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Dynamics of Two-Dimensional Ordering of an Overlayer with Fourfold-
Degenerate Ground State: W(110)p (2x1)-0
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The dynamics of ordering of W(110)p (2x 1)-O has been studied at two coverages with
use of low-energy electron diffraction. Island coarsening and diffusion-limited island
growth mechanisms are identified at the coverage corresponding to two-phase coexis-
tence, while in the one-phase region, domain growth is observed. In all cases, the in-
crease in the average size of ordered regions follows a /2 dependence. Activation en-

ergies and frequency factors are extracted.

PACS numbers:

The dynamics of ordering of commensurately
adsorbed overlayers has recently attracted con-
siderable theoretical interest.!”® Much of this
interest centers around the differences in domain-
growth kinetics for systems that have different
ground-state degeneracies. A disordered over-
layer quenched to a temperature at which an or-
dered phase is expected on thermodynamic
grounds may order in two possible ways, depend-
ing on whether the quench is into regions on the
phase diagram in which one phase is stable or
two phases can coexist. A quench into a one-
phase region produces small domains that cover
the whole surface but are separated by domain
boundaries. These domains grow with time,
driven by domain-wall curvature. Hence small
domains disappear. For a quench into a coexis-
tence region, initially small islands nucleate and
grow at the expense of the disordered system,
until two-phase equilibrium is achieved. The two
phases may be the ordered structure and an
“empty-lattice” or vacancy phase, or they may be
two different ordered structures. The driving
force for growth is the net cohesive energy of
the ordered islands. Subsequent growth, driven
by island boundary curvature, may occur at a
later stage, as small islands (or domains if the
islands now meet) disappear at the expense of
larger ones (called “coarsening” of the ordered
phase).

The dynamics of domain growth in an overlayer
quenched into a one-phase region has attracted
particular attention. The growth of the average
domain size is expected to follow a power law of
the form L(t)<t*, where L is the average diam-
eter, ¢ is the time, and x is some “universal”’
constant that depends on the degeneracy, p, of
the ground states that the overlayer ordered re-
gions can form. The role of multidegenerate
ground states in domain-growth Kinetics was
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first suggested by Lifshitz.® He argued that do-
mains for two-dimensional systems in which p

>3 will evolve quite slowly because of the influ-
ence of boundaries in inhibiting the growth. The
role of boundary curvature in domain growth has
been emphasized.'® All theories agree that, for
p=2, x=3. This has also recently been shown
experimentally*! for ordering in W(112)p(2 x 1)-0,
at least for short times, before the order param-
eter exceeded a value of 0.5.

In this Letter, we report low-energy electron-
diffraction (LEED) results for the ordering of
p(2%1) oxygen islands or domains on W(110), a
symmetry for which the nature of the growth law
is much more controversial. W(110)p(2x1)-0O
belongs to the class of XY models with cubic
anisotropy,'? with a ground-state degeneracy of
p =4, namely the p(2x1) and p(1X2) domains and
two translational antiphase domains for each of
these. There appears to be at present no agree-
ment theoretically on the value of x for p = 4 sys-
tems.> We present results at two coverages.

One is at the saturation coverage for the p(2x1)
structure, the coverage corresponding to the
measurement reported in Ref. 11 and discussed
in most of the theoretical studies. We demon-
strate that the growth is proportional to /2 gt
all but very short times. The second coverage

is lower. The p(2x1) and lattice-gas phases co-
exist at this coverage at sufficiently low tempera-
tures.'’®* We demonstrate that the growth rate at
this coverage is different from that at the satura-
tion coverage, but that a /2 dependence is main-
tained. We derive activation energies and fre-
quency factors for ordering at both coverages.

Oxygen was adsorbed onto W(110) at 80 K, a
temperature at which the oxygen does not form
an ordered pattern. The overlayer can therefore
be described as an immobile lattice gas. The
overlayer was then “up-quenched”’ to a higher
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temperature'® and the ordering observed by meas-
uring the increase in LEED beam intensity at the
p(2x1) superlattice positions. The intensity was
measured with a detector that subtended 1° at the
sample. The substrate was cleaned in vacuum
by annealing in O, with subsequent flashing to
high temperature to remove the oxide.'* Ex-
posures were initially made at room tempera-
ture to correlate exposure and coverage. The
evolution of the peak intensity of a superlattice
reflection [ the (5, %) beam] with exposure was
used to fix the coverage. The point where the
peak intensity first reaches its plateau value
was chosen to correspond to 6 = 0.5, Sticking-
coefficient measurements'® were used to relate
low-temperature exposures to coverage. Cov-
erages could be determined to *20% of the nom-
inal coverage.

Figure 1(a) shows the evolution of order at the
p(@2x1) saturation coverage (6 = 0.5), where only
domains of the p(2X 1) phase exist and cover the
whole surface. We have plotted the square root
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FIG. 1. Development of the long-range order param-
eter with time at several temperatures for W(110)p (2
x1)-0: (a) one-phase region, § = 0.5; the data of Ref.
11 for W(112)p (2 x1)-O are shown for comparison;

(b) two-phase coexistence region, 6=0.25. Note that
the temperature range for these data is slightly higher.
At both coverages the data can be fitted by straight
lines except at very short times. At sufficiently long
times the order parameter reaches its maximum value
and the growth rate goes to zero. See text for dis-
cussion.
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of the intensity, which is taken to be proportional
to the long-range order parameter,'” 1, versus
time at several annealing temperatures. Figure
1(b) shows the same results at =~ 0.25 where
islands of p(2x1) phase coexist with a lattice gas.
Several facts are apparent: (1) At both coverages
there seem to be more than one time regime, in
which the order parameter changes differently
with time. (2) The rate of ordering depends sig-
nificantly on coverage. (3) At both coverages

the growth of the order parameter after an initial
short time period can be fitted with straight lines,
indicating a /2 dependence for the change in
average domain or island size.'® (Obviously, at
sufficiently long times, when the order param-
eter reaches a value of 1, the growth rate goes
to zero.) (4) The growth is slower than that ob-
served*! for W(112)p(2 x 1)-0.

At 6 =0.5, the coverage where only the p(2x1)
phase can exist, the data can be fitted with a sin-
gle straight line at all but short ordering times,
indicating a single domain-growth mechanism
that follows a ¢ /2 dependence until the order
parameter reaches its maximum value. Evident-
ly the p = 4 degeneracy does not affect the time
dependence of the domain growth. The limited
data we have at short times indicate that the in-
crease in the order parameter is more rapid
than at longer times. On physical grounds, the
influence of multiple ground states should be
more apparent at long times than at short. This
is found in calculations, which show a straight-
line behavior at long times.?**®"1° The high or-
dering rate at short times may be due to a rapid
initial ordering process, such as elimination of
very unfavorable boundaries or the diffusion into
lattice-gas sites of atoms frozen during deposi-
tion into sites that are not lattice-gas sites. Mul-

“tistage ordering is also found in calculations.®'!°

The growth is slower than for an equivalent p = 2
system, W(112)p(2x1)-0.**

At the coverage corresponding to two-phase
coexistence, there appear to be three stages of
ordering. Initially there is again rapid ordering,
which may be due to a process similar to the one
mentioned above. The second stage can be iden-
tified with growth of islands out of the disordered
lattice gas, a process that will proceed until an
equilibrium between islands and lattice-gas phase
is reached. Because the data can be fitted by a
straight line in this region, indicating t1/2 depen-
dence, this intermediate-time regime must re-
flect diffusion-limited island growth, i.e., the
rate at which the islands grow is limited by dif-
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FIG. 2. Dependence of the slopes of the straight lines
in Fig. 1 on inverse temperature, for three different
ordering regimes (see text). The error bars reflect
the uncertainty in the slopes of the lines in Fig. 1.

fusion to the island boundary.!* The activation
enthalpy for growth in this time regime should
thus be related to an effective diffusional barrier
for O on the W(110) surface. The other type of
growth that could occur is reaction-limited is-
land growth, i.e., the growth is limited by the in-
corporation rate of atoms at the island boundary.
This can be shown to have a ¢ dependence,'* which
is not observed. The third stage of ordering in
Fig. 1(b) can be identified with coarsening, the
growth of large islands at the expense of small
ones. Coarsening can take place by atom ex-
change between islands or across possible anti-
phase domain boundaries within an island. Again
a tl/2 dependence is observed until the order
parameter reaches its maximum value. The ac-
tivation energy and frequency factors for the
coarsening process may in general be different
from those for island growth discussed above. In
any case, it is apparent that the coarsening pro-
cess is slower than the island growth process,

although both follow a ¢'/2 dependence.
Activation energies and frequency factors for
these ordering processes can be estimated from
the data of Fig. 1. We define in each case zero
time as the value where the extrapolation of the
straight lines fitted to the data intercept the time
axis. One can then write 7(¢) = ¢, where a=v
X exp(~A H/kyT), A H is an activation enthalpy,
and v is a frequency factor. A H measures an
effective activation barrier to ordering, for each
process. In all the cases discussed here, it
should reflect a diffusional barrier, because of
the ¢ /2 dependence. v measures in essence the
difference in atom flux coming to and leaving a
domain or island. Its magnitude reflects the
driving force for domain or island growth and
the influcence of the ground-state degeneracy.
A small driving force implies that the differences
in curvature of domain walls are small or that
the boundary energy is not much larger than 27T,
The latter in turn implies that the boundaries are
diffuse. A large degeneracy p makes v small
because it reduces the possibility of annihilation
of boundaries. AH and v can be determined by
plotting Inldn(t)/dt] vs 1/T (see Fig. 2). The re-
sults for the linear region in Fig. 1(a) and the two
linear regions in Fig. 1(b) are given in Table I.
The values for both activation energies and
frequency factors are too uncertain to permit the
drawing of detailed conclusions. It does appear
that the activation energies for the two processes
that we have identified as domain growth or coars-
ening processes are similar to each other and
somewhat different from that for the island
growth process. In all cases, the AH values are
smaller by about a factor of 5 than activation en-
ergies measured for diffusion of O on W(110).*®
This may imply that there is included in @ a fac-
tor with a dependence on temperature that is op-
posite to that of the AH term. A simple possibil-
ity is a temperature-dependent concentration
gradient of the diffusing O atoms at the island or

TABLE I. Activation energies and frequency factors for ordering of O

on W(110).
AH (eV) v (sec™!)
One-phase p(2x1) region, 6= 0.5 0.17+ 0.1 0.4 4%
Coexistence region, 6=~ 0.25
Long times 0.24% &% 8180
Intermediate times 0.07+ 0.05 0.01%94,
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domain edge. A more detailed conclusion is not
possible at this time. The frequency factors also
appear small,!® indicating that the driving force
is not much larger than 2 T,2° or that the influence
of the degeneracy p is large. The net rate of in-
corporation of atoms into the ordered phase ap-
pears in any case to be small, leading to a pic-
ture of domains or islands that, although they
may be quite large, have very diffuse, poorly
defined boundaries.

In summary, we have presented results for
the growth of islands and domains at two cover-
ages for W(110)»(2x1)=0, a p =4 system. Growth
proceeds according to L(#)« #'/? except perhaps
during the earliest stages of growth. The growth
is slower than that for a similar p = 2 system.'!
A detailed comparison is impossible at this
stage because our results describe the long-time
behavior while those of Ref. 11 are for short
times. Activation energies and frequency factors
appear to be low compared to values for diffusion
of O on W(110),'° leading to the conclusion that
the ordering is not described by a simple mass-
transport phenomenon.

There is, finally, a possibility that the ground-
state degeneracy in this system is 8 rather than
4, If one assumes that the O atoms sit in the
threefold hollows in the W(110) surface there are
four translationally equivalent sites rather than
just two. The total degeneracy then becomes 8.
If this is, in fact, the case, we have shown that
ati/z growth law dependence exists for a p = 8
degeneracy.
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