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We use a numerical simulation method to study the nonlinear behavior of spatiotemporal oscillations in the
Gunn diode at room temperature, in which the applied bias includes a dc term and a stochastic noise term. We
find noise-induced stabilization in the traveling state, stochastic postponement of the stationary- to traveling-
domain state, and destabilization of current. Our results show that the temporal noise plays an equivalent role
as the spatial characterisfice., Schottky barrigrin the dynamical systenjS1063-651%98)51202-0

PACS numbeis): 05.45:+b, 05.70.Ln, 72.20.Ht, 73.40.Kp

Effects of noises in dynamical systems are not only ofthe critical valuen, is found in the study. Therefore, tempo-
fundamental interest but also of practical importance, esperal noise seemingly plays an equivalent role as the electron
cially in the semiconductor devices. This is because noisegjensityn at the cathode.
which is usually stochastic in nature, is always present and We consider am-type GaAs with a sample length at
unavoidable in almost all systems. Effects of noises in nonfoom temperature which is applied by a dc biasThe ap-
linear dynamical systems have been intensively studied foplied field E=V/L is the NDC region of the current-density
decade$1,2]. One of the striking effects of noise in nonlin- field characteristic oh-GaAs. Thus the system may undergo
ear dynamical systems is to induce a shift in the critical valugsPatiotemporal oscillations. We assume that the only relevant
of the control parameter of the system, including physicaI,SPat'a| vana}ble i whlch is in the direction 'of the field.
chemical, biological, and theoretical model systdgis The ~ The dynamical equation fdE(x,t) can be written a$7]
shift of the critical value of the control parameter, which 3E 1 E _E 1
signals the onset of the instability of the system, may be “=_ _ - "B\ _ T /F\ " .po .=

; L enyv (E)— v (E) =~ +D— + = Jine(t), (1)
either toward a smaller critical valu@dvancementor to- at € dx ax% €
ward a larger critical valuépostponement Another striking L
effect is the controlling of chaos by noise, which had beerwherev andD are the effective drift velocity and the diffu-
illustrated in the long Josephson-junction oscillator under thesion constant of the conduction electrons, respectivklyjs
influence of Gaussian random noigg. This phenomenon the total current densitgconduction current density plus the
indicates noise-induced stabilization in the dynamical sysdisplacement current densityhich is a function of timet
tem. In this paper we report a postponement of the criticaPnly required by the Maxwell equations; aeds the permit-
value of the control paramenter in the simulation study of theivity of the sample.
transition from a stationary- to a traveling-domain state in  The dynamical equatioft) is a partial differential equa-
n-GaAs(i.e., Gunn diodd5]), in which the electron density tion for the fieldE(x,t). We use the Fourier series expansion
at the cathode is considered as a control parameter. We al§ethod to treat the spatial dependenceof
find that noise tends to stabilize the traveling domain locked
in space. But in contrast to the behavior of traveling domain, E(X,t)=E¢+ >, En(t) €™k 2
the current is more irregular in time when the strength of m
noise is increased. ) i i . ] ]

In a previous work6], we studied the surface effect in the WhereEs=V/L is the ap_plled static uniform flgld for_a noise-
Gunn diode when the applied dc bias is in the negative diffree systemEy, are the induced fields where is an integer
ferential conductivity(NDC) regime. With the advancement €xtending from—o to +9, andk=2/L, with L, being a
of modern molecular beam epitaXyBE) technique, the length constant. The rate equationsEgy(t) can be obtained
electron densityn at the cathodgmetalh-GaAs contagt by substituting Eq.(2) into Eq. (1), and expanding (E)
may be controlled in experiments, and thus it may be conaround the static fieldEg to obtain coupled first order ordi-
sidered as a control parameter. We found that the systemary differential equations fog,,,
may have a transition from a nonoscillatingtationary-
domain state to an oscillatin¢traveling-domain state when dEn
the control parameten is increased froon<n. to n>n, dt
wheren, is the critical electron density at the cathode. The
transition is a global bifurcation known as a nonhysteretic _ 2 iﬁ EE ...E 3)
transition caused by saddle-node bifurcation on a limit cycle. my+my+ - +my=m P! p.m=my;=m; Mp?

In this paper, we study the effect of temporal noise in the
saddle-node bifurcation described above. A postponement ofhere
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By substituting Eg. (2) into the circuit equation,V ~M‘mew
= [5E(x,t)dx, we obtain a relation between the Fourier Ww/wmww*
componentsE,,, e e o L A
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Equations(2)—(4) are the basic equations for our model. T et
Equation(3) is a set of infinitely many coupled first order
ordinary differential equations involvindE,,/dt. When the
applied fieldE, is in the NDC regimep ! is negative and = e —
some of the linear coefficient,, in Eq. (3) will be positive. E
This means that some of the moHeg, will be unstable and
the system undergoes spatiotemporal oscillations.
As in our previous studies in Gunn diode under dc field
[6,8] andrf -alternating field[9,10], we choose nonperiodic e
basis functiorL,=2L and the two boundary conditions for e f-—'*”““””“‘”'““”
the dynamical equation are chosents V/L and dE/dx ——
. 0.0 5.5 11.0
=eny(n/ng—1)/e at the cathode, whera, is the back- X (p0m)
ground positive charge density. The electron densist the
cathode is considered as the control parameter. To study th
effect of the noise we include a noise term in the applied (e)
field E5 in Eq. (2), thus
E=V/L+An(t), (5)
where A is the strength of the noise ang(t) satisfies the E
white noise conditions{7(t))=0 and (7(t)n(t'))=4(t =
—t'). The symbol{ ) denotes the ensemble average. The
parameter values used for the numerical calculationd_are
=11 um, v(E)=[pE+vo(E/Eo)*)/[1+(E/Ep)"], w
=5000 cnt/Vsec,vy=8.5x10° cm/sec,Eq=4.0 kV/cm, e
=1.1x10*? Coul/Vecm, ny=10"%cm®, D=140 cnf/sec, S 4

andV/L=4.8 kV/cm, which is in the NDC regime. With this ' X (e m)
field it is sufficient to keep the mod&s, with |m|<3 and all
higher order modes can be neglectechgs<0 for |[m|=3.

When there is no noise, the system undergoes a transition FIG. 1. Nonlinear response of the traveling domains in Gunn
from a stationary-domain state to a traveling-domain stateliode under different values of noise strength@ A=0 V/cm, (b)
when the control parameter exceeds the critical value,  A=380 V/cm, andc) A=400 V/cm. In this example, the nonideal
=0.73,. In the following we present the numerical results Schottky barrier at the cathodge., n/ny=0.9) is used, and the
of the noise effect by substituting E¢p) into Eq. (2) and  total time interval is equal to 4.125 ns. For clear illustration, we plot
solve Eqgs(3) and(4) numerically by keeping onl§, with time versus the position of the maximum fieXdin the high-field
Im|<3. We first study the noise effect in the traveling- domain. The dashed square(a) indicates the velocity of electric-
domain state which is shown in Fig. 1, where thelenotes field domain slowdown in sample.
the position of the maximum field in the high-field domain
and the successive horizontal curves in Figs) And Xb)  velocity of the high-field domain will slow down in some
mean that wheiX reaches the right end of the sample, it will region of the sample. The time duration of slowing down
return to the left end as time goes on. For a noise-free systeaepends on the electron densityat the cathod¢6]. When
[Fig. (@], the high-field domain travels with almost a con- the stochastic noise with smafl is added to the system, the
stant velocity from the cathode to the anode except that thgaveling domain has the tendency to be locked in a certain
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FIG. 2. Position of the maximum field in the high-field do-
main versus/ng for different values ofA: (a) A=0 V/cm, (b) A
=240 V/cm, and(c) A=400 V/cm.

FIG. 3. Attractor reconstructions obtained by the time-delay
method(T=20.6 p3 from current oscillations at different values of
A: (8 A=0 V/cm, (b) A=40 V/cm, and(c) A=120 V/cm. The

narrow region of the sample for a short duration of tirRé. control parameten/ng is 0.9.

1(b)], during which the average traveling velocity is almost
zero. The average time duration of being locked increases ggnes the transition from the stationary-domain state to the
the noise strength increases. Finally the traveling domains traveling-domain state as the control parameténcreases.
become entirely locked in that narrow region of the samplg=or a noise-free system the critical value for the transition is
when the noise strengtA is sufficiently high[Fig. 1(c)]. n.=0.73,, butn. increases as the noise strength increases.
This result implies that the transit characteristic in a noisedn Fig. 2 we plot the position of the maximum fieklin the
free Gunn diode can be entirely destroyed to result in a stahigh-field domain as a function of/ny with several noise
tionary characteristic due to an external noise. strengthA. In Fig. 2a) we show that the critical value for the
Another important point of our study is that noise post-transition isn.=0.73, for a noise-free system. When the
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noise strength is 240 V/cm, we can see that=0.8np and  When the stable node and the saddle node meet togetner
the position fluctuation in the stationary-domain ste@eg.  n>n.), there is no other fixed point on the large-amplitude
2(b)]. In Fig. 2c) when the noise strength is increased to limit cycle, then the traveling-domain state appears. When
400 V/cm, the traveling-domain state disappears and becomnthere is white noise in the traveling-domain state, the pair
entirely locked in narrow region of the sample. The illustra-fixed points, i.e., the stable node and the saddle node, are
tion in Fig. 2 is called stochastic postponement. created on the large-amplitude limit cycle, then the traveling
Finally, we want to analyze noise-induced destabilizationdomain will be locked in space. This situation is quite dif-
via attractor reconstructions by the time delay metHidd in ~ ferent from the well-known stochastic Hopf bifurcation, in
Fig. 3. For a noise-free system, periodic current oscillation invhich noise makes the unstable focus stabilized. But in con-
the traveling-domain state is shown in FigaB The oscil- trast to the noise-induced stabilization in the traveling do-
lating frequency is equal to 8.6 GHz. When the ndise., = main, we find the noise-induced destabilization in the oscil-
A=40 V/cm) is added to the traveling-domain state, a smalllating current. The reason can be understood via the above
fluctuation of periodic current oscillation appeésg. 3b)]. explanations. When noise strength is large enough to lock
When the noise is increased to 120 V/cm, the current oscilthe traveling domain in the space, it means the whgle
lation becomes erratic in a wider regirfigig. 3(c)]. There- modes will tend to some fixed values and the total current
fore, in contrast to the above-mentioned noise-induced stabdensityJ,., is entirely determined by the noise terms in Eg.
lization from the traveling domain to the stationafgr  (3). Thus, the periodic current oscillation will be replaced by
locked domain, the current oscillation will become more the erratic current oscillation when noise is added to the dy-
stochastic and the amplitude of oscillation will becomenamical system.
larger than the noise-free case when noise is added to the In conclusion, we numerically study the spatiotemporal
system. This phenomenon is called noise-induced destabilstructures in the Gunn diode under externally white noise.
zation from periodic current oscillation to erratic current os-The stochastic postponement of the transition from a
cillation. stationary- to a traveling-domain state, noise-induced stabili-
The temporal noise plays an equivalent role as the spatiaation for electric-field domain and noise-induced destabili-
characteristici.e., Schottky barrigrin the dynamical system zation for oscillating current are found. This paper reports
which may be analyzed in terms of the theory of nonlinearthat noise-induced stabilization may be found in a semicon-
dynamics. With only a dc bias in the NDC regime, the dy-ductor device, e.g., a Gunn diode. Our result is quite unique
namical behavior of the Gunn diode can be described as thend rather different from earlier studies about the effects of
saddle-node bifurcation on a limit cycle, in which the controlnoise. We hope that these numerical results can be experi-
parameter is the electron densityat the cathode. The sys- mentally observed.
tem consists of unstable focus, stable node, saddle node, and
a large-amplitude limit cyple. T_he_ unstable focus, the stable ACKNOWLEDGMENTS
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