<<
)
=
(=]
(=]
=
-
A
(-+]
—_
o
D
L
[ —
2
.U
(Vo]
=
—J
-
St
=
—
S
o
=
{—
S
=
o
-

Synchronization in oscillatory surface
reactions on single crystal surfaces

Cite as: Journal of Vacuum Science & Technology A 12, 2170 (1994); https://doi.org/10.1116/1.579108
Submitted: 11 October 1993 « Accepted: 20 December 1993 « Published Online: 04 June 1998

R. Imbihl and G. Veser

AT ?
L A |

A\ J

N 4 0

View Online

Export Citation

ARTICLES YOU MAY BE INTERESTED IN

Breakdown of global coupling in oscillatory chemical reactions
The Journal of Chemical Physics 99, 8668 (1993); https://doi.org/10.1063/1.465590

Synchronization and spatiotemporal self-organization in the NO+CO reaction on Pt(100). I.
Unsynchronized oscillations on the 1x1 substrate

The Journal of Chemical Physics 100, 8483 (1994); https://doi.org/10.1063/1.466746

Field ion microscopic studies of the CO oxidation on platinum: Bistability and oscillations
The Journal of Chemical Physics 100, 6915 (1994); https://doi.org/10.1063/1.467007

IDEN

ANALYTICAL

Instruments for Advanced Science

= Knowledge,
= Experience,

m Expertise

Click to view our product catalogue

Contact Hiden Analytical for further details:

www.HidenAnalytical.com
B info@hiden.co.uk

Gas Analysis a

+ dynamic measurerment of reaction gas streams.
» catalysis and thermal analysis

+ molecular beam studies
» dissolved species probes
» fermentation, ernironmental and ecological studies

Surface Science |

» UHVTPD

»SIMS
» end point detection in ion beam etch

+ elemental imaging - surface mapping

Plasma Diagnostics

» plasma source characterization

» etch and deposition process reaction
kinetic studies

» analysis of neutral and radical species

Vacuum Analysis

» partial pressure measurement and control
of process gases

» reactive sputter process control

» vacuum diagnostics

» vacuum coating process monitoring

Journal of Vacuum Science & Technology A 12, 2170 (1994); https://doi.org/10.1116/1.579108

© 1994 American Vacuum Society.

12, 2170


https://images.scitation.org/redirect.spark?MID=176720&plid=1344533&setID=376420&channelID=0&CID=471725&banID=520303574&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=17c4cb5d7bc86435dcef6043d18d325cf3af4e5e&location=
https://doi.org/10.1116/1.579108
https://doi.org/10.1116/1.579108
https://avs.scitation.org/author/Imbihl%2C+R
https://avs.scitation.org/author/Veser%2C+G
https://doi.org/10.1116/1.579108
https://avs.scitation.org/action/showCitFormats?type=show&doi=10.1116/1.579108
https://avs.scitation.org/doi/10.1063/1.465590
https://doi.org/10.1063/1.465590
https://avs.scitation.org/doi/10.1063/1.466746
https://avs.scitation.org/doi/10.1063/1.466746
https://doi.org/10.1063/1.466746
https://avs.scitation.org/doi/10.1063/1.467007
https://doi.org/10.1063/1.467007

Synchronization in oscillatory surface reactions on single crystal surfaces

R. Imbihi and G. Veser

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin (Dahnlem), Germany
{Received 11 October 1993; accepted 20 December 1993)

In oscillatory surface reactions on single crystal surfaces the partial pressure variations that
accompany the oscillations in the reaction rate represent a global interaction between the local
oscillators. The NO+CO reaction on Pt(100) exhibits both synchronized and unsynchronized
oscillatory behavior depending on the substrate phase. Unsynchronized oscillations occur on the
1X1 phase but on the hex phase one finds synchronized oscillatory behavior. The mechanism
leading to synchronization in the oscillations on Pt(100)-hex can be traced back to a critical
dependence of the 1X122hex phase transition on the partial pressures of NO and CO. At both ends
of the temperature window for rate oscillations one finds well-defined transitions to a stationary
reaction rate. These bifurcations are discussed in terms of a tramsition from synchronized to
unsynchronized behavior. In particular, the occurrence of deterministic chaos in connection with a
Feigenbaum scenario is interpreted as being due to such a transition.

I. INTRODUCTION

In heterogeneously catalyzed reactions exhibiting rate os-
cillations, the surface of the catalyst can be thought of as a
large ensemble of individual oscillators which need to be
synchronized in order to produce macroscopic variations of
the reaction rate.!™ In oscillation experiments conducted at
high pressure (p=1-1000 mbar), thermal coupling undoubt-
edly plays the dominant role in synchronization.® This
mode is irrelevant in the single crystal experiments carried
out under isothermal low pressure conditions (p<10_3
mbar), because due to the extremely small reaction rate,
these experiments can be regarded as perfectly isothermal.®

Under these conditions, spatial coupling of the different
surface elements is provided by two basic mechanisms, sur-
face diffusion of a mobile adsorbate and gas-phase coupling
(GPC) via partial pressure variations of the reactants. The
latter arise due to mass balance in the reaction and, depend-
ing on the experimental parameters, typically variations of
the order of ~1% are seen corresponding to conversion rates
of the same magnitude.

While surface diffusion provides only a communication
between neighboring surface elements, gas-phase coupling
represents a global interaction since the reaction rate inte-
grates over the whole surface area. The partial pressure
variations which arise in a flow reactor can be described by
the equation

dp  po—p )
p7E +p*(rg—r,)

in which p, denotes the partial pressure without reaction, 7
the reactor residence time, p* the pressure increase caused
by desorption of one monolayer, and r; and r, are the de-
sorption and the adsorption rate, respectively.

Since the UHV chamber represents a gradient-free flow
reactor, all parts of the surface are affected by GPC in the
same way and practically without delay (+<<1 ms). In the
simplest case one would therefore expect 2 homogeneously
oscillating surface. Since, on the other hand, surface diffu-
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sion gives rise to reaction fronts and various types of spatial
patterns, two competing coupling mechanisms exist.

The purpose of this article is to demonstrate some mecha-
nisms over which gas-phase coupling can achieve synchro-
nization in an oscillatory surface reaction and to illustrate the
varicus phenomena which can be observed in transitions
from synchronized to unsynchronized oscillations. After
briefly reviewing the role of GPC in catalytic CO oxidation,
mainly the results of spatially resolved measurements of the
NO+CO reaction on Pt{100) are discussed. Because both
synchronized and unsynchronized behavior is found in this
reaction, this system represents a nice example for demon-
strating some of the more general phenomena which can oc-
cur in synchronized oscillatory systems.

il. SYNCHRONIZATION IN CATALYTIC CO
OXIDATION

The important role GPC plays in determining the stability
and regularity of rate oscillations became evident through a
comparison of the oscillations which occur in catalytic CO
oxidation on Pt(100) and Pt(110).> While very regular and
stable oscillations were found on Pt(110}, the oscillations on
Pt(100) were usually irregular and difficult to reproduce. The
different character of the oscillations could be attributed to a
highly efficient GPC mode in the case of Pt{110) and to the
absence of this mode in the case of Pt(100). The strongly
varying efficiency of gas-phase coupling on the two substrate
orientations could in turn be traced back to the different ex-
tensions of the existence range for oscillations in parameter
space which determines the sensitivity to partial pressure
variations.

Direct evidence demonstrating the influence of GPC was
gained in experiments in which two Kelvin probes were used
to record the Ag oscillations simultaneously at two different
locations of the sample. Such experiments were started first
with a flat Pt{110) sample and then continued with a Pt single
crystal of cylindrical shape (axis| [[001]) whose surface
comprised all orientations of the [001]-zone.”® The dominant
role of gas-phase coupling in the oscillations on Pd(110} was
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TasLE . The influence of gas-phase coupling in oscillatory surface reactions.

Reaction system Integral behavior

Spatial patterns (Guas-phase coupling

PYCO+0O, Rate oscillations

Pt{100)-1 X I/NO+CO
Pt(100)-hex/NO+CO

Stationary (excitable)
Rate oscillations

Pi(100)-hex/NO+NH; Rate oscillations

Homogeneous Yes
oscillations
+ wave patierns

Wave trains No
Homogencous Yes
oscillations
Homogeneous Yes
oscillations

+ wave patterns

demonstrated by cutting a Pd(110} single crystal in half and
following the oscillations on the two halves with two Kelvin
probes.9

With the introduction of photoemisson electron micros-
copy (PEEM) as a method to image the locally varying ad-
sorbate concentration with a high spatial resolution (=1
pm), the synchronizing influence of GPC could be made
visible directly. In catalytic CO oxidation on Pt(110), a spec-
tacular variety of spatiotemporal patterns were found.'® In
particular, the occurrence of standing waves seemed to be
only explicable in terms of syachronization via the gas-
phase. Although this interpretation is supported by simula-
tions by Levine et altl showing that standing waves can
arise due 1o parametric resonance, their analysis is not fully
consistent with the experimental findings and more work is
required in order to clarify the origin of this interesting ef-
fect.

Hi. SYNCHRONIZATION IN THE NO+CO REACTION
ON PY(100)

A. Unsynchronized oscillations on Pt{(100)-1x1

The catalytic reduction of NO with either CO, H,, or NH;
as reducing agent exhibits kinetic osciliations on a Pt(100)
surface which have been studied in the 107°-107° mbar
range with various methods.'>™'® All three oscillatory reac-
tions exhibit similar dynamical behavior whose origin can be
traced back to autocatalysis inherent in the chemical reaction
network. The autocatalysis, which arises due the vacant site
requirement for NO dissociation, is considered to be the
main driving force for the rate oscillations while presumably
the surface phase transition (SPT) of Pt(100) plays only a
minor role.

In the NO+CQ reaction, two separate 7 windows for os-
cillatory behavior exist on Pt(100) which behave entirely dif-
ferently with respect to synchronization.'””" In the lower-
lying T window, the oscillations proceed unsynchronized on
a 1x1 substrate, while in the upper-lying 7 window we ob-
serve a largely hex-reconstructed, uniformly oscillating sur-
face due to synchronization via the gas phase. The two ex-
istence ranges for oscillations can thus be used to
demonstrate the mechanisms of synchronization. An over-
view of synchronization in the NO+CO reaction and in other
reaction systems of interest is given in Table L

In the lower-lying T window, no sustained rate oscilla-
tions were found.'> " In PEEM, one chserves periodic
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wave trains, i.e., the surface is oscillating on a local scale.
Averaged over a larger area, however, these local oscillations
correspond to a stationary reaction rate. By applying a small
synchronizing 7 jump, rate oscillations can be excited, cor-
responding to a uniformly oscillating surface. As the periodic
wave trains again spread out over the surface, the rate oscil-
lations decay within a small number of eycles.!? Evidently, in
this lower-lying 7 window for oscillations, gas-phase cou-
pling is not strong enough to ensure a synchronized oscillat-
ing surface. In order to understand why gas-phase coupling
is ineffective in the NO+CQO reaction on Pt{(100)-1X1, it is
very instructive to compare this reaction with the CO+0,
reaction on Pt surfaces where gas-phase coupling is known
to dominate.

The effect of gas-phase coupling is shown in Fig. 1 for
two systems, Pt(110}/CO+0, and Pt(100)-1 X 1/NG+CO, by
means of their rate versus pqg curves. The amplitude of rate
oscillations is schematically represented in the two plots by
bars with double arrows. These bars are not aligned verti-
cally since due to mass balance in the reaction an increase in
the reaction rate is accompanied by a corresponding decrease
in pey (strongly exaggerated in the plots). Of course, the
decrease in peg 1S also connected with a corresponding de-
crease of the other reactant, but for simplicity we neglect the
pressure variations of the gas being preseni in excess {0, and
NO, respectively).

In both reaction systems, one has a reactive state (denoted
by A in the plots), characterized by a low adsorbate coverage
so that the reactants can adsorb and dissociate freely, and an
unreactive state (denoted by B), in which a high adsorbate
coverage inhibits adsorption {O,) or dissociation (NQO). In a
simplified way, rate oscillations can be described as periodic
transitions between these two states. Of decisive importance
for the different efficiency of gas-phase coupling in the two
reaction systems is that their existence ranges for oscillations
are located on different sides of the rate maximum. In the
CO-+0, reaction, oscillations are only found to the right of
the rate maximum, while in the NO+CO reaction osciila-
tions accur mostly to the left of the rate maximum, ie., with
NO being present in excess.'™!°

Considering first the CO+Q, reaction, it is quite evident
from the diagram in Fig. 1(a} that a positive feedback exists
between the transitions from A to B and vice versa and the
concomitant variations in pog. An increase in the reaction
rate and hence a decrease in p ¢ will favor the move towards
the reactive state A because the CO coverage is low in A. In
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FiG. 1. Schematic diagrams explaining (a) the synchronizing and (b) desynchronizing influence of gas-phase coupling in two oscillatory surface reactions. The
amplitude of the rate oscillations are represented by bold lines with double arrows. Their inclination angle with respect to the vertical direction indicates the
Peo variations that arise due to the finite pumping rate of the system. In the diagram these angles have been strongly exaggerated for the sake of clarity. A and
B denote the reactive and unreactive state, respectively, in the rate vs peg curves. {a) Catalytic CO oxidation on Pt surfaces. The shape of the rate vs peq curve
was taken from Ref. 3. (b} The NO+CO reaction on Pt(100}-1x1. The functional dependence of roq, versus pcq was taken from Ref. 13. The vertical arrow

at A indicates a stoichiometric 1:1 ratio of pyo/Peo -

a similar way, a decrease in the reaction rate will raise peq
and therefore enhance the tendency towards the unreactive
CO covered surface. For the NO+CO reaction in Fig. 1(b),
the simple diagram shows that just the opposite effects hold.
A negative feedback exists belween the changes in the state
of the surface and the concomitant variations in peq. It thus
becomes plausible that gas-phase coupling has no synchro-
nizing effect for the oscillations in the NO+CO reaction on
Pt(100)-1 X1, while the opposite is true for catalytic CO oxi-
dation on Pt(110).

Quite generally, it has been shown using simulation with
the CGL equation that depending on the specific properties
of a reaction system gas-phase coupling can either have a
synchronizing or desynchronizing effect on the spatially ho-
mogeneous state.'>2 In the latter case, a breaking apart into
domains (“Ising-like’’) is predicted. However, these results,
which were derived from the CGL equation, are strictly valid
only for small-amplitude harmonic oscillations (i.e., in the
vicinity of a Hopf bifurcation}. Therefore, the application to
a realistic system still needs to be worked out in detail.

B. Synchronized oscillations on Pt(100)-hex

At higher temperature, around 480 K, a second 7" window
for osciltatory behavior in the NO+CO reaction exists in
which sustained rate oscillations occur on a largely hex re-
constructed surface.'®" The corresponding bifurcation dia-
gram is displayed in Fig. 2. This cxistence range for oscilla-
tions 1s located at the onset of the NO/CO-induced lifting of
the hex reconstruction and the variations in the reaction rate
are coupled to periodic structural transformations via the
NO/CO-induced 1x1z2hex SPT." Since the oscillations
proceed spatially uniformly as demonstrated by PEEM mea-
surements, it is evident that synchronization must be
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achieved via gas-phase coupling. At both ends of the oscil-
latory range one finds interesting transitions from synchro-
nized to unsynchronized behavior, i.c., from rate oscillations
to a macroscopically stationary reaction rate. Before discuss-
ing these transitions, the mechanism which presamably is
responsible for synchronizing the oscillations is elucidated.
Both in the NO+H; and in the NO+NH; reaction one
finds sustained rate oscillations under conditions very similar
to those of the NO+CO reaction because these oscillations

v5Fsufio] sB [sjwsiw]

T

[3;]

Spatially Uniform

30

reg,laul

251 I [ { [ | !
470 475 480 485 £90 485
TIKI

Fi16. 2. Bifurcation diagram showing the amplitude of the rate oscillations
{open squares) and the stationary states (filled squares) in the NO+CQ
reaction on Pt(100). The inset shows the Feigenbaum scenario which is
found at the upper T boundary of the oscillatory range. The differcnt types
of wave patterns which have been observed with PEEM are indicated sche-
matically: W=wave trains, W,S-=wave trains and spirals, $- spiral waves,
SB=gpiral breakup, [.O=local outbursts, SU=:spatially unifcrm. The ex-
periment was conducted in the direction of decreasing temperature with
Prno=4X1075 mbar and poo=4%10"® mbar (Ref. 18).
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also proceed on a largely hex reconstructed Pt(100)
surface.'*™'° On the other hand, only unsynchronized oscil-
latiens occcur in the NO+CQO reaction on Pt{100)-1X 1. These
facts suggest that the 1 X17hex SPT is essential for the syn-
chronization mechanism in the rate oscillations.

A plausible mechanisn can be depicted in the following
way.'” The lifting of the hex reconstruction proceeds via
the NO/CO-induced nucleation of 1X1 islands. The size of
these islands which nucleate homogeneously as demon-
strated by scanning tunncling microscopy is thereby well be-
low 1 pm ' [Be 0i=0.05—0.08 (Ref. 22).] The X1 islands
nucleate as the NO/CO coverage on the hex phase exceeds a
critical coverage. Under reaction conditions the adsorbate
coverage on the rather unreactive hex phase is mainly deter-
mined by an adsorption/desorption cquilibrium with the gas
phase. Since peg and py under oscillation conditions are
chosen such that the adsorbate coverage on the hex phase is
close to 8, it is evident that small partial pressure varia-
tions can have a strong influence on the surface reaction.
These variations modify the nucleation rate of 1X1 islands,
thereby synchronizing the local osciilators on the surface.
According to this picture, the essential role of the SPT in
obtaining rate oscillations in the NO reducing reactions on
Pt(100) appears to lie less in creating an oscillatory reaction
cycle but rather in synchronizing the different local oscilla-
tors.

V. TRANSITIONS FROM SYNCHRONIZED TO
UNSYNCHRONIZED BEHAVIOR

A. Breakdown of gliobal coupling: The role of defecis

As one adjusts sustained rate oscillations in the NO+CQO
reaction and then subsequently lowers the temperature, the
amplitude of these oscillations collapses in a discontinuous
transition at the low T boundary of the oscillatory range, at
7., as depicted in Fig. 2. 1819 Simultancously with the dis-

0.4

0.12

0.10

0.c8
0.06

Viocai 112

004

0.6z

470 475 480

T IK}

!
485 490

FIG. 3. Variation of the local osciltation frequency during the transition from
synchronized oscillations to wave patlerns as depicted in Fig. 2. The local
oscillation frequency has been determined by integrating the PEEM inten-
sity in a small spot of 20 um <20 um size (Ref. 18).
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appearance of the rate oscillations at T, one observes in
PEEM the formation of target patterns. Periodic wave trains
start to emanate from a few defects of macroscopic size
(=1-5 pm) until the imaged area is completely filled with
the wave pattern. Macroscopically a stationary reaction rate
results becausc the different local contributions to the reac-
tion rate average out in the spatial integral of a wave pattern.
With the vanishing of the rate oscillations, alse gas-phase
coupling is obviously no longer present. Accordingly, the
transition from the uniformly oscillating surface to the wave
pattern can be viewed as a breakdown of global coupling.'®

Some insight into the mechanism leading to the break-
down of global coupling is gained by looking at the variation
of the local oscillation frequency during this transition as
depicted in Fig. 3. One obscrves a linear dependence on the
temperature boih above and below T, but with two different
slopes. At T the frequency nearly doubles in a discontinuous
jump from the lower to the upper branch. Keeping in mind
the observations with PEEM, we can assign the two slopes to
two kinds of oscillators, the defect-free surface above T, and
the macroscopic defects below T,.. The interpretation of the
transition at T, is then as follows.

As seen in the diagram in Fig. 3, with decreasing tempera-
ture, the frequency gap between the two different oscillators
incrcases continuously until it finally exceeds a certain
threshold. At this point, complete synchronization is no
longer possible, and the faster oscillating defects become
trigger centers, sending out waves in the more slowly oscil-
lating surrounding medium. The abruptness of the transition
can be explained by the positive feedback between the
spreading of the wave pattern and the vanishing of the rate
oscillations, i.e., of global coupling. This interpretation was
corroborated in a simulation with a modified complex
Ginzburg--Landau (CGL) equation, demonstrating that the
essential factor causing the breakdown of global coupling is
in fact the existence of a defect with a frequency higher than
the bulk frequency.'®? Defects thus have a very important
role for synchronization of a system because they can act as
nuclei for the breakdown of global coupling.

In the NO-+NH, reaction on Pt(100}, one also observes a
similar transition from a spatially uniformly oscillating sur-
face to a wave pattern.'® This transition, however, exhibits
some differences to the one discussed above, as demon-
strated by the scheme reproduced in Fig. 4. In that reaction,

Surface structure: 1xt -— hex

Reaction rate : E-stationary.nymacroscapic._fgte osciigtions]

Vi 7 Mo =N
Pattern : irregutar  spirals 8 island homogeneaus
patterns target for - intensity
{turbulence) potterns mation  chonges
Dominant surface gas-phase
coupling mode : diffusion coupling
L 1 £ !
430 440 450 460

— T [KI

Fic. 4. Schematic overview of the temperature ranges in which macroscopic
rate oscillations and different types of spatial patterns are observed in the
NO+NH; reaction on Pi(100) (Ref. 16).
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the breakdown of global coupling takes place less abruptly
since spatial patterns coexist over a finite temperature range
with the synchronized oscillating surrounding “‘background”
area. The vanishing of the rate osciliations then carries the
system directly into a regime of spatiotemporal turbulence.
The occurrence of spatiotemporal chaos in an oscillatory sur-
face reaction appears to be closely linked to the vanishing of
global coupling. As demonstrated by simulations with the
CGL equation, a variety of possible scenarios can be ob-
tained but, in order to connect these calculations to the ex-
perimental results, an elaborate analysis of the experimental
situation is required.?

B. Deterministic chaos

At the upper T boundary of the oscillatory range, the rate
oscillations terminate via a sequence of period doublings
leading from regular period-1 oscillations to chaotic rate
variations, i.e., a Feigenbaum scenario is observed. The cha-
otic behavior which occurs in such a transition is typically
low-dimensional and therefore deterministic. In the course of
this development, the oscillation amplitude decreases con-
tinuously until a stationary state is reached.'®!® During this
transition depicted in the inset of Fig. 2, PEEM shows a
spatially uniformly oscillating surface within its resolution of
~1 pum. Since the spatial degrees of freedom play no role,
one could expect to find an explanation for the occurrence of
deterministic chaos in the dynamics of an individual oscilla-
tor as described by ordinary differential equations. Since
three degrees of freedom have been shown to suffice to cre-
ate chaotic behavior, such an approach seems to be reason-
able. Following the reasoning given below, however, we fa-
vor a different explanation based on synchronization."”

Since a Feigenbaum scenario leading to deterministic
chaos has also been found in the NO+H, reaction on
Pt(100), details of the specific chemistry of the reaction are
apparently of minor importance for the development of de-
terministic chaos.!* Common to both systems, NO+CO and
NO+H,, is the 1 X12hex SPT of Pt{100) whose role sup-
posedly is to synchronize the local oscillations. One could
therefore expect that synchronization plays an cssential role
in the development of deterministic chaos leading to the fol-
lowing picture.

Starting with the stationary state at high T, 1X1 adsorbate
1slands randomly nucleate and dissolve on the hex phase. As
with decreasing temperature the nucleation and growth rate
of these islands increases, the fluctuating islands synchronize
via partial pressure variations in the gas phase, as discassed
in the previous section. Finally, a uniformly oscillating sur-
face is reached which corresponds to sustained rate oscilla-
tions. The existence of a certain transition range in which
complete synchronization is not yet fully established, can
also be made plausible by the following consideration. Gas-
phase coupling requires rate oscillations of finite amplitude
and, since the oscillation amplitude in the NO+CO reaction
grows continuously with decreasing 7', it is evident that the
rate oscillations have to develop from a state in which local
oscillations take place unsynchronized.

Although it is not at all evident that the synchronization
process depicted above might produce a Feigenbaum sce-

J. Vac. Sci. Technol. A, Vol. 12, No. 4, Jul/Aug 1994

R. Imbihi and G. Veser: Synchronization in oscillatory surface reactions

2174

nario, some support for this idea comes from a cellular au-
tomaton study by Mikhailov er ¢l. They demonstrated, that
synchronizing a large number of randomly oscillating cells
cain, in fact, give rise to deterministic chaos and a Feigen-
baum sequence.” Interestingly, in the chaotic state they ob-
served that the system was reacting synchronously, i.e., spa-
tially uniformly and only the temporal variation of the
integral signal exhibited chaotic oscillations. In order to
demonstrate that this synchronization mechanism really ex-
plains the occurrence of deterministic chaos in the NO+CO
and NO+H, reactions on Pt(100), simulations with a realis-
tic model are required. Such calculations are currently under
way, and first results look rather promising.

Although the oscillation mechanism in the CO+0O, reac-
tion on Pu{110} is different from that of NO reduction on
P1(100), there are some indications that the mechanism giv-
ing rise to deterministic chaos in this system is also based on
synchronization.?*?> Similarly to the proposed scenario in
the NO+CO reaction, a stationary state in the reaction rate
exists, which on a local scale exhibits spatiotemporal
turbulence.”® This state is located in the vicinity of the rate
maximum in the plot in Fig. [(a). A sequence of period dou-
blings occurs with a decreasing pcq acting as bifurcation
parameter, leading from regular period-1 oscillations to de-
terministic chaos which is seen on the way to the rate maxi-
mum [state A in Fig. 1{a).] Since the strength of gas-phase
coupling in this system is essentially given by steepness of
the rate versus peg curve, it is very plausible that the deter-
ministic chaos just reflects the beginning of a desynchroniz-
ing process taking place as the amplitude of the rate oscilla-
tions falls below a certain threshold. 1t should be emphasized
that this picture is still rather speculative and needs to be
confirmed by experiments and simulations.

V. CONCLUSIONS

In oscillatory surface reactions conducted under isother-
mal low-pressure conditions the local oscillators can syn-
chronize via the gas phase. The NO+CO reaction on Pt(100)
has been discussed as an example for both synchronized and
unsynchronized behavior. Synchronization in this system can
be traced back to the operation of the 1X1 & hex SPT of
Pt{100) at higher 7', while the absence of the SPT at lower T
can be made responsible for the existence of unsynchronized
oscillations. At higher 7', one finds well-definred transitions
from synchronized to unsynchronized oscillations with the
latter corresponding macroscopically to a stationary reaction
rate. The occurrence of deterministic chaos in connection
with a Feigenbaum scenario at the high 7 boundary of the
oscillatory range and the collapse of the rate oscillations at
the low T boundary have been interpreted in terms of such a
transition.
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