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Anisotropy of ordering kinetics in a single-phase adsorbed film: c„232…O-Mo„011…

A. G. Fedorus, V. F. Koval, A. G. Naumovets, and O. A. Panchenko
Institute of Physics, National Academy of Sciences of Ukraine, Prospekt Nauki 46, Kyiv-22, UA-252022, Ukraine

~Received 18 June 1997!

Kinetics of ordering in thec(232)O-Mo~011! system after temperature upquench is investigated by video
low-energy electron diffraction. Variation of domain size is analyzed on the basis of the first moment of the
structure function. We observed an anisotropy in the domain growth rate having anomalous orientation. The
rate constant for thê001& direction is 1.5 times as large as that for the^011& one. The ratio is independent of
temperature, i.e., the activation energies for ordering in the two directions are the same. The growth kinetics is
characterized by a power law with the exponentx51/2 for both directions.@S0163-1829~97!08040-5#
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I. INTRODUCTION

In recent years the problem of ordering amorphous ma
has attracted much attention.1–3 Many experiments have
been carried out with commensurate adsorbed layers, w
are remarkable for a great variety of two-dimensional latti
showing different degrees of domain degeneracyp.4 Order-
ing characteristics such as kinetics of domain growth, dis
bution of domain sizes, and thermal activation energies
usually derived from the low-energy electron diffractio
~LEED! intensity profiles monitored during annealing.3,5

Though, in general, the fundamental theoretical ideas,
power-law kinetics and scaling relation have been confirm
experimentally, there is a considerable inconsistency in so
important quantitative results. For instance, evolution of
average sizêL& of the ordered-phase domain fits a gene
expression̂ L&}Atx, where t is time of ordering,x is the
growth exponent, andA is the temperature-dependent ra
constant. However, the values measured of the growth e
nent are scattered within a wide range ofx50.2– 0.5~Refs. 3
and 6! instead of showing one of the two universal value
theoretically predicted: 1/2~for single-phase systems! or 1/3
~for double-phase systems!. This leaves much room fo
speculations concerning the applicability of different theor
as well as the validity of the concept of the influence
domain degeneracy on the exponent value.3 The discrepancy
may have different reasons. A simpler one is that an in
propriate measure for̂L& was used in some studies.
should be noted that several different parameters of a LE
spot profile can be proportional to^L&: the square root of the
peak intensity, the inverse FWHM~full width at half maxi-
mum!, and the first and second moments of the struct
function.2,3 The first of them is utilized often as the easie
and fastest for data acquisition. However, it is appropri
provided the number of coherent scatterers remains con
during the ordering evolution,3,7,8 which is rarely realized.
Even with the appropriate measure for^L& applied, some-
times a more general expression of the power-law fits
ordering kinetics:9–11

^L&5Atx1B, ~1!

where the constantB describes other faster processes ess
tial at the early stage of ordering, including formation
560163-1829/97/56~24!/15947~5!/$10.00
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small initial domains. On the other hand, for rather larget,
growth inevitably slows down, supposedly due to the pr
ence of various defects. So choosing the appropriate rang
data acquisition is crucial for the evaluation ofx. Thus, the
primary aim of this work was to study the ordering kinetic
keeping all the mentioned precautions, for the syst
c(232)O-Mo~011!, which is a single-phase one and has
rather high level of degeneracy (p54).

The degeneracy of this system may be even larger. R
ing on the hypothesis of triple-bond adsorption sites for O
~011! planes of bcc crystals, which was verified for the sy
tem O-W~011!,12–14we assume that there can be two equiv
lent adsorption sites in each unit cell@inset in Fig. 1~a!#, i.e.,
twice as many domain boundaries along the^011& direction
relative to thê 001& one, resulting inp58. If ordering kinet-
ics is really sensitive to the degeneracy, a different kine
can be expected in this direction. In general, film ordering
held to proceed via surface diffusion, therefore the order
characteristics should depend strongly on the relief of a s
strate. Particularly, surfaces containing steps or atomic ch
nels, existing due to the intrinsic crystal structure of t
planes, favor an anisotropic diffusion. An ordering anis
ropy is accordingly expected in the films adsorbed on s
surfaces. A size anisotropy of ordered domains was actu
found in the oxygen overlayer on a typical channeled surf
W~112!.15 However, most of the LEED detectors used in t
previous experiments6,15,16 were not fast enough to follow
the spot profiles continuously during ordering. Due to th
the anisotropy of ordering has still not been studied ext
sively. Meanwhile, the Mo~011! plane is slightly anisotropic
for surface diffusion~the projections of elemental jumps o
the ^011& and^001& directions differ by a factor of&!. This
can favor an ordering anisotropy too. Thus, our second
was to investigate kinetics in two dimensions by means o
fast enough detector.

II. EXPERIMENT

We utilized a video LEED technique to study the orderi
of amorphous films adsorbed at low temperatures. The
gree of coverageQ was close to 0.25 corresponding to th
c(232) phase of annealed oxygen films on Mo~011!.17–19

The experiment was performed at a base pressure
;10211 Torr. The setup details and the technology
15 947 © 1997 The American Physical Society
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15 948 56FEDORUS, KOVAL, NAUMOVETS, AND PANCHENKO
sample preparation, cooling, and cleaning have been
scribed elsewhere.20 Oxygen was produced by the decomp
sition of CuO contained in a resistively heated platinum tu
For a measure of the oxygen coverage we used the expo
*Dpdta , whereDp is the variation of the oxygen pressure
the chamber andta is the time of adsorption. The oxyge
coverage was also determined more accurately by Auger
plitude and LEED intensity measurements. The chamber
equipped with a commercial four-grid LEED optics and
phosphor screen. The width of the LEED instrumental fu
tion corresponded to a coherence zone of 150 Å for the e
tron energy usedE522 eV.

Only one diffraction spot specific for thec(232) struc-

FIG. 1. Evolution of the inverse first moment of the superstr
ture LEED reflex from thec(232)O overlayer on Mo~011! result-
ing from upquench to different temperaturesTo ~K!. 1—302; 2:
309; 3: 314; 4: 336;~a! and ~b! are for the^011& and ^001& direc-
tions, respectively. Lines show the power-law approximat
curves, vertical arrows show the end points of approximation. In
shows a scheme of the LEED pattern~to the left!, a possible surface
structure model~to the right!, and principal axes. Open circles an
dots in the pattern denote spots from the substrate and the over
respectively. Solid-line and dashed-line rectangles in the mode
pict c(131) substrate andc(232) overlayer unit cells, respec
tively; dots and crosses show hypothetical equivalent adsorp
sites.
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.
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ture has been investigated@inset in Fig. 1~a!#. This spot is
chosen in order to exclude a contribution from another ph
coexisting with thec(232) at Q.0.25.17,19 The intensity
distribution across the spot was monitored by the dig
video system via program-controlled scanning. The ma
spot profile data have been collected in the frames o
53324-element window with the registration frequency
up to 4 pictures/s. A 150-Hz pulsed resistive heating with
the intervals between the records was used to control
sample temperature.

The experimental procedure was as follows. Oxygen w
adsorbed atTad578 K on the surface preliminarily cleaned
This temperature was distinctly lower than that providing
overlayer mobility. Then the sample was upquenched~within
the transient time of 1.8 s! to a steady value in the interva
To5302– 336 K necessary for ordering. The monitoring
the pulsed spot profile with a periodDt51 s was started
from the low-temperature state before upquenching. Fin
the film was annealed atTan51500 K, the resulting LEED
pattern was recorded, and Auger measurements were
formed.

The spot profiles originally taken are two-dimension
time-dependent structure functionsS(qh ,qk ,t), with the qh
andqk components of the scattering vectors being measu
along the^011& and ^001& substrate directions, starting from
the spot center. Data processing consisted of backgro
subtraction, deconvolution of the instrument response fu
tion, and calculation of the values considered to be the
main size measures, viz,K1h

21 and K1k
21 , which are the in-

verse first moments of the structure function along theh and
k directions:

K1h5(
h

uqhuS~qh,0,t !Y (
h

S~qh,0,t !, ~2!

K1k5(
k

uqkuS~0,qk ,t !Y (
k

S~0,qk ,t !. ~3!

The choice of such a measure for^L& provided best statistics
TheS value in the non-annealed state was taken as the b
ground level. That for the fully annealed film was taken
the instrument function since its FWHM was proved to
equal to the FWHM of the clean-substrate reflex. Decon
lution was performed by the Fourier transform technique21

III. RESULTS

Figure 1 shows the kinetics of domain size growth
terms ofK1

21 measured at different annealing temperatu
for two crystallographic orientations. The scale forK1

21 is
calibrated from measurements of the positions of superst
ture spots. Thet axis is presented starting from the actu
change ofK1

21, which occurs upon an emergence of t
fractional-order spots due to a temperature upquench. Be
the upquench, a uniform background only was register
Three known stages of growth,3 initial-domain formation,
domain growth, and slowing down of the growth, can
distinguished. They are most pronounced at high temp
tures@see curve 4 in Fig. 1~b!#. The first stage~initial jump at
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TABLE I. Domain growth parameters fitting Eq.~1! to the experimental data on kinetics of ordering f
the c(232)O-Mo(011) system at different ordering temperaturesT0 : A,B,x. Subscriptsh and k mark
directions^011& and ^001&, respectively.

T0

~K!
Ah

(Å s2x)
Bh

~Å! xh

Ak

(Å s2x)
Bk

~Å! xk

302 1.56 23.4 0.51 3.54 43.8 0.49
309 3.24 22.5 0.48 6.66 44.4 0.48
314 5.10 22.5 0.52 9.87 43.8 0.50
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t>0! is too fast to be followed by our technique and ma
fests itself only by the non-negligible initial-domain size. I
value appears independent ofTo in the range used in this
experiment. In what follows, the overlayer order emerged
this stage is called an initially formed one. At the seco
stage, the subsequent appreciable increase proceeds
quite some time. It is clearly seen in each curve. Eviden
this domain growth is thermally activated, taking a shor
time the higher the temperature. A transition to the last st
~leveling off! is rather protracted. It begins from a slight ra
slowdown and ends with an eventual growth saturation
should be noted that full annealing at 1500 K results in ra
ing the leveling-off value up to that limited by the instrume
tal function.

The most remarkable feature of ordering kinetics for
system studied is an anisotropy of the growth rate. Indeed
the same temperature, the slope of theK1k

21 curve is greater
than that ofK1h

21 @Figs. 1~a! and 1~b!#. It should be noted tha
even the initially formed domains exhibit a size anisotrop
which then persists until the leveling off, though it is reduc
somewhat due to the earlier slowdown for the^001& direc-
tion.

To derive quantitative information on the growth law, th
data of Fig. 1 have been fitted by Eq.~1!, usingA, B, andx
as fitting parameters. As mentioned above, the main prob
in the approximation is to avoid exceeding the dom
growth regime. Since the quenching transient time in
experiments took only two recording periods, and the st
of initial-domain formation was even shorter, we chose
second nonzero experimental point as the beginning of
thermal domain growth in each curve of Fig. 1. The e
points to be used in the approximation~marked by vertical
arrows in Fig. 1! were determined by the following. A de
crease in the growth exponent can be considered as a si
the slowing down.3 In practice, the range of approximatio
was gradually extended until the value ofx changed by more
than the least-square error. The ranges of satisfactory
proximation are rather wide forTo5302– 314 K. At
To5336 K the number of points was too small, so the c
responding fit is not presented here. The resulting fitting
rameters are listed in Table I. As a matter of fact,K1

21 in Fig.
1 is not an absolute average domain size^L&, but a value
proportional to it. The relationship between^L& andK1

21 can
be determined from the structure function shape. In our
periments, a Gaussian function was found to fit most clos
the spot profile, hence we have^L&50.3K1

21.22 This factor
was used to obtain thêL& values given in Table I.

As shown in Fig. 1, a power law holds at high tempe
tures as long as the domain size nearly doubles along
axes. It should be emphasized that the parameterx ~growth
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exponent! has the same value of 0.5060.03 for the different
axes and temperatures, so the parametersA and B only are
responsible for the growth anisotropy~see Table I!.

IV. DISCUSSION AND SUMMARY

The mere existence of the anisotropy of the growth r
constantA is not very surprising becauseA is proportional to
Dx,3 whereD is the diffusion coefficient, which should b
anisotropic for the~011!Mo plane due to its atomic structure
Indeed, the ratioD011/D00152 is to be expected for a~011!
bcc plane. Such a ratio has been actually found in simu
tions for very distinct hypothetical sets of adatom intera
tions on this plane23 and has also been verified in surfa
diffusion experiments for the O-W~011! system.24 Mean-
while, our data show just the opposite ratio of the grow
rates along thê011& and ^001& directions. The quantities o
Ah andAk presented for anyTo in Table I are in the constan
~within 64%! ratio

r hk5Ah /Ak50.5, ~4!

which, if it is caused by the diffusion anisotropy, give
D011/D00150.25.

The constancy of ratio~4! manifests a trend to self-simila
anisotropic growth in two dimensions. Besides, its tempe
ture independence points to equal activation energies for
growth in both directions. PresentingA in the usual Arrhen-
ius form A(T)5A0exp(2Eo /kT) and substituting it in Eq.
~4!, we find (A0h /A0k)exp@2(Eoh2Eok)/kT#5const. Assum-
ing a weak dependence ofA0 on T, we should assume
Eoh5Eok to satisfy the total temperature independence
r hk . From the Arrhenius plots of the parametersAh andAk ,
the ordering activation energies are found to
Eoh5Eok50.7560.05 eV. The orientation independence
Eo means that the orientation dependence of the rate con
A is determined by that of its prefactorA0 .

Since one should haveD}A1/x, the activation energy for
surface diffusionEd is related toEo as Ed5Eo /x, which
gives Ed51.5 eV. This value is substantially larger tha
Ed51.0 eV found for oxygen surface diffusion on Mo~011!
by the field emission fluctuation method.25 The discrepancy
of the Ed values obtained in different experiments can
sometimes attributed to a distinct state of overlayer or
involved in these experiments and therefore to distinct nu
bers of actually interacting neighbor adatoms.26 However,
accounting for the actual repulsive interaction in our expe
ment would decrease theEd value, thus having an effec
qualitatively opposite to that which could explain the diffe
ence.
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It should be considered that domain growth in the sing
phase system is implemented through diffusional motion
walls separating antiphase domains rather than of single
toms. To understand the strange prefactor ratio and highEd ,
we suggest that the diffusion process that controls orde
kinetics occurs in the domain wall zone and is unlike t
predominantly intradomain diffusion observed, e.g., in fie
emission fluctuation experiments.23–26 It is reasonable to
search for a cause for the mentioned diffusion anomalies
means of analyzing the characteristics of the domain w
and uniform phase, which can affect the diffusion coe
cient, such as concentration and overlayer structure. Rece
a Monte Carlo simulation of the domain growth kinetics f
a nonstoichiometric two-dimensional structure27 verified that
the different local concentration in the domain wall, in com
parison to the uniform phase, has a great influence on
growth rate. Interestingly, it causes the modification of
rate constant rather than the essential time dependence
Clearly, the local concentration may be unequal for the
main walls of different kinds specific for particular orient
tions. Hence such an effect may result in an anisotropy of
growth rate, concurrent with the above discussed effect
to anisotropic elemental diffusion jumps. The greater the
main degeneracy, i.e., the greater the variety of the dom
walls, the greater this effect should be. In order to evalu
the importance of the discussed effect for the system stud
the structure of the domain walls should be investigated
detail. However, it can be the subject for a special study

Now we consider the role of the overlayer structure. W
concluded above that theEd value obtained by the orderin
kinetics method used in the present study is in rather p
agreement with that obtained by the field emission fluct
tion method25 even if an overlayer disorder is taken in
account in the framework of a model of adsorption on
rigid substrate. Meanwhile, in the domain walls, some a
toms are forced to occupy unnaturally close adsorption s
unlike in any ordered phase of the O-Mo~011! system.17–19

For example, with triple-bond sites shown in inset in F
1~a!, the neighbor sites marked by crosses and dots ma
occupied in the domain wall region. Such constrained a
tom arrangements in the domain wall region may indu
some strains in the substrate. A reconstruction was found
the c(232)O-Mo~011! phase upon cooling,28 making it
seem all the more likely for constrained configurations of
domain walls. It is worth noting that the reconstructed d
main walls were experimentally observed in the oxyg
overlayers, though on another substrate W~011!.13 According
to Ala-Nissila and Ying,29 local overlayer distortion can re
sult in anomalous diffusion properties. In particular, a de
enough reconstruction can increase the diffusion barrier a
for a specific potential relief, the diffusion anisotropy rat
D011/D001 can be reduced appreciably. Thus, assuming
validity of the local reconstruction model for the doma
walls in the O-Mo~011! system, both highEd and inverse
D011/D001 observed could be explained. However, so
there is no experimental evidence for distorted structure
domain walls in this system.

The next interesting feature of domain growth for the s
tem under investigation is the significant domain s
reached at the first stage of ordering. The parameterB can be
used as an estimate for it. TheB values in Table I show tha
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growth begins from the domains composed on the averag
two and a halfc(232) unit cells in thê 011& direction and
about seven such cells in thê001& direction. Recently a
Monte Carlo simulation of the ordering kinetics was pe
formed specifically for the systemp(231)O-W~011!.30 This
has revealed a steep rise in the diffusion barrier at very e
times of ordering due to fast variation of the number of
teracting neighbor adatoms upon ordering. This result give
clear basis for admittingBÞ0 also in the case of the
c(232)O-Mo~011! system since a similar rise in the diffu
sion barrier is expected for it during ordering. The nonze
initial-domain size found in this work agrees with that d
rived from the data reported for other systems.15,31However,
in some works using the square root of the peak intensity
a measure for̂ L& ~Refs. 6, 15, and 16! the initial-domain
size was treated as being negligible.

Some late-time kinetics features observed in the pres
study for thec(232)O-Mo~011! system~such as slowing
down, leveling off! are in good agreement with the expe
mental data reported earlier for other systems.3 Slowing
down is temperature dependent and recorded long before
domain size reaches the instrumental limit. The leveling-
value does not correspond to a true saturation of growth
can be treated rather as some intermediate ordering cha
teristic, which is improved by further annealing at high
temperatures. Thus there is a higher potential barrier limit
the growth at this stage~or several such barriers!. Some ap-
proaches to understanding the causes of a growth slowd
and eventual leveling off were suggested in Ref. 16. Om
ting those correspoding to measurement techniques, we
consider two diffusion-limiting effects specific for the film
ordering experiments: a pinning effect from uncontrolled i
purities and an effect due to the finite size of substrate
races. The latter does not seem to play an appreciable
because the typical terrace sizes on Mo~011!, under the hard-
est condition of thermal treatment, exceed 500 Å~Ref. 32!
~far abovê L& considered!. As for impurities, their presence
is difficult to rule out completely. However, the estimate
concentration of defects necessary for pinning at
leveling-off size such as in our case (803130 Å2) corre-
sponds to a fairly appreciable value of 131023 monolayers.
Such a contamination level can be accumulated in vacu
characterizing our experiment during an hour, which is mu
longer than the typical measurement time~10 min!. As was
noticed earlier,3,16 there is no convincing explanation fo
slowing down. Its cause should be searched among proce
preventing infinite growth of a domain size. One of the pr
cesses may be a mesoscopic domain structurization tha
lieves, with mediation of the substrate, the surface stress
duced by the overlayer. Such a phenomenon has been fo
by STM for the O-W~011! system,13 which is closely related
to the O-Mo~011! system studied here.

Our data on the growth exponent at the stage of
power-law kinetics correspond within66% to the Lifshitz-
Allen-Cahn theory33,34 predicting a power-law evolution
with the growth exponentx51/2 for single-phase commen
surate structures with a double-degenerate domain gro
state (p52). This finding obtained for a multidegenera
system is, to our knowledge, the second case~after Bush and
Henzler31! of close agreement with a theory developed in t
framework ofp52. The possible influence ofp on x is still
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56 15 951ANISOTROPY OF ORDERING KINETICS INA . . .
under discussion.3 Theoretically,x might become smaller fo
p.2.33 However, the universality ofx51/2 was experimen-
tally verified up top53,31 and our observation extends th
universality top54 or perhaps top58. Taking into account
this result and the above discussion of preexponential fa
in relation to the domain degeneracy, we suggest that
domain degeneracy influences the preexponential fa
rather than the growth exponent.

In summary, we have found an anisotropy of ordering i
single-phase 2D system, with the axis of fast domain gro
being orthogonal to that of fast single-adatom diffusion. T
domain growth kinetics exhibits the classical power-law b
havior with the growth exponent equal to 1/2 not depend
on direction. The ordering activation energy is also indep
z

h.
or
e

or

a
h
e
-
g
-

dent of direction. Hence, the anisotropy of ordering is co
pletely caused by that of its preexponential factor.
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