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Internal spatiotemporal stochastic resonance in the presence of weak noise

0. Kortlike ! V.N. Kuzovkov?* and W. von Niessén
Ynstitut fir Physikalische und Theoretische Chemie, Technische UniveBsisainschweig, Hans-Sommer-StraRe 10,
38106 Braunschweig, Germany
’Institute of Solid State Physics, University of Latvia, 8 Kengaraga Street, LV-1063 RIGA, Latvia
(Received 7 November 2000; revised manuscript received 30 May 2002; published 30 Septemper 2002

We show the existence of internal stochastic resonance in a microscopic stochastic model for the oscillating
A+%Bz reaction on a square lattice. This stochastic resonance arises directly from the elementary reaction
steps of the system without any external input. The lattice gas model is investigated by means of Monte Carlo
simulations. It shows oscillation phenomena and mesoscopic pattern formation. Stochastic resonance arises
when homogeneous nucleation of the individual lattice site states is considered. This nucleation is modeled as
a weak noise process. As a result, synchronization of the kinetic oscillations is obtained. We show that all
characteristics known from the research on stochastic resonance are obtained in our model. We also show that
the model explains easily several phenomena observed in the experiment. Internal stochastic resonance may
thus be an internal regulation mechanism of extreme adaptability.
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The term stochastic resonan@R) is given to the some- noise without specifying the physical background. Computer
what counterintuitive phenomenon that in a nonlinear systensimulations performed to date consider coupled neurons or
a weak signal can be amplified by the assistance of noise. eneral threshold devices, which are mesoscopic models,
has been introduced in 1981 by Beetial.[1,2] in the con- i.e., the microscopic physical picture is again neglected.
text of a study about the periodically recurrent ice ages. Over Our present model system is very unusual in the research
the last two decades it has continuously attracted increasingn SR and maybe adds to the field a new feature. It gives a
attention and was shown to occur in many systé&sh] in microscopic description of the phenomenon of stochastic
biology [6—8], chemistry{9—11], and physic$12—14. Gen-  resonance without any external ingaeither oscillatory sig-
erally, systems showing SR are described in a formal mathaals nor noise inputAll processes are internal to the system
ematical way using phenomenological macroscopic equaitself. This is the reason we will call internal stochastic reso-
tions of the mean field type including) a bistable system nance as a short hand description. Our model also demon-
with an activation barrier or some sort of threshalil) a  strates the physical reasons for stochastic resonance on the
weak coherent input, andii) a strong external noise that microscopic(atomig length scale. It is based on stochastic
helps to overcome the activation barrier. These macroscopitansitions, each with a clear physical meaning. Without
equations in a sense are able to describe many different syseise, the system exhibits a spatially extended heterogeneous
tems(because stochastic resonance is a general phenomenstable state with inherent local oscillations. More important,
that occurs in many natural systenand have been used in the noise is not an external input but corresponds to a physi-
the description of stochastic resonance phenomena ically realistic internal nucleation process. Because of the
Nd:YAG (Yttrium aluminum garnetlasers[15], homoge- clear physical picture on the microscogatomio level our
neous[16] as well as heterogeneols7,18 chemical reac- model is of course specialized and cannot describe a large
tions, bistable quantum systerfis9], or the Lotka-Volterra variety of different systems. But on the other hand, the re-
model [20]. More complex systemsge.g., a summing net- sults of this model and the conclusions that can be drawn are
work of excitable unitd21], sheep populationg22], two-  very general ones and they suggest that internal SR may be
dimensional excitable media showing spatiotemporal patterthe reason for inherent synchronization and cooperative phe-
formation[23], sensory systems in crayfi§B] or in the vi-  nomena in many physical, chemical, and biological systems.

sual cortex[24], or neuronlike systemf25]) are generally We consider a slightly modified version of a previously
modeled via Langevin equations or the Fitzhugh-Naguma@resented model for the catalytic GQ/2 O, reaction on Pt
model. single crystal surfacd80-33, which shows different types

In addition, a few special systems have been investigatedf kinetic oscillations in agreement with experimental re-
in a more general manner via a macroscopic mathematicalults. The model involve& (CO) adsorption, desorption and
description, e.g., an autonomous oscillating sysf@@l, a  diffusion, dissociativeB, (O,) adsorption, and two surface
system in the limit of weak noisf27], a system showing phases(reconstructed and nonreconstrugtedhich form
stochastic multiresonand®8], and nondynamical systems and propagate governed by the coverage witfihe details
with both internal and external noi$29]. Note that in the are given below. An extended version of the model for the
latter case the internal noise is modeled in the same way a80+ NO reaction on RfL00) is able to describe the experi-
an external noise and it is only regarded as a general internatentally observed transition into chaotical behavior via the

Feigenbaum routg34]. Our model follows the well-known
model by Ziff, Gulari, and Barsha®5] (ZGB mode) and is
*Electronic address: kuzovkov@Ilatnet.lv investigated by means of Monte CarlMC) simulations.
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The P{110 surface of the catalyst is represented by a square Adsorption: 2601 - )

lattice of side length. and lattice constareai=1. From ex- y STy
periment[36], it is well known that kinetic oscillations are ‘ I ‘_’| AI | D:I -
closely connected with thex=p reconstruction of the
Pt(110 surface, wherew and 8 denote the X2 and the D

1X 1 surface phase, respectively. Each site can belongtothe [a] |—| [a] [a] |—[ | |
a or the B phase, respectively. Therefore only the different
physical but not geometrical properties of the phases are con-
sidered because it is almost impossible to giviecal geo- [A I B ‘_>‘ | |
metric specification of the phase. This is justified because
simulations on the square and triangula&=@) lattice show
only quantitative but not qualitative differences. In our The a= g phase transition is modeled as a linear phase
model,A is able to adsorb onto a free-surface site with rateborder propagation. Consider two NN surface sites in the
ya=y and to desorb from the surface with rdeindepen- stateaS. The transitiore8— aa (aB— BB) occurs if none
dent of the surface phase the site belongsBg.adsorbs (at least oneof these two sites is occupied By This phase
dissociatively onto two nearest-neighldiN) sites with dif-  border propagation mechanism mimicks the growth ofghe
ferent sticking coefficients onto the two phasess(=0.5, ~ phase because of the larger adsorption energi oh the
sg=1). Therefore we get the rate constagfs=1—y and 1x1 phase than on theX2 phase[36]. The individual
yB=2(1—y) for B adsorption on ther and 8 phase, respec- phases are stable or metastable. The direct transition from a
tively. For B, adsorption directly at the phase border where9lobally homogeneoua phase into a homogeneogsphase

one site belongs to the and the other one to the phase the (or vice versais impossible; the activation barrier is infinite.

geometric mean of these adsorption rates is used. In additiofi € Stability of the individual phases depends on the chemi-
Ais able to diffuse with rat® via hopping onto a vacant NN cal coveraged; of species on the surface of the catalyst.

site. TheA+B reaction occurs, ifA hops to a site that is FOr ©a<0.3 thea phase is stable and for larger values ghe
covered byB and the reaction produtB desorbs immedi- Phase is stablg31]. The coverages oh and B vary in the
ately from the surface. All these processes are associat&Purse of the reaction because of the different stlcklng coef-
with the above kinetic transition rates of the stochastic modefiCients ofB, on the two surface phases. If we start with an
which therefore determine the relative speed of the indi&/most homogeneoua phase the adsorption & is pre-
vidual reaction processes. ferred. Therefore thé\ coverage increases whereas almost

Summarizing the above transition definitions, we simulate?ll @dsorbedB atoms are removed from the surface ¥ia
the following model written in the more usual form of reac- +B reaction. If theA coverage is large enough smal

tion equations. For the COO, reaction, the basic equations Phase nuclei start to grow up to homogenegughase is-
are lands of mesoscopic size. On tBephase the adsorption &f

is preferred and thé atoms are actively removed from the
surface. The largB coverage on the other hand now initiates
CO(g) +S*=CQ(a), the growth of thea phase and the whole cycle starts again.
Starting with a heterogeneous distribution of theand 8
phase the activation barrier for the surface phase transition is
0,(9)+25"—2((a), finite, but the transition into a globally homogeneous phase
does not occur because of the finite surface phase propaga-
tion velocity, i.e., thew or 8 phases cannot grow to macro-

Diffusion and Desorption:

action:

0,(9) +28°~20(a), scopic islands. Therefore the oscillations remain local, inter-
fere, and cancel each other on sufficiently large surfaces
CO(a) + S*—S¥+COg), [30-32. The system exists in a heterogeneous, dynamically

stable state with oscillations, which are locally synchronized

by A diffusion but disappear on the macroscopic length scale
for large lattices. Thex and 8 phase, however, build almost

COa)+0(a)=CO,(g)+25%, homogeneous islands on a mesoscopic length scale. The

power spectrum for the case of the(Bt0) surface clearly

whereS stands for a free adsorption sitg,stands for either shows the existence of one basic frequeagy which de-

a or B, and(a) or (g) for a particle adsorbed on the surface pends on the individual parametess= wq(k,V,D,y). At

or in the gas phase, respectively. Note that in the modegonstanty the basic frequency increases with increasing

simulated here @adsorbs onto sites belonging to theor 3 (k>k,=0.07 [30]) and V, and decreases witld as wq

phase with different sticking coefficients. ~k\VID. This is proven for De(10,1¢) and V
The kinetic MC computer simulations are based on thee (10 1,10) [32].
pair algorithm that is explained in detail in Ref87,38. The nucleation is modeled as a spontaneeusp or B

Because we only consider pairs of NN sites a graphical rep— « transition of a single site, completely independent of its
resentation of the MC rules corresponding to the reactiomeighbors or the particle adsorbed onto this site. Therefore
equations above can be shown. this nucleation is a homogeneous process that corresponds to
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a weak noise that generates dynamic defects on the surface. 1.0 — 0.5

The term weak noise is used because the nucleatiomrate
e[10°°,10 2] is for the relevant values several orders of
magnitude smaller than the other transition rates that are of
the order of 101-10°. The defects grow or vanish via the
a= f reconstruction depending on their chemical neighbor-
hood, i.e., the presence or absencé\oft has to be empha-
sized that all phenomena such as local oscillations, growth O
and decline of the heterogeneously distributed surface phase 0.4
islands, and quasiperiodical and chaotical behavior exist

even without the consideration of the nucleation process U U

081

osft | |

[30—34. Please note that in addition to our previous theoret- 0.2
ical work there exists a recent experimental st[@§] where

the authors conclude that “the inclusion of defect creation

and annealing as an important kinetic step in the oscillatory ooL——— 1 -
cycle can explain the experimental observatipns ].” Be- 1000 1250 1500 0 0.05

cause of the very small nucleation rate, which introduces ¢ @

only very few defects into the existing heterogeneous surface FIG. 1. Oscillationgleft) and power spectréight) of the lattice
state, one might suppose that the defects could have no ieeverage®, of the B phase in simulations wittsolid line, y
fluence on the oscillating system, but we shall demonstrate=10-%) and without(dashed lingnucleation. The other parameters
that the nucleation process may have a profound influence oare kept constant at=0.51 (CO adsorptiop k=0.1 (CO desorp-
the system behavior leading to cooperative phenomena arign), D=100 (CO diffusion, V=1 (surface phase propagatjon

the synchronization of the local oscillations. andL=1024.
In comparison with the standard problem of SR there ex-
ist several major differences. closely to a hierarchy of master equations with all correla-

(i) We have a system with two surface phases and addtions included and then mapped onto a finite lattice. The
tional chemical coverage instead of a bistable system. In acsimulation procedure contains additional noise by its very
dition, none of the two surface phases becomes homogdature but such a noise does not lead to SR.
neous. Both coexist in a dynamically stable heterogeneous In the present study, we use=0.51, D=100, andk
state. =0.1 as standard values if not stated otherwise, becAuse

(i) No external coherent input is considered in our model diffusion is by far the fastest process. Each simulation result
The local oscillations originate from the kinetic definition of is obtained as the average of 20 independent runs of a length
the model itself and are very small on a macroscopic, globadf t=5000. The simulations start with an adsorbate-free lat-
length scale. These internal oscillations can be seen astige and randomly distributed surface phases with the cover-
substitute of the commonly used coherent input. The macroage © ,=0 ;=0.5. For details see Ref§30-34,38. The
scopic synchronization of the local oscillations then correvalue D=100 of the diffusion parameter in our article is a
sponds to a large output signal. compromise value. It leads to a good statistics of the results.

(iii) The source of noise is an internal physical process oOn the other hand, it is possible to use large system siges
the system, the homogeneous nucleation, which breaks the L=8192) in the simulations. The existence of the stochas-
mesoscopic homogeneity of the surface phase islands. THhie resonance is independent of the valuéoto each value
noise process is therefore not an addition to a periodic inpuef D corresponds a particular nucleation rage= y(D),
but is independent of the oscillations. In most of the previousvhich gives rise to stochastic resonance.
studies a weak coherent input is coupled with a strong exter- As can be seen in Fig. 1 the nucleatiomoise has a
nal noise. strong influence on the system behavior. Without nucleation

(iv) In those cases where thermal internal noise has beethe system shows only very weak oscillations on the global
considered in previous studies it has been used as an addititength scale because the existing local oscillations interfere
to an existing process. As far as we know our model is theand cancel each othédashed ling Please note that the lat-
first one in which a thermal noise process is a separate prdice side length ol =1024 yet cannot be seen as a macro-
cess in the system itself. It can be considered as a thermatopic system in comparison to real physical systems. The
noise as the phase nucleation requires a temperature to gegcillations become even weaker and vanish with increasing
started. Furthermore, it is clearly defined and explicitly mod-lattice size. This has been confirmed by simulations wWith
eled and simulated on the atomic length scale, whereas inp toL=28192 and in our previous studig30,31. Therefore
previous studies the thermal noise process has been dealt iritee oscillations cannot be synchronized only by adsorbate
formal mathematical way. Please note that many of the aboveiffusion for larger lattices. If nucleation as a very weak
processes have been investigated in previous papers on stwise process is considered the whole picture changes com-
chastic resonance, but our model combines all of these agletely. Now the oscillations are globally synchronized over
pects. the whole latticgsolid line). This also holds for lattices up to

(v) The model is defined on the atomic length scale and lattice side length of =8192. Because of the long simu-
investigated via MC simulations that correspond mostlation times we did not study the system on larger lattices.
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FIG. 2. Global amplitudeS(w) of the 8 phase coverage as a FIG. 3. Ratio of the frequencies/ wq as a function of the nucle-
function of the nucleation rate that gives the noise strength. A ation ratey that gives the noise strength. Each value is averaged

stochastic resonance maximum can be seen. The scatter of tQ¥er 20 independent MC simulations. The errors are smaller than
points around the maximum is a result of the finite frequency inter € symbol size. All other parameters are kept constagt-.51
val due to fast Fourier transform analysis. The values of the ampli{C© adsorption k=0.1(CO desorption D =100 (CO diffusion,
tude are averaged over 20 simulation results. All other parameter =1 (surface phase propagatiomndL = 256.
are kept constant at=0.51 (CO adsorptioh k=0.1 (CO desorp-
tion), D= 100 (CO diffusion, V=1 (surface phase propagation Nnormal frequency of the system without nucleatisee be-
andL = 256. low). The shape of the curve in Fig. 3 in the interval
_ _ ~ e[107%,10 1] is in very good agreement with the one ob-

In Fig. 2, we show how the amplitude of the synchronizedigined in the study of a general autonomously oscillating
oscillations depends on the nucleation rates. For very Smaﬂystem by Haken and co-workei26].
nucleation ratesy<<5x10 ° only local oscillations exist. The underlying mechanism of this internal stochastic
The amplitude of the global oscillations vanishes for simulayesonance effect is unexpectedly simple. During the growth
tions on large lattice$30,31). With increasing nucleation ang decline of the individual surface phases only a few very
nized on a macroscopic length scale and almost reach thgca| synchronization leads to large amplitudes in the phase
theoretical maximum of5(w)=0.5 (@4 varies between 0 qscillations. These residual islands are spatially separated at
and 1. This holds also for larger lattices up t0=8192, 3 mean distanc®, (see Fig. 4 Adsorbate diffusion is well

which is the current limit for our simulations. Further in- known to synchronize individual surface domains within the
crease of the noise decreases this synchronization until atg-called synchronization lengf0,31]

nucleation rate ofy=10"! the system is completely gov-
erned by strong noise. This behavior is the fingerprint of SR ¢ DT
[4]. Simulations on lattices witlh=1024 give almost the ’
same picture but cannot be investigated in such a detail that
statistical data can be obtained because of the longer simu-
lation times.

In addition, the noise has an influence on the frequency of . °
the oscillations(see Fig. 3 The normal frequency of the Rn1
system without nucleation sy, which can only be observed
in simulations on small lattices. For nucleation rates5 Rr ®
% 10~ ° the phenomenon of SR occurs. The nucleation forces o fan

)
)

@

the system to oscillate with a different frequensystarting
at w~2/3w, for y=5x10"°. With increasing nucleation

rate the frequency increases as well up to a value of about P
w~2 w, at y=5x10 2. This increase in the frequency is ) ‘ Rn
based on the increasing number of dynamic phase defects ® 3

that grow very fast and accelerate the corresponding phase
transition. If the number or density of nucleation defects be- FIG. 4. This figure shows a simplified picture of the distaRge
comes too large the oscillating behavior breaks down and thieetween remaining phase islangiarge circles and the distances
system is completely governed by noise. Please note that t&, between new nucleated phase deféstsall circles or between
maximum amplitude coincides with/wy=1, i.e., with the  a new phase defect and an old phase island, respectively. The mean
case where the strength of the nucleation corresponds to thé all R, gives the mean distandg, .
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FIG. 5. Snapshots of the system with spontaneous surface phase nucleatia@ ¢). Starting with an almost homogeneo@ghase
(white), the nucleation of ther phase(black creates small phase nuclei. These lead to a homogeneous growthofthese resulting in
an almost completer phase over the whole lattice. The parametersyar®.51 (CO adsorptiojy k=0.1 (CO desorptiojy D=100 (CO
diffusion), V=1 (surface phase propagatjipmandL =1024.

whereD is the diffusion rate and is the time for one oscil- weaker nucleation should be sufficient because the diffusion
lation period. Without nucleatio§<R, holds and only lo- is underestimated in our present study due to computer limi-
cally synchronized oscillations exist, i.e., the process of adtations.
sorbate diffusion cannot synchronize the above mentioned But there is some additional aspect to the second condi-
remaining phase islands. In addition, the residual islands cafjgn R,~VT. Because one oscillation cycle ends when al-
only combine into a homogeneous phase if the second cofnost the whole surface is in the or 3 state, the nucleation
dition R,~VT for the phase border propagation is fulfilled. rate should have an influence on the frequency of the oscil-
But this condition is also violated becauBe>VT holds.  |ations via the relationshii,T with constantV. This can
Therefore synchronization can only occur if both conditionsyisg pe seen in Fig. 3. Please remember that the normal fre-
are fulfilled. The distance between remaining surface pha uency of the system without nucleation can only be ob-
islands has to be smallgr th.an the synchronization length %Yerved on small lattices and vanishes on macroscopic lat-
the surface adsorbate diffusion and also smaller than the digzes. Starting from small values the nucleation ratstarts
tance the surface phase borders can propagate over the siy-synchronize the oscillations at abowt 5% 105, For this
face during one oscillation period. On large lattices thesemga|| hyucleation rate the mean distafiebetween the gen-
conditions are not fulfilled in the system without nucleation. o atedy () phase defects inside an otherwise homogeneous
Nucleation of surface phase defects and subsequenf .,y phase is relatively large. Therefore the phase propa-
growth of these nuclei now leads to new small phase 'Sla”déation, i.e., the growth of these defects needs a longerTime

with density ¢ =y/V<1 [32], which follows from to connect the individual phase islands to an almost homo-
geneousa (B) phase. Because this tinTe needed for the
de/dt=y—-Vp (20 connection of individual islands determines the period and

therefore the frequency of the oscillations, the nucleation rate
for t—o. The mean distance between these defects is giveietermining the mean distance between the nucleated phase
by R,= 0~ 2= V/y. Because nucleation is a noise process defects is able to force the system into oscillations with a
the individual new phase nuclei and the growing surfacdfequency different from its normal frequency. Small nucle-
phase islands are randomly and homogeneously distributedfion rates force the system into oscillations with lower fre-
over the lattice. The mean distance between these nucleat8d€encies compared to its normal frequency, whereas larger
and the old phase islands decreasestg for which R, _nucleatlon rates resu!t in higher frequenples. The latter case
<¢<R, andR,~VT holds for proper nucleation rates, i.e., 1S based on the relatively small mean distance between the

in a certain interval of the value of the nucleation rate bothPhase defects that now can be connected in a short time. In
condition from above can be fulfilled. the case where the forced frequency due to nucleation is

It has been shown in Ref31] that the oscillation period 2almost equal to the normal frequency of the system the am-
is given by T~k 1\D/V. Because oscillations only occur plitude of the oscillations has its maximum because both
for values ofk~10~* [30], we can use this value dfas a synchronizing processes, nucleation and diffusion, lead to

; _ the same frequency.
constant. WithR,= V/y andVT~R,, we get .
o 4 n: WE G Therefore the separated phase islands can now be con-

S nected via island growth and synchronized ®iaiffusion.
y~kD™5, () This results in macroscopic synchronized oscillations com-
pletely independent of the lattice size because only the dis-
i.e., in a system with physically reasonable diffusion rates @ance between the phase islands but not the lattice side length
weak nucleation is sufficient to create defects at distanceis responsible for the appearance of synchronized oscilla-
R,<é&. In our model we us® =100 that leads to a value of tions. This can clearly be seen in Figs. 5 and 6. In Fig. 5
y~10"%. The present syste(fFig. 2) has shown a SR maxi- snapshots of the surface phase distribution are shown for the
mum atye[10” 4,10 2]. In real reaction systems a much system with nucleation. Starting with an almost homoge-
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FIG. 6. Snapshots of the system without spontaneous surface phase nucleation. In this system mesosocopic phase domaina of both the
(black) and theB phase(white) coexist in a dynamically stable heterogeneous state. The size of the traveling phase domains is determined
by the value of the diffusion parameter of adsorbate diffusion which gives the size of the synchronization length. For simulation parameters
see Fig. 5.

neousB phase(compare to the time-dependent coverages in The nucleation of dynamic surface defects as an internal
Fig. 1) the remainingx phase islandéblack) start to grow. In  process generates globally synchronized oscillations in our
those surface domains where a homogengdpbase exists model for CO+O,/Pt(110) reaction via SR. As has been
on a mesoscopic length scatephase islands cannot be seenshown in Ref[32] this mechanism is a simple and realistic
at the very beginning of one oscillation period, but after aalternative to the mechanism of self-synchronization via the
short time new smalk phase islands are nucleated over thegas phase as it is proposed to date. Furthermore, our model
whole lattice and their mean distances fulfill the above CONtan exp|ain[33] in an e|egant way the experimenta”y ob-
ditions for synchronized oscillations independent of the lat-seryed growth ratg40] as well as the experimentally deter-
tice size. If we start the simulation of the system without ined critical coveragef36] that are observed in systems
nucleation on a lattice covered mainly by tsephase, the  ghowing adsorbate driven surface reconstruction.

behavior is completely different. The initially gxisting is- Because noise is always present in real systems, this type
lands grow but the surrounding phase remains homoge- ¢ jntermal SR should be a very general phenomenon and it

nﬁous bfechause fspontaneouls ntrj]cleatlodr! IS IIaCk'nﬁ abnd dt ay be the reason for cooperative phenomena and internal
phase of the surface can only change directly at the bor e5’rynchr0nization via noise processes in many physical,

between ther and 8 phase depending of the localcover- homical, and biological systems where is has not been in-

age, i.e., the nucleation and therefore the growth ofdhe egtigated experimentally or even suspected to be present to
phase inside a homogeneofsphase island is impossible. a6 “This especially holds for systems that exhibit coopera-
The a phase islands grow to some extend until the adsorbatge phenomena or inherent oscillations that are synchronized
coverage changes froBito A and the growth of th@ phase o macroscopic length scales. In this case often noise effects
starts again. Thls leads to coexisting, almost hqmogep&ous are supposed to be negligible, but as shown above they can
and 8 phase islands that travel over the lattice. This cany|so be the microscopic origin of those cooperative phenom-
clearly be seen in Fig. 6. ena. We believe that SR may thus be an internal regulation
In real systems the existence of the surface phase nuClgsechanism of extreme adaptability. This conclusion is drawn
ation is well known but has not been investigated experimen, search for internal SR in a variety of experiments, because

tally in detail yet, in contrast to the initial growth of small {5 gate experiments designed to study the role of internal
surface phase domaifié0]. The nucleation rate should de- ngise have been inconclusiy4d].

pend on the temperatuse= y(T), but it is almost impossible

to achieve an isolated variation of the nucleation rate under The authors acknowledge financial support from the
experimental conditions because all other parameter such &eutsche Forschungsgemeinschaft for O.K. and V.K. Part of
CO desorption and CO diffusion also strongly depend on thé¢his work was supported by the Fonds der Chemischen In-
temperature. It might thus be very difficult to experimentally dustrie and the European Center of Excellence in Advanced
verify the mechanism behind the SR phenomenon in ouMaterials Research and Technolog@ontract No. ICA-1-
model but there should be other systems where it is feasibl€€T-2000-7007.
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