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Stochastic resonance in surface catalytic oxidation of carbon monoxide
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Stochastic resonance is a nonlinear cooperative effect between external signal and noise, in which
the noise can play a constructive role to increase the signal-to-noise ratio in the detection of a weak
signal. A surface catalytic reaction model, to describe oxidization of carbon monoxide carrying out
far from equilibrium, was adopted to study the stochastic resonance. By computer simulation, we
found noise can induce state-to-state transitions, and stochastic resonance behavior may appear at
narrow bistable states or near discontinuous Hopf bifurcations, while a weak periodic signal riding
on noise is input controlling. €998 American Institute of Physids$$0021-960608)51629-1

I. INTRODUCTION Il. REACTION MODEL

Noise gives a deep impression of its negative effects. It  T1he catalytic oxidation of carbon monoxide has attracted

smears clear signals or patterns, and makes detection of we@KOt of attention for more than two decades, due not only to
signals impossible. Therefore, one always tries to minimizdtS application, but also to its theoretical significance. The
its effects. That is true in linear systems. However, recenfyStem may exhibit complex spatial-temporal  self-
research has established that noise can play a constructipganization, even under extreme conditions, i.e., in ultra-

role in the detection of weak signals by a mechanism knowr{ligh vacuum(UHV) chambers, keeping strictly isothermal,
as stochastic resonanteR). and over a single crystal surface. Therefore, the complexity

The concept of SR was originally put forward in the is not from the reaction steps themselves as in the homoge-

seminal papers by Benzi and his collaborators wherein the{)€0US reaction, but from the rearrangement of surface atoms
addressed the problem of the periodically recurrent ice hgesi réactions. The nonlinear behavior in this system such as
A first experimental verification was obtained by Fauve and?iStability, oscillation, chemical waves, and entrainment un-
Heslot in a noise-driven electronic circuit known as ader external periodically driven, have been studied in detail
Schmitt trigge The most notably in the study of the phe- POt %)Eegnmentally and theoretically, mainly by Ertl's
nomenon of SR, is observed in experiments including ring?™UP- L

lasers’ superconducting quantum interface devitesnd _ The catalytic oxidation of CO follows the Langmur—
sensory neurons in biologyUp to now, many SR phenom- Hinshelwood(LH) mechanism.

ena have been studied in bistable systems. However, the no- k

u
tion has been widened to excitable systénistegrate-and- CO(gas +* < CO(ad),
fire dynamics, and even nondynamical systems without k2
threshold$:® and its applications, or to put its potential uses, K,
cover physical devices, communications, and sensory neu- Q,(ga9+2* —20(ad),
ron.

It is known that most of the chemical reactions carry out ks

far from equilibrium. They may exhibit various complex ~ CO@d+0@d—CO, +2*.

nonlinear behavior. One, therefore, expects that rich SR bex {hree-variable reaction model has been proposed by

havior may exist in chemical systems. But so far as Wecrisher, Eiswirth and Ertt>'® to describe the adsorption,
know, very little about chemical systems has been touchegesorption, reaction and diffusion processes

upon except the studies of SR by Schneider’s group in ho-

mogeneous reactions including the BZ reactibn, : u\®

peroxidase—oxidase reactibh, and minimal-bromate u=kyPyS, l_<u_s }_kZU_k3uv_Deff' @)
reaction? In this paper, we concentrate on SR in a typical

heterogeneous reaction: catalytic oxidation on a single sur- . —kpsli- u v 2—k Uo—D @)
face, by analysis of the behavior of a set of ordinary differ- Y~ " v =7 T | TSRV T et

ential equations under periodical modulation and noisy com-

ponent adding to control parameters. This study might help —ksw; usu
researchers to find SR in this system experimentally. 3 _
w=1{ ks| > riu—wl; u;<u<u,. ©)]
i=0
dCorresponding author, FAX: 0086-551-3603574, Electronic-mail: )
LFY@dchp.chp.ustc.edu.cn Ks(l—w); u=u,
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FIG. 1. Bistability of the reaction model CE0,. The saddle and node

annex at point B, and below it, only low-covered state of CO exists. The low
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noise influence, or under both. There, the periodic perturba-
tion method is often adopted, however, noise must be con-
sidered if influence of the noise may lead to new instability,
or extra dynamical behavior.

The behavior of oscillators under the influence of exter-
nal periodic perturbations has attracted considerable interest
both in experiment and theory. The systems studied include
Jesephson junctions, nonlinear electronic conductors, hydro-
dynamic systems, biological oscillations, as well as homoge-
neous and heterogeneous chemical reactions. The oscillatory
chemical reaction C®0, under periodic perturbation has
been studied by Eiswirtlet al. experimentally}”® and by
Krischer et al. theoretically*® All control parameters,
namely the temperature of the catalyst and the partial pres-

branch loses its stability, and turns to the opposite state at point E, needs nﬁyrespv and Pu, could, in prlnC|pIe, be mOdF'Iated- How-
develop till the other node-saddle annexation at point C. Therefore, th€ver, variations of temperature affect all activated steps of

bistability exists in a narrow region.

Here, three variables, v, andw stand for coverages of
adsorbed CO and O, and fraction oK1 phase on surface;
us anduvg stand for saturation of CO and ®, andk, are
their adsorption coefficients,, ks, and kg for desorption
coefficient, reaction rate, and transition coefficient sepa
rately, determined by temperature through Arrhenius I8yv;
and S, for sticking coefficients, assuming,=1, S,=0.6w
+0.4(1—w). P, andP, stand for the partial pressure of CO
and G gases. These parameters, except the effective diff
sion Do, were given elsewherg:!>1619The termD ., de-
termined mainly by temperature and surface structure, h
been studied over fractal surface recently bylsnd is not
included here.

By analysis of linear stability of Eqg1)—(3), we ob-
tained the properties of the nonlinear dynamical behavior
bistability and oscillatory states, plotted in Figs. 1 and 2,
respectively.

IIl. STOCHASTIC RESONANCE

u_

the oscillations, and the results would therefore be difficult to
interpret. In most case®,, or P, was modulated. Certainly,

in experiments, the partial pressures are controlled by pump-
ing, reaction, and evacuation rates, and have residence time.
However, because the reactions take place in UHV, the re-
action rate is slow. Therefore, the gas diffusion rate can be
regarded as infinity, the time delay in gas can be neglected,
and the modulation of the partial pressure becomes realiz-
able.

SR, a typical nonlinear phenomenon, is a cooperative
effect between noise and signal. It requires three basic ingre-
dients:(i) nonlinear systems with an energetic activation bar-
rsier, or more generally, a form of threshold, a weak co-
erent input signal(iii) some noise that is inherent in the
system, or that adds to the input externally. Here, we focused
on its occurrence condition and appearance. We adopt the
catalytic oxidation of CO as the nonlinear system, sinusoid
modulation as the weak signal, and together with a Gaussian-

type noise. They are
Pu=Pul1+A sin2nft) +DE(t)]. (4)

There, the constant pressupg, is modulated by a sinusoid

To understand the properties of a nonlinear system, sucljave, a kind of simple signagamplitudeA, and frequency
as its stability, response to external input, or the cooperativg¢ ), The Gaussian-typed noisé(t), is often employed to
effect between two inputs through nonlinear systems, ongimulate instantaneous, multivariate, random force subjected
can present the system under periodic perturbation, or undgfy;, Brownia particles, or random thermal fluctuation. The
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FIG. 2. Chemical oscillation of the reaction model €0,. The system
starts oscillation at super-Hopf bifurcatidit), and gains its amplitude

marked by dash—dot lines. The oscillation disappears abruptly at discontinu-

ous Hopf bifurcation(G), and then turns on the upper bran¢Here, the
legends are same as that in Fig. 1.

statistical properties of white noise are

(£(1))=0; (&DEM))=2D(t—t");

S(w)=f e 2D §(7r)dr=2D. (5)

We analyzed time-serial output by power spectral.
Signal-to-noise ratigSNR) is defined as the ratio of signal
strength over noise strength at frequerigy and SR behav-
ior refers to appearance a peek on SNR curve while increas-
ing noise intensityD.

We simulated Egs(1)—(3), and (4), with time step
=1ms, lasting 2°=4 194 304 steps. The simple data col-
lected are not less than 25 000 points, once. We found the
system showing different behavior under different param-
eters. The system suppresses input modulation while far

from bifurcation. However, it becomes very sensitive while
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FIG. 3. The time serial response of external signal and noise while the
system is in bistability regiorikeeping signal amplitud&=0.2 and fre-
quencyfs=0.1s* unchangel (a) No burst occurs under a weak noise
D/A=0.2. The low state shows weak response to input modulation, but the
high state does not show any response due to strong supprdssigvhile
D/A=0.4, some noise-induced transitions bufsf.Optimal value ofD/A

=1.5, stochastic resonance behavior appears, where a 1:1 quasiperiod of
bursts are exhibited due to the cooperation of signal and n@g&trong

noise overwhelms the input signal, and the transition becomes irregular.

10log(S/N)

within a bistable state, or near discontinuous Hopf bifurca- _ _ o _ _ ,
tion. where the influence of the noise mav lead to transition FIG. 5. The signal-to-noise ratifilled circles together with the best fit

! Yy %solid line) obtained using formulé6). The parameter of the best fit axe
frequently between the two states, or between one stablesgoo au/a,=1.5(a); \=5800,AU/A,=1.2 (b), whereA, andA, are

state and an oscillatory state, respectively, resulting in SR.signal amplitudes.

A. Within a narrow bistable state ) o ] .
. 4 ) obtain values of SNR, then plotted in Figabas increasing
While T=539K, P,=1.3x10"" mbar, there exists a pjise intensity.
narrow bistability within - range P,=36.00<(1+0.25) In Fig. 5, the dots are simulation results, and the solid
X10"° mbar (see Fig. 1. Determined by initial conditions, |ine is a fiting curve from formula
the system may tend toward u,p,w)~(0.32, 0.14, )
0.35)—low state, or ,v,w)~(0.69, 0.03, 1.08—high S (A> exp( ZAU) ®

state. Both of them remain unchanged if the modulation of R=N~Mb D

Py is within 0.25. On decreasing,, the high state drops to where,AU~D ., Stands for height of the potential barrier.

the low state at point B, while on the other hand, rises theI'his formula is given to one-dimension bistable model. It is

low state up at point E. . . . .
O iy . . obtained from the Fokker—Planck equation under adiabatic
At P“_3E'00>< 10"* mbar, we a_dded a signal with an approximation, and conditiorB<1, A<1.2%??There exists
amplitudeA;=0.2, and frequency;=0.1 Hz. The system a SR peek, evidently

remains in one of the tw : no transition r - e : “
emains in one of the two states; no transition occurs be In addition, we emphasize a “narrow” bistable state.

tW_ee” th_em[Flg. 3@]' Then,_ Ie_t the §|gnal plus Gauss_lan Under lower temperature, the bistable regime is much wider.
noise as input, and increase its intensity gradually, transmon.?0 cause state-to-state transitions needs much stronger

startin Fig. 3b), an_d become more regular in F_'q'CB B_Ut modulation, and the SR behavior in the original sense disap-
for too strong a noise, the transitions become irregiifg.

! X ears.
3(d)]. So there exists a suitable strength, where the outpLR
just shows original signal, and results in SR. A power spec- . _
trum of Fig. 3c) is shown in Fig. 4, from which we can B. Near Hopf bifurcation

At P,=39.8<10 ¢ mbar in Fig. 2, withA,=0.25 this
modulation is not strong enough to cause transitions between
the stable state and oscillatory state, but with the help of
noise, the transitions may occur. Another SNR curve was
obtained, and is plotted in Fig(15.

» By fitting with Eq. (6), we were surprised that the pa-
10 005 010 0.15 0.20 0.25 0.30 rameter A and potential height A\U=1.5A;=1.2A,) are
Frequency (Hz) both the same as that above. It suggests that both of the two

FIG. 4. Power spectra analysis of time serial while the noise is optimal,Cases share a same potentlal barrier determined malnly by

where two signal peeks show at frequency 0.1 Hz and frequency doublinéempe_raturei a_nd t_he large difference betW_e_en their dyr_]:_imics
0.2 Hz. behavior has little influence on the curve fitting. In addition,

10”7

Power

10°




J. Chem. Phys., Vol. 109, No. 5, 1 August 1998 Yang, Hou, and Xin 2005

our results agree that SR is determined by the nonlinear systR. Benzi, S. Sutera, and A. Vulpiani, J. Phys1A L453 (198J).
tem itself, and is little related with external conditions, such S. Fauve and F. Heslot, Phys. Lett.9%, 5 (1983.

. . 3 ;
as amphtude and frequency of S|gnal. (Biglg/IgNamara, K. Wiesenfeld, and R. Roy, Phys. Rev. L6@,. 2626
4A. Hib.bs, A. L. Singsaas, E. W. Jacobs, A. Bulsara, and J. Bekkedahl, J.
IV. CONCLUSION Appl. Phys.77, 2582(1995.

. . . . 5 :
Through analysis of a typical surface catalytic reaction “3’6 §'3D3°7“(91'g§; L. Wilkens, E. Pantazelou, and F. Moss, Nat.sadon

mo_del, Pt/CG-0O,, stochastic resonance be_havio_r was foundGA. Longtin, J. Stat. PhysZ0, 309 (1993.

while one of the control parameter®,,, is periodically 7K. Wiesenfeld and F. Moss, Natufeondon 373 33 (1995.
modulated and includes a noisy component, where the noisép. jung and K. Wiesenfeld, Natuteondon 385, 291 (1997.

plays a constructive role to make the weak periodic signal®s. M. Bezrukov and I. Vodyanoy, Natuteondon 385 23 (1997).
more clear by increasing the signal-to-noise ratio. In contras]to/l*égliizf;ﬂégéDECherv K.-P. Zeyer, and F. W. Schneider, J. Phys. Chem.
Wlt.h tr?dltlonal meth.qu’ Wh”e the signal is magnified, thellA. Forster, M. Merget, and F. W. Schneider, J. Phys. Ch&dg, 4442
noise is also magnified simultaneously. These two results ;g9q

have distinct differences. In addition, while stochastic reso<2w, Hohmann, J. Muller, and F. W. Schneider, J. Phys. Chiof, 5388
nance acting, the system becomes much more sensitive ta1996.

external input signals than usual. Therefore, these two find=R. Imbihl and G. Ertl, Chem. Rew5, 697 (1995.

ings might suggest a new method to develop chemical sen—gé;‘h(’i‘;;%"a' G. Vesser, A. Mikhailov, and R. Imbihl, Phys. Rev. Lgtt.
sitive dewcgs in field of appllca_nons. By t.he way, stochasy.clsK. Krischer, M. Eiswirth, and G. Ertl, Surf. Sc251, 900 (1991).
resonance is one aspect in which the noise shows a positivey. giswirth, K. Krischer, and G. Ertl, Appl. Phys. A: Solids Susfl, 79
effect. Noise may also play a constructive role, or create new (1990.

orders, or support wave traveling in many reaction-diffusion'’M. Eiswirth and G. Ertl, Phys. Rev. Le0, 1526(1988; Appl. Phys. A:

; ; Solids Surf.47, 91 (1991).
systems, and these studies seem in the ascendant. 19, Eiwwirth. P, Mo(ller, J;nd &. Ertl. Surf, Sc208 13 (1989,

19K, Krischer, M. Eiswirth, and G. Ertl, J. Chem. Phyg¥, 307 (1992.
ACKNOWLEDGMENTS 20| yang, Z. Hou, and H. Xin, Chin. J. Chem. Phy, 62 (1998.

21 ) . . .
This research was supported by the Natural Science Stochastic Forces and Nonlinear Systeredited by G. Hu(ShangHai
PP Y Scientific and Technological Education Publishing House, ShangHai,

Foundation of China. The authors would also like to ac- 1994,
knowledge the hospitality of the National Laboratory of The-22g_ | anzara, R. N. Mantagna, B. Spagnolo, and R. Zangara, Am. J. Phys.
oretical and Computational Chemistry. 65, 341(1997).



