlo simulations and experiments"
have confirmed the existence of this growth process in
two dimensions. Monte Carlo simulations and
theories ' predict a self-similar growth in the early
time regime in which the structure factor contains a time
invariant scaling function F(x):

S(k, t)=R 2(t)F(x),

where k is the momentum transfer vector parallel to the
surface and x =k/k and k is inversely proportional to
the characteristic length R. In this paper we report the
first 2D scaling measurement of the LAC type of domain
growth in a 2D Ising overlayer using a newly devel-
oped high-resolution low-energy electron diffraction
(HRLEED) technique' and compare the scaling function
F (x) extracted from the data with the existing theories
and Monte Carlo simulations. To our knowledge the
only reported experimental work that observed the 2D
scaling behavior was by Tringides et al. '" on a chem-

isorbed system which has a fourfold DGS and has dis-
tinctly different growth kinetics.

The system we chose was oxygen chemisorbed on a
clean W(112) surface at 0.5 monolayer (ML) coverage.
The oxygen overlayer forms a (2X1) superstructure
which has a twofold DGS. This overlayer undergoes a
2D Ising-like order-disorder phase transition at -900
K. ' During the phase transition the order parameter is
not conserved. It has been previously shown' that the
growth of (2X1) domains follows LAC growth kinetics,
i.e., R ~ t', during the early state of ordering after the
system was quenched from a disordered state.

The experiment was performed in an UHV chamber
equipped with a HRLEED and a cylindrical mirror
Auger analyzer. The base pressure was 6.5 —8X10
Torr. The preparation and cleaning of the W(112) sur-
face, the sample mounting, as well as the temperature
measurement, have been described elsewhere. ' The ter-
race width of the clean W(112) surface was estimated
from the half-order beam profiles (using a Gaussian dis-
tribution) to be about 410+10 A and 115+5 A along the
[111] and [110] directions, respectively. A typical 0.5-
ML oxygen coverage requires 0.4 langmuir (1 L =10
torrsec) exposure with an oxygen partial pressure of
—1X10 torr. The determination of the 0.5-ML oxy-
gen coverage was described elsewhere. ' The oxygen
atoms were absorbed at -350 K after a Gash cleaning of
the W(112) substrate at -2430 K. At this adsorption
temperature a random 2D lattice gas was formed. '

The sample was subsequently up quenched and held at a
temperature T where oxygen atoms were mobile. The
time required for the up quenching to a predetermined
temperature was typically less than a few seconds. While
the (2X1) domains were growing, the angular distribu-
tion (profile) of the ( —,

' 0) superlattice beam intensity,
which is a measure of the structure factor S(k, t), was
measured as a function of time. Depending on the up-
quenching temperature, the entire LAC growth period
could be as long as 10 —10 sec from the time of quench.

Figure 1 shows the development of the peak intensity
of the ( —,

' 0) beam versus time from the 0.5-ML (2X1)-
oxygen overlayer at different up-quenching temperatures.
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change. Figures 2(a) and 2(b) are the plots of the scaling
functions F&(x) and F2(x) for various times in both [110]
and [111] directions, respectively. The up-quenching
temperature was 493 K. As seen from these figures,
within the LAC growth regime ( & 240 sec, see Fig. 1), the
profiles scale very well in both directions. Even more re-
markable is that F, (x) and Fz(x) almost coincide with
each other as shown in Fig. 3, despite the fact that the
average domain sizes in these two directions at any given
time were different (before the scaling, i.e., in the k coor-
dinate, the FWHM of a profile in the [110]direction is at
least two times wider than that in the [111]direction at
the same time). Similar agreement was obtained for other
up-quenching temperatures. Furthermore, the scaling
profiles obtained at different up-quenching temperatures

FIG. 1. The time-dependent peak intensity of the ( z 0) beam

diffracted from W(112)(2X 1)-O overlayer at 0.5 ML coverage is
plotted for different up-quenching temperatures. Each curve
was normalized to the maximum intensity from a well-annealed
overlayer. The incident electron energy is 55 eV. The solid
lines represent the power-law fit in which the slope was found to
be 1.01+0.02.

A very weak peak intensity Io at t =0 just after the
quench has been subtracted from the time-dependent
peak intensity I(t) in Fig. 1.' From Fig. 1 we see that
on a log-log scale the peak intensity grows linearly with
time in the early stage and then levels off. The peak in-
tensity I is a measure of the mean-squared domain

size, ' i.e., I„~R . Assuming a power growth law
R ~ t" in the early stage, the exponent n extracted from
the slope of the log-log plot in Fig. 1 was found to be
1.01+0.02, which is independent of up-quenching tem-
perature. This result remarkably demonstrates the LAC
growth law that has been reported previously. '

In this study of scaling we have measured the angular
profiles in both the [110]and [111]directions at different
evolving times. A low uniform background intensity
(~4% of the peak intensity) near t =0 was observed in
the measured angular profile. As the peak intensity was
developing, the ratio of the background intensity to the
peak intensity became smaller and eventually approached
zero. This low background intensity has been subtracted
from the measured angular profiles. All the profiles
presented here have been deconvoluted with an effective
instrument response function which has a narrow width
(-0.012+0.002 A ). The deconvoluted profiles
refiect the true structure factor S(k, t). Considering
R ~I and taking k as the full width at half maximum
(FWHM) of the angular profile, we obtained the mea-
sured scaling function F(x ) =S ( k, t) /I . This equation
implies that if the normalized angular profiles at different
evolving times are plotted in the x =k/k coordinate (not
in the k coordinate), i.e., scaled by its own FWHM, then
all the profiles should superpose on each other. It is
known that the shape of the angular distribution of inten-
sity rejects domain size distribution. Scaling law implies
that, although the average domain size increases with
time, the functional form of the size distribution does not
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FIG. 2. The scaled angular profiles of the ( ~ 0) beam for
various times at T =493 K are plotted according to Eq. (1). (a)
Scans along the [110]direction. (b) Scans along the [111]direc-
tion. The scaling holds only for t &240 sec where the power-
law growth applies. The H.T. anni. means a profile obtained
after the overlayer has annealed to -670 K. The vertical error
bar is less than twice the size of the symbol due to the statistical
fluctuations of intensity in the initial times.
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FIG. 3. Typical scaled angular profiles from Fig. 2 are
presented. Solid circles (~): a scan along the [110]direction at
t =215 sec. Open circles (o): a scan along the [111]direction
at t =210 sec. The solid curve represents a fit of the theory pre-
dicted by Ohta et al. (Ref. 8). The dashed curve represents the
fit of x ~ with p =2.9+0. 1 in the limit of ~x~ ~ 1.0.
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are identical, too. Therefore, F, (x)=F2(x)=F(x) is a
universal function independent of direction and up-
quenching temperature despite the fact that the detailed
microscopic interactions among the oxygen atoms in the
[110]and [111]directions are not isotropic. '

The scaling behavior in the kinetics of domain growth
has been a subject of a variety of theoretical discus-
sions. ' For the system with a twofold DGS,
Kawasaki et ah. first described scaling of the correlation
function by considering the time-dependent Ginzburg-
Landau mode1 in a weak-coupling, long-time limit. Ohta
et al. , using the LAC interface curvature-driven model,
have derived an approximate, but explicit expression for
the scaling function F(x). They predicted that the 2D
scaling function has the form

F'(x')=, I dye, [exp(p )
—1] ' J, (px'),4

X 0

where J& is the Bessel function of the first kind and
x'=kR(t) with R(t) cct'~ . In the derivation of Ohta
et al. they have assumed the system is isotropic and has
randomly distributed smooth interfaces with a Gaussian
correlation. In order to fit Eq. (2) with the experimental
data shown in Fig. 3, one needs to adjust the unknown
proportionality constant c between x ' and x, i.e., x ' =cx.
Equation (2) can be manipulated and rewritten in a series
form which is more convenient for numerical evaluation:

where the variable x =0/k of the function F(x)=F'(x')
is now directly related to the horizontal scale in Fig. 3
through x ' =cx with the proportionality constant c as the
fitting parameter. The best-fitted profile is plotted as the
solid curve in Fig. 3 ~ The fitting shows good agreement
with experiment in the small jx

~
(( 1.0) regime but devi-

ates somewhat in the tails. In the plot, the calculated
profile has been normalized using F(0)=2' ln2=4. 355.
The proportionality constant c was found to be -2.34 in
the [110]direction and —2.30 in the [111]direction. The
fitting in the [111]dir'ection has the same behavior as that
in the [110]direction but was not presented in Fig. 3.

The theory predicted by Kawasaki et al. has essential-
ly the same scaling behavior as that of Ohta et al. , al-
though they were based on different approaches. Subse-
quently, Mazenko and Valls calculated the scaling func-
tion based on the renormalization-group method com-
bined with Monte Carlo simulations. Their prediction
for the scaling function of this system with a noncon-
served order parameter is rather similar to that of Ohta
et al. except for the intermediate values of the scaling
variable, i.e., the tail of the scaling function calculated
from the renormalization-group theory is higher than
that of Ohta et al. Therefore the measured scaling func-
tion in Fig. 3 may be in better agreement with the results
of Mazenko and Valls. However, Ref. 9 provided an
analytical expression only for a limited range of x and we
cannot use it to fit the entire measured scaling function.
All these theories exhibit a Gaussian behavior in the
small-x regime and a Porod's law behavior in the large-
x regime. That is, for large x,

F(x)=x (4)

where p =d +1=3 (d is dimensionality). Ohta et al. ob-
tained p =3 from Eq. (2) and Mazenko and Valls ob-
tained p =3.1. These values of p are also within the un-
certainty of Monte Carlo simulations by Sahni et al.
(p =2.9) and by Kaski et al. (p =2.7) given in Ref. 9.
We have also fitted the tail part ( ~x~ ~ 1.0) of our scaling
profiles using Eq (4) and .found p =2.9+0. 1. This is
done by ignoring the data for ~x~ ( 1.0. As seen in Fig. 3,
the fitting is very good for ~x~ 1.0, which indicates that
the dimensional dependence of the exponent p in Eq. (4)
is consistent with the theories, including the Monte Carlo
simulations.

Recently, by considering the statistical properties of
randomly distributed smooth and isotropic interfaces
with a Gaussian correlation (originally considered by
Ohta et al. ), Tomita' has obtained an asymptotic ex-
pression for the structure factor which gives a leading
correction to Porod's law. This correction term was also
included in the theory of Ohta et al. , but Tomita, using a
different method, assigned a physical meaning to this
term which is related to the interface area density and
average curvature of the domains. Using the scaling
function derived from Tomita's formula to fit our scaling
profiles at ~x~ + 1.0, we found that the fitting is almost as
good as the previous fit with p =2.9+0. 1. The contribu-
tion of the correction term is small (-0.5%%uo). We have
also fitted the entire measured scaling profile F(x) by a
Gaussian function and the result is far worse.



39 DYNAMICAL SCALING IN THE DOMAIN GROWTH OF A. . . 9435

The angular profile of the (—,
' 0) beam was also mea-

sured beyond the LAC growth regime [)240 sec, see
Figs. 2(a) and 2(b)]. For the profiles scanned along the
[110] direction, scaling still holds for t )240 sec, but
there is small deviation when the sample was annealed to
a higher temperature (670 K) to accelerate the growth
process. The data are shown in Fig. 2(a). An apparent
breakdown of scaling was observed in the [111]direction
for t ) 240 sec, as shown in Fig. 2(b). Furthermore, the
function F(x) in the [111]direction behaves quite simi-
larly for t ~480 sec as compared to that of the well-
annealed profile. After the annealing the domains ap-
proached their ultimate sizes which were limited by the
surface heterogeneity of the substrate. The breakdown of
scaling is an indication of the termination of the
curvature-driven process. One possible origin of the ob-
served termination of the curvature-driven process might
be due to the finite-size effect. At the point that the peak
intensity levels off (t =240 sec for T =493 K), the domain
size has already grown to 0.51R

&
and 0.70Rz, where R

&

and Rz are the average terrace width in the [110] and
[111] directions, respectively. Previous Monte Carlo
simulations have estimated that finite-size effects be-
come important when R =0.4R&, where R& is the finite
area used in the simulations. We estimated that the aver-
age domain sizes were -0.51R

&
and 0.60R i in the [110]

direction, and 0.70R2 and 0.91R2 in the [111]direction
for r -240 and 2230 sec, respectively. In the [110]direc-
tion, the growth was very slow after t-240 sec, and
therefore the profile did not change too much. In the
[111] direction considerable growth was observed after
t-240 sec. The distribution of domain sizes changed
into the size distribution defined by the terrace width,

and as a result, the function F(x) changed shape. This
finite-size effect may explain why we did not observe a
clear crossover to a later stage where the growth rate
slows down. We must point out that even for an ideal
surface where the growth is not limited by finite size and
a later growth regime may exist, there is no reason to be-
lieve that the function F(x) obtained in the later stage
should scale the same way as that in the LAC growth re-
gime. It would therefore be desirable to have a surface
with a larger average terrace width so that the behavior
of the function F(x) in the unconstrained later stage of
growth can be studied unambiguously.

In summary, the self-similar scaling in the (2X1)
domain growth of oxygen overlayer on the W(112) sur-
face at 0.5 ML coverage was observed by the analysis of
time-resolved HRLEED angular profiles of the (—,

' 0)
beam. The scaling function extracted from the angular
profiles was found to be a universal function independent
of the growth direction and the up-quenching tempera-
ture, and was compared with recent analytical theories
and Monte Carlo simulations. An obvious breakdown of
scaling in the [111]direction was observed after the peak
intensity levels off. This was attributed to the finite-size
effect dictated by the surface heterogeneity.
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