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Current-driven vortex dynamics in a periodic potential
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Quasi-Josephson effects due to coherent vortex motion in artificial reversible periodic potential structures in
high-T. superconducting thin films have been investigated. Periodic pinning conditions have been created by
applying a magnetic tape containing a prerecorded harmonic signal to the surface of high quality
Y 1Ba,Cu0; _ 4 thin films. Application of the periodic pinning enforces coherence in current-driven motion of
Abrikosov vortices in wide and short macrobridges and leads to the appearance of Josephson-like effects
manifesting themselves in series of self-induced current steps on the current-voltage characteristics. The equa-
tion of motion for vortices flowing across periodic potential structures is analogous to the phase equation for
low-capacitance classical Josephson junctions. The perturbation solutions of this equation contain resonant
Shapiro-like self-steps resulting from the locking of the frequency at which vortices are created at the sample
borders to the resonant frequencies of the vortex system. Self-resonant frequencies are set by the characteristic
time of flight across the sample width and across the period of the applied potential. Voltages of the self-
induced current steps have been found to scale with inverse of the characteristic length corresponding to the
magnetic period and/or to the sample half-width, consistently with the theoretically derived relations. Experi-
mental data indicate that vortices move in large bundles containing several thousands of flux quanta. The
temperature dependence of the step voltages can be ascribed to changes in vortex velocity due to the
temperature-dependent viscosity fac{®0163-1829)01334-X]

[. INTRODUCTION weak links, see, e.g., Refs. 4-8. The phenomenon was most
pronounced in weak links made out of short coherence
Classical Josephson quantum coherence effects with putength materials, such as15 (Refs. 4—6 or disordered ion-
sine current-phase relationship persist only in very smalimplanted superconductofdt was found that with increas-
weak links having dimensions of the order of the superconing size of the bridge, vortices start to nucleate and penetrate
ducting coherence length of the material from which they areghe bridge simultaneously at different positions along its
made’ ™ Voltage states observed in experimentally achiev-edges. In this situation, nonhomogeneity and intrinsic pin-
able highT . superconductofHTSC) bridges, despite some ning became more important and led to differences of veloci-
claims in the literature, are not related to the Josephson efies along different channels of vortex motion. As a conse-
fects but to the dissipation caused by the motion of Abriko-quence, the coherence in vortex motion breaks down with
sov vortices. With increasing transport current large weakncreasing link size and very large bridges behave like ordi-
links (macrobridgesbecame unstable with respect to vortex nary superconducting films.
formation. Bundles of vortices of opposite sign nucleate at A recent decade of intensive investigations of HTSC's
strip borders, move toward the bridge center, and annihilateesulted in enormous progress in our understanding of the
In bridges smaller than the effective penetration depth oproperties of vortex matter in type-ll superconductors.
magnetic field repulsive forces between equally oriented vorAmong many experimental techniques, artificial pinning
tices and attractive forces between oppositely oriented ongwoved to be an extremely useful tool in studies of vortex
cause highly coherent motion of vortex bundles. Coherentlynamics. Enforcement of artificial pinning is capable of
flow of vortices results in the appearance of Josephson-likehanging in a significant degree the electromagnetic proper-
effects, closely resembling phenomena seen in classical Jties of vortex matter. A common way of changing the pin-
sephson junctions® One observes magnetic modulation of ning properties consists of exposing samples to electron, ion,
the critical current and Shapiro dc current stepd-dhchar-  or neutron irradiation, capable of introducing additional
acteristics of microwave irradiated sampfet’ The coherent quenched disorder to the specimen. Recently the general in-
nature of vortex based Josephson-like effects was most coterest shifted towards effects of ordered artificial periodic
vincingly confirmed by direct detection of microwave emis- pinning structures?=?° Interaction of vortex matter with pe-
sions by coherently flowing vorticé§-12 riodic pins can be seen as an excellent laboratory model of a
Josephson-like effects related to coherent vortex motiogeneral class of nonlinear systems. Current-driven vortices
were studied extensively already in loly-superconducting interacting with periodic pins exhibit commensurability ef-
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fects at matching magnetic fields®2%??2and plastic flow

phases which are not observed in random pinning
conditions*®'” However, most importantly for us, periodic
pinning is capable of restoring the coherence in current
driven vortex motion even in relatively large macrobridges,
resulting in appearance of Josephson-like effects in such
structureg:®1°

The physics of Josephson-like effects surfaced again as an
utmost important issue in the context of high-supercon-
ductors. HighT, Josephson junctions cannot be fabricated
with techniques developed for classical Idw-Josephson
elements. The ceramic nature of HTSC materials excludes
the possibility of obtaining classical sandwich-type Joseph-

son tunnel junctions, while extremely short coherence I(':‘ngtlgverlaying magnetic tape containing a prerecorded harmonic signal.

and strong deterlqrat!on of HTSC films in the _patternlng pl’O'Cooling of the sample in the presence of spatially periodic magnetic
cess prevent fabrication of Josephson weak links shorter thapy of the tape results in the circulation of screening currents as

the coherence length. In this context, the system of cohefpgicated in the figure. For transport curreiptflowing in the y-

ently flowing Abrikosov vortices can offer an alternative so- girection vortices are flowing in thedirection, across the magneti-

lution for weak-link Josephson devices capable of operatingally imposed periodic potential relief.

at liquid-nitrogen temperatures. Moreover, Josephson-like

effects may be employed as an efficient tool for probingneous magnetic field; see Fig. 1.

high-T. vortex matter dynamics in periodic pinning struc-  To evaluate the effect of the inhomogeneous field let us

tures. apply a magnetic tape containing a prerecorded harmonics
Investigations of vortex motion related Josephson-like efsignal to the surface of a flat superconducting specimen that

fects were restricted, to our best knowledge, exclusively tgccupies half space>0. The recorded harmonic signal

studies of Shapiro steps resulting from interactions of cohers(t) =s, cosd) results in spatially periodic magnetic field

ently flowing vortices with externally applied ac signals. HX:HOCOSkOX at the tape-samp|e interface. The Spatia| pe-

However, in periodic pinning conditions one may possiblyriodicity of the field is Simply\ ,= 27U, / ws= 27/K,, Where

see also self-induced current steps resulting from matching_ s the speed of tape translation under the recording head.

of the current dependent frequency vortex nucleation to anyhe profile of the magnetic field inside the superconductor

harmonics of the natural self-frequency of the system set b¥an be obtained by solving London’s equation,

the time of flight of vortices across the period of the imposedy2p — (1/\2, )H=0, with the boundary conditionH(z

potential structure. _ o =0)=Hgcoskox. Here, \o;s=Acoth@2\) is the effective

In this paper we report on our investigations of current-nanetration depth of magnetic field into a superconducting
driven vortex dynamics in magnetically imposed controllablef 5 specimen with the thicknessand is the London pen-
and reversible periodic pinning in HTSC epitaxial giration depth. London’s equation must be completed with

Y1B8,Cu307- 5 (YBCO) thin films. We discuss experiments \jaywell's equation for the free space;H=0. The solution
revealing the existence of self-induced Josephson-like effy. 1y reads

fects, mechanisms leading to periodic pining conditions, and

FIG. 1. Geometry of the superconducting macrobridge with the

provide a theoretical picture describing the experimentally 1
observed phenomena. H,(x,z)=Hg cogkox)exp — k(2)+ —z
eff
Il. PERIODIC PINNING: THEORETICAL BACKGROUND =Hg cogkox)exp( — kz). 1)

Several methods of introducing artificial periodic pinning The energy of Abrikosov vortex located inside the consid-
to superconducting films have been reported in the literatureé®red specimen at the poirtis
'I_'he far from co_mplete list includes s_p_atlally order_ed radia- ddoH, ®H o CoKoX
tion defects, thickness and composition modulation, mag- U:J dz=
netic impurities, two-dimensional arrays of magnetic and o 4m 4mK
nonmagnetic dots, and periodic holes
arrangement:10:1519.20.23.2hpplication of any of the known
techniques causes irreversible changes in the properties
investigated samples. We have recently proposed a techniqlé%
enabling one to introduce a reversible and controllable arbi-
trary weak pinning potential to superconducting specinféns. 1 D oH ko
The technique relies on interactions between vortices and F=a(—ﬁxu)=m[l— exp( — kd)]sin(kyX)
spatially nhonhomogeneous magnetic-field pattern produced
by magnetic recording tape, containing a preregistered sig- =Fsin(koX). ©)
nal. The tape is placed in a close contact with the surface of
the superconducting specimen which in this way is cooled For currents flowing in thg direction and exceeding the
across the superconducting transition in spatially inhomogeeritical depinning current the local vortex dynamics in mag-

[1—exp—«d)], (2

where®, is the flux quantum. Clearly, the application of a

erecorded magnetic tape imposes periodic potential on
rikosov vortices moving in the superconductor. The force
ting on a unit length of a vortex is
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netically imposed periodic potential relief will be governed whereX=Kkgx is the dimensionless coordinate of the position

by the following equation of motion: of the vortex bundleb=Fkq/% plays role of the force
@ magnitude due to periodic magnetic modulation, amd
X+ Fo sin(koX) = ?OJEXI, 4  =JextPoko/(7C) stands for the reduced current density.

Equation(5), which is a well-known equation of motion
wherer; is viscosity per unit length of the vortedg,,= (J for an overdamped pendulum, describes dynamics of many
Jeo), J is the density of external current, adg, is the  honlinear systems, among them the classical weak link Jo-
density of the critical current in the absence of the periodicsephson junction. The equation for the weak link follows
potential. We have assumed here tha; is independent of ~ Straightforwardly from the resistively shunted junction
bothx andz coordinates. Equatiof#) can be rewritten using model(RSJ in the limit of small junction capacitanceOur

the reduced quantities equation of motion is analytically solvable. By integrating
. Eqg. (5 and taking the time derivative of the solution for
X+bsinX=a, (5  |y|=|a]/b>1 one obtains
|
: 0%
XO(t): Qt 2 ’ (6)
Qsin = +6 —yac05<7+5 +a?cod - +o

where §e[0;27] is an integration constant. The derivative pattern reprpduces the shape of_the prereco_rded _sig_nal and
of the obtained solutioX,(t) is periodic with the frequency thus determines the spatially periodic potential relief in the

I s sample. The vortex dynamics is now governed by the equa-
Q=va'—b Ny The average vortgx velocitx) can be calcu- tion of motion which is equivalent to the phase equation for
lated as a time average of E®):

the low-capacitance classical Josephson junctions.
QO (240 The latter system is known to exhibit dc current Shapiro
<>'(>: _f Xo(t)dt=Q= JaZ—b2. 7) steps on thd-V curves of junctions irradiated with micro-
2 ignalk26-30 . .
0 wave signal . The positions of these steps are deter
mined by the frequency of the incident radiation via the fa-

Note that Eq(7) is valid only for|y|>1, since(X)=0 for  mous Josephson relation:

|’y|$l.
The electric field due to vortex motiok and the vortex v —niw (10)
. e . = n— ext-
velocity v are related by a simple, well-known equatign 2e

= —1/c(vXB). Since the electric field is constituted by ad-  Shapiro steps are traditionally regarded as a hallmark of
ditive contributions of all moving vortices, the mean total the presence of ac Josephson effects in the investigated sys-
voltage due to vortex motion is thus given by the following tem. However, as it has been widely discussed in the litera-
formula: ture, similar current steps will appear when a system of co-
herently moving vortices locks to the externally applied ac
(V)= ni(x> ®) signal>~1% In the system of coherently flowing vortices the
role of the Josephson frequency is played by the frequency of

. . . vortex creation at the sample borders. Since each vortex car-
whereL is a distance between the voltage measuring con-.

. . : ries magnetic fl ant®,=hc/2e, the voltages at which
tacts,n is the density of flowing vortex bundles, apds the I gneic flux qu 0 vottag i

) ; o : .~ . _dc current steps show out in tHeV curve of coherently
number of vortices In a bundle. By rewriting this equation in lowing vortex system are related to the external frequency
reduced units we obtain an expression in a form of modifie

o hrough the same Josephson relation, see, e.g., Ref. 6.

ac Josephson relation: In the following we shall demonstrate that coherent vortex
Do\ ﬁ ﬁ motion in periodic magnetic structures gives rise to natural
(V)= pN < )= <x> ps (9) characteristic frequencies of the vortex system. Locking of

mcW Nze w this frequency to any harmonics of the frequency at which
vortices are nucleated at the strip borders leads to resonant
solutions of the relevant equation of motion and appearance
of self-induced Shapiro-like steps on th&/ characteristics,
gven in the absence of any external ac signal.

whereW stands for the strip width and is the total number
of vortex bundles in the sample. In E() we have intro-
duced a quantity, the filling facta=N(\,/W), measuring
the number of vortex bundles per each period of the impose
potential.

We conclude that placing the prerecorded magnetic tape
on the sample surface results in penetration of spatially pe- Magnetically enforced artificial periodic pinning struc-
riodic field pattern into a superconducting specimen. Theures should have the most pronounced influence on vortex

I1l. PERIODIC PINNING: EXPERIMENTAL
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and transport properties in good quality films with low in- metal screened variable-temperature cryostat.
trinsic disorder. We have performed our experiments using Since in the experiments we have not applied any external
thin film macrobridges fabricated from highly oriented high- magnetic field the entire vortex dissipation is due to the flow
T. Y1BaCu0O;_; thin films deposited by two techniques; of vortices created by the self-field of the transport current.
laser ablatiorf! or alternatively, sputtering in high-pressure This type of dissipation is known to be associated with chan-
dc inverted cylindrical magnetron configuratith. neled flow of multiquanta bundles of vortices flowing in
Sputtered films were deposited on single-crystE00)  spontaneously created channels of easy vortex flow.
LaAlO; substrates while the laser ablated films were grown The application of a tape containing a pre-recorded peri-
on (100 MgO and SrTiQ crystals. The substrates weire  odic signal visibly modifies conditions for vortex motion in
situ oxygenated before the film deposition by a 30-min-longthe sample. As we have recently reported in details
oxygen fast ion bombardment at 630° C. The magnetrorlsewher® the application of the tape modifies the current
films were grown in a 4:3 atmosphere of Ar angd & a total  of the dissipation onset in the strip, brings about commensu-
pressure of 95 Pa, and substrate temperature of 790° C. Kapility effects that have been observed in the sample mag-
order to obtain smooth and good quality;[B&,Cus0;- 5  netoresistance measured at a constant current flow, and en-
films the magnetron power was modulated during the depofyrces the coherence in the current-driven vortex motion.
sition process by controlling the plasma ion currénthe The evidence for the coherent nature of vortex motion in

mbar using 308-nm XeCl excimer laser pulses with energyy, sin| v curves, recorded after application of the mag-
around 100 mJ) per pulse. After deposition the samples wer, etic tape. The initial low-voltage part of theV character-

slowly cooled down in oxygen atmosphere at a pressure of .. . :
. : stics shows series of current steps closely resembling Sha-
800 mbar and no further processing was needed. Typical rate

of deposition of the sputtered films was 0.5 A/s while that ofPIro steps qnl 'V. curves of microwave irradiated classical
the laser films was about 1.5 A/s. Typical thickness rangedosephson Junctions. W? ha}ve shown an example of a pro-
from 50100 nm for the sputtered films and from 200—3000Unced step structure in Fig. 7 of our recent péﬁ@b—.
nm for laser ablated films. serve that in t_he reported experiments no external ac signal
As-deposited films were patterned by means of standarbi2s been applied to the sample. The step structure results, as
photolithography and chemical etching into macrobridge geWill be discussed in details below, from resonant locking of
Ometry with a four-contact arrangement for transport methe self-induced frequenCieS of the COherently fIOWIng vortex
surements. The macrobridge constrictions had widths ranggystem to the frequency of vortex nucleation at the strip
ing from 50-250um and lengths from 10-5@m. The edge. The self-induced ac signal is generally very weak.
constriction increases locally the density of transport current herefore the induced step amplitudes are very low, vulner-
and thus localizes spots where vortices may nucleate. Thable to thermal and electromagnetic noise smearing. For this
contact pads were additionally covered with vacuum deposreasons, in order to proceed with the detailed analysis of the
ited silver overlay enabling thermal bonding of contactstep structure we have not used directly thé recordings
wires. but rather thadV/dl vsV characteristics measured by means
Patterned samples were selected by choosing those witlf the lock-in technique. To remove any possible random-
the highest value of the residual resistance ratiqess in the registered curves we have typically averaged sev-
R3oac/Rioac - This criterion allowed us to select films with erg| recordings before proceeding with the analysis. Voltage
onvest .intr'insic disorder pinning in which magnetically ap- positions of Josephson-like current steps are marked by
plied pinning structures should have the most pronouncedyary minima in thus measured derivative characteristics;
effect on transport properties. see, e.g., Fig. 6 in Ref. 25. Let us underline that we have
Spatially periodic magnetic structures were formed by re'carefully verified that the minima due to the step structure

cqrdlng penodlc_s[gnals on magnenc tape, using a record ere rigorously absent in the derivative characteristics mea-
with a narrow slit in the recording head. The period of the . .
sured without any magnetic tape.

pinning structure, created by recording a single frequency
harmonic signal, is determined by the signal frequency and

recording speed. We have used the standard recording speed

of 4.8 cm/s. The grain size of the ferromagnetic tape material V- SELF-INDUCED STEPS: THEORETICAL PICTURE

and the width of the slit in the recording head set the spatial When bundles of current-created vortices penetrate the

res;glu?orl[ I|rm|; f(t)rrrt':i?] rrlagnencalrl);rmpOﬁed I:E)";lr(]jl\?v?dtr-: hef sample an additional alternating current component propor-
same factors dete € e upper requency ba O fonal todN/dt appears in the system. Let us assume that the

tape recorder. In our case, the bandwidth limit sets the short- . .
?ucleatlon process occurs with some frequengy=27/T.

est period available using this technique to be of the order o .
P 9 9 n the following we shall demonstrate that the resonant ef-

3 wm. In the experiments, the piece of the magnetic tap hen the f fth :
containing a preregistered signal has been placed directly igets occur when the frequen€y of the moving vortex sys-

the top of the strip and pressed into a close contact with thi€m coincides with any of the harmonios) of the self-ac
surface by means of phosphor-bronze flat spring. The oriersignal generated by vortex nucleation process. The equation
tation of magnetic tape is such that transport current willof motion accounting for such ac excitation becomes

force vortices to flow across the periodic potential structures.

The entire arrangement of the superconducting strip and the )

tape has been thermally anchored to a sample holder of mu- X+bsinX=a-+Af(t). (17
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Unfortunately, the equation of motion containing time- h Dydyy cHoko |2
dependent driving term cannot be solved analytically. Equa- V= psE ” Ko \/1—[0.6%} . (18
n

tion (5) with sinusoidal driving term has been solved in the
context of Josephson junctions by analog computing
methods?® However, here we can take advantage of the fact V. DISCUSSION
that self-induced ac signals are very weak and will consider

them as a small perturbation to the total current. We proceegN
with calculations by expanding into power series of a

One should immediately stress the clear difference be-

een Shapiro-like steps induced by irradiating the system of
. ey L coherently flowing vortices with external microwave signal

small perturbation parameter=A,X=2;_oX;&". In order to and the discussed case of self-induced vortex current steps.

a\{o!d unphys!cal d|vergen(;e we .must likewise expand thel’he former steps are equidistant and voltage separation be-
driving terma into perturbation series of the same parametet, . them is given by the Josephson relatiag). In a

_ o i g -
a=3;_qaje’. Restricting ourselves to the first-order terms 04 diference, the voltages at which the resonant condi-

we have tion Q=Q,, is fulfilled depend on the current flow. Current
) ) dependence appears in EQ.7) both directly and through
Xo+bsinXo=ay, (120 current dependence of the filling facter The distance be-
. ) tween adjacent self-induced current steps depends therefore
X1+bX; cosXy=a;+f(t). (13 on the current flow, i.e., on the step number. For this reason

we limit our present analysis to the voltages at which the first
The perturbation solution to E¢13) can be obtained us- steps appear.
ing the formalism which one of us described in detail in Ref.  The first step appears at theV characteristics for the
33. Introducing the phase shiftrelative to the frequency in  |owest possible filling factos=N(\,,/W). In a symmetric
the definition off(t) we obtain a first-order correction term strip geometry, like the one used in the experiments where

to the reduced current density, probabilities of nucleation of vortex and antivortex bundles
b on the opposite edges of the strip are equal, the lowest pos-
— s Ot+8). 14 sible filling fa_ctor |ss=2()\m/\/\/)_. .Puttlng th|§ value into Eq.
& ao< (ycodQt+4)) (14 (18) we obtain the voltage position of the first step:
S_ince the process of vortex bund_les nun_:leation is periodic in i Dgde 2 CHoko |2
time we can expand(t) in Fourier series. Assuming for Vis=p=— — —-10.63—— . (19
simplicity thatf(t) is an even function we write 2e nc W Amdrst

w The physics involved in the step structure becomes immedi-
_ ately transparent when one considers the first step voltage in
f(t)= f,cognwgt). 15 . o S
(®) ngo n COSNeot) (15 the experimentally realistic approximation of smk}j and

_ _ o Ho, such that 0.63(Hoko/47J,,)2<1. Within this approxi-
Calculating the averagd 4) we find that it differs from zero  ation we get from Eq(19)

only at currents at whiclfl=Q,=nwy. The nonzero reso-
nant dc current component, h ®odie; 2 h 2 3
Vis~p W~ P2eV sty =P 5g @wiz,

b b 2e gqC
a;=— > f(cognwet)cog Qt+ 8)) = -——fF, cosé, (20
dp n=0 2a(—:txt . . .
(16) wherev is the vortex velocity anduw,z is a n_atural self-
frequency of the system set by the time of flight of current
is added or subtracted from the total dc transport currenfdriven vortex bundles across the half-width of the strip. The
depending on the phas® thus giving rise to the series of first self-induced step corresponds therefore to the locking of
current steps with the height of thath step (a;), the vortex nucleation frequency to the frequency set by the
=(blagy) - inverse of the lifetime of a bundle in the strip, i.e., to the time
Resonant self-induced current steps onlthé curve ap-  of flight across the half-width of the strip. Subsequent steps
pear at voltage¥,, which are given by the modified Joseph- occur for higher harmonics of this frequency. Due to the fact
son relation(9) for the resonant frequenci€d=,=nw, that the filling factor for the current flow corresponding to
= \/arzn— b?. Expressing thus obtained step voltages in nonthe voltage of the first step 8<1, we shall refer to this step

reduced units we have as to the first subharmonic self-induced vortex step.
Schematic representation of the vortex scenario leading to
h Doy oKo 2 the appearance of the first two subharmonic steps is illus-
Vn=ps5g " Ko Jl—[m[l— exp(— Kd)]} ; trated in Fig. 2. In the figure we illustrate the periodic poten-

(17) tial which is commensurable with the sample width. Observe
that in the experimental reality>\,, and the ratioN/2\
where the resonant curredt,=2e/h+/(nwon/ky)?+ FOZ. can be with a reasonable accuracy always approximated by
The expression for voltages at which self-induced currentain integer number. In Fig. 2 for the sake of simplicity we
steps appear on tHeV curve can be simplified for different show relatively low ratioV/\ ,= 20. Vortices nucleate at the
physical situations. In particular, in our experimeris~ 1 bottom edge of the strip and flow up to the middle of the
and strip where they annihilate with antivortices nucleated with



PRB 60 CURRENT-DRIVEN VORTEX DYNAMICS IN A . .. 9731
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FIG. 2. The vortex scenarios leading to appearance of the first step number

and second subharmonic step are show@jimnd(b), respectively. )
The generation of the first harmonic step is illustratedcin Split- FIG. 3. Step voltage as a function of the step number. Note the
ting of the easy vortex flow channel when surpassing the first harchange in the slope of the dependence at the points corresponding
monic step and abrupt doubling of the voltages of the subsequeri@ harmonic steps, where the filling facts+=n,n=1,2,3 ..., in-

subharmonic steps is shown d). Only half of the sample width, ~dicates that in average at bias points of the harmonic steps all po-
from the edge up to the vortex-antivortex annihilation line, is showntential minima are filled with vortex bundles and accommodation of
in the figure. an additional one leads to splitting of the existing easy vortex flow
channels and doubling of the filling factor for the next subharmonic
the same rate at the opposit®t shown edge of the strip. In ~ Steps, see the schematics shown in Figl).4The doubling of the
the case labele¢h) the frequency of nucleation of vortices filling factor leads to abrupt doubling of the voltages of the subse-
locks to the time of flight across the half-width of the bridge. uént subharmonic steps.
These are the bias conditions leading to the appearance of the . . .
first subharmonic step. In cagk) the second harmonics of bundle_ t9 split the channel rather t_han to squeeze _|t_self Into
the nucleation frequency locks to the time of flight and thethe existing fully Ioade(_j vortex _cham; see Figc Splitting
second subharmonic step appears. At these bias conditioﬁg the channel resu_lts In doubling of the numt_)er of nupleat—
we have two vortex bundles and two antivortex bundles that"9 Vortices that will ;multaneously lock to time OT flight
simultaneously and coherently flow across the bridge. across the characterlstlcs_leng\iW_Z. Th_e increase in the
With increasing step number, i.e., with increasing trans__number of c_oherently fI_o_vvmg vortices is formally reflected
port current, the number of bundles simultaneously flowing" the d_oubllng of the filling factor for the subsequent sub-
in a channel increases. At the bias point corresponding to th armonic steps. The.refore the voltages of the. next sgbhar—
step with numben equal to the maximum integer of the ratio MONIC Steps appearing after the channel splitting will be
WI/2\ ,, the vortex nucleation frequency is locked to the timea_‘br'“'_ptly incr eased_ with respe_ct t(.) those seen before the split-
of flight between two adjacent minima of the magnetic pe-tlng g];tabllllty, ‘?]S |IIustt)rhated |n.F|g.(ﬂ). ith th be
riod. This situation is schematically illustrated in FigcR O viously, the subharmonic step with the number
At bias conditions of the step=WI/2\ ,, in the approxima- =WI/2\ ,, will comud_e Wlth _the first harmon_lc step. Experi-
tion of commensurability of the magnetic period with the mentally one can distinguish the harmomc steps from the
sample width or in the cas&/<<\ ,,, all potential minima are §ubharmon|c ones as the steps at which the voltage separa-
occupied by flowing vortices ansi= 1 tion between the subsequent steps abruptly doubles. This can

The step at which the filling facte=1 will be referred be done by analyzing the plot of the step voltages as a func-

to as the first harmonic step. The voltage of this step is tion of the step number as Sh.O\.Nn i_n Fig._ 3 O'_‘e can easily
see the hallmarks of three splitting instabilities in the coher-
h Dyl
V= Poe o in ko \/1— (21)  the slope of the presented data. The instabilities occur at the
e e steps with an integer value of the filling facterThese steps

2 ently flowing vortex system, marked by a sharp change of
Again, in the approximation of large,, and weak modulat- ¢an be thus identified as the consecutive harmonic steps.

0.6 ok
' 47TJr1

ing field we have Itis worthwhile reminding here that in early experiments
with microwave induced vortex steps in periodically corru-

h &4, 1 h gated superconducting films Martinolli noted that steps ap-

Vi=pog 76 o P2e@n (22)  pear only at magnetic fields corresponding to the matching

field, i.e., at the fields for which the periodicity of the vortex
where w, is yet another self-frequency of the system, thislattice matches the period of the thickness modulation of the
time set by the time of flight across the magnetic period. employed film€ The matching field condition corresponds

Any further increase of the bias current beyond the pointdirectly to the filling factors=1 for the case of vortices

corresponding to the step numbat’2\,,,, wheres=1 and created by self-field of the current only. Indeed, &1
all potential minima in the chain are already occupied byeach potential well is filled with a vortex bundle.
vortex bundles, will cause the splitting of the vortex channel. The above-performed analysis brings us to the conclusion
It is energetically more favorable for the next enteringthat the voltages at which the first subharmonic step appears
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FIG. 4. Voltage positions of the first self-induced current steps  F|G. 5. Equivalent vortex flow velocity as a function of tem-
as a function of inverse of a characteristic lengdthwhich is the  perature. The equivalent velocity is the velocity calculated from the
inverse of spatial magnetic period for the harmonic steps and ogxperimentally determined first steps voltages by assuming that the
half-width of the sample for the subharmonic steps. Data were obgojtage is due to the coherent motion of a single vortpx()

tained from the positions of minima in the averag#d/dl vs | only. The real vortex velocities are orders of magnitude lower since
curves recorded for the same strip at two different temperaturegortices move in large flux bundlep<1. Note that the tempera-
with tapes of different spatial periodicity of the prerecorded signal.yyre axis is scaled as-4T/T,.

The continuous lines represent the best fit to the linear dependence.
driven dissipative vortex motion vortices move in bundles

should scale inversely proportional to the sample half-widthcontaining large number of flux quanta and not as single
see EQq.(20), while the positions of the first harmonic steps vortices. This brings us to the problem of the actual size of
should scale with the inverse of magnetic period with thethe moving vortex bundle.
same proportionality coefficient, see E@2). In order to The size of moving vortex bundles, i.e., number of vorti-
check this prediction we have investigated in detail the voltces in a bundlg, can be estimated from the equivalent vor-
ages at which the first harmonic and subharmonic steps apex velocity. Assuming that the viscosity of the supercon-
pear. Measurements were executed using the same strip addctor is of the order of typical vortex viscosity reported in
changing the applied magnetic field pattern by using recordthe literature, 7>10 °~10"7 cgs units3* the resulting
ings with different spatial periodicity. In Fig. 4 we show, for bundle size is of the order gfx10°—10". Otherwise, for
two different temperatures, the dependence of the voltage g5~ 1 we would have to assume that the viscosity is very low,
the first current step on the inverse of a characteristic lengtimuch below the standard values for YBCO, say of the order
scaleA, where A=W/2 for subharmonic steps anl=\,,  of 7«10 *? cgs units.
for harmonic ones. The data in Fig. 4 fall on straight lines The viscosity issue has been already discussed in the lit-
and demonstrate that the experimental results are consistestature, cf. Refs. 9,35,34. Many authors have observed ap-
with the model predictions. The decrease of the slope oparently low vortex viscosity in dc current induced vortex
linear fits to the data in Fig. 4 with decreasing temperaturenotion and ascribed that fact to Josephson vortices, known
can be ascribed to the decrease of vortex flow velocity due tto have viscosity coefficient several orders of magnitude
the increasing viscosity. The temperature dependence of tHewer than the Abrikosov vortice¥. However, it is hard to
first step voltages can be thus presented in the terms of thmagine the presence of Josephson vortices in good quality
temperature dependence of equivalent vortex velocity, i.efiims as those used in the experiments. In fact, the literature
velocity “per single vortex,” calculated from Eq$22) and  does not provide direct experimental confirmation of the Jo-
(20) by puttingp=1. This is presented in Fig. 5 using dif- sephson vortex hypothesis.
ferent symbols for data taken with different magnetic peri- Yet another explanation for very low viscosity invokes
ods. The data in Fig. 5 is plotted againséxis scaled as 1 the nonequilibrium phenomena occurring at high velocities
—T/T., whereT is the temperature and, is the critical  of the vortex motiort’ However, the onset of nonequilib-
temperature, i.e., scaled according to the expected temperaum vortex motion should be clearly marked by the voltage
ture dependence of the viscosity factor in the temperaturjump in thel-V characteristics, a feature that has not been
range of the experiment. The data plotted in this manner caabserved by us in the experiments.
be well fitted with a linear dependence, confirming again that We believe that the most plausible explanation is the huge
the temperature dependence of the step voltage is due to t&e of moving bundles. The number of vortices in a bundle
temperature changes in the viscosity factor. p becomes a multiplicative factor in the voltage scale. The

However, thus obtained equivalent vortex velocity is or-physical reality of this concept has been demonstrated al-
ders of magnitude higher than the one realistically expectedeady in the early experiments on flux flow noise in classical
in the experiment. Let us remind the reader that we haveuperconductors; see Ref. 38 for a review. Voltage noise
calculated the equivalent vortex velocities under the assumgassociated with flux motion has been also used to estimate
tion of p=1, i.e., assuming motion of a single vortex. Nev- the size of moving vortex bundles in high- superconduct-
ertheless, as it was already pointed out earlier, in the currerihg thin films. The bundle size of the order of*t.0* vor-
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tices has been found from the analysis of random telegrapis consistent with flux bundle sizes that were observed in
voltage fluctuations in current driven thin BSCCO films other experiments involving highiz thin films.
where the telegraph noise voltage was found to be due to the

intermittence in the motion of flux bundIé& Recently pub-

lished analysis of low-frequency voltage noise spectra in ep-

itaxial YBCO thin films concludes that at liquid-nitrogen
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