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Silicon multilayered devices biased with a dc voltage exhibit spontaneous voltage oscillations which are
connected with spatial, pendulumlike oscillations of a current-density filament. When driven with a superim-
posed sinusoidal voltage, the oscillations of the device voltage show frequency locking, quasiperiodicity, and
chaos. In order to correlate the global voltage oscillations with the filament motion spatially resolved mea-
surements of the filament dynamics have been performed by using two different techniques: measurements of
the recombination radiation with a streak camera and measurements of the potential on the device surface
between the electrical contacts with an active potential probe. The experimental results clearly reveal that the
various kinds of voltage oscillations are caused by corresponding frequency-locked, quasiperiodic, or chaotic
filament motions[S0163-18286)05143-7

[. INTRODUCTION the appearance of complex spatial structures can be expected
when a self-sustained oscillation of the aforementioned kind
In nonlinear dissipative systems, a huge variety of instais forced by an external periodic driver. For driven Gunn
bilities leading to the appearance of self-sustained oscilladiodes mode locking and irregular spatiotemporal behavior
tions has been investigated both experimentally and theoretéf traveling field domains have been predicted in numerical
cally in the last three decades. It has been shown for diversgimulations:®> However, experimental confirmation has yet
biological, chemical, and physical systems that the interplayo be seen. Recently, detailed spatially resolved measure-
of the internally generated oscillation with an external peri-ments on the spatiotemporal behavior of the electric field
odically oscillating driving force can lead to such interestingrelated with the complex dynamics of space-charge domains
phenomena as frequency locking, quasiperiodicity and chadsave been performed in driventype ultrapure G¥€*and a
(for a review see, e.g., Ref.).1The well-known one- set of rate equations within the drift-diffusion approximation
dimensional discrete standard circle map turned out to be dias been used to describe the experimentally observed
fundamental importance for studying such phenomena. It debehavior?® They gave clear evidence of mode locking and
scribes the evolution of the phase of a driven oscillating sysspatially coherent as as well as incoherent variations of the
tem measured at periodic time intervals which are given byelectric field. Periodically and irregularly switching current-
the period of the external driving force. The analysis of thedensity filaments are proposed to explain the phenomena ob-
circle map revealed universal scaling laws and beh&vior served in drivem-type GaAs:16:7
which made it a generic map for describing dissipative sys- In this paper we investigate the dynamics of a sinusoi-
tems with two competing frequencies. dally driven rocking current-density filament, i.e., a filament
In semiconductors and semiconductor devices, partly experforming spatial, pendulumlike periodic oscillations, thus
cellent quantitative agreement between the predictions of theepresenting one of the aforementioned basic oscillation
circle map and experiments have been obtained. In particunodes. Section Il presents details concerning the investi-
lar, quasiperiodic and chaotic oscillations and transitions begatedp™-n*-p-n~ samples, and briefly describes the prop-
tween them have been studied in detail, e. g., in ac driverrties of the dc-biased samples. The global response of the
n- (Refs. 6 and Y and p-type Ge®1°as well as inn-type  system on sinusoidal ac excitation is studied in Sec. Ill by
GaAs!''2Most investigations have been performed by ana-analyzing the time series of the device voltage as a function
lyzing time series of global quantities, e.g., the device cur-of the amplitude and frequency of the ac drive. The experi-
rent or voltage. However, in all examples mentioned, spaments presented show that the interaction of the external
tially nonuniform distributions of local quantities, e.g., the drive with the self-generated oscillation leads to universal
carrier density, current density, or electric field, are knownbehavior and bifurcation routes as predicted by the circle
or at least assumed to cause the oscillation of the globahap. In Sec. IV we focus on the spatiotemporal dynamics of
guantity. the driven rocking filament. Spatially resolved measurements
Current-density filaments and electric-field domains areof the electroluminescence radiation and the potential reveal
two prominent examples of such spatial structures. In manyhat the observed frequency-locked, quasiperiodic, and cha-
cases, the dynamic behavior of these two structures can lmic oscillations of the device voltage can be correlated to
reduced to a few fundamental modes: oscillations of the ameorresponding rocking motions of the filament. Some con-
plitude, the width, or the center of the structure. Obviously,clusions are presented in Sec. V.
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with the dimensions of the two samples belonging to the

200 experiments presented in this paper.
1 It has been shown in a previous work that the autocata-
] Iytic current increase is accompanied by the evolution of a
R ] 11 ]— static current-density filament that is stabilized by two com-
< 1 4 PN A peting processe$:'° On the one side the autocatalytic car-
£ 100+ '/ rier multiplication stimulates the formation of the filament,
—~ i <] while on the other side the increasing current density causes
| y an increase of the voltag¥, across thep-n~ junction,
1 Fop e Lo o) o which counteracts the current increase. Due to the large car-
S93 | 474 10765 | 0.56 rier lifetime of about 10Qus in then™ layer, a spreading of
0 T T the current-density filament takes place in this layer causing
0 20 40 a corresponding broadly peaked distribution of the voltage
V) V,,, so that the inhibiting mechanism also becomes effective

far away from the filament center and leads to the stabiliza-
FIG. 1. Current-voltage characteristi¢V) of sample S89 at tion of the filament.
room temperature. The inset shows a schematic sketch of the \when a critical device current is exceeded, spontaneous
sample and geometric dimensions of the two samples the resulissiiations of the device voltage with a frequency of the
presented in this work refer to. order of several kHz appear. It turned out that these oscilla-
tions are accompanied by a pendulumlike oscillation of the
Il. EXPERIMENTAL DETAILS whole filament around a fixed position in spafé? Again
The p*-n*-p-n~ samples used for the measurementsth€ competition between the activating and inhibiting process

were prepared from a lightly dopedtype (111) silicon wa-  €a@n explain the observed oscillation, making use of the fact
fer with a resistivity of 5000 cm. Thep-doped layer was that the lateral spreading of the acuvgtlng mechanism is
fabricated by an aluminium vacuum predeposition with af@ster than that of the inhibiting procé$$”. The amplitudes
subsequent drive-in step, te™ layer by a phosphorus dif- of the osc_lllatlo_n of the device voltage and current are very
fusion. The topp™ layer was produced by boron implanta- small, typically in the range of few tenths of a percent up to
tion. At the bottom of the high-resistivity substrate an addi-2 féW percents of the dc parts. They are probably caused by
tional n* layer was formed by phosphorus implantation tosmal[ qugtuauons in the Wldth and amphtude of the current-
provide a nonblocking electrical contact. Finally, aluminium density filament. Increasing the dc bias, we observe a con-
layers were evaporated on both wafer sides. After cutting thnuous increase of the spatial oscillation followed by a
wafer into rectangular samples the four fractured surfaceB€riod-doubling sequence and an irregular filament métion
were polished to reduce surface damage. The sample charaliS Pehavior has been found in more than 40 samples cut
teristics are described in detail in Ref. 18. from two different wafers.

The measurements are carried out with the samples
clamped between two aluminium jaws the temperature of 1. NONLOCAL ANALYSIS
which is fixed with an accuracy of 0.1 K. The samples are
connected to an amplifier via a load resisiy. The output
voltageV(t) of the amplifier is given by

As mentioned above, the main aim of our work is to in-
vestigate the spatiotemporal dynamics of a driven rocking
current-density filament. Therefore, for all results presented
in this paper the dc bias has been adjusted such that the
rocking motion of the filament is simply periodic. In this
section we analyze the global system response on an external
drive amplitude, and is the drive frequency. In order to drive by studying the dependence of the device voltage on

minimize thermal heating of the samples the voltage isn€ drive frequencyy and the drive amplitud®,. In Sec.

switched on for relatively short periods of 200—-600 ms fol-1V we relate the global response behavior to the local fila-

lowed by a waiting period of the order of 100 s. ment_dynqmlcs. Asa resu!t we are able to sypply a complete
First, we briefly discuss the cas&=0, i. e., a pure dc clas$|f|cat|on of _the spatiotemporal behavior of a driven

voltage V, is applied to thep™-n*-p-n— diodes with the rocking filament in thef4-V4 control parameter space.

p* layer positively biased with respect to thé substrate. Whgn the drive amp"t“de IS rglauyely smalll, the tempora_l

Then*-p junction is reverse biased, and limits the total Cur_behawor of the device voltage is either periodic or quasi-

rent flowing through the device. For sufficiently large deviceper'Od'C.' Examples for frequency—!ocked oscillations are
voltages & 40 V) the electric field in the space-charge re- s_hown in I_:lgs. &) and 2b). In t_he first two C(_)Iumns, the
gion of this junction becomes large enough to effect carriefme sengs of the applied ] ac  drive_ voltage
multiplication by impact ionization. The generated electron-Va(t) =Vasin(2mft) are compared with the ac par(t) of
hole pairs are separated in the high-field zone; the electrori§e resulting voltage oscillatioW(t) =V+V(t), whereV is
move toward thg™ anode, the holes toward the cathode. the mean time value o¥(t). The third column of Fig. 2
There they may cause an additional carrier injection leadinghows the Poincammaps, constructed by strobing the device
to a positive feedback and an increase of the device currenyoltage V(t) at the zero passages of the ac drive with a
Figure 1 shows a typical current-voltage characteristic of thdo0sitive slope and plotting then1)th vs thenth strobed
device. The inset of Fig. 1 illustrates the sample geometryalue. The last column contains the power spectr&@j.

Vs(t):VSo+VdSin(27det), (1)

where Vg, is the dc part of the applied voltag¥y is the
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FIG. 2. Time series of the ac dri\)@(t) and the ac paﬁ(t) of the device voltage, Poincaneap constructed frorﬁ(t) at a fixed phase
of V4(t), and power spectrurR(f) of V(t) for different values of the drive frequencfy; = 1606 Hz(a), 1953 Hz(b), and 2032 HZc).
Other parameters aMy, = 173.7 V,V4 = 1.82 V,Ry = 1.01 K}, T = 287.2 K, andf, = 1523 Hz for sample S93.

The data shown in Fig.(3) have been taken at a drive ratio shown. The locking ratio has been experimentally detected
fo/fy = 0.95. The fundamental oscillation frequency for the py evaluating the loca| extrema of(t) andVy(t) and the
fixed dc biasvsy = 173.7 Viisfo = 1523 Hz. Obviously, the  power spectrum o¥/(t). The plateaus in Fig. 3 indicate the
voltage oscillation is frequency locked to the external drivefrequency intervals in which frequency locking of the volt-
with 2 1:1 locking. This is confirmed by the power spectrtumage oscillation to the external drive withR{Q locking ap-

in which only the drive frequencymain peak and its har-  pears. As predicted by the circle map, the locked regions
monics appear and by the Poincamap containing only & order in a way that regions with frequency ratios
single point. Figure @) shows an example of a frequency- (p4+ p’)/(Q+Q’) fall between locked regions with/Q
locked oscillation with a 3:4 locking at a drive ratig/fq = and P//Q’. The widths of the latter intervals are always
0.78. In the time serie¥/(t) an amplitude modulation is |arger than those of the locked intervals in between.

clearly discernible. The power spectrum reveals a series of For larger drive amplitude¥, the widths of the locking
equidistant peaks. The distance between two successiVgtervals increase and frequency-locking behavior infife
peaks is 1/4,. As expected, for a 3:4 locking there are two v/, control parameter space is described by a set of Arnold
subharmonics in the spectrum according to the general rulgyngues, as shown in Fig. 4. This diagram has been obtained
that the number of subharmonics is equalRe 1, where

P denotes the nominator of the frequency-locked oscillation

with a P/Q locking. The number of points appearing in the 12
Poincaremap is equal to the denominator ofP4Q locking

in agreement with the four points of the map shown in Fig.

2(b). The oscillation shown in Fig.(2) belongs to a drive 08|
ratio fo/fq = 0.7495 that leads to a quasiperiodic behavior. T
The appertaining power spectrum clearly reveals peaks at the

frequencyf,, the fundamental oscillation frequency of the 04T
self-sustained oscillation, and at the the drive frequency
fq. Many peaks at frequencigs=nf,+mf; also appear, 0.0

wheren andm are whole numbers. A further indication for 0.0

the quasiperiodic behavior is given by the Poincamap

which is forming an approximately closed curve, giving evi-

dence of a dense covering of the toroidal attractor. FIG. 3. Locking ratioP/Q as function of the frequency ratio
In Fig. 3 the result of a systematic variation of the drivef,/f,. Parameters ar¥, = 49.5 V, V4 = 352 mV, R, = 510

frequency f4 (Afy4=60 H2 at fixed drive amplitude is Q, T = 314.8 K, andf, = 4717 Hz, for sample S89.
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el e e . trum are shown. The large broadband noise in the spectrum
os| Sllin e mm  msmnn . and the shape of the projection on the phase space indicate
w — —— o chaotic behavior. The return map is strongly reminiscent of
i - v—— . m—— the one-dimensional quadratic m¥pand gives further evi-
ot 1 1 D y dence that even though the device is spatially extended the
S - ok . w R — dynamics can be reduced to a few degrees of freedom. Note
T u Al e e that the chaotic time series presented in Fig) & part of a
R o] Nmmsas snrus bifurcation sequence observed in the 1:1 Arnold tongue for a
[ X - o g\ e large drive amplitude. Starting near the left boundary of the
o2 b I N o tongue and decreasing the drive frequency, i.e., increasing
o the rationf,/f4 we observe a period-doubling cascade, and
] o 13 finally a transition to chaotic behavior. The period-2 and -4
00 L - v 0’_*8 Ll - oscillations of this sequence are additionally shown in Figs.
(/1 5(a) and §b). Similar period-doubling routes have been
0o d

found in other Arnold tongues for sufficiently large drive

amplitudes.
FIG. 4. Arnold tongues in thé4-V, control parameter space.

Low-order locking ratios are marked by different symbols. The
solid lines have been added to guide the eye. ParameteX§are
49.2 V,Ry = 510 K}, T = 314.8 K, andf, = 4580 Hz for sample
S89.

IV. SPATIOTEMPORAL BEHAVIOR

The spatiotemporal behavior of the driven current-density
filament has been characterized by applying two different
measurement techniques. A streak caméramamatsu

by varying the drive frequency and the drive amplitude incy5g% with an infrared sensitive S1 photocathode has been
steps of 60 Hz and 50 mV, respectively. For sufficiently seq 1o image the electroluminescence radiation emitted

large amplitudes the tongues may overlap, indicating a Critifrom one of the polishety-1, surfaces of the sampl€ig. 1).

cal line, aboye which 'chaotic oscil!ations may appear inSince the radiation is most effective near tha junctions, a
agreement with predictions of the circle map. An example

. L C . small stripe parallel to the anode and comprisin e
for a chaotic oscillation is shown in F|g(<5;ln addition to pe P P g e

) ’ T n*-p structure of the sample was focused on the photocath-
the time serie&/(t), the projection onto th¥/(t+100 uS)- e of the streak camera. The weak intensity of the electrolu-

V(t) phase space, the return map constructed by plotting thgiinescence in Si requires that some hundreds of single shots
(n+1)th vs thenth minimum ofV(t), and the power spec- are summed up. Thus this technique is limited to periodic
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FIG. 5. Period-doubling cascade and chaotic oscillations in the 1:1 Arnold tongue: Time’\-s(etbieprojection of the phase space onto

theV(t+ 100 ,us)-\~/(t) plane, return map, and power spectrin¢f) for f4 = 1786 Hz(a), 1766 Hz(b), and 1688 HZc). Other parameters
areVg = 169.2 V,Vy = 7.10 V,Ry = 1.01 K), T = 288 K, andf, = 1514 Hz for sample S93.
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oscillations. In the case of nonperiodic oscillations, measure-
ments with a potential prob8Ventworth, Picoprobe 18B
have been carried out to get information about the filament
motion. The low input capacity of the probe of about 0.02 pF
leads together with the contact resistance to a time resolution
of about 1us. The probe is controlled by a micropositioning
system so that the potential on thel, surface(Fig. 1) be-
tween the two aluminium electrodes can be measured with a
spatial resolution of about &Am.

A. Frequency-locked motions

Figure Ga) shows a streak camera record for a 2:3 locking
of the voltage oscillation to the external drive. The bright
regions correspond to regions of high luminescence activity
and indicate the current-density filament. The white vertical
line marks the left boundary of the sample. Obviously, the
filament performs a well-defined oscillation around a certain
position with a relatively small spatial amplitude of the order
of 100 um. From the streak camera record a time series of
the positionx.(t) of the filament center was constructed
[Fig. 6(b)]. This time trace reveals an amplitude and phase
modulation in that one period of the voltage oscillation con-
tains two filament elongations of different amplitudes and
durations. The time interval of the first elongation,
At;=(0.80+0.05) ms, is larger than that for the second one,
At,=(0.62+0.05) ms, while its spatial amplitude is smaller.
A comparison of.(t) with the voltage oscillatioV(t) [Fig.
6(c)] reveals that both signals are strongly correlated. Within
experimental error the local maxima Wf(t) coincide with
the local minima ofx.(t), i.e., with the maximum filament
elongations to the leftFig. 6@]. The same is valid for the
local maxima ofx.(t) and the minima ot/ (t). This asym-
metry is due to the fact that the filament oscillates close to T T T
the left sample boundary. At the turning point near the £ 750 ;"“& ey 0

= A

A A %
. . H H i Y 4 . A
f A AL - E
bounda|y, the ||a.| 1ent eXpelIenceS a CO|||p|eSS|On, |ead|ng to xoSOO - 4 At1 A At ““A‘ 5:1 V -

a decrease of the total current and, accordingly, to an in-
crease of the device voltage. At the other turning point, the 100 | T 1 T

1
filament is stretched and, by this, it is able to carry a slightly 2 ) \/\/\/ (©)
larger current. Therefore, the sample voltage decreases. Note g
that the voltage and current oscillations are only of the order -100 . . , i
of 0.1-0.5 % of the dc parts. It is obvious from these streak 3 @
camera measurements that frequency locking is achieved by s f\/
changes of the amplitude of the rocking motion as well as by =°

variations of the velocity of the filament, the latter is mani-
fested in particular in the fact that the time intervet; for

2

the smaller elongation is larger than the time intervg for t (ms)
the larger elongation.

Potential measurements on the sample surface between FIG. 6. Motion of a current-density filament for a 2:3 locking of
the electrodes confirm the strong correlation between theéhe voltage oscillation to the added ac driv@) streak camera
voltage oscillations and the filament motion. An example ofrecord, the vertical white line marks the left sample boundéby;
spatially dependent potential oscillations for a 1:2 locking oftime series of the filament centgg(t) reconstructed fronta), (c)
the voltage oscillations with respect to the ac drive is givensample voltag&/(t), and(d) ac drive voltage/4(t). Parameters are
in Fig. 7(a). The six time series have been taken at six dif-Vy, = 168.4 V,V4 = 3.48 V,f4 = 2082 HzZ,R, = 1.01 K), T =
ferent, equally spaced positions parallel to the anode. Th288.2 K, andf, = 1477 Hz for sample S93.
distance from the anode was 1A%n, i.e., the measurements
have been performed in the™ layer close to the@-n~ junc-  ments have been restricted xocoordinates in the interval
tion. The continuous decrease of the dc part of the measurg@,1.1 mn), while the total lengtH, of the sample is 4.74
potential oscillations from the boundary & 0) to the inte- mm. The amplitudes of the ac parts of the potential oscilla-
rior of the samplgFig. 7(a)] clearly indicates that the fila- tions near the turning poinfsippermost and lowest curve in
ment is located near the boundary. Therefore, the measur&ig. 7(a)] are larger than those in between, as expected for a
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_ FIG. 8. ac partT/pot(x,t) of the local potential and ac part

V(t) of the device voltage for a quasiperiodic filament oscillation.
FIG. 7. Local potentiaV/yo{x,t) (@) measured at equally spaced Vpo{X;t) Was measured near the two turning points of the oscillat-

positions on a line parallel to the electric contacts for a 1:2 lockingind filament atx = 156 (a) and 903um (b) in a distance of 210

of the sample voltag&(t) (b) with respect to the added ac drive #M from the anode contact. Parameters g = 47.09 V, fy =

voltageV,(t) (c). The time series shown i@ have been recorded 2.57 kHz,fo = 1.60 kHz,R, = 1009, T = 303.3 K, andVy =

atx = 205, 380, 556, 730, 904, and 10@@n (from top to bottory, 330 (@, and 85 mV(b) for sample S93.

Parameters arégy = 163.4 V,Vy = 4.10 V,fy = 2841 Hz,R, =

1.01 K2, T = 294.8 K, andf, = 2330 Hz for sample S93. single shot. Therefore, for nonperiodic oscillations we are

restricted to measurements with the potential probe.

rocking filament motion. A comparison of the spatially de- F19ure iishows the time traces of the local potential mea-
pendent potential oscillations with the sample voltage oscilSuréd ax = 156 um, close to the left sample boundary and

lation V(t) [Fig. 7(b)] reveals that the uppermost curve and
V(t) are in phase, while the lowest curve awt) are in
antiphase. Characteristic features ¥{t) concerning its
shape, however, appear in both potential curvesx Abor-
dinates between the filament turning points, the shapes of t

curves are contmupusly (_1ef(_)rmed so that _the phase dlﬁegotential measured near the sample boundary and that of the

ences of the potential oscillations at the turning points can bsam le volta é7(t) are in phasdFig. 8(a], while the po-

compensated for. Both streak camera measuremgris .p 9 N p- g =~ : p.
tential near the interior turning point and(t) oscillate in

shown herg and potential measurements reveal that the fila=~"'; . e
ment is oscillating around the position= 730 wm. How- antiphasgFig. 8b)]. Along thex direction between the turn-

ever, the potential distribution lateral to the main currentd POINts the shapes of the potential curve change continu-
flow is more extended than the light density distribution in©USly. enabling the compensation of the phase shifts. For
agreement with former measurements of standing and tra20th the local and the global voltage signals the Poincare
eling current-density filament&23 The period of the poten- Maps(not shown hergconstructed from the time series re-
tial oscillation Vpe(x,t) is at all measured _coordinates sult in C|r_cIeI|ke curves, indicating a toruslike attractor. To-
equal to that of the sample voltage oscillatig(t), the pe- gether with the resu_lts for frequ_ency-locked fllamen_t mo-
riod of which in tum is twice the period of the ac drive tions, these results give strong evidence of an approximately

~ ure quasiperiodically rocking filament oscillation. Other os-
Vq4(t) indicating the 1:2 locking behavior of the filament pure d P y .

. - ; _ cillation modes, in particular variations in the amplitude and
motion. Similar correlations between the local filament mo-

. e ! the width of the filament, are also present, but the amplitudes
tion and the global voltage oscillation have been obtained fof¢ {hase oscillations are at least one order of magnitude

other locking ratios. smaller than that of the rocking motion.
o i _ In Fig. 9 the ac parV of the local potential measured
B. Quasiperiodic and chaotic motions near the turning point of the rocking filament close to the
For nonperiodic voltage oscillations the measurement ofample boundary and that of the ac p¥rtof the device
the electrolumuinescence radiation fails, as the signal-tovoltage are compared for a relatively large drive amplitude.
noise ratio cannot be improved by adding up several singlés in the case of periodic and quasiperiodic filament oscil-
shots, and the light intensity is too weak for an analysis of dations, the local and global voltage oscillations are in phase.

in the interior of the sample at = 903 um for a drive ratio
fo/fy=1602 Hz/2570 Hz leading to a quasiperiodic oscilla-
tion of the sample voltag¥(t). The chosen positions for the
local potential measurements roughly correspond to the ex-
treme elongations of the oscillating filament. Similar to the
riodic, frequency-locked oscillations, the time trace of the
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electroluminescence distribution and the local potential. For
medium-sized drive amplitudes and a rational ratio of the
self-sustained frequency to the drive frequency, we observe
frequency-locked oscillations of the global sample voltage to
the external drive that could be clearly attributed to a
frequency-locked oscillation of the rocking filament. The
spatially and temporally resolved measurements reveal that
the filament motion adapts to the external drive by changing
the amplitude as well as the duration of the fundamental
oscillations. In contrast to self-sustained oscillations, where
an increase of the dc bias leads to a monotonic increase of
both the spatial amplitude and the period of the oscillation,
the ac driven rocking filament may adjust its motion to the
external drive by simultaneously lowering the amplitude and
increasing the duration of the single oscillation, or vice
versa, or even by a combination of both, as has been illus-
frated for the case of a 2:3 locked filament motion.

For irrational drive ratios the potential on a line parallel to
the electric contacts is oscillating quasiperiodically. The ob-
served phase shift of the potential oscillation with respect to
the likewise quasiperiodically oscillating sample voltage and
its specific variation in space gives, in conjunction with the
results for periodic oscillations, strong evidence of a quasi-

Chaos is indicated by the shape of the return maps, that ha\pgriodic motion of a rocking filament. Note that quasiperi-

been constructed by using successive local minima of thgdic filament motions due to the interaction of two internal

time series, as well as by the increasing broadband noise @Scillation modes of a filament are also conceivable, as has
the associated power spectra, in that only the fundamentQ€en _shown in numerlcal s_lmu_latlons fpr the case of interact-
frequency, the first subharmonic and their harmonics ard"d Width and rocking oscillations of filamentary structures
clearly visible, while other discrete frequencies are less sigih Refs. 24 and 25. However, an experimental confirmation
nificant. Potential measurements at othercoordinates, ©f such quasiperiodic behavior has yet to be seen.

which the oscillating filament moves along, reveal compa- '€ Systematic variation of the drive amplitudlg and
rable correlations between the measured local potential anfgduencyfq revealed that the frequency-locked states order
the global chaotic time serieg(t) of the device voltage. M the form of Arnold tongues IV/y-fq parameter space. It
However, the phase shift between the local and the globeﬂ”mad out that the tongues may overlap when the drive am-

voltage signals is kept, and changes again from 0° at thrgl'tl:de '?]dsuwcﬁir]tlﬁllar‘;gi;[ Ir:: tg'sn reﬁlr\r;e t?er':d'goﬂshgg in
turning point of the filament oscillation near the sample outes and chaotic lame otions have been observed,

boundary, to 180° at the other turning point. From thesequalitative agreement with predictions of the circle map. We

results we may conclude that the chaotic voltage oscillatioﬁemark that even in the case of chaotic oscillations, the fila-

is correlated with a temporally chaotic but spatially coheren coir:rgri/tn?r?gif: a'?inesfﬁ:té%l%irl]%vxc?n;fephséor%?k%ndrsggga"y
rocking filament motion. ’ 9 9 '
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FIG. 9. Time series, return map, and power spectrum of the a
partVp(x,t) of the local potentia(a) and of the ac pa¥/(t) of the
gevice voltage(b) in the case of a chaotic filament oscillation.
Vool X,t) was measured a = 156 um in a distance of 21Qum
from the anode contact. Parameters ¥gg = 47.07 V,V4 = 805
mV, fy = 1.615 kHz,Ry; = 100Q, T = 303.3 K, andf, = 1.59
kHz for sample S93.
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