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We study the dynamical stability of phase configurations generated by an external magnetic field in long
Josephson junctions. Depending on the value of the field, the penetration of the vortex lines through the
boundary of the junctions gives rise to different dynamical regimes whose nature is characterized by measure-
ments of Fiske singularities in the current-voltage characteristics of the junctions. The magnetic-field depen-
dence of the height of these singularities is compared with numerical simulations of the sine-Gordon equation
and low-temperature scanning electron microscopy of the junctions is performed in order to validate the
dynamical patterns. For all the junctions that we have investigated, given their maximum pair current density
jc and the Josephson penetration degthwe find that the external magnetic field that equals the critical value
Ho=2\jj., responsible for the trapping of a single static flux-quantum in the junction, plays a dominant role
in establishing dynamical phase configurations. Both simulations and low-temperature scanning electron mi-
croscopy show complete analogy between the dynamical patterns of long and small-area junctioHg vghen
exceeded[S0163-18207)02542-3

[. INTRODUCTION small compared to the sine-Gordon terms. Thus, numerical
simulations are usually employed to fit experimental data,
Long Josephson junctions have been investigated interbut models and conjectures characteristics of small-area Jo-
sively due to the importance of magnetic-flux quafthysi-  sephson junctions often describe basic experimental features.
cal manifestation of solitongor solid-state physics and ap- ~ The internal dynamics of “flux-flow” oscillatof¥’ (suc-
plied mathematic$.Based on perturbation techniques for cessfully employed in integrated receivers for radio as-
fluxon dynamics, numerous experimental features of longronomy) falls in the second category mentioned above since
junctions have been successfully characterized—even fdhe one-dimensional array of vortices can only be generated
very intriguing cases in which the junction is driven by time- by a “strong” magnetic field.
dependent perturbatioAsAlso, coupling of several junctions The aim of the present paper is to establish quantitatively,
through their boundariésor mutual coupling in adjacent and in terms of externally applied magnetic fields, the limit-
junction structureéshas been investigated. ing regimes for which long Josephson-junction dynamics can
The studies can be divided into two categories. In the firsbe classified in one of the two above categories. Understand-
category we find sine-Gordon solitons traveling through ang the dynamical regimes of a long Josephson junction can
medium determined by the value of the bias curr@vttich  be strictly related to their thermaland thermodynamijc
may also be time dependgmind a small magnetic field con- properties® In the present work an attempt is made to es-
fined to the boundaries of the junction. In this case one catablish a link between magnetic field penetration, phase pat-
extract detailed information about the physics of the problenterns of the junction, and thermodynamic properties of long
from the McLaughlin and Scott thechas the aim of that Josephson junctions.
theory was to investigate the steady-state motion of fluxons The paper is structured as follows: in the next section we
(and other solutions of the sine-Gordon equatiemder review the phenomenology of current singularities in the
small perturbations. In the second category we find arrays afurrent-voltage characteristics of long Josephson junctions
vortices distributed along ofi¢or two”®) dimensions of the and present the experimental results that we have obtained
junctions driven by d¢Ref. 6 and(or) rf (Ref. 9 currents. on several junctions of different geometries fabricated by
The physics of this category cannot be treated by theéNb-lead alloy technology* In Sec. Il we show results of
McLaughlin-Scott perturbation theory for solitons as the perdow-temperature scanning electron microscOpESEM) in-
turbations (bias current and magnetic figldre no longer vestigation of junction dynamics when the biasing conditions
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are as described in Sec. Il. In Sec. IV we present the results 5

of numerical simulations of a long Josephson-junction model 4 F

and compare the numerical predictions with the experimental ;& (a)
findings. In Sec. V we conclude the paper. In the Appendix E

we shortly review the notations and normalizations of critical &
magnetic fields in long Josephson junctions. 1E Tepet oo,

ol Bl bbb

Il. FISKE MODES PHENOMENOLOGY 04 _ s

< 03 F

Before discussing the behavior of the Fiske steps When:E, 02 | F I
applying an external magnetic field, we review the internal o1 3
dynamics of long one-dimensional Josephson junctions in o —
terms of singularities observed in their current-voltage char- A .
acteristics. The internal dynamics of large-area Josephsor  1f 420uY * ) E
junctions is very complicated and we therefore restrict our o5 |- '-‘ ’ E

iy (b)

mn

attention to one-dimensional junctions, where the relevant
length is measured relative to the Josephson penetratior
depth )\] = \/CI)0/Z7T/Lode, CI)OZ 2.07x 10_15 Wb bEing the
magnetic-flux quantung= X\, +X\,+t=250 nm(Ref. 1)) is
the magnetic thickness of the junction, apdis the maxi- 3 , E
mum Josephson current density in the junctions. e \-' L e e,

In the absence of external magnetic fields, long one- 0 100 200 300

. . X . .. H.(A/m)

dimensional junctions of overlap and inline geometfiex- ¢
hibit singularities in the current-voltage characteristic called F|G. 1. Modulation patterns of a one-dimensional overlap junc-
zero-field stepsthat appear near asymptotic voltagé§  tion of length 7.5, . (@ Josephson currenth), (c), and (d) are
=Ncd,/L, whereN=1,2... is the number of flux quanta first, second, and third Fiske steps, respectively.
participating in the oscillationd, is the physical length of a
junction andc is the characteristic velocitfthe linear elec- not have its maximum for precisely zero applied external
tromagnetic wave propagation velocity in the oxide bayrier field. The most relevant difference between zero-field steps
The difference between the two geometries is that the overand Fiske steps is that the zero-field steps have a current
lap geometry directs the bias current perpendicular to thamplitude which decreases monotonically with the step order
direction of propagation of the fluxons while, the two direc- number, while the current height of the Fiske steps modu-
tions are parallel for the in-line geometry. Although a com-lates with the order number for any value of the external
plete theory for these singularities does not eftise current  magnetic field.
height of the steps, for example, has not been understood We see that the value of the field for which the stable
yet), numerical simulations, perturbation theory approachesnodulations of the Fiske modes begins is 110 A/m, a little
and analytical solutions give sufficient information about theabove the value where the Josephson current attains its first
internal dynamics of the junctions. Applying a magnetic fieldzero(around 80 A/m. We note that, below this value of the
to the junctions perpendicular to the direction of propagatiorfield, it is sometimes possible to observe current steps at the
of the fluxons, the zero-field steps exist only for a limited voltage values corresponding to the Fiske step voltages, but
magnetic field interval which depends on the length of thethese solutions are very unstable and characterizing these
specific junction under investigatidA!® Further increase of states is very difficult.
the magnetic field leads to the appearance of current singu- In Fig. 2 we show the equivalent of Fig. 1 for an in-line
larities (Fiske stepsat asymptotic voltage®/,=kc®o/2L  junction having a normalized lengthk=7. This junction was
wherek=1,2... is the step order number. We note that forfabricated over a superconducting ground plane and the ob-
everyV, corresponding to an even intederthere is a zero- served asymmetry of the central lobe of the modulation pat-
field stepVy (N=k/2). However, this can be viewed as a tern is therefore expectéd We can see that the behavior of
coincidence since, as we shall see, the physical phenometize modulations is similar to the overlap junction: the stable
generating the two families of singularities are different. Themodulations of the field begin when the critical field
aim of the present work is to quantify the critical field above H,=80 A/m is exceededust above the value for which the
which the Fiske steps appear and to understand the dynamidesephson current has its first minimurithe role of this
in the junction. field value for the in-line junctions was well pointed by

In Fig. 1 we show a typical magnetic-field modulation Owen and Scalapirto for the static properties. This field
pattern of the Josephson current and of the first three Fiskeorresponds to the maximum value for which the Meissner
singularities of a junction having a normalized length solution is possible. One static flux quantum is trapped in the
|=L/\j=7.5. This is a junction of overlap geometry in the junction (in the limit I>1) for this applied magnetic-field
sense that the extended dimension is perpendicular to thelue.
direction of the bias current, but, as the junction is obtained The data of Figs. 1 and 2 show that the modulations of the
through a window in the SiO insulating layer, small asym-current singularities that begin right above the critical field
metries in the biasing conditions at the boundary can be exhave the same characteristics as the modulations of the Fiske
pected. For this reason the Josephson current does therefateps in small junctions. Also, there is another typical feature

-
(@ 3

5601V

0.

o @ 4 9N o
T T




56 DYNAMICAL EVIDENCE OF CRITICAL FIELDS IN . .. 11891

25¢ — — e 250 2
Fo ]
2 E o - 200
15 ¢ (a) E
‘. ..“‘o 3 150
1 j ‘o \... '”.... 3 -AV(x)
05 F \\/ 0, Joveq, = 100
ok M . W s i ‘
— | 50
06 [ ., L
_ N ° ] 0
T o4 240uv MR (b) 3 5
= r - -~ wsoa, ]
02 | R N .o o 3
0 | % [ ‘e e
250
r T I
1C .
E 480uV .. ...o... (C) 200
05 F O ]
H . .« J ‘. oot ., ] 150 ]
ob A W o B WUV | AV (x)
| | 100
F .
1r R 1
¥ 860V . (d) . 50
[ . ]
05 [ . % ] H h
F . < %, bot o ] 0 i
P S L N Nt e 0 30 60
0 100 200 300 X (Mm)
H.(A/m)

250
FIG. 2. Modulation patterns of an inline junction of length;7 W c
200

(a) Josephson currenth), (c), and(d), respectively, are first, sec-
ond, and third Fiske steps.

150§
-AV (x
of Kulik's model'® which is represented in our data. We find e

that the modulations of the first two modes of Fig. 1 present
somewhat irregular points, while the third is more stable. In 50
contrast to this we find in Fig. 2 that all three modulations—
once started—present very regular points. The reason for thit 0 - v pos

difference might be the fact that, when the voltage of the x (um)

steps is below the plasma voltage of the junctions, the cavity

mode excitations interact with the plasmons and the theoret- FIG. 3. LTSEM voltagdin arbitrary unit response profiles for
ical model is no longer valid. The plasma voltagiee volt- & 60m long in-line junction(2.5 in normalized units In (a), (b),

age corresponding to the plasma frequency on the basis gpd(o) theJur_lctlon was dc biased, respectively on th_e second, _third,
the Josephson ac equatiasf the junctions of Figs. 1 and 2 and fourth'Flsfke steps. We see that aII.the gxmtanons gre single-
is 300V and the trend of the data is therefore more regulalmOde os_C||Iat|ons. The edges of the junction are indicated by
above this value. In longer junctions with the same currenf@Shed lines.

density and plasma voltage we have seen that the modula- i .
tions with the applied magnetic field are less regular evednd the first zero of the Josephson current was 160 A/m in
when the critical field ¢80 A/m) is exceeded. In the next both of the cases we investigated.

section we find that the dynamical patterns of the phase in- Details of the LTSEM technique of imaging internal dy-

side long junctions are of the same type as in small junctiondl@mics of Josephson junctions have been well described in a
number of publications. In particular, the imaging techniques

and the interpretations of dynamical patterns related to Fiske
steps have been described in Ref. 18. In order to obtain the

We have performed a LTSEM investigation of two in-line images shown in Figs. 3 and 4, we current biased the junc-
junctions located on the same chip and having physicalion on the Fiske step and recorded the electron-beam-
lengths of 60 and 5@m, respectively. On the 5@m-long  induced voltage chang&V(x) as a function of the beam’s
junction we concentrated our attention on the analysis of theoordinatex. As shown in Ref. 18-~ AV(x) represents the
oscillations when current biased on the first Fiske step, whilepatial distribution of the square of the magnetic field related
on the 60um-long junction we investigated several steps. to the cavity mode in the time average.

In Fig. 3 we see the LTSEM voltage imagé¥ for the Comparing these pictures with the pattéfrsbtained on
second, third, and fourth Fiske steps of the&@-long in-  other samples for Fiske steps in Josephson junctions we can
line junction with normalized length=2.5 taken for field conclude that we are observing single-mgHalik-like 1619
values of 116, 180, and 220 A/m, respectively. All the dataoscillations. More multimodelike excitation®ot shown in
in this section were taken for magnetic-field values allowingthe figurg are observed on the first step at low fields. Figure
for stability of the steps and generating amplitude modula4 exemplifies that increasing the external field makes the
tions as described in the previous section. The field generattynamics more single mode in nature. These two pictures

1004

Ill. OSCILLATIONS ANALYSIS—LTSEM IMAGING
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250 a penetration into the junction can generate real single-mode

oscillation patterns when the applied field is sufficiently
strong. This feature was successfully used when analyzing
phase locking of Fiske and flux-flow steps in long junctféns
and coupled long junctiorfs.

The results presented in this section have shown evidence
for the notion that the oscillations associated with stable
Fiske modes in long junctions are cavity modes. We wish to
; , guantitatively estimate the threshold field for which the Fiske
0 : _ : steps appear in long junctions. After the initial numerical

0 25 50 simulations based on a soliton model for these current
% (um) singularities?*=2® and later qualitative conjecturésa sys-
tematic analysis is very helpful in order to establish the
ranges of stability/existence and, in terms of these, the result-

200
150
~AV (%)

100

50

250

200 ing nature of the oscillations. In the next section we report on
the investigation, performed over a wide range of junction
150 : ; lengths, of the onset of stable Fiske modes in long junctions.
-AV (x) i h
100 : ' IV. NUMERICAL SIMULATIONS AND DISCUSSION

We have made a systematic investigation of the system

0 f . ’. by~ byt adpy+sin =y, &

0 25 50
% (um) Dy (1,0)= oy (t,1) =7, 2

FIG. 4. LTSEM voltage response profile of the first Fiske stepwhere y=1/1. is the bias current normalized to the critical
of a 50um-long in-line junction obtained for increasing values of Josephson current,= 1/\/13—(: is a damping parameter related
the external _magnetic_fielc_zl. I(@ and (b) the field is_ 17Q and 90_0 to the McCumber hysteresis parametgs, 14 and
Alm, respectlvely._As in Fig. 3, the edges of the junction are |nd|—7]:|_|e/)\jjC is the normalized magnetic field. Equatiofi$
cated by dashed lines. and (2) imply that we restrict our interest to junctions with

overlap geometry. Time in these equations is normalized to
were taken from the systematic analysis of the first Fiske stefhe inverse ofw; and distance is normalized to;. The
of the 50 um-long junction for field values of 170 and 900 system(1)—(2) was discretized and integrated by a second-
A/m, respectively. order central difference algorithtf A damping parameter of

Figures 3 and 4 indicate the reason for why modulationsy=0.1 was used for all our simulations. The magnetic-field
like the ones of the steps shown in Fig. 1 can be well fitteddependence of the Fiske steps was taken by recording the
by the theory of Kulik?® This theory quantitatively predicts current-voltage characteristic of the junction for each value
the modulations of the maximum currents of the Fiske stepsf the normalized field and recording the switching point at
on the basis of a single-mode excitation model of the Josephihe top of the steps. In the current-voltage characteristic ev-
son transmission line provided the frequency of the modes isry voltage point was obtained after integration of the volt-
larger than the plasma frequency of a junction. The irregulange of the junction for a time corresponding to thousands of
modulations of the first two steps in Fig. 1 are likely con- periods of mode oscillation.
nected to “multimode” behavior of the first step of the fam-  Figures %a) and b) show the Josephson current diffrac-
ily shown in Fig. 3. The Josephson plasma frequencytion pattern and the magnetic-field dependence of the height
wil2m=1/2m\27j /P ,C of the samples of Figs. 3 and 4 is of the first Fiske step calculated for a junction with a nor-
67 GHz and its equivalent voltage is 14/. In the defini- malized lengthl =3. We see that the stable modulations of
tion of w; the parameteC=14 wF/en? is the capacitance/ the steps begin near the valye= 2, which is also the value
unit area for our junctions. Thus, the first step of the junctionwhere the first lobe of the Josephson current extrapolates to
is close to the plasma voltage, but tuning the voltage by th&ero. In Figs. &) and d) we see the same patterns for a
magnetic field" we drive it above the plasma frequency re-junction of lengthl=8: also in this case we see that the
sulting in stable single-mode oscillations. modulations of the current singularity begin for the same

In previous® LTSEM investigations of the Fiske steps it field value as aboveif=2). The steps were not stable below
was evident that the nature of the oscillations was singléhe critical value although coherent oscillations generating
mode, but the point that we intend to stress in this paper igoltage points could be recorded very occasionally.
that no stable LTSEM scanning can be performed on long We have seen that the field value for which the stable
junctions for field values below the critical field correspond-modulations of the first Fiske modes begin is always 2
ing to the first zero of the Josephson current. This is arndependently of the junction length when this parameter
important point when dealing with Fiske modes in long junc-is also larger than two. An example of the dependence of the
tions, since the theory by Kulik can explain the steps onlycritical field on the junction length is shown in Fig(a. All
when the length of the junctions is smaller than the Josephthe data in Fig. 6 were obtained far=0.252 integrating the
son penetration depth. Our data show that magnetic-fieldystem (1)—(2) from flat initial data [¢(0,x)=0,
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FIG. 5. (a) and(b), respectively: Josephson current diffraction 7

pattern and first Fiske step calculated for an overlap junction having

a normalized length=3; (c) and(d), respectively, Josephson cur-

rent and first Fiske step for a junction havihg 8. The figure

shows the numerical evidence that stable dynamical cavity mod

like oscillations take place above the critical fielg=2 indepen-
dently of the length of the junction.

FIG. 6. (a) The onset of the critical field above the critical length
of the junction: we plot the spatially averaged valuedgfin the
ei_unction as a function of the external magnetic field. The empty
squares show the straight line behavior obtained fot while, for

I =4 (full dots) the onset of a discontinuity fap=2 is evident;(b)
same ‘“‘magnetization” curves as i@ for a junction with length
50N . Above the critical valuep=2 the magnetic field penetrates
¢¢(0, x)=0, y=0, »=0] and then observing its dynamical in the junction, determining the linear increase of the average cur-
evolution increasing the value of the magnetic field in stepgent, while below this value the field remains confined at the edges
of A »=0.05. In the figure we show the dependencé ) of the ju_nction. The empty squares are obtained for zero bias cur-
(the spatially averaged surface curjenpon the external rent, while the full dots are obtained for a bias currert0.8

magnetic field. Fol =1 there is no threshold value for the inherent dynamical instabilities present (realistid under-
appearance of the step and the average current depends lgimped systems are avoided, and it is therefore possible to
early on the applied field. However, for-4 the discontinu-  stabilize peculiar modes in some regions of the parameter
ity around »=2 is already very obvious. space. However, we do note that the bias current level for
It is natural to picture the physical mechanism leading towhich singularities at the same voltages of the Fiske steps
the magnetic-field threshold by the numerical experiment deeould be generated by soliton oscillations were always above
scribed above. In Fig.(B) we can see a “magnetization” y=0.5;? thus, these oscillations could well justify unstable
plot obtained for a junction having=50 with an abrupt current singularities in real junctions which is indeed what
change of slope taking place fg=2. Below =2 the mag- we observe in the experiments.
netic field remains confined at the ends and there is no effect A detailed study of the instabilities taking place before the
inside the junction. It is worth noting that this situation can »=2 threshold was reported in Ref. 25. In this region we
depend on the dc bias current. We $epen circlesthat for  have seen that the penetrati@aspectively, the expulsigmof
v=0.8 the “magnetization” plot is different since the field the field, are favored for higkrespectively, low values of
penetrates now fof,=0.8. Since we have smaller values of the bias currenfsee Fig. &)]. The presence of these two
the bias current at the bottom of the step, it follows that verytendencies for different bias-current values constitutes a
stable Fiske modes can be observed only when the systewalid background for the onset of chaotic phenomena. Inter-
has stability for bias current values close to zero. Thereforemittency effects were observ&dfor »=1.25, normalized
the real threshold for the observation of the stable cavityengthl =5, and a loss parametar=0.252 meaning that the
mode oscillations isy=2 which corresponds, in S| units, to conflicting phenomena persist even for a relatively high
He=2\;j.. Now we defineHy=2\;j.=P/uomA;d. value of the loss factor. In our simulations, performed for
The results of the numerical simulations of the systema=0.1, we found it very difficult to record voltages below
(1)—(2) reported in Ref. 26 are in good agreement with ourp=2. Also, our results are not contradicting the original
analysis. In fact, in Ref. 26 stable soliton mode oscillationsvork by Olsen and Samuelsénin which the soliton-
were reported for a junction having a normalized lergtltb, oscillation-based model for Fiske steps was proposed. These
a fixed value of the appliedy=0.8 and a loss parameter authors indeed investigated only the rangg< »<2.
a=0.252. Due to this high damping parameter, many of the From extensive numerical simulations of long overlap
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junctions we found that the first zero of the Josephson curjunctions®>3! All these examples touch the more general
rent is always aty=2, independently upon the length as long area of spatially distributed oscillations extending more than
asl=2. This result is not surprising considered the results othe characteristic penetration depth. A quantitative clarifica-
Owen and Scalapirf for in-line junctions and the analysis tion of the behavior of Fiske modes in the continuum limit
of Pagano, Ruggero, and Sarrféllfor overlap junctions. for a single long junction may therefore constitute an impor-
Stable field penetration in the long junction takes placetant reference point.

above the critical fieldH,. It is surely remarkable, however,

to observe the dynamical features associated with this phe-

nomenon: abovél,, i.e., abovenp=2, the long junction be- ACKNOWLEDGMENTS

haves(even temporally as a small one and all the experi-
mentally observed periodic features of Fiske and “flux- ; o .
flow” styeps can be ?Nell explainédlin terms of the early fabricated by M. Cirillo and F. Santucci at the IESS-CNR

theoretical analyses of the interaction of the ac Josephso(rBOme' We wish to_ thank P. Cz_irelli, M. G. Castel_lano,_ R.
effect with cavity moded*16:28 Leoni, and G. Torrioli for allowing us to use the junction

The simulations show that, for a loss facier-0.1 and fabrication ~equipment in  their laboratoryIESS-CNR,

normalized lengths above four the modulations start quitésor.ne'txve all;so t?hankf tGh Vderton?h Fi”I]actjl tforF.Sk'"flil he(;pz
precisely atp=2. In real junctions where the loss parameterpur'tng ftﬁ.co ecklon 0 ed atad a de tho Igs. 1 an ; th‘
is lower at least by one order of magnitude it is not surpris- arts ot this work were conducted under the auspices ot the

ing that a magnetic field slightly abowé,is needed in order U.S. Department of Energy, supported by funds provided by

to stabilize the oscillations, especially when the frequency otr;iel;?é\;]e{)s't{oc;fAﬁgxgrsnﬁ;géggﬁzobrg;grof gfrc\:\?cglr(l)(ntaog/k
the steps is below the plasma frequency. y Y:

For clarity we devote this paragraph to a conjectureSUbStantial advantage from accessing the computing facilities

: : f the Advanced Computing Laboratotlyos Alamos.
(based on dynamical argumengsesented previousi§con- 0 .
cerning the analogy between the long Josephson junction and We acknowledge Professor Robert Dana Parmentier

a type-ll superconductor. We have seen above that the reasé\@o;:oﬁqlrjggigtr';nasrzrfcgldgzzarﬁ?s'gutheegﬁgdnsgf;g d\]v?ée
for generating dynamical instability below the threshold field P J ' 99

is not the Josephson backgroung<0) in the presence of a were relevant also for the development of the work presented

field but the additional effect of the dc bias current. There-herem'
fore, there is indeed only one critical field above which
stable penetratioifand stable Fiske stepsake place. This
field is Hy (=2 in normalized units WhenH_.<H,, the
field penetration is enhanced for high bias-current values and
this phenomenon can give rise to dynamical instabilities. e briefly review the notations and normalizations of
However, it can be misleading to explain the phenomengritical fields used in long Josephson junction research. This
taking place in this interval as behavior of mixed-statereview can be helpful as different normalizations, notations,
type-Il superconductors sind¢, is not analogous to the up- and physical unit systems often cause confusion. We will
per critical field®” A detailed study of the magnetization ef- refer to the modulus of fields in the following.
fects of long Josephson junctions has recently been reported we begin with the Solymar bodk (SB) (Chap. 13,
by Chen and Hernandbitheir results are consistent with our where Si units are used with the only exception that the unit
data in Fig. 6. of the magnetic inductioB is expressed in G. We also refer
to the modulus of the charge of the Cooper pair asad
not asq in SB. Equation(12.21 and Fig.(12.5 of SB rep-
resent a clear reference for the normalization that we use. In
particular, theB field is normalized toP o/2md\j= uo)j -

In this paper we have identified the dynamical regimesUsing this normalization, we see in Fig. 12.5 of SB that the
and the parameters generating stable Fiske mode oscillatiopsint where the theoretical expression for the first lobe of the
in long Josephson junctions. These oscillations are generatédsephson current of a (Ag)-long in-line junction extrapo-
in long junctions(as well as in small ongdy interaction of lates to zero is 2. It follows trivially that the normalizirig
the ac Josephson effect with the cavity modes. However, ifield in SI units would be\;j.. Note that the lower critical
long junctions, this is possible only when, for junction field defined in Eq.(12.39 as B¢, =(4/m)\|j. is not the
lengths larger than 2, a critical field is exceeded. We havaormalizing factor for all the figures of Chap. 12. This field
shown that thgnormalized value of the critical field is 2, is the lowest field for which the Meissner solution becomes
(the value which allows complete penetration of one vortexunstable. The highest field for which the Meissner solution is
into the junction independently upon junction geometry possible(i.e., ourH,) is defined aB,=2uo\j=(7/2)B¢;
(overlap or inling. The nature of the oscillations has beenon p. 197.
displayed by LTSEM analysis and modulation patterns of the The same field normalizing factor used in SB was used in
current singularities generated by cavity oscillations. Thisthe work of Owen and Scalapitib(OS) with the only dif-
work relates directly to the interpretation of many experi-ference being that cgs units were used. Therefore, the nor-
mental situations where Fiske modes are essential, such amalizing field of OS is®yc/27wd\;=(47/C)\;j. and the
e.g., diagnostic tools for coupled junction systéhaiscrete  maximum field for which the Meissner solution is possible is
Josephson transmission linés,and high T, Josephson twice this value. Note that in the work by Goldman and

The junctions used for the presented experiments were

APPENDIX: CRITICAL FIELDS
NOTATIONS AND NORMALIZATIONS

V. CONCLUSIONS
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Kreiseman’ (their paper followed the OS work in the same however, that in this paper the magnetic penetration is
issue of Phys. Rey. where the data on the magnetic-field d=2\, because two identical superconductors are consid-
dependence of the currents in long junctions were reportedred. In the recent work of Chen and Hernaiidostead the

the field that we have defined &k, is calledH ;.
Gaussian units were also used by Barone-PatéBi,1*

same parameter is introduced by settird=2\, +t. Thus,
these factors of 2 should be taken into account when com-

but a factor of 2 is missing in the denominator of the right- paring the critical fields defined in these papers with ours.

hand side of the equation definitt, on p. 103. However,
the definition of the lower critical fieldH;; on p. 109 is
correct. We also note that the fielitl, defined on p. 117 of

BP is not the lower critical field, but using the same BP

notationsHo=2H:,=(87/C)\;J (we have inserted the cor-
rection for H,y written above. Thus, a factor of 2 must

multiply the numerator of the right-hand side of the equation
definingHy. With this correction the plots of Figs. 5.17 and

5.10(in this last figureH, must be the normalizing fieldbf
BP are consistent with Vaglio’s original pap&with the OS
work, and with our notation.

Gaussian units were also used in the paper by Riilik

A last technical comment concerns the normalizations
used in the works of Ernd=errigno, and Parmenti¢EFP).?
We can match the normalizations used in these papers to
ours simply by dividing their normalized field current
(M=1g/ly) by the number of units occupied by the equiva-
lent of the Josephson penetration defsttmich is 10 for the
work of Ref. 26. Thus, the EFP valukl =8, for example, is
equivalent to ourp=0.8 and a field valu& =20 would be
the =2 maximum field at which the Meissner solution is
possible. We recall that in the notation of EFP the quantity
indicated as\; is not a length but a number. In order to

whose definition of the lower critical field is consistent with 0btain a length one should multiply; for the unit interval

ours: instead the notatiod is used for ouH,. We note,

sectioning the long junctio x.

*Present address: Institut rflSchicht—und lonentechnik, Fors-

chungszentrum Jich GmbH, D-52425 Jiich, Germany.
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