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Observation of progressive motion of ac-driven solitons
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We report the experimental observation of ac-driven phase-locked motion of a topological soliton at a
nonzero average velocity in a periodically modulated lossy medium. The velocity is related by a resonant
condition to the driving frequency. The observation is made in terms of the current-vdi{a&e character-
istics for a fluxon trapped in an annular Josephson junction placed into dc magnetic field. Large zero-crossing
constant-voltage steps, exactly corresponding to the resonantly locked soliton motion at different orders of the
resonance, are found on the experimeht®l) curves. A measured dependence of the size of the steps versus
the external magnetic field is in good agreement with predictions of an analytical model based on the balance
equation for the fluxon’s energy. The effect has a potential application as a low-frequency voltage standard.

DOI: 10.1103/PhysRevB.64.020302 PACS nunier85.25.Cp, 05.45.Yv, 74.56r

The important role played by nonlinear excitations in the A more general case, when the system is simultaneously
form of solitons in various physical systems is commonlydriven by the ac field and dc bias curréntvas considered in
known. However, experimental observation of dynamical ef-Ref. 5. It was predicted that the correspondingd) charac-
fects produced by solitons is often difficult because real systeristic hassteps(constant-voltage segmentst the resonant
tems may be far from their idealized mathematical models/e|ocities(1). The motion of the fluxon under the action of
which give rise to soliton solutions. Among perturbationspure ac drive then corresponds zero crossingswhen the
that destroy soliton effects, dissipation is the most importangteps cross the axis=0. In fact, the most straightforward
one. To compensate dissipative losses and thus make thgyy to observe the ac-driven motion of the soliton is through
soliton dynamics visible, one must apply an external forcezero-crossings on the(l) characteristic.
that supportgin particular,drives a soliton: A formally similar feature is known irsmall Josephson

Solitons of the simplest type are topologi&iriks a well-  junctions as Shapiro stepsac drive applied to the junction
known example being a magnetic flux quantditaxon) in  gives rise to dc voltage across(in inverse ac Josephson
long Josephson junctionJJ's).* A fluxon in LJJ can be  effect. However, a drastic difference of the effect sought for
easily driven by bias current applied to the junction. Thejn this work from the Shapiro steps is that they are only
motion of a fluxon gives rise to dc voltagé across the possible at high frequencies exceeding the junctions’s
junction, which is proportional to the fluxon’s mean velocity. plasma frequency, while the ac-driven motion of the fluxon
Varying the dc bias current one can produce a dependencecan be supported by the ac drive with an arbitrarily low
V(1), which is the main dynamical characteristic of LJJ. An frequency. This circumstance also opens way for application
experimentally obtained(V) curve easily allows one to to the design of voltage standards using easily accessible
identify the presence of one or more fluxons trapped in“LJJ.sources of low-frequency radiation, which are not usable

Microwave field irradiating LJJ gives rise to an ac drive with the usual voltage standards based on small Josephson
acting on the fluxon. In a spatially homogeneous lossy sysjunctions. Moreover, because the single-valued dc voltage in
tem, an ac drive may only support an oscillatory motion of a_jJ is controlled not only by the frequency and amplitude of
kink, which is hard to observe in LJJ due to the absence ofhe ac drive, but also by locally applied magnetic ficdee
dc voltage. However, it was predictethat an ac drive can pelow), the system studied here may be useful for designing
support motion of a kink with monzeroaverage velocityl  an ac voltage standard.
in a system with a periodic spatial modulation. Indeed, a The inverse Josephson effect was also studied in detail in
moving kink passes the modulation lengfferiod L during  ac-driven finite-length linear junctions with reflecting edges,
the timeL/u. If this time is commensurate with the period corresponding to zero external magnetic fleld. fluxon
27l of the ac drive, i.e.m(L/u) =27/ with an integer turns into an antifluxon while bouncing from the edge. In
m, or that case, the system of constant-voltage steps is compli-

cated, on the contrary to a very simple set of two symmetric

u=m(Lo/2m), @) steps in the circular jl)J/nction, sZe belpow. This is exp>llained by
one may expect a resonan@# orderm) between the two the fact that theshuttle motionof the polarity-reversing
periodicities. In other words, a moving kink may be phase-fluxon/antifluxon in the linear junction is different from the
locked to the ac drive. This provides for permanent transfeprogressive motion of the fluxon, without any polarity rever-
of energy from the drive to the kink, making it possible to sal, in the circular LJJ.
compensate dissipative losses. The energy balance gives rise An objective of this paper is to report direct experimental
to a minimum(threshold valueIy, of the ac drive’s ampli- observation of the ac-driven fluxon motion in periodically
tude I', which can compensate the losses and support themodulated LJJ's. Frequently, it is assumed that the necessary
motion of the ac-driven kink. periodic spatial modulation along the junction can be in-
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duced by periodically changing the thickness of the dielectric It is straightforward to derive an equation of motion for
barrier separating two superconductors. In the presence difie fluxon in the adiabatic approximation, following the lines
the losses and drive, the modulated LJJ is described by thef Refs. 4 and 5 ¢{=d&/dt):
perturbed sine-Gordo(sG) equation,
d ( & ) h & aé
4

— COS- —
dt 1/1_'52 ,/1_;52 R 1_'52

+£[y+r sin(wt)]. 4)

C2mX\ )
l+e smT sing=—a¢;—y—TI'sinwt,

)

wherex andt are the length along the junction and time,
measured, respectively, in units of the Josephson length and
Inverse plasmg frequency, is the normalized modulauon and 10, that, in the lowest approximation, the fluxon is mov-
amplitude, whiley and " are the dc and ac bias current

densities, both normalized to the junction’s critical currentiNg at a constant velocitgo=u belonging to _the resonant
density. spectrum(1), so thaté(t)=ut+R4S, where 6 is a phase-

The harmonic modulation of the local magnitude of thelocking consEant. Then, the first correction to the instanta-
maximum Josephson current, assumed by this model, is vef}OUS fluxo'n s velocity, generated by the spatial modulation,
hard to realize in an experiment due to the exponential det@n be easily found from Ed4),
pendence of the critical current on the thickness of the di- . o s
electric barrier. A much easier and fully controllable way to &1=(mRN4u)(1—u)sin (u/R)t+ 4]. (5)
induce a harmonic periodic modulation is to useaamular  The approximation applies provided that the correct®ris
(ring- shapedl LJJ, to which uniform dc magnetic field is mych smaller than the unperturbed velocity which
applied in its plané.As it was demonstrated experimentally, amounts toR h<u?/(1-u?).
fluxons can be readily trapped in annular L3Js.this case, A key ingredient of the dynamical analysis is theergy-
the sG model takes the form balanceequation’ In the model(3) it is based on the correc-
tion ( 5) to the velocity® (while in the above-mentioned
models with ac magnetic fiel#&® the approximationé=u
was sufficient In the case of the fundamental resonance,
with m=1 in Eq.(1), i.e.,u=Rw, the energy balance yields,
whereh is (renormalizedl magnetic field, andR is the radius ~ after a straightforward algebra,
of the ring. In the case of the annular junction, solutions are

d’tt - ¢xx+

For further analysis, one may assume, following Refs. 7

X
bi— Pyt Sing+h sin§= —ad;—y—TIsinwt, (3

subject to periodic boundary conditionsp,(x+ 27R) ~ 4aRe whl’ )

=¢,(X) and p(x+27R)=@(x)+27N, N being the num- Y= Wm_ Ssz[l_(R“’) 1 coss. ©®)
ber of the trapped fluxon@n this work, N=1). Comparison

with the experiment shows that, unlike the mo@| the one Setting|coss|=1 and y=0 in Eq. (6) gives a minimum
(3) is, virtually, exact’ (threshold amplitude of the ac drive which can support the

We assume the spatial size of the fluxon, which-i$ in  fluxon’s motion in the absence of the dc bias currdhy,
the present notation, to be much smaller than the circumfer=(32/7%h) aR?w’[ 1— (Rw)?] %2 For the comparison with
enceL=27R of the annular junction. Large imposes an experimental results, the most important consequence of Eq.
upper limit on the driving frequency which can supportthe (6) is an interval of dc bias current densityin which the
ac-driven motion: as the fluxon’s velocity cannot exceed thephase-locked ac-driven motion of the fluxon is expected. It is
maximum (Swihary group velocity of electromagnetic produced by varying cdsin Eq. (6) between—1 and+ 1:
waves in LJJ, which is 1 in our notation, EG) implies that

w=1/L. et o 4aRw +7rRF[1—(Rw)2]
A different type of ac drive for fluxons in circular L3Js Y1 <Y<7%1: 1= — =5~ 2
was proposed in Ref. 7, viz., ac magnetic field. In this case, 1= (Re) 8(Rw) @

the termsh sin(/R) and I sin(wt) in Eq. (3) are replaced by

a single oneh sin(x/R)sin(wt), which may be decomposed Note that the size of the interval strongly depends on the
into two waves traveling in opposite directions, (1/2) driving frequency, while in the model with the ac magnetic
X[ cosf/R— wt)—cosk/R+wt)]. As it was showr, either field’ it does not depend om at all, provided that 2R
traveling wave may capture a fluxon, dragging it at the>1.

wave’s phase velocity wR. A similar model was proposed Experiments have been performed with Nb/Al-AIDIb

in Ref. 10, in which the fluxon is dragged bgtating mag-  Josephson annular junctidnwith the mean diameter R
netic field. A difference of our modéivhich corresponds to =95 um and the annulus width 5um, applying the bias
the real experiment reported belpus the separation be- currentl and measuring the dc voltayeacross the junction.
tween the fields that induce the spatial modulation and adhe distribution of the bias current was uniform, which was
force. The separation makes it possible to control the dynameoncluded from measurement of the critical currenn the

ics in a more flexible way. state without trapped fluxons &=0. |, was found to be
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about 0.9 of its value for the small junction. The annular LJJ 03 P T T T

had the Josephson length~30 wm and plasma frequency 1 (@

50 GHz. Note that these parameters imply the ratib0 of 0.2 - [

the junction’s length ZR to the fluxon’s size, which is ] !

~N\j, i.e., the junction may indeed be regarded as a long < 014

one. The measurements were done at the temperature 4.2 K, § 1

using a shielded low-noise measurement setup. The ac driv- £ 00

ing current with the frequency= w/27 between 5 and 26 = 1

GHz was supplied by means of a coaxial cable ending with a z 0.1 - I

small antenna inductively coupled to the junction. The an- 5 . r__

tenna was oriented coaxial to the dc bias current supplied 0.2 -

through the electrodes, therefore the ac magnetic field was -

perpendicular to the dc magnetic field. Thus, the magnetic 0.3 +H e

component of the ac signal induced the driving force of the 75 50 25 0 25 50 75

same type as the bias current. The ac power levels mentioned voltage (uV)

below pertain to the input at the top of the cryostat. A —
Following Ref. 9, trapping of a fluxon in the junction was 1 ®)

achieved by cooling the sample below the critical tempera- 0.2

ture T.~9.2 K for the transition of Nb into the supercon-

ductive state, with a small dc bias current applied to the Z 01- [

junction. At H=0, the fluxon depinning currerit;,, was £ 0 = )

found to be very small, less than 1% of the Josephson criti- £ oo —,

cal currentl. measured without the trapped fluxon. As a 2

fluxon can only be trapped by junction’s local inhomogene- § 01 d JEEYE

ities in the absence of the magnetic field, this indicates at B 0

fairly high uniformity of the junction. At low values of the o2

field H, linear increase ofye, with H was observed, which is ’

well described by the theoretical model based on E§k.

and(4): the zero-voltage state exists as long as the maximum 03 7'5 i 5:0 i 2'5 i ('J o '2'5' i '5'0' i '7'5'

fluxon’s pinning force exerted by the field-induced potential

remains larger than the driving force induced by dc bias cur- voltage (uV)

rent, which is satisfied aty| <h. Note that the fluxon depin- FIG. 1. Current-voltage characteristics for a fluxon trapped in

ning and retrapping in weak external magnetic fields werghe annular Josephson junction irradiated by the ac signal with the

studied experimentally and analytically in Ref. 9. frequency 18.1 GHz and powét,.=—8 dBm. The dc magnetic

An evidence for the progressive ac-driven motion of thefield is (a) H=0.35 Oe andb) H=0.

fluxon is presented in Fig.(d). This (V) characteristic was _
measured aH=0.35 Oe and=18.1 GHz. Its salient fea- ©N the resonant steps that occur in the presence of dc mag-

ture is two large symmetric constant-voltage steps. Théetic field. In other words, the ac-driven motion of the flux-
ns is not possible without a stationary spatially periodic

points where they intersect the zero-current axis correspond , o e y ; )
to the fluxon moving around the junction with a nonzero Potential. This inference is in no con_trad_|ct|on with numeri-
average velocity at zero dc driving force. Another remark-Cal results of Ref. 7, where the drive itself was spatially
able feature is the absence of any step at the zero voltaggodulated. _ .
i.e., in the present case the fluxon cannot be trapped by the 0Ming back to the resonant steps induced by the dc field
effective potential, even when the dc bias current is smaIIH’ which is the main SUbJeCt_ of the work, we have also
For comparison, in Fig. (b) we show thel (V) curve mea- measured their size W4, see Fig. 2. The result is that both
’ . + p— . - . .

sured at the same power and frequency of the drive, but wit§dge values; andl, indicated in Fig. 1 vary nearly linearly
H=0. In this case, a substantial zero voltage step is see/ith H, up toH~0.37 Oe. At still larger fields, the phase-
extending up to the curreg~=0.1 mA. In the absence of locked ac-driven motion of the fluxon gets interrupted in
the ac drive, the critical curre is much smaller, less than SOMe current rangghe perturbation theory does not apply to

20 wA (this residual , may be explained by small inhomo- SO strong fields These findings are in reasonable agreement
geneities of LJJ, see above with the theoretical predictiof¥), a fit to which is shown by

The conspicuous zero-voltage step in Figb)lmay be the dashed lines. This pertains to both the upward shift of the

explained by the fact that the magnetic component of the alines !y (H) (recall thatl andH are proportional toy andh,
drive creates its own modulated potential. This argumentespectively and their linear change with the magnetic field.
also helps to explain two symmetric constant-voltage steps dthe residual nonzero value of —1; atH=0 matches the
V~37 wV in Fig. 1(b) as resonant steps supported by thesmall non-zero-crossing step in Fig(bl It is noteworthy
ac-drive-induced modulation. Note, however, that the lattetoo that the current range of the zero-voltage sthfes |
steps do not feature zero-crossing. All the data collected ir<l; [see Fig. 1b)], decreases nearly linearly with, disap-
the experiments show that the zero crossing is possdidy  pearing atH~0.09 Oe.
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FIG. 2. The critical values, andI; of the dc bias current, FIG. 3. Current-voltage characteristics for a fluxon in the annu-
marked in Fig. 1, vs the external dc magnetic field, the dashed liner Josephson junction &=0.40 Oe, irradiated by the ac signal at
showing a fit to Eq(7). the frequency 10.0 GHz. The signal's powef. is —3.4 dBm

(solid line) and —12.4 dBm (dashed ling The constant-voltage

) ) ) steps on the two lines correspond, respectively, to the second-order
Equation (7) also predicts a linear dependence of theang fundamental resonance in ).

step’s size on the ac-drive’s amplituffe Comparison with
experimental data shows an agreement in a broad power ,
range; we do not display detailed results of the comparison, All the above results pertained to the fundamental reso-
as they display no interesting features, the linear dependen&@nce,m=1 in Eq. (1). It is also easy to observe zero-
of the range of existence of the inverse Josephson effect V0SSINgs corresponding to higher-orders resonances. This is
the amplitude of the ac signal being a common feature of allllustrated in Fig. 3, showing/(l) curves with the resonant
the manifestations of this effect, including the Shapiro stepsteps generated by both the fundamental and second-order
in small junctions® (corresponding tan=2) resonances.

As for the dependence of the step’s size on the ac-drive’s In conclusion, we have reported the observation of ac-
frequency at a fixed value of its power, it is hard to measuralriven motion of a topological soliton in a periodically
it, as variation of the frequency inevitably entails a change irmodulated lossy medium. The observation was made in an
the ac power coupled to the junction. Nevertheless, basiannular uniform Josephson junction placed into constant
features reported in this work, i.e., the zero crossing steps ahagnetic field. Experimentally measured data, such as the
finite voltages and disappearance of the zero-voltage statsize of the constant-voltage step, are in good agreement with
have been observed in a broad range of the ac frequencigssedictions of the analytical model. The effect may take
starting from about 5 GHz and up. On the other hand, as iplace in a broad class of nonlinear systems and, in terms of
was mentioned above, the condition that the moving fluxorthe Josephson junctions, it may find a potential application as
cannot exceed the Swihart velocitysets an upper cutoff for a low-frequency voltage standard.
the frequency that can support the phase-locked motion of

fluxons. In our systeme corresponds to the dc voltage This work was partly supported by Grant No. G0464-
=cdy/(27R)~80 wV, which translates, via Eql), into  247.07/95 from the German-Israeli Foundation. We appreci-
the cutoff frequency~40 GHz for the case of the funda- ate discussions with G. Filatrella, M. Fistul, E. Goldobin, N.
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