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Fiske modes and Eck steps in long Josephson junctions: Theory and experiments
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We report on a systematic investigation of the properties of long Josephson junctions under the application
of magnetic fields generating Fiske and Eck steps in the current-voltage characteristics. Numerical data and
experimental results are compared with a cavity mode-based model predicting the voltage position and the
amplitude of the current singularities. The comparison shows that this model can account for the shape and for
the maximum current modulation of the singularities when the field penetration overcomes Meissner shielding
above the valuélo=2\;j.. [S0163-1828)05342-9

I. INTRODUCTION mode analysis also showed that a wave description becomes
inadequate when the normalized lengthl.

The excitations of a Josephson junction in the presence of In the present paper we show that even in the very long
boundary currents generated by an external magnetic fielginction limit the two oscillating regimes, fluxon oscillations
have been investigated by several authors during the pagnd cavity mode resonancégenerating Fiske stepsare
years' In most cases the analysis was performed modelinglearly separated due to the response of the sine-Gordon sys-
junctions whose physical dimensions were small compare&m to an applied magnetic field. The particlelike behavior is
to the Josephson penetration deptf [o2mudje, Py 2 reliable model when Fhe applied magnetic field is very
—2.07x107 %5 Wb being the magnetic flux quantund c_Iose_ to zero. Howe\_/(_er, if the value of_the external magnetic
=N+ N+t the magnetic thickness of the junction, ajnd field is ab_ove f[he critical valublo=2)\j_Jc, the response of
the maximum Josephson current density. Excellent agredl€ long junction presents strong evidence of single-mode
ment was found in this case between the shape and ampg_awty—wave oscillatory behaviérWe investigate quannta—
tudes of the current singularities called Fiske StépS’s fuvely' the features qf the purrent—voltage char_acterlsncs of the
and the proposed models based on the interaction betwedyctions by numerical simulation and experiments when the
single-mode cavity waves and the Josephson effect. applied magnetlc_ field is above this crlt_lca_l value. The data

Defining L as the physical length of the junction, it is &€ compared with a single-mode excitation model whose
known that, in the very long Josephson junction limit, i_e_,app[|cat|gn is justified by the complete field penetration in
|=L/x\;>1, the junctions exhibit different types of oscilla- the junction. . _ ,
tions and complex nonlinear behavioanging from fluxon In the next §ect|0n_we present a theoretical extgnsmn of
shuttling oscillations to spatio-temporal chaos and cavityne €arly theories of Fiske modes and the Eck step in Joseph-
mode interaction with the Josephson effect. At present, corsON junctions and justify the application to the physical con-
sidering only the dc-current-biased junction case, there exiditions that we will be considering. In Sec. Ill we compare
basically two kind of oscillations that justify important fea- the theoretical results .Wlth numerlc_al data. In Sec. IV we
tures of the current-voltage characteristics: fluxon oscillacompare the theory with the experimental results obtained
tions and cavity mode interaction with the ac Josephson efVith junctions of different lengths and geometries; in Sec. V
fect. Fluxon perturbation thectyhas provided sufficient W€ Summarize the paper.
information and experimental data fitting for the current sin-
gularities, called zero-field sted@FS’s) generated by the Il. THEORETICAL MODEL
shuttling of particlelike flux quanta along the extended di-
mension of the junctiof.Multimode expansion was also ~ We take as a starting point the perturbed sine-Gordon
employed in order to account for experimental features re-egquation
garding ZFS'’s in intermediate-length junctions. This analysis
showed that, when the junctions are not very long, most of bri— Pyt @ Pyt Sing= 7, D
the dynamics, including fluxon oscillations, can be explained
by multimode expansion of the phase difference. The multiwith the boundary conditions

0163-1829/98/5@.8)/123718)/$15.00 PRB 58 12 377 ©1998 The American Physical Society



12 378 M. CIRILLO et al. PRB 58

display the result of a numerical integration of the syst&m
and (2) performed for flat initial conditions ¢=0= ¢, for
every point in spageand parameter valuds=8, 7=0.06,
anda=0.1. All the results of the integration were taken after
allowing the decaying of the initial transientypically sev-
eral thousand integration time stepkn Fig. 1(a) we plot the
dependence of the phase along the normalized spatial inter-
val att=600 for two values of the parametErwhich are,
respectively, 3.2 and 5.5 as indicated by the labels. From this
plot we find that the phase has an overall linear dependence
on the spatial coordinate and the slope of the straight lines,
as obtained from a linear interpolation, is 2.9 and 5.5, respec-
tively, for I'=3.2 andI’=5.5, meaning that the ansat2)
. i P NI PR becomes better when increasing the value of the external

600 620 640 660 680 field.

In Fig. 1(b) instead, we show the time dependence of the
phase in the center section of the numerical modgk@4)
for the same two values of the external magnetic field. In this
case the linear fitting of the two curves gives a slope equal,
respectively, to 0.3351{=3.2) and 0.367 I[=5.5); we
note that these two values obtained from the fit are equal,
within less than 0.1%, to the average voltd¥® = w evalu-
ated directly averaging the numerical data. Figures and

FIG. 1. Results of numerical integration of the driven sine- 1(0) demonstrate that our Ed3) represents a reasonable
Gordon systenfEgs. (1) and (2)] for |=8, »=0.06, ande=0.1.  Starting point for the analysis of the dynamics of the junc-
(a) Phase configuration along the junction for different values of thellon.
normalized external magnetic field (b) Time dependence of the ~ However, in Fig. 1b) we see that, on time scales of the
voltage in the middle of the junctior(c) Evolution of the phase order of 1k, there are regular oscillations of the phase that

$(.t)-¢(0,t)
ER5E5 S

difference between the ends of the junction For5.5. are not accounted for in E@3). The overall effec{and the
amplitude of these spatial oscillations is epitomized in Fig.
b (1,00=(t,1)=T. 2 1(c) where we plot the time dependence of the phase differ-

ence between the end sections of the junction madg(t)

In Eq. (1), 7 is the dc-bias current normalized to the =(l,t)—¢(01). We see that this variable has a regular
maximum critical current,., anda=1/\/8, is the damping oscnla_uon[parameters here are the same as if Fi@ and
coefficient with 8. = 2| .R2C/®, denoting the McCumber 1(b) with I'=5.5] and excursions of the order of 5 around
the total capacitance of the junctjorin the systen(1) and  junction C1=44). The_ kind of dep_en_den_ces that we observe
respect to the reciprocal Josephson plasma frequendyne increase of the phase along the junction takes place
o, @ =27 J®,C. We remark that assuming a con- while the phase difference between the two ends oscillates
stjant vaIJue foR is an approximation whose validity depends periodically, just like in_a cavity mode excitation. Indeed the
on the amplitude of the voltage interval that we consider in2Verage voltages of Fig.(i) and the angular frequency of
the subgap region; this limitation must be considered whet'® oscillation of Fig. {c) are close ton/l which is the
trying to use the model, Eq&l) and (2), over large voltage Normalized frequency of the first mode of a cavity with
ranges. In Eq(2), T=H,/\jj. is the normalized external lengthl. _ _ L .
magnetic field. It is evident from the position of our problem _ [N the particular case of Fig. 1 the excitation drives the
that we neglect two-dimensional effects: only one dimensiodunction on the first Fiske step of the current-voltage charac-

of the rectangular junctions that we model can be larger thafpristics. In terms of real Junctions this means that we would
A be biased at the voltage,=n®d,c/2L with the step order
It is known from experiments, numerical simulations, andnumbem= 1; herec is the speed of light in the oxide barrier
low-temperature scanning electron microscogd SEM) (typically a few percent of the free-space velogity
imagind that stable Fiske steps appear in the current-voltage The above observations suggest that &j.can be com-
characteristics of long Josephson junctions when2. As a  pleted with a time dependence which accounts for the spatial
starting point of our analysis we show that, when this condi-perturbations in the form of a linear cavity mode expansion
tion is satisfied, the phase difference along the spatial interwhose spatial periodicity is determined by the multiples of
val, at timet, can be written as w=/l. Our starting point for the development of the theo-
retical analysis is the following modification of E(g):
d(X, )~ wt+TIX, (3

: , d(X,1) = ot+IX+¢(X,1), 4
where w=(V) is defined by the fundamental Josephson re-

lation in the units of the systertl) and (2). In Fig. 1 we  with |¢(x,t)|<1.
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We will derive the equations for the current-voltage char- 5= a e
acteristics associated with FS’s substituting E4). in the
system(1) and (2), imposing a classical cavity mode expan- Il\? 2 Il =kl
sion for the function(x,t). It is worth noting that Eq(4) 1 2 St
was the starting point for an early analysis of the inte_raction +n:2_w 5 T k12 [TI—k, )2 (wz—k2)2+a2w2'
of cavity waves with the Josephson efféct.The analysis of ( ( ) n
the FS’s was performed on the basis of E4). in the limit 2 2
\j—, a condition that would guarantee the negligible ef- 12
fect of the sing nonlinear term in Eq(1). This restriction, _ ) )
however, does not constitute a necessary condition for the The first term in Eq(12) represents the Ohmic part of the
applicability of the ansatz4). The simplest form of(dy- qu_rrent-vpltage chqrqctenshcs; the second tlerm gives an in-
namid solution in the form of Eq(4) for the systen{1) and finite series of equidistant resonances of WldthT_he_ dis-
(2) is represented by the solution for which the functiontance between these resonances/is Note that this is the
¥(x,t) of Eq. (4) has a constanitime and space indepen- normalized frequency spacing between the resonances. Re-
deni value, i.e., calling that the frequency is normalized to, and thatc

= wj\; we recover the classical expression for the frequency

$o= wt+I'X+ 0, (5)  spacing of the resonances determinectt®. The height of
the resonances is modulated by a slowly varying amplitude
factor and a fastFraunhofer amplitude factor. The maxi-
mum of each resonance isak$. The Fraunhofer factor em-
ophasizes the resonance closeswte I and drops off fast:
@/pically only two or three resonances produce significant
current. IfI'l is an even multiple ofr, the odd numbered
resonances prevail except for the central resonance, &Hd if
is an odd multiple ofr, the even numbered resonances pre-

2 aw

where 6, is an arbitrary phase and is determined by the
power balance conditiom= »/«. For this solution the non-
linear term in Eq.(1) is zero(on averaggand the system
reduces to a linear one. We expand now the general soluti
of Eq. (1) as ¢= ¢+ ¢ which gives the linear equation

Uyx— Y =SiN o+ COSho i+ ahy— n+ aw, (6)

with the boundary conditions vail except, again, for the central resonance. The slow vary-
ing factor (including the 3) has its maximum ) for the
P(01) =, (1,)=0. (7)  resonance dt,=0, and drops down tg for the resonance at

k,=T. Note that in the limit of infinite length only modes
Solutions to Eq.(6), fuffilling the boundary conditions aroundk,= T contribute, this leading to

(7), can be obtained as
1 aw

=awt 5 ,
7 2 (w2_1'*2)2+a2w2

which is exactly the expression of Eck, Scalapino, and
wherek,=n/l. Inserting Eq.(8) into Eq. (6), multiplying  Taylor® for the Eck steES). Their quality factorQ is in our
by coskx, and integrating over the length of the junction, we case the ratiaw/@. Note that the width of the resonances
get by separating cast and sinwt terms the following form  expressed by Eq(12) is @ while their separation isr/I.
for the coefficientsA, andB,, Thus, as long asl <, there is a clear separation of the
FS’s while it shall be surely difficult to observe distinctions
A= between them in the opposite casd % 7).

" (13
Y= z,o (A,Coswt + B, sinwt)cosk,X, (8)

2T'l{(w?~k3)[1~(—1)"cosII ]+ aw(—1)"sinT'1} IIl. NUMERICAL RESULTS: COMPARISON
(l+ 5n’0)[(kn|)2_(r|)2][(w2_k§)2+a2w2] ! WITH THEORY
(9) We will compare first the theoretical predictions with nu-
merical results that we have obtained for the maximum
B,= height of the first FS’s as a function of the external magnetic
field. This can be done from E@12) by setting for thenth
2I‘I{(w2— kﬁ)( —1)"sinT’l —aw[1—(—1)"cosl'I ]} resonances=n/l. The numerical results were performed
- integrating the syster(l) and(2) by a standard finite differ-
(14 8,0 (k) 2= (P ][ (07— k7)*+ @] ence method in time and spat@/e have numerically evalu-
(100  ated the height of the first Fiske steps for normalized lengths
ranging from 0.1 to 8 and the results of the integration
The current-voltage characteristics follow from the dc(circles are shown in Fig. 2. Superimposed on the circles we
part of Eq.(6) as have reported the predictions of E42) represented by the
solid line obtained forw= /1. Beside imposing this reso-
W 7—aw, (11  hant condition for the frequency no fitting parameters were
used for any of the data shown in Fig. 2. As a general trend
where the average on the left hand side is performed ovewe see from these figures that the agreement between the
space and time variables. The explicit calculations show thaheoretical model and the simulations tends to be better for
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FIG. 2. The numericaldoty and theoreticalsolid line) mag- o . o
netic field dependence of the current amplitude of the first Fiske FIG. 3. Current-voltage characteristics obtained fixing the nor-

step for junctions of length&) 0.1, (b) 0.5, (¢) 2, and(d) 8 for a malized length tol =5, I'=3 and varying the value of the loss
loss parameterr=0.1. parameter whose value as indicated by the labe{a)ir(b), and(c).
The dots are the results of the numerical integration and the solid

increasing values of the magnetic field which can be exline the theoretical results.
pected as the starting approximation, E4), has physical
sense, for junctions having-1, whenl'>2, and gets better
for increasing values of the field. Moving toward the Kulik
theory approximatioh()\j—wc) we see in Fig. @) that our
model can fit well even the amplitude of the first lobe of the
Fiske step. In all cases the periodicity of the modulations is
exactly the one indicated by our model, meaning that our
cavity-wave analysis is adequate.

We have also simulated current-voltage\() character-
istics for fixed values of the magnetic field which represents i
a somewhat complementary aspect of the diffraction patterr L . . . . . . . . . . ),
plot. The results of these numerical integrations are reportec 2 25 3 35 4
in Figs. 3-5. In all these figures the numerically obtained [ ' =
I-V curves are represented by the dots while the results o
Eq. (12) are represented by solid lines.

In Fig. 3 we show threel-V curves obtained for :
=5, I'=3, and three values of the loss parametdrespec- 04 [
tively, 0.05(a), 0.1 (b), and 0.2(c)]. In Fig. 4, we display in 02 [
the same order with respect to increasing valueg©f0.1,
a=0.2, anda=0.3 thel-V curves forl=10 andI'=3. In
Figs. 3-5, like in Fig. 2, no fitting parameters were used in
order to match numerical experiments and theory. As genera
trend in these two figures we see that instabilities are preser
on the steps for lower voltages and lower damping param-
eters. Instabilities of the Fiske modes for magnetic fields
close to the critical valuel'=2 have been observed I R T
previously® When the spurious oscillations are damped out 1 2 3 4
(by increasingyx), we see that our model gives a better fit of <v>
the numerical data even for values of the field of the order of FiG. 4. Numerically evaluated current-voltage characteristics
2. (dot9 and theoretical predictions, based on E®). (a), (b), and(c)

By further increasing the loss we reach the parameterare relative to a normalized length=10 andI'=3. The labels
space region where it is not possible to distinguish resoindicate the value of the loss parameter

08 [
& 06 [
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FIG. 5. The current-voltage characteristic of a junction having ~FIG. 6. The experimental modulation pattedots of the first
I =15 from the numerica(dot9 and theoretical point of view for ~three Fiske steps for an overlap junction having a normalized length
two different values of the applied field and a loss parameter | =7.5.(a), (b), and(c) represent, respectively, the first, second, and
=1.0. We are in a parameter plane region in which all the Fs'dhird steps. The value of the loss parameter that gives the best fit is
merge in a single singularitithe Eck stepwhose voltage, for a «=0.15.

fixed current, depends linearly upon the value of the external mag- ] ) . .
netic field. first, second, and third FS’s of an overfgpnction having a

normalized length =7.5. In the figure the currents on the
nances anymore and we can observe only a smooth and coygrtical axis are normalized to the maximum Josephson su-
tinuous singularity. An example of this phenomenon ispercurrent of 5.7 mA. The curves in the figure have been
shown in Fig. 5 where we display the results of two numeri-obtained for damping parametess equal, respectively, to
cal integrations for a junction having a lengtk 15 and a  0.15(=1), 0.1=2), and 0.15(=3). We note that,
loss factora=1.0 for increasing values of the magnetic field since the plasma frequency for the junctions under consider-
I'. The theory(solid line) is derived directly from Eq(12). ation here is of the order of 70 GHz, the voltage of the first
In this picture, however, we have subtracted the Ohmic constep is below the corresponding voltage for which the modu-
tribution. Due to the relatively high value of the loss param-lations are more irregular while the voltage of the third step
eter in this case, we can see very clearly the “resonant'is well above the plasma frequendyhis step had an
nature of the Eck step since it is possible to trace the negativ@symptotic voltage of 56QuV). We also see that the modu-
resistance part of the curve. The length of the junction andations appear abovE=2 and that the current height gets
the relatively high value of the voltage can even allow acloser to the expected theoretical value, increasing the step
good fit by using Eq.13) (in this case the result of the order number. This is a general feature observed in experi-
theory would exhibit very slight differences from the theo- ments that is due to the fact that below or about the plasma

retical curves shown in Fig.)5 frequency the nonlinearities of the systéfi) and (2) may
have a strong effect on our linearized model for the Fiske

steps.

In Fig. 7 we show the modulations of the first three FS’s

We have measured tHeV curves of several Nb-NbOx- of an overlap junction having a normalized length15.3. In
PbAuln junctions fabricated according to standardthis case the value of the loss parameter was 0.05 fot,
procedured® All the samples had good current-voltage and 0.1 forn=2,3. Even in this case E§12) explains very
(I-V) curves, current densities ranging in the intervalwell the periodicity of the modulations; also we see that,
(100-3000) Alcrh, and two basic types of geometries, increasing the step order number, the heights of the steps are
namely, overlap and in line. We will see, however, that thefitted better. This result is somewhat expected since increas-
comparison of our theoretical model with the experiments isng the step corresponds to moving away from the plasma
not much dependent on the geometry. As for the numericadrequency of the junction and to decreasing the relative
experiments, we will show first the results of the modula-weight of spurious nonlinear oscillations.
tions of the currents with the applied magnetic field and then Another point in favor of the above argument comes from
the current-voltage characteristics. the results that we have obtained from an in-line junction,

In Fig. 6 we show the modulations of the currents of theshown in Fig. 8. This junction had the same current density

IV. EXPERIMENTS
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FIG. 7. Modulation plots for a junction havirg- 15.3. The dots
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FIG. 9. (a) Current-voltage characteristics of an overlap junction

are the experimental results and the solid line obtained for the firdavingl =7.5 showing the first and third Fiske steftiots are ex-

Fiske step(@ with «=0.05, and the secon@d) and third(c) with

a=0.1.

but a smaller normalized length-7 due to a physical length

perimental points The theoretical curve, obtained on the basis of
Eq.(12), is represented by the solid line; the value of the loss factor
for the fit wasa= 0.05 and the magnetic field=1.63.(b) Same as
in (a) for the in-line junction havind=7: the fit is obtained here

of 50 wm. In this case the asymptotic frequency of the stepdor «=0.1 andl'=1.95.
was safely above the plasma frequency. The fittings of the

current modulations of Fig. 7 were obtained for 0.15. We

03 T
02 [~

01

02 |

’r)max

01

01 |

FIG. 8. Experimental datédots and theoretical dependences
for the first three Fiske steps, respectivelg), (b), and(c) of an

see that our model is not sensitive to the geometrical con-
figuration of the junction inasmuch as it is based on the total
penetration of the field above the critical vallie=2. Thus,

Eqg. (12) can be used even for in-line geometry junctions

when the value of the applied magnetic field is above the
critical value.

The complementary aspect of Fig. 6 and Fig. 8 is shown
in Fig. 9 where we see ifp) the theoretical current-voltage
characteristic of the overlap junction obtained fdr
=7.5, I'=1.63, anda=0.05, showing the first and third
Fiske steps superimposed on the experimental (ixts.
Although the value of the field below the critical vallie
=2 gives rise in the experimental data to a maximum am-
plitude of the steps much below that predicted by the theory,
we see that the relative position of the resonances and their
dynamical resistance is close to that predicted by our model.
In (b) we see the current-voltage characteristic of the inline
junction of Fig. 8, also showing the first and third Fiske
steps. The current-voltage characteristic in this case was fit-
ted for «=0.1 andl"'=1.95.

The characteristics of Fig. 9 also give more direct evi-
dence in favor of the conjecture expressed above that, for a
given junction length, when the mode frequency is higher
than the plasma frequency, there are more favorable condi-
tions for the application of our model. Indeed, we see that the
first steps of Fig. 9, situated below the plasma frequency,
have a very irregular shape while the third steps situated just
above the plasma frequency have a much more regular

in-line junction having =7. Even in this case the value of the loss shape.

parameter that gives the best fitds=0.15.

As for the diffraction pattern plots the agreement between
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L L L ] In Fig. 10b) we show the dependence of the maximum
height of the Eck step upon the external magnetic field as
observed in the experimenigloty and predicted by the
theory (lineg). In particular, the solid line is obtained from
Eq. (12) for a junction lengthH =15, «=0.68 while another
line obtained from Eq(13) for an infinitely long junction,

for the same value of the applied magnetic field anddor
=0.84, is almost superimposed on the previous one.

The smooth and continuous ES reported in our figures is
observed only when the value of the external magnetic field
is driving the resonances in a region of th® curve with a
higher dissipation. It is worth noting that the picture ob-
served in the experiments is very much like that expected
from theory and numerical simulations. When increasing the
value of the field it becomes difficult to define the spacing
between the high-order Fiske modes until the point in which
they appear like a single resonance. Considering that this
phenomenon takes place for high voltagesid therefore
high-order Fiske modgst is not surprising that the reso-
nance can also be described by the model of Eck, Scalapino,
h 1 and Taylof [our Eq.(13)] obtained for a junction of infinite

o8y - length: when the order of the step increases the wavelength

35 r 4 of the cavity oscillations decreases and we naturally move
toward the limit in which the length of the junction can be

FIG. 10.(a) The experimental data and the theoret[€&.(12)]  considered as infinite. Also, the pictures observed through
current-voltage characteristic of the Eck step for two values of thehe simulations clearly show the traveling-wave nature of the
applied magnetic fieldI{). (b) The dependence of the maximum |inear waves.
cur.ren.t hgight of.the Eck step upon the external magnetic field. The \ye note that the step reported in Fig. 5 and Figal@as
solid line is obtained from Eq12), for a loss factow=0.68; note 5 yery clear resonant nature. It is possible that, for values of
that on this line we have also superimposed the infinite length aPhe magnetic field close to the threshold for the appearance
proximation obtained from Eq13) for a loss parametex=0.84. of the stable Fiske moded’&2), other kinds of structures

theoretical and experimentalV curves gets better for higher May appear in the current-voltage characteristics of the long
values of the field. It is worth noting that in all the cases oflunctions. These structures that have much the shape of a
Figs. 6-8, the value of the damping parametegiving the linear branch in the current-yoltage_characteﬁ%’rme I_|kely
best fit to the data was of the same order of magnitirdéhe generated by the average increasing of the velocity of the
worst case within a factor of)f the value that we evalu- fluxons when zthese are not tightly packed together by the
ated from the quasiparticle conductance in the voltage regiofXtemal field® These displaced linear sloper resistive
where the FS's were located. We show now data relative t§fanches structures, however, appear only in very limited
the appearance of the Eck step for which very good agred€9ions of the parameter space and are definitely not useful
ment with the theoretical limit— oo is obtained. for devices applications. _ N

In Fig. 102) we report the fittings of the-V curves of the As far as concerns the internal dynam|cs of the junctions
Eck step of an in-line junction with length= 15 obtained for during the dynamical state generating the ES and the mea-
two different values of the applied magnetic field. The fit- SUrable features displayed in Fig. 10 we note that, since we
tings were obtained from Eq12) only setting properly the have obtained a straightforward fit by E42) and Eq.(13),

voltage and scale normalizations and a dissipation factofVe €Xpect that the dynamics follow conditions imposed for
respectively,a=0.46 anda=0.52. These values of the dis- the derivation of these equations. The ES can be viewed as a

sipation factor, more than one order of magnitude abovecontinur?us_” Isequeﬂce. of F.iskt?‘l_steps,,, genehrated lpydthe
those used for the Fiske steps, are reasonable because the G pnysical mechanism, 1.€.,1inear, - small amp itude-
appears in a region of the current-voltage characteristi/ave interactions with the Josephson effect. We note that the

where the the quasiparticle resistance of our junctions bends> 1S NOt @ peculiarity of the long junctions as it can be
up and a linear constant value becomes a very rough afPserved in short junctions as well.
proximation. However, even in this case the values that we

obtained from the fits were of the same order of magnitude

compared to those measured from the dynamical resistance
of the quasiparticle branch. For Fig. (&) as for Fig. 5, the We have reported on the extension of theories explaining
background quasiparticle current was subtracted. We notéhe appearance of magnetic-field-induced current singulari-
however, that the position of the maximum of the Eck stepties in Josephson junctions to the case of junctions whose
does not depend upon the value of the fitting parameter length is not small compared to the Josephson penetration
and therefore Fig. 1@) also shows(like Fig. 5 that the depth. We have shown that this extension includes as a lim-
experimentally observed voltage position of the maximum ofiting case the result of Eck, Scalapino, and Ta¥lar the

the Eck step is equal to the value of the external field. infinitely long junction approximation. The necessary condi-

V. CONCLUSIONS
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tion for the applicability of our model, i.e., complete field dient of the working principles a dc-bias point on this singu-
penetration above the critical valde=2, is always obeyed larity. It is clear that, for device applications, an analytically
in the experiments on junctions of both overlap and in-linedefined current-voltage characteristic can turn out to be very
geometry where regular current modulations can be observagseful. We have evaluated quantitatively in terms of the dis-
only above this threshold value. Also, very good agreemengipative parameter what the values are that lead to the disap-
is found for the current amplitude of the resonanceslIfor pearance of Fiske modes and to the appearance of a Sing|e
>2 and for the infinite junction approximation. smooth resonance. Our results suggest that moderately
There are several aspects of our work that could be usefighunted long junction oscillators could display the ES over a
both from the fundamental and from the applied point ofproader range of frequency and therefore supplying a more
view. It has been shown, for example, that the linearizedstable bias point for broader frequency ranges.
cavity wave analysis may explain several phase-locking phe- Moreover, we recall that the Fiske steps of large-area
nomena between magnetically coupled Josephson junttionsunctions are interesting because their dc current levels,
and the same kind of analysis has provided detailed inform%igher than those of the small-area junctions, can pro\/ide
tion for the phase locking of a single junction to an externalnarrow-linewidth radiatiot with a better stability with re-
rf drive.* From the fittings of the current-voltage character-spect to fluxon oscillations. The above systematic character-

istics and from the singularity modulations one can estimatezation could be very useful for future developments of pos-
the normalized length of the junction, a parameter that issible high-frequency devices.

usually extracted from the diffraction pattern of small-area
junctions fabricated in the same run and having the same
critical current density. This peculiarity could be relevant
when working with long high-temperature superconductor
junctiong® or complex systems of coupled junctions with  The junctions used for the experiments were fabricated by
inhomogeneous critical current densitfes. M. Cirillo and F. Santucci at the IESS-CNR, Rome. We
Also, after the result§ which showed that extended Jo- thank the members of the loW;s superconductivity group in

sephson structures could be used as millimeter- anthat laboratory(P. Carelli, M. G. Castellano, R. Leoni, and
submillimeter-wave oscillators when biased on the Eck stepG. Torrioli) for access to the clean room facility and equip-
a number of devicé$'®and stripline configuratiod® have  ment. Parts of this work were performed under the auspices
been proposed and investigated, taking as an essential ingrefthe U.S. Department of Energy.
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