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Abstract. The effect of local periodic forcing on uniformly oscillating CO
oxidation on a Pt(110) surface is investigated utilizing our recently developed
addressable catalyst approach. The heating, provided by a focused laser beam,
serves as the locally applied external force. The observations are ascribed to the
interaction between local actuation and global coupling through the gas phase
leading to the suppression of the locally developed patterns.
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1. Introduction

Periodic perturbations or a periodic forcing of oscillations are widespread phenomena in nature.
One example is the changing of the seasons due to periodic variations of the inclination of the
Earth on her orbit around the Sun. Oscillating ocean tides caused by the gravitational forces
between the Moon, Earth and Sun is another example. These periodically forced systems are of
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global dimensions and are, of course, not really controllable. An additional familiar example is
the human heart: without other external stimuli the sinus node causes the heart to beat with a
frequency of about 70 beats min~—!. Usually taken for granted, the heart’s comforting periodic
beating might suddenly change rhythm and establish a disastrous chaotic state, often resulting in
an untimely death. A decade ago Winfree [1] described this kind of turbulence within the heart
muscle as scroll waves in an excitable medium with a tendency of breaking up. Recent theoretical
studies have shown that weak uniform forcing might suppress scroll waves in excitable media
and that such a devastating course of events might thereby be avoidable [2].

The theory of forcing a single nonlinear oscillator is well established, exhibiting among
other features quasi-periodicity and entrainment (e.g. [3,4]). Recent work has focused on global
forcing of distributed systems to determine if similar phenomena can also be found in these
systems [5]. In addition, distributed systems show special types of patterns when they are
globally forced [6]—[11]. Examples include labyrinthine standing wave patterns, bubble-shaped
patterns and clusters.

CO oxidation on a Pt(110) surface (the model system discussed here) has been studied
extensively. Initially, research on global forcing explored the response of the system without
spatially resolving the concentration patterns [12]-[14]. Current investigations have focused on
the spatio-temporal patterns generated by global forcing [15].

In contrast, this paper investigates the effects of local periodic forcing of CO oxidation
on Pt(110). An example of local (although non-periodic) forcing within our solar system is
the sweeping path of the Moon’s shadow across the Earth during a total solar eclipse: the
sudden darkness results in a sharp drop of temperature and an abrupt pause of all activity. In
our experiment we do just the opposite by illuminating a circle repetitively on our catalytic
surface with a focused laser beam, thereby creating a slight temperature increase along the path
of the laser spot. In this investigation we restrict ourselves to local periodic forcing of the
homogeneously oscillating CO oxidation on Pt(110).

2. Experiment

The experimental set-up is schematically shown in figure 1. The 10 mm diameter Pt(110)
single crystal sample is kept in an UHV chamber, which is equipped with a low-energy electron
diffraction (LEED) system, Ar-ion sputtering and sample heating (from the rear side) via a
halogen lamp. The sample was prepared by repeated cycles of Ar* sputtering and O, treatment
at 570 K, and subsequent annealing up to 1000 K. Gas supplies for CO and O, were automated
and stabilized, allowing for controlled settings of the partial pressures of the reactants within
the UHV chamber. Adsorbate concentration patterns on the surface of the sample were imaged
using ellipsomicroscopy for surface imaging (EMSI) [16], shown schematically by the green
beam path originating from the first Ar-ion laser presented in figure 1.

In this work, we have chosen the settings of the optical elements (polarizer, compensator and
analyser) such that the CO-covered states of the sample are imaged as white areas, while the dark
regions represent oxygen-covered areas. The resulting sequences of images are used to calculate
locally resolved frequency spectra by using the local evolution of the concentrations represented
by grey values in the images as time series.

To apply local periodic forcing we use a second Ar-ion laser (the blue beam path presented
in figure 1) which is focused to a spot of about 50 um diameter. The focused laser gives rise
to a local temperature increase which changes the dynamics of the reaction diffusion system—
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Figure 1. Sketch of the experimental set-up. The green beam path shows the
EMSI, while the blue beam path shows the set-up for the heating laser. The
laser beam positioning mirrors are mounted perpendicular to each other, and are
controlled by computer utilizing servomotors.

mainly by desorbing CO [17]-[19]. Two computer-controllable mirrors move the laser spot with
constant angular velocity along a circular path on the sample, thus heating each point along this
path periodically. A laser power of 3 W corresponding to a maximum temperature increase of
about 20 K is used. Compared to the dynamics of the reaction, which is in the order of seconds,
any change of the local temperature due to the laser heating happens very quickly: it takes less
than 5 ms to obtain 63% of the total temperature increase reached after 1 s of irradiation.

All experiments were performed in a state where the unperturbed reaction shows
homogeneous oscillations at a temperature of about 535 K. The partial pressures for the reactants
were kept at pco = 9 x 107> mbar and po, = 3.0 x 10~* mbar.

3. Results

The observed phenomena can be divided into three categories according to the relation between
the frequency of the external perturbation w,,, and the frequency of the unperturbed inherent
oscillation of the reaction wy: w,;/@wy < 1, Weri/wo ~ 1 and w,,,/wy > 1. Examples of
observations for all three regions are shown in figure 2. Short versions of the corresponding
original movies are available as links within the appropriate figure captions.

3. weyi/wy < 1

If w,,, 1s considerably smaller than w,, the temperature heterogeneity created by the laser spot
needs more than one period (7j) of the oscillation for one revolution around the circle. In the
case where exactly three periods occur during one complete circle, three, apparently stationary,
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Figure 2. (a) The period for one revolution of the laser spot is about 37,. The
image was put together from three images of consecutive dark phases of the
global oscillation and shows three bright regions, which appear one after the
other (taken with permission from [18]) (movie2a). (b) Snapshot for w,,, /@y ~ 1
(movie2b). (c) Snapshot for w,,,;/@wy = 8.78 (movie2c). For all measurements
the diameter of the circle is 880 um. Other parameters: laser power L, = 3 W,
Po, = 3.0x 10 *mbar, T = 538K (a,b), T = 535K (c), pco = 9.2 x 107> mbar
(a,b), pco = 8.9 x 107> mbar (c).

white spots (the CO-covered state of the sample) are observed consecutively during the dark
(oxygen covered) phase of the oscillation—one per oscillation (figure 2(a)). For these apparently
stationary spots the ratio of the period of one revolution of the temperature heterogeneity around
the circle (7,,,) and Tj is either an integer or a rational number with a small denominator. (For
example, three apparently stationary spots are also observable for 7,,,/ Ty = 3/2, they just appear
in a different order.)

When the period of one temperature heterogeneity revolution (7,,,) is not a (small
digit) rational multiple of 7, the white spots are still present. However, in contrast to
the example shown in figure 2(a), they are no longer stationary but seem to move along
the circle. An example for this is given in figure 3, which shows two space—time plots
that were produced parallel to the path of the laser spot outside the circle at a distance
of 75 um. Figure 3(a) displays the space—time diagram that belongs to figure 2(a). The
perturbations, caused by the laser, appear roughly at the same positions along the circle as
demonstrated by the white dashed line that runs nearly horizontal. Only a small drift is
visible, which means that w,,, is quite close to 1/3w,. Figure 3(b) belongs to a measurement
where w,,, = 0.36wy. In this example the perturbations are moving around the circle
much faster, again indicated by a white dashed line, that has a considerably larger slope
compared to the one given in figure 3(a). However, any single perturbation still needs about
37 oscillations to make one full revolution. This corresponds to a frequency mismatch of
1/37 = 0.027, which fits nicely with the measured relation between w,,; and w (0.3+0.027 =
0.360).

The small inset presented in figure 3(a) magnifies one perturbation of the space—time plot.
It gives the first hint regarding the mechanism that is responsible for the appearance of the white
regions during the dark phases of the oscillations. For further illumination a space—time plot is
taken along a linear cut through the circular path of the temperature heterogeneity. Only one
side of this profile, with the laser path indicated by an arrow on the left-hand side, is presented
in figure 4.

New Journal of Physics 5 (2003) 60.1-60.12 (http://www.njp.org/)


http://www.iop.org/EJ/redirect/S/mmedia/1367-2630/5/1/360/movie2a.avi
http://www.iop.org/EJ/redirect/S/mmedia/1367-2630/5/1/360/movie2b.avi
http://www.iop.org/EJ/redirect/S/mmedia/1367-2630/5/1/360/movie2c.avi
http://www.njp.org/

60.5 Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Figure 3. (a) Space—time plot (3240 um x 32 s) taken parallel to the laser’s path
(a distance 75 pum outside the circle) for the same measurement as presented in
figure 2(a). The white dashed line shows that the white spots are moving only
slightly along the circle. The inset is a magnified area as indicated by the arrow
(taken with permission from [18]). (b) Space—time plot for w,,; = 0.36w,. The
perturbation moves considerably faster around the circle—again indicated by a
white dashed line (movie3b).
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Figure 4. Space—time plot (380 um x 11.1 s) for the measurement displayed in
figure 2(a) taken along a cut through the laser’s path (indicated by the small black
arrow). The start of the dark phase of the homogeneous oscillation is marked in
one place by a thin vertical line in order to show the phase delay caused by the
emitted wave.

There, during the first part of the CO-covered phase, an oxygen wave is emitted from the
position of the laser spot’s path. As time progresses, this oxygen wave causes the slightly delayed
appearance of the regular oxygen-covered phase from the intrinsic oscillation. The area affected
spreads with time, since the oxygen wave propagates slowly. The waves are not emitted during
every CO-covered phase of the oscillation but only when the temperature heterogeneity passes
this particular part of the circle. Therefore, only after every third oscillation is a wave created,
due to the fact that we had chosen w,,; to be approximately 1/3w.

Returning to figure 3, we see that the perturbation is created only during the CO-covered
bright phase of the oscillation. During the oxygen-covered phase of the oscillation the local
heating does not seem to have any effect. This is also observable in the space—time plot cutting
through the opposite side of the circle (not included in figure 4). There is no emission of oxygen
waves, while the laser visits this point only during the dark phase of the oscillation. This is true
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Figure 5. (a) Snapshot of a perturbation during the dark phase of the oscillation
(movie5). Space-time plot taken parallel to the laser’s path (at a distance of
75 pum outside of the circle, for about 18.5 s). Parameters: w,,; = 0.72wy,
pco = 9.2 x 1075 mbar, po, = 3.0 x 107* mbar, T = 538 K.

only for odd ratios between w, and w,,,. Of course, for even ratios both points of intersection
will emit oxygen waves during CO-covered phases. Therefore, it can be deduced that the main
effect of the local increase in temperature is the increased desorption of CO, which is most likely
to occur when the sample is CO covered.

This observation leads to a deduction that can be tested experimentally: if indeed the
laser affects the pattern formation mainly during the CO-covered phase of the homogeneous
oscillation, then the size of the resulting perturbation should depend on the length of the path
travelled by the laser spot during the bright phase. The faster the laser spot travels the more CO-
covered area it will influence, and the resulting perturbation should be proportionally greater.
Indeed the size of the perturbation increases with increasing speed of the laser spot. An example
for w,,;, = 0.72w, is shown in figure 5. Both the snapshot of figure 5(a) and the corresponding
space—time plot taken parallel to the laser’s path (figure 5(b)) show a significantly increased
perturbation.

3.2, Wexi/wo > 1

In this case, w.,; > w,, the temperature heterogeneity performs multiple revolutions on its
circular path during one oscillation of the reaction. An example for w,,, = 8.78wy is shown in
figure 6. The time-series presented in figure 6(a) shows that the whole circle is affected nearly
identically, as if the laser was heating the whole circle simultaneously. The space—time plot
presented in figure 6(b) shows only a very weak perturbation at the cut through of the laser’s
path, which corresponds to the emission of a weak oxygen wave.

The fact that the emitted wave is weaker than in the preceding examples is due to the same
effect. As the laser moves around the circle faster, it heats any point along the circle for a shorter
time. Therefore, the temperature increase AT, which is responsible for the perturbation of the
homogeneous oscillation, becomes smaller even though the total energy delivered to the sample
stays the same for all experiments, a prerequisite to perform the experiments at constant sample
temperatures.

Decreasing w,,;, €.g2. w.,; = 4.76wy, leads to the intermediate state shown in figure 7. In
the series of snapshots presented in figure 7(a) the circle does not appear as if it was being
heated uniformly. The perturbation reveals a clear structure along the circle. Figure 7(b) shows
a space—time plot of a cut through the laser’s path. In this case, the temperature heterogeneity is
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Figure 6. (a) Sequence covering one period of the global oscillations. (b) Space—
time plot (430 um x 21 s) taken along a cut through the laser’s path (marked by the
black arrow). Parameters: w,,; = 8.78wo, T = 535 K, pco = 8.9 x 107> mbar,
70, = 3.0 x 10~ mbar.

even able to sometimes cause the emission of more than one wave during a bright phase of the
oscillation. The first of the two emitted waves, however, does not propagate very far.

3.3. Wexr/wo =~ 1

Reducing w,,; even further, the region where w,;/wy ~ 1 is approached. Although
the probability to detect entrainment should be largest for this region, it was not actually
observed. Analysing the data for their own frequency spectra always reveals both frequencies
Wy and wy, with one exception. As an example for the general situation, the case of
wery = 1.12w, is presented in figure 8(a). Peaks at 1.30 and 1.46 Hz are clearly visible with
comparable amplitudes. The exception is represented by a measurement where w,,; = 0.99w,
(figure 8(b)). In this case one can expect entrainment to occur if one could be sure that
the frequency of the homogeneous oscillations had adapted to the forcing frequency. A
strong argument for such harmonic entrainment would be the resonant enhancement for the
amplitude.

However, as w, was drifting slightly during the whole experiment it is not possible to
conclude whether entrainment occurred or if, alternatively, only the resolution of the frequency
spectrum was insufficient to resolve the two frequencies. A hint is given when looking at the
distribution of @, in space: as wy is the same close to the laser’s path as at some distance away
from it, and since the space—time plot (figure 9) does not suggest that the forcing has any influence
on the oscillations at that distance, it has to be concluded that indeed even for nearly identical
frequencies w,,; and wy no entrainment occurs.
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Figure 7. (a) Three snapshots showing that although the complete circle is
affected by the laser spot, the perturbation shows a spatial structure because
the laser is travelling slower than in figure 6 (movie7). (b) Space—time plot
(410 um x 32 s) along a cut through the laser’s path (indicated by black arrow)
showing the repeated emission of oxygen waves. Parameters: w,,, = 4.76wy,
T = 535K, pco = 8.9 x 107> mbar, po, = 3.0 x 10~* mbar.
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Figure 8. Two spectra measured directly on the laser’s path. (a) ., = 1.12wy,
(b) wexr = 0.99wy. In (a) both frequencies w,,; and w, are detected, while (b)
only shows the region close to w,,; = wy. The resolution of the spectrum is not
sufficient to differentiate between w,,, and wy.

This observation leads to the following question: why was there no entrainment found,

even under the most favourable conditions? One possible explanation would be that the applied
strength of the forcing was too small. The regions where entrainment is usually found have a
certain width as far as w,,, is concerned depending on the amplitude of the forcing. But from
looking at the sequences of snapshots, at the movies, and at the space—time plots this interpretation
can be refuted, because the laser clearly has some impact on the pattern formation of the reaction.
Analysing the shown space—time plots more closely (best seen in figure 4) it becomes apparent
that the emitted oxygen wave is being suppressed by the appearance of the dark phase of the global
oscillation. This part of the oscillation effectively resets the phase everywhere on the crystal thus
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Figure 9. Space—time plot (1.3 mm x 14.4 s) along a cut through the laser’s path
(both points of intersection are marked by black arrows) for the measurement from
figure 8(b). The homogeneous oscillation in a small distance from the circle seems
to be unaffected by the perturbation. The second point, where the cut crosses the
circle drawn by the laser, is included in the diagram (at the bottom) but does not
show any wave emission. The laser spot creates only one perturbation, which
is stationary on the other side of the circle. The part of the circle that is drawn
during the dark phase of the oscillation (oxygen covered) is not visibly affected.

synchronizing the oscillation in space. This is not necessarily an expected behaviour of such a
system. Usually, one would assume an emitted wave to propagate undisturbed as long as it does
not meet another wave, which would then lead to annihilation [20, 21]. Here, another mechanism
comes into play: as the whole surface is oscillating in phase, the consumption of CO through
reaction is periodically modulated. This leads to global coupling through the gas phase [22]—[25]
which stabilizes the homogeneous oscillation [26,27] and suppresses the propagation of waves
which would otherwise spatially desynchronize the oscillation on the crystal. Obviously, the
global ‘forcing’ represented by the gas phase coupling supersedes any attempts of local forcing
by the periodically increased temperature to alternate the oscillations. There are three possible
approaches to limit the global coupling through the gas phase:

(1) the catalytically active area could be reduced to the imaged field of view by using
microlithography [28,29]. Since in our experiments the typical imaged area is about
1.1 x 1.1 mm?, but the total single crystal surface has an area of about 80 mm?, a substantial
reduction of the global coupling could be expected.

(2) by increasing the volume of the reaction chamber a similar effect could be achieved as the
relative impact of adsorption and desorption from the sample on the total partial pressure
of the species would become smaller.

(3) by increasing the pumping speed for the gases, the residual time for the reactants in the
vessel would be shortened, thereby again limiting the strength of the gas phase coupling.

In the future, studies following the first approach are planned.

Although we have not found entrainment directly, we have tried to detect traces of it by
analysing the obtained frequency spectra in more detail. Supposing that the two frequencies w,,,
and w, do not interrelate, one would expect that the ratio of the two corresponding amplitudes
¢ = A,/ Ao is independent of w,,,. Considering additionally, that with increasing w,,, the laser
spot spends less time for each revolution of the circle, A,,; is steadily decreasing, therefore ¢
should be a monotonically falling function with w,,;.
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Figure 10. (a) Ratio ¢ = A,,,/ A, for different distances from the laser’s path
depending on w,,,;/wy. (b) ¢(x) for measurements close to w,,,/wy = 1. The
curves have been shifted with respect to each other for better viewing. (c) ¢ (x)
for measurements for w,,, /wy > 1.

We calculated ¢ as averages of all pixels on seven different circles—directly on the laser’s
path and on circles with radii both 25, 50 and 75 um smaller and larger than the laser’s path. The
results of two different experiments overlapping between 2.5 < w,,;/®wy < 3 are displayed in
figure10(a) (wer; = 0.99w 1s not included, because w,,; and w, were not separately measurable).

Looking first at the data including the area around w,,;/wy =~ 1 a possible maximum
around w,,,/wo = 1 catches the eye. Unfortunately only a single data point represents this
maximum. Although coming from w,,,/wy < 1 there is—apart from one data point found for
Werr/wo = 0.71, which is well outside any expected region for entrainment (Arnol’d-tongue)—
an increase in ¢ towards w,,,;/®wy = 1, the expected decrease for w,,,/@wy > 1 is not observed.
The ratio of amplitudes stays more or less constant with a rather large scattering. Therefore, it
must be assumed that the data point suggesting the maximum is also due to scattering.

The second set of data, obtained for a slightly different set of reaction parameters and circle
location, shows the expected decrease of ¢ with increasing w,,;/wy. Additionally, it displays a
more pronounced dependence on the position for which ¢ was determined. ¢ is maximal exactly
on the laser spot’s path and decreases with increasing distance as would be expected for a local
effect that is attenuated with distance.

Taking a closer look, the spatial dependence of ¢ is shown for several examples of w,,; /w in
figures 10(b) and (c). The graphs were obtained by calculating ¢ along a linear cut perpendicular
to the laser spot’s path. A single maximum of ¢ (x) is observable. The spatial extent of this
maximum corresponds to the distance the emitted waves propagate before being swallowed by
the global oscillation. Figure 10(c) shows that with increasing w,.,/®y, this range decreases.
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Close to w,,;/wo = 1 an additional local minimum situated on top of the maximum is observed.
It is much smaller for w,,, /@y # 1 and vanishes for w,,, /@y > 2.4.

4. Summary

Our experiments did not reveal any entrainment. The observed phenomena are explainable as
a continuous transition from a slow moving temperature heterogeneity to a faster moving one.
In all instances the laser heating creates oxygen waves during the CO-covered phase of the
global oscillation by locally increasing the desorption of CO. These waves propagate a certain
distance until they are suppressed by the oxygen-covered dark phase of the global oscillation,
which is stabilized through coupling with the gas phase. The phase delay caused by the emitted
waves leads to the observed bright regions just before synchronization. Determining the ratio
of amplitudes ¢ (x) results in a measure for the effective spatial range of the local perturbation.
In this case it corresponds to the distance the created waves propagate before being suppressed.
Where the ratio between the external forcing frequency and the inherent oscillation frequency
approaches unity, w,,, /@y = 1, we observe an unexplainable local reduction of ¢ (x).
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