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ac-induced damping of a fluxon in a long Josephson junction
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We present a theoretical and experimental study of Josephson \@tbean) moving in the presence of
spatially homogeneouslc and ac bias currents. By mapping this problem to the problem of calculating the
current-voltage characteristic of a small Josephson junction, we derive the dependence of the average fluxon
velocity u on the dc bias curreng. In particular we find that the low frequency ac bias current results in an
additional nonlinear damping of fluxon motion. Such ac induced damping crucially depends on the intrinsic
damping parameter and increases drastically asis reduced. We find a good agreement of the analysis with
both the direct numerical simulations and the experimentally measytgdcurves of a long annular Joseph-
son junction with one trapped fluxon.
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I. INTRODUCTION additional ac induced damping increases as the standard
damping characterized by parametereduces.
Solitary waves have attracted a great attention for many
years because they can be excited and observed in diverse |, EQUATION OF MOTION AND THEORETICAL
nonlinear systems? Well-known examples of such solitary ANALYSIS
waves are optical solitons, domain walls, kinks, and mag-

netic fluxons, just to name a few. q ibed b bed sin-Gord ion for the J h
The latter case, a fluxon carrying the magnetic flux quan- escribe yap%“f{” ed sin-L>ordon equation for the Joseph-
son phasep(x,t).” For a particular case of homogeneous

tum @, has a form of a Josephson vortex moving along a : : ; .
long Josephson junctiofLd). This system presents addi- dcm(:ﬁ/)7 and ac € sinwt) bias currents this equation has the
tional interest because the fluxon motion can be easily con-
trolled by externally applied magnetic field and dc biaslt
is also well known that under these conditions the fluxon
motion can be mapped to the classical mechanics of a madiere, the units of time and coordinate are correspondingly,
roscopic (relativistio particle and such correspondence isthe inverse plasma frequencyad/ and the Josephson pen-
practically exact™> etration length\ ;. The dimensionless damping parameter

It was shown theoretically and experimentally that in theis determined by the direct losses that are due to the presence
presence of both dc and ac bias the fluxon motion become¥ quasiparticle(dissipative current.
more complex and it displays various fascinating N the absence of perturbatipright-hand side of Ec(1)]
phenomend®~1° Thus, as the frequency of ac bias is the solution of Eq(1) is a fluxon moving with velo.C|t3u. In
large, i.e..0=w,, Wherew, is the plasma frequency of a a general case we use the standard transformation of the Eq.

LJJ, the fluxon radiates plasma wa’éd. When the fre- (1) to the fluxon reference frame, where fluxon moves with
quencyw is small (w<w;) but inhomogeneousstatic or an averagevelocity u. New variables are defined as
dynamig potential is present, the fluxon motion can be X—ut t—ux
locked to the external ac bias. In this case the vertical steps é= ,  T= . B=V1-u%
(“Shapiro steps’) appear in the dependence of the average B B

fluxon velocity u on the dc biasy (analog of thel-V  Equation(1) rewritten in the new variables is
curve.>®°Moreover, in the same frequency region the reso-

The dynamics of a fluxon in a long Josephson junction is

Pxx— @u—SINQ=a @~ y—& sinwt. D

nant escape of a pinned fluxon has been obséefed. _ ¢  au o+ gu
However, the fluxon motion in the presence of bbth Pee™ Prr SINQ=— —@ T — @~y eSIN @ .
: : B B B
mogeneoushapplied dc and ac bias for the frequeney @)

<wy, has not been investigated neither theoretically nor ex-

perimentally. In this Brief Report we present a theoreticalNote here, that the fluxon, in its reference frame, “feels” the
and experimental study of this limit. We show that, unexpectperiodic coordinate and time dependent potential given by
edly, the influence of a small ac bias is rather large, and athe last term of Eq(2).
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We are interested in the regime of small frequencies of ac 05 & = _0'7 ]
bias current, namelyp<1 in the dimensionless units. In this 8.1 1 Z-0s
limit we can neglect the interaction of the fluxon with the £ 1. ——e=03
plasma oscillation§. The potential energi . of the fluxon G181 . 1 = 7
is .
€ 034 4
el ) T+ &u g
Epot= EQD§—7¢+(1—COSQD)—SQD sin w B dé. 3
_Oo ‘mﬂ 0.2 4 -
(3 S

Introducing the fluxon solution in the formp(&,7)= [ €

—X(7)], where ¢y(£) is a well known Josephson vortex 0t 4 7
solution we derive the equation of motion for the coordinate
X(7) of the fluxon(in the reference frame 004 . : :

— — T
0.0 0.2 04 0.6 0.8 1.0

5 a).( au w mE ) 7'+Xu) fluxon velocity u
+ Xt —=—y— Sin
B B4 4 COSVE u“’_w) B FIG. 1. They-u curves obtained by using E7) for various
23 values of the ac bias amplitudes-0, 0.1, 0.3, 0.5, 0.7. The damp-

(4) ing parameter and ac frequencw are, correspondingly, 0.04 and
0.03. The inset shows the normalized dc bias chakde the ap-
Slied ac biase=0.1 atuy=0.3, as a function of the damping pa-
rametera.

Thus, the main result can be seen from this equation: th
applied ac bias currerjtast term in Eq.(4)] excites fluxon
librations of the frequencw/B and, in turn, the interaction
of such librations with the ac bias current leads to the addi-
tional nonlinear damping of a fluxon motion. The interestingJJ
feature of the Eq(4) is that it can be mapped to the problem
of calculating thel -V characteristiqIVC) of the small Jo-
sephson junction with a specific damping, in general, differ-

The analytical expression fofv) dependence for small
at arbitrary values of damping and critical current is not
known. Using numerically simulateidv) (Ref. 12 and Eq.
(7), we obtain they(u) dependence for various values af

ent from «. To see a precise mapping we introduce ne
variables
wa w
= A, T0o= T+,
Vgt 7T
and obtain the equation
. a. . . ug(my au
y(70) + y(mo) +ic(w)sin(y + 7o) = —=| —=— yal

©)

where i (u) is a “critical current” of the small junction
which depends on the velocityof the fluxon from our prob-
lem and is given by

o(u) = ”Uﬁjm

. 6)
7)

4w Cosr<

W

Figure 1 showsy-u characteristics calculated in this way for
& between zero and 0.7.

Let us analyze some limits. For small fluxon velocity,
namelyu<maxXa,w}/e, y(u) looks similar to a straight line,
but its slope is steeper than in the autonomous eas@ (see
Fig. 1):

B 4au
Y= ’77_,8

1{mwe\? 2
e i .
2<4 a’+ w?

®

In the opposite case> max(a,w)/e, the y-u dependence just
shifts by the constant value<1 from the autonomous
curve. Thus, ac bias induced damping is highly nonlinear,
and they-u dependence displays an inflection point for mod-
erate values ofi (see Fig. 1

In the region of small frequencias=« as the damping
coefficienta decreases, the response of the fluxon to the ac
bias current(which is proportional to 1#?) drastically in-
creasegsee Eq(8)]. In order to analyze this effect in more

The y-u characteristics of moving fluxon can be found from Precise terms we calculate the change of dc bias

this equation in the following form:

B 4au )

7_77_,8+FB \ (7)

o
i(1)-—

=[v(ug) — vo(ug) 1/ yo(up) as a function of the damping pa-
rametera, for particular values of fluxon velocity,=0.3

and ac biase=0.1, whereyy(ug) is the value of dc bias
current in the absence of ac bias. The results are presented in
the inset of Fig. 1.

wherei (v) is the nonlinear current-voltage characteristics of

a small Josephson junction with the critical curresftl) and
the dampinga/w. In Eq. (7), the first term is the usuaf-u

characteristic for a fluxon moving along LJJ and the second

IIl. NUMERICAL SIMULATIONS

In order to verify the analysis presented above and pre-

term corresponds to the correction due to the presence of atictions made we performed direct numerical integration of

bias current.

the PDE(1). The periodic boundary conditions
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FIG. 2. Numerically simulated dc driving force vs velocigyu) FIG. 3. The experimentally measuréd/ curves of an annular

curves for various amplitudes of ac drigendicated in the legend. LJJ with trapped fluxon for different values of microwave ac drive
For comparison, dashed line shows the theoretical curvesfor of the frequency 1.4 GHz at power levels varying from 4.3 to 20.6
=0.1 taken from Fig. 1. dBm. The lowest curve corresponds to the autononievscurve
(zero ac power
e(l,t)y=9(0)+2m, 9)
=4.2 K. The junction has the mean radiBs-46 x m and
ou(1,t)=@,(0}) (10  widthw=5 xm. The critical current density, was about
100 A/cn?, which corresponds to the normalized junction
were imposed and the normalized length of the L3as  |ength| of about 10. A single magnetic fluxo@osephson
taken to be 10. We used the damping coefficient0.04 and  vortex) was trapped in the junction by applying a small dc
the ac bias frequenay =0.03 as these values are very closebias current during the transition from the normal to the su-
to the experimental onésee the next sectionThe obtained  perconducting state while cooling down the sanipi2.
@(x,t) profile was used to find the voltagproportional to For the external ac bias the microwave radiation with dif-
the fluxon velocityu) across the junction. The averaging of ferent frequencies in the range from 1 to 20 GHz was used.
velocity was performed over the time interval which is aHere we present the results only foew/(27)=1.4 GHz
multiple of the period of the ac frequency. We used twownhich corresponds to the=0.03w,,. The microwave signal
programs with different numerical schemes and averagingvas applied by an antenna placed close to the sample, so that
algorithms, and obtained identical results. ac bias current was induced by the antenna in the bias leads
The y-u curves for different values of the ac bias ampli- of the junction. The typical powew of the applied micro-
tudee are shown in Fig. 2. The main effect of the ac inducedwave radiation was ranging from few pW to several tens of
damping which depends on the fluxon velocity is clearlymw, referenced to the top flange of the sample holder.
present in numerical data. We measured-V curves of the annular Josephson junc-
Moreover, as the ac bias is sma#l (< 0.2) the qualita- tion with one trapped magnetic fluxon at different ac power
tive agreement between analytical results obtained above UfevelsW. Thesel -V are shown in Fig. 3. The measured/
ing the perturbation theory and direct numerical simulation iscurves qualitatively look very similar to thg(u) dependen-
rather good practically in a whole region of fluxon velocities cies obtained for the fluxon in Secs. Il and Ill. Clearly, ac

u<1 (see Fig. 2 However, ase increases the theoretical induced voltage-dependent damping is obserge¢ Figs. 1
analysisoverestimatethe ac induced damping in the region and 2.

of small u and underestimatdt in the opposite regime of
largeu. Most probably, the reason for that is that we neglect
the interaction of the fluxon with the plasma oscillations. The
direct numerical simulations also show that for high ac bias Thel-V curves shown in Fig. 3 display many small steps
(¢=0.5,0.6, and 0J)7the state of moving fluxon becomes which we explain by the presence of small nonuniformity of
unstable, and the simulated curves in their upper range eritie LJ3J. In fact these steps are nothing else but conventional

V. DISCUSSION

with a point of switching to high voltages. Shapiro steps induced by ac drive. The imperfection of the
junction can be due to either self-field effects, influence of
IV. EXPERIMENT the dc bias leads, or small technological inhomogeneities.

To check the influence of nonuniformity on simulated

To observe the predicted effect we carried out real meaeharacteristics, we performed additional numerical simula-
surements using Nb/AI-AIQ'Nb long annular Josephson tions with a tiny external magnetic field applied in the

junction*®* with a trapped magnetic fluxon. The junctions junction plane. It is a well known that a such magnetic field
were underdamped with the typical value ®=0.04 atT  creates the coordinate dependent potential for the fldxon,
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and therefore breaks the translational symmetry of the sys- 05 T——T—
tem. This leads to the change ¢fu curve such that the
fluxon rotation frequency in the annular system gets locked
to the frequency of ac drive in some rangesyofPhysically,

this effect corresponds to the appearance of ac-induced volt-
age locking steps known as Shapiro steps for Josephson
junctions.

Figure 4 clearly shows that in the presence of magnetic
field there are numerous Shapiro steps of a small magnitude
that appear in the simulategtu curve. Yet the pronounced
effect of ac induced fluxon damping remains very evident. 04 o
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VI. CONCLUSIONS fluxon velocity u

We have reported a theoretical and experimental study of . . .
. . . FIG. 4. The numerically simulateg-u curves in the presence of
the fluxon motion in the presence of dc and ac bias. By U : _

i f1h vsi d the direct ical simul magnetic fieldh=0.05. The amplitude of ac drive was chosen
ma Ing usebo . ehana ySI.S ;m d € |r|(-ac nugerlcg S'm? 420.3 and 0.4, and other parameters are the same as in Fig. 1.
tions we obtain the ac induced nonlinear damping of a, ., identify Shapiro steps.
fluxon. We also measured the current-voltage characteristics
of an annular LJJ with the trapped fluxon. We observed aately measure the damping parametewhen it gets ex-
such ac induced damping as a large ascent of tlecurve  tremely small at low temperatures.
in the presence of externally applied microwave radiation.
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