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Anisotropy of ordering kinetics in a single-phase adsorbed film: c(2x2)0O-Mo(011)
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Kinetics of ordering in thee(2X2)0-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 thé001) direction is 1.5 times as large as that for {8d1) 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 exponert1/2 for both directions|S0163-182€07)08040-5

I. INTRODUCTION small initial domains. On the other hand, for rather latge
growth inevitably slows down, supposedly due to the pres-
In recent years the problem of ordering amorphous matteence of various defects. So choosing the appropriate range of
has attracted much attentibi® Many experiments have data acquisition is crucial for the evaluationf Thus, the
been carried out with commensurate adsorbed layers, whigbrimary aim of this work was to study the ordering kinetics,
are remarkable for a great variety of two-dimensional latticekeeping all the mentioned precautions, for the system
showing different degrees of domain degenerpcyOrder-  ¢(2x2)0O-Mo(011), which is a single-phase one and has a
ing characteristics such as kinetics of domain growth, distritather high level of degeneracp€4).
bution of domain sizes, and thermal activation energies are The degeneracy of this system may be even larger. Rely-
usually derived from the low-energy electron diffraction ing on the hypothesis of triple-bond adsorption sites for O on
(LEED) intensity profiles monitored during annealig. (011) planes of bcc crystals, which was verified for the sys-
Though, in general, the fundamental theoretical ideas, viziem O-W011),**"**we assume that there can be two equiva-
power-law kinetics and scaling relation have been confirmedent adsorption sites in each unit cghiset in Fig. 1a)], i.e.,
experimentally, there is a considerable inconsistency in somivice as many domain boundaries along {B&1) direction
important quantitative results. For instance, evolution of theelative to the(001) one, resulting ipp=_8. If ordering kinet-
average sizéL) of the ordered-phase domain fits a generalics is really sensitive to the degeneracy, a different kinetics
expression(L)eAtY, wheret is time of orderingx is the can be expected in this direction. In general, film ordering is
growth exponent, and\ is the temperature-dependent rateheld to proceed via surface diffusion, therefore the ordering
constant. However, the values measured of the growth exp@haracteristics should depend strongly on the relief of a sub-
nent are scattered within a wide rangexef0.2—0.5(Refs. 3 strate. Particularly, surfaces containing steps or atomic chan-
and 9 instead of showing one of the two universal values,nels, existing due to the intrinsic crystal structure of the
theoretically predicted: 1/&or single-phase systemer 1/3  planes, favor an anisotropic diffusion. An ordering anisot-
(for double-phase systemsThis leaves much room for ropy is accordingly expected in the films adsorbed on such
speculations concerning the applicability of different theoriessurfaces. A size anisotropy of ordered domains was actually
as well as the validity of the concept of the influence offound in the oxygen overlayer on a typical channeled surface
domain degeneracy on the exponent valdée discrepancy W(112).'°> However, most of the LEED detectors used in the
may have different reasons. A simpler one is that an inapprevious experimentd®® were not fast enough to follow
propriate measure fofL) was used in some studies. It the spot profiles continuously during ordering. Due to this
should be noted that several different parameters of a LEEthe anisotropy of ordering has still not been studied exten-
spot profile can be proportional {&. ): the square root of the sively. Meanwhile, the M@11) plane is slightly anisotropic
peak intensity, the inverse FWHMull width at half maxi-  for surface diffusionthe projections of elemental jumps on
mum), and the first and second moments of the structuréhe(011) and(001) directions differ by a factor o#2). This
function?® The first of them is utilized often as the easiestcan favor an ordering anisotropy too. Thus, our second aim
and fastest for data acquisition. However, it is appropriatevas to investigate kinetics in two dimensions by means of a
provided the number of coherent scatterers remains constafatst enough detector.
during the ordering evolutioh!® which is rarely realized.
Even with the appropriate measure fdr) applied, some-

- X . Il. EXPERIMENT
times a more general expression of the power-law fits real
ordering kinetics:** We utilized a video LEED technique to study the ordering
of amorphous films adsorbed at low temperatures. The de-
(L)=At"+B, (1)  gree of coverag® was close to 0.25 corresponding to the

c(2x2) phase of annealed oxygen films on (@b1).1"~*°
where the constarB describes other faster processes essenfhe experiment was performed at a base pressure of
tial at the early stage of ordering, including formation of ~10 ! Torr. The setup details and the technology of
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250+ ture has been investigaté¢thset in Fig. 1a)]. This spot is
chosen in order to exclude a contribution from another phase
coexisting with thec(2x2) at ®>0.251"1° The intensity
distribution across the spot was monitored by the digital
video system via program-controlled scanning. The major
o= 2 spot profile data have been collected in the frames of a
1 53X 24-element window with the registration frequency of
up to 4 pictures/s. A 150-Hz pulsed resistive heating within
the intervals between the records was used to control the
sample temperature.
The experimental procedure was as follows. Oxygen was
adsorbed aT ,;= 78 K on the surface preliminarily cleaned.
This temperature was distinctly lower than that providing an
O rTrrrTr T TrrrrrTrrTrrryrrr et rrird HR crl
0 20 40 60 overlaye( mob_lllty. Then the sample was upq_uencavgmm
(a) t(s) the transient time of 1.8)d40 a steady value in the interval
T,=302-336 K necessary for ordering. The monitoring of
the pulsed spot profile with a perioit=1s was started
S o 0% °°o°o So0noe % 4 from the low-temperature state before upquenching. Finally
aPo the film was annealed &t,,=1500 K, the resulting LEED
pattern was recorded, and Auger measurements were per-
sttt 3 formed.
2’ The spot profiles originally taken are two-dimensional
° time-dependent structure functio86qy,,qy,t), with the gy
» andq, components of the scattering vectors being measured
o along the(011) and(001) substrate directions, starting from
A the spot center. Data processing consisted of background
2504, | subtraction, deconvolution of the instrument response func-
] g 1 tion, and calculation of the values considered to be the do-
] : " e main size measures, viK ;- and Ky}, which are the in-
i i verse first moments of the structure function alonghtend
g k directions:

150t 7T T T T T T T T
20 40 60

® e Kin= 3 [anlS(an. 00 / S saon. @

FIG. 1. Evolution of the inverse first moment of the superstruc-
ture LEED reflex from the(2X2)O overlayer on M11) result-
ing from upquench to different temperaturgs (K). 1—302; 2: K=, |qk|S(0,qk,t)/ > S(0,0x.t). 3
309; 3: 314; 4: 336(a) and (b) are for the(011) and(001) direc- k k
tions, respectively. Lines show the power-law approximation
curves, vertical arrows show the end points of approximation. Ins
shows a scheme of the LEED pattéta the lef), a possible surface
structure mode(to the righ}, and principal axes. Open circles and
dots in the pattern denote spots from the substrate and the overlay . . - .
respectively. Solid-line and dashed-line rectangles in the model de- ie instrument function since its FWHM was proved to be
pict c(1x 1) substrate and(2x2) overlayer unit cells, respec- equal to the FWHM of the clean-substrate reflex. Deconvo-
tively; dots and crosses show hypothetical equivalent adsorptiofition was performed by the Fourier transform technifuie.

sites.
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®The choice of such a measure {dr) provided best statistics.
The S value in the non-annealed state was taken as the back-
ound level. That for the fully annealed film was taken as

Ill. RESULTS

sample preparation, cooling, and cleaning have been de- o o )
scribed elsewher®. Oxygen was produced by the decompo- Figure 1 shows the kinetics of domain size growth in
sition of CuO contained in a resistively heated platinum tubeterms ofK; * measured at different annealing temperatures
For a measure of the oxygen coverage we used the exposui@ two crystallographic orientations. The scale #f *
[Apdt,, whereAp is the variation of the oxygen pressure in calibrated from measurements of the positions of superstruc-
the chamber and, is the time of adsorption. The oxygen ture spots. Thet axis is presented starting from the actual
coverage was also determined more accurately by Auger anchange ofK; !, which occurs upon an emergence of the
plitude and LEED intensity measurements. The chamber wafsactional-order spots due to a temperature upguench. Before
equipped with a commercial four-grid LEED optics and athe upquench, a uniform background only was registered.
phosphor screen. The width of the LEED instrumental func-Three known stages of growthinitial-domain formation,
tion corresponded to a coherence zone of 150 A for the eleadomain growth, and slowing down of the growth, can be
tron energy use@&E=22 eV. distinguished. They are most pronounced at high tempera-

Only one diffraction spot specific for the(2X 2) struc-  tures[see curve 4 in Fig.(b)]. The first stag€initial jump at
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TABLE |. Domain growth parameters fitting E¢l) to the experimental data on kinetics of ordering for
the c(2X2)0-Mo(011) system at different ordering temperatufgs A,B,x. Subscriptsh and k mark
directions(011) and(001), respectively.

To An B Ag By

(K) (As™ A) Xn (A s7™) A) 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

t=0) is too fast to be followed by our techniqgue and mani-exponenk has the same value of 0.5®.03 for the different
fests itself only by the non-negligible initial-domain size. Its axes and temperatures, so the parameieasd B only are
value appears independent ©f in the range used in this responsible for the growth anisotrogsee Table)l
experiment. In what follows, the overlayer order emerged at
this stage is called an initially formed one. At the second
stage, the subsequent appreciable increase proceeds over
quite some time. It is clearly seen in each curve. Evidently, The mere existence of the anisotropy of the growth rate
this domain growth is thermally activated, taking a shorterconstantA is not very surprising becaugeis proportional to
time the higher the temperature. A transition to the last stag®*,® whereD is the diffusion coefficient, which should be
(leveling off) is rather protracted. It begins from a slight rate anisotropic for thg011)Mo plane due to its atomic structure.
slowdown and ends with an eventual growth saturation. lindeed, the ratidy;;/D ;=2 is to be expected for @11)
should be noted that full annealing at 1500 K results in raishcc plane. Such a ratio has been actually found in simula-
ing the leveling-off value up to that limited by the instrumen- tions for very distinct hypothetical sets of adatom interac-
tal function. tions on this plan® and has also been verified in surface

The most remarkable feature of ordering kinetics for thediffusion experiments for the O-W11) systen?* Mean-
system studied is an anisotropy of the growth rate. Indeed, athile, our data show just the opposite ratio of the growth
the same temperature, the slope of Kig' curve is greater rates along th€011) and(001) directions. The quantities of
than that oiKIhl [Figs. 1@ and Xb)]. It should be noted that A, andA, presented for any, in Table | are in the constant
even the initially formed domains exhibit a size anisotropy,(within *=4%) ratio
which then persists until the leveling off, though it is reduced
somewhat due to the earlier slowdown for #@®1) direc- ro=An/A=0.5, (4)
tion.

To derive quantitative information on the growth law, the which, if it is caused by the diffusion anisotropy, gives
data of Fig. 1 have been fitted by Eqd), usingA, B, andx Do11/Dgo1=0.25.
as fitting parameters. As mentioned above, the main problem The constancy of rati¢4) manifests a trend to self-similar
in the approximation is to avoid exceeding the domainanisotropic growth in two dimensions. Besides, its tempera-
growth regime. Since the quenching transient time in outure independence points to equal activation energies for the
experiments took only two recording periods, and the staggrowth in both directions. Presentidgin the usual Arrhen-
of initial-domain formation was even shorter, we chose theus form A(T)=Ayexp(E,/kT) and substituting it in Eq.
second nonzero experimental point as the beginning of isow), we find (Agp/Aogk) eXd — (Eon—Eo)/KT]=const. Assum-
thermal domain growth in each curve of Fig. 1. The ending a weak dependence @, on T, we should assume
points to be used in the approximatigmarked by vertical g ,=E,, to satisfy the total temperature independence of
arrows in Fig. 1 were determined by the following. A de- . From the Arrhenius plots of the paramet&isandA,,
crease in the growth exponent can be considered as a sign @fe ordering activation energies are found to be
the slowing dowr?. In practice, the range of approximation g, —E_,=0.75+0.05 eV. The orientation independence of
was gradually extended until the valuexo€hanged by more  E_'means that the orientation dependence of the rate constant
than the least-square error. The ranges of satisfactory ap is determined by that of its prefactdy,.
proximation are rather wide forT,=302-314K. At Since one should hav@ =A™, the activation energy for
T,=336 K the number of points was too small, so the cor-gyrface diffusionE, is related toE, as E4=E,/x, which
responding fit is not presented here. The resulting fitting Pagives E4=1.5eV. This value is substantially larger than
rameters are listed in Table |. As a matter of fm,l in Flg Ed: 1.0 eV found for oxygen surface diffusion on Kml)
1 is not an absolute average domain s{£, but a value by the field emission fluctuation methédThe discrepancy
proportional to it. The relationship betweén) andK; ' can  of the E4 values obtained in different experiments can be
be determined from the structure function shape. In our exsometimes attributed to a distinct state of overlayer order
periments, a Gaussian function was found to fit most closelynvolved in these experiments and therefore to distinct num-
the spot profile, hence we hayk)=0.3K; *.?? This factor  bers of actually interacting neighbor adatoffisdowever,
was used to obtain th@ ) values given in Table I. accounting for the actual repulsive interaction in our experi-

As shown in Fig. 1, a power law holds at high tempera-ment would decrease thE, value, thus having an effect
tures as long as the domain size nearly doubles along bottualitatively opposite to that which could explain the differ-
axes. It should be emphasized that the paramefgrowth  ence.

IV. DISCUSSION AND SUMMARY
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It should be considered that domain growth in the single-growth begins from the domains composed on the average of
phase system is implemented through diffusional motion oftwo and a halfc(2x 2) unit cells in the(011) direction and
walls separating antiphase domains rather than of single adabout seven such cells in tH@01) direction. Recently a
toms. To understand the strange prefactor ratio and Bjgh Monte Carlo simulation of the ordering kinetics was per-
we suggest that the diffusion process that controls orderinfprmed specifically for the systep(2x 1) O-W(011).%° This
kinetics occurs in the domain wall zone and is unlike thehas revealed a steep rise in the diffusion barrier at very early
predominantly intradomain diffusion observed, e.g., in fieldtimes of ordering due to fast variation of the number of in-
emission fluctuation experimerfts.?° It is reasonable to teracting neighbor adatoms upon ordering. This result gives a
search for a cause for the mentioned diffusion anomalies bglear basis for admittingB+0 also in the case of the
means of analyzing the characteristics of the domain walls(2Xx2)0O-Mo(011) system since a similar rise in the diffu-
and uniform phase, which can affect the diffusion coeffi-sion barrier is expected for it during ordering. The nonzero
cient, such as concentration and overlayer structure. Recentigitial-domain size found in this work agrees with that de-
a Monte Carlo simulation of the domain growth kinetics for rived from the data reported for other systelnd! However,

a nonstoichiometric two-dimensional structt/reerified that  in some works using the square root of the peak intensity as
the different local concentration in the domain wall, in com-a measure fofL) (Refs. 6, 15, and 16the initial-domain
parison to the uniform phase, has a great influence on thgize was treated as being negligible.

growth rate. Interestingly, it causes the modification of the Some late-time kinetics features observed in the present
rate constant rather than the essential time dependence lastudy for thec(2x2)0O-Mo(011) system(such as slowing
Clearly, the local concentration may be unequal for the dodown, leveling off are in good agreement with the experi-
main walls of different kinds specific for particular orienta- mental data reported earlier for other systénlowing
tions. Hence such an effect may result in an anisotropy of thelown is temperature dependent and recorded long before the
growth rate, concurrent with the above discussed effect dudomain size reaches the instrumental limit. The leveling-off
to anisotropic elemental diffusion jumps. The greater the dovalue does not correspond to a true saturation of growth and
main degeneracy, i.e., the greater the variety of the domainan be treated rather as some intermediate ordering charac-
walls, the greater this effect should be. In order to evaluateeristic, which is improved by further annealing at higher
the importance of the discussed effect for the system studiedemperatures. Thus there is a higher potential barrier limiting
the structure of the domain walls should be investigated irthe growth at this stagér several such barrietssSome ap-
detail. However, it can be the subject for a special study. proaches to understanding the causes of a growth slowdown

Now we consider the role of the overlayer structure. Weand eventual leveling off were suggested in Ref. 16. Omit-
concluded above that tHe, value obtained by the ordering ting those correspoding to measurement techniques, we will
kinetics method used in the present study is in rather pooconsider two diffusion-limiting effects specific for the film
agreement with that obtained by the field emission fluctuaerdering experiments: a pinning effect from uncontrolled im-
tion method® even if an overlayer disorder is taken into purities and an effect due to the finite size of substrate ter-
account in the framework of a model of adsorption on theraces. The latter does not seem to play an appreciable role
rigid substrate. Meanwhile, in the domain walls, some adabecause the typical terrace sizes on(Mdl), under the hard-
toms are forced to occupy unnaturally close adsorption sitegst condition of thermal treatment, exceed 50QRfef. 32
unlike in any ordered phase of the O-§0d1) system’~1°  (far above(L) considerefl As for impurities, their presence
For example, with triple-bond sites shown in inset in Fig.is difficult to rule out completely. However, the estimated
1(a), the neighbor sites marked by crosses and dots may beoncentration of defects necessary for pinning at the
occupied in the domain wall region. Such constrained adaleveling-off size such as in our case (8030 A?) corre-
tom arrangements in the domain wall region may inducesponds to a fairly appreciable value ok10~ > monolayers.
some strains in the substrate. A reconstruction was found fdBuch a contamination level can be accumulated in vacuum
the c(2x2)0-Mo(011) phase upon coolind making it  characterizing our experiment during an hour, which is much
seem all the more likely for constrained configurations of theonger than the typical measurement tifi® min). As was
domain walls. It is worth noting that the reconstructed do-noticed earlief;*® there is no convincing explanation for
main walls were experimentally observed in the oxygenslowing down. Its cause should be searched among processes
overlayers, though on another substraté@®).'® According  preventing infinite growth of a domain size. One of the pro-
to Ala-Nissila and Ying® local overlayer distortion can re- cesses may be a mesoscopic domain structurization that re-
sult in anomalous diffusion properties. In particular, a deedieves, with mediation of the substrate, the surface stress in-
enough reconstruction can increase the diffusion barrier andluced by the overlayer. Such a phenomenon has been found
for a specific potential relief, the diffusion anisotropy ratio by STM for the O-W011) system3 which is closely related
Dg11/Dgo1 can be reduced appreciably. Thus, assuming théo the O-Md011) system studied here.
validity of the local reconstruction model for the domain Our data on the growth exponent at the stage of the
walls in the O-M@011) system, both highey and inverse power-law kinetics correspond withitt6% to the Lifshitz-
Do11/Doos Observed could be explained. However, so farAllen-Cahn theory®3* predicting a power-law evolution
there is no experimental evidence for distorted structure ofvith the growth exponent=1/2 for single-phase commen-
domain walls in this system. surate structures with a double-degenerate domain ground

The next interesting feature of domain growth for the sys-state p=2). This finding obtained for a multidegenerate
tem under investigation is the significant domain sizesystem is, to our knowledge, the second dadter Bush and
reached at the first stage of ordering. The paranian be  Henzlef!) of close agreement with a theory developed in the
used as an estimate for it. TlBevalues in Table | show that framework ofp=2. The possible influence @ on x is still
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under discussiof Theoreticallyx might become smaller for dent of direction. Hence, the anisotropy of ordering is com-
p>2.33 However, the universality af=1/2 was experimen- pletely caused by that of its preexponential factor.
tally verified up top=33! and our observation extends the
universality top=4 or perhaps t@= 8. Taking into account
this result and the above discussion of preexponential factor
in relation to the domain degeneracy, we suggest that the
domain degeneracy influences the preexponential factor Support by the Ministry of Science and Technologies of
rather than the growth exponent. Ukraine as well as by Volkswagenschtiftung is gratefully
In summary, we have found an anisotropy of ordering in aacknowledged. The work of A.G.N. was also supported in
single-phase 2D system, with the axis of fast domain growtlpart by the International Soros Science Education Programm.
being orthogonal to that of fast single-adatom diffusion. TheWe thank O. M. Braun for useful comments and his help in
domain growth kinetics exhibits the classical power-law be-data processing, V. N. Chinok for his technical assistance in
havior with the growth exponent equal to 1/2 not dependingconstructing the video LEED setup, and C. Teichert for criti-
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