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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-Tc 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
Y1Ba2Cu3O72d 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 factor.@S0163-1829~99!01334-X#
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I. INTRODUCTION

Classical Josephson quantum coherence effects with
sine current-phase relationship persist only in very sm
weak links having dimensions of the order of the superc
ducting coherence length of the material from which they
made.1–5 Voltage states observed in experimentally achi
able high-Tc superconductor~HTSC! bridges, despite som
claims in the literature, are not related to the Josephson
fects but to the dissipation caused by the motion of Abrik
sov vortices. With increasing transport current large we
links ~macrobridges! became unstable with respect to vort
formation. Bundles of vortices of opposite sign nucleate
strip borders, move toward the bridge center, and annihil
In bridges smaller than the effective penetration depth
magnetic field repulsive forces between equally oriented v
tices and attractive forces between oppositely oriented o
cause highly coherent motion of vortex bundles. Coher
flow of vortices results in the appearance of Josephson-
effects, closely resembling phenomena seen in classica
sephson junctions.2,3 One observes magnetic modulation
the critical current and Shapiro dc current steps onI -V char-
acteristics of microwave irradiated samples.4–10The coherent
nature of vortex based Josephson-like effects was most
vincingly confirmed by direct detection of microwave em
sions by coherently flowing vortices.10–12

Josephson-like effects related to coherent vortex mo
were studied extensively already in low-Tc superconducting
PRB 600163-1829/99/60~13!/9726~8!/$15.00
re
ll
-
e
-

f-
-
k

t
e.
f
r-
es
nt
e
o-

n-

n

weak links, see, e.g., Refs. 4–8. The phenomenon was m
pronounced in weak links made out of short coheren
length materials, such asA-15 ~Refs. 4–6! or disordered ion-
implanted superconductors.7 It was found that with increas
ing size of the bridge, vortices start to nucleate and penet
the bridge simultaneously at different positions along
edges. In this situation, nonhomogeneity and intrinsic p
ning became more important and led to differences of velo
ties along different channels of vortex motion. As a con
quence, the coherence in vortex motion breaks down w
increasing link size and very large bridges behave like o
nary superconducting films.

A recent decade of intensive investigations of HTSC
resulted in enormous progress in our understanding of
properties of vortex matter in type-II superconductors13

Among many experimental techniques, artificial pinni
proved to be an extremely useful tool in studies of vort
dynamics. Enforcement of artificial pinning is capable
changing in a significant degree the electromagnetic pro
ties of vortex matter. A common way of changing the pi
ning properties consists of exposing samples to electron,
or neutron irradiation, capable of introducing addition
quenched disorder to the specimen. Recently the genera
terest shifted towards effects of ordered artificial perio
pinning structures.14–20 Interaction of vortex matter with pe
riodic pins can be seen as an excellent laboratory model
general class of nonlinear systems. Current-driven vorti
interacting with periodic pins exhibit commensurability e
9726 ©1999 The American Physical Society
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PRB 60 9727CURRENT-DRIVEN VORTEX DYNAMICS IN A . . .
fects at matching magnetic fields15,18,21,22and plastic flow
phases which are not observed in random pinn
conditions.16,17 However, most importantly for us, periodi
pinning is capable of restoring the coherence in curr
driven vortex motion even in relatively large macrobridge
resulting in appearance of Josephson-like effects in s
structures.4,9,10

The physics of Josephson-like effects surfaced again a
utmost important issue in the context of high-Tc supercon-
ductors. High-Tc Josephson junctions cannot be fabrica
with techniques developed for classical low-Tc Josephson
elements. The ceramic nature of HTSC materials exclu
the possibility of obtaining classical sandwich-type Jose
son tunnel junctions, while extremely short coherence len
and strong deterioration of HTSC films in the patterning p
cess prevent fabrication of Josephson weak links shorter
the coherence length. In this context, the system of co
ently flowing Abrikosov vortices can offer an alternative s
lution for weak-link Josephson devices capable of opera
at liquid-nitrogen temperatures. Moreover, Josephson-
effects may be employed as an efficient tool for prob
high-Tc vortex matter dynamics in periodic pinning stru
tures.

Investigations of vortex motion related Josephson-like
fects were restricted, to our best knowledge, exclusively
studies of Shapiro steps resulting from interactions of coh
ently flowing vortices with externally applied ac signa
However, in periodic pinning conditions one may possib
see also self-induced current steps resulting from match
of the current dependent frequency vortex nucleation to
harmonics of the natural self-frequency of the system se
the time of flight of vortices across the period of the impos
potential structure.

In this paper we report on our investigations of curre
driven vortex dynamics in magnetically imposed controlla
and reversible periodic pinning in HTSC epitaxi
Y1Ba2Cu3O72d ~YBCO! thin films. We discuss experiment
revealing the existence of self-induced Josephson-like
fects, mechanisms leading to periodic pining conditions,
provide a theoretical picture describing the experimenta
observed phenomena.

II. PERIODIC PINNING: THEORETICAL BACKGROUND

Several methods of introducing artificial periodic pinnin
to superconducting films have been reported in the literat
The far from complete list includes spatially ordered rad
tion defects, thickness and composition modulation, m
netic impurities, two-dimensional arrays of magnetic a
nonmagnetic dots, and periodic hole
arrangement.6,10,15,19,20,23,24Application of any of the known
techniques causes irreversible changes in the propertie
investigated samples. We have recently proposed a techn
enabling one to introduce a reversible and controllable a
trary weak pinning potential to superconducting specimen25

The technique relies on interactions between vortices
spatially nonhomogeneous magnetic-field pattern produ
by magnetic recording tape, containing a preregistered
nal. The tape is placed in a close contact with the surfac
the superconducting specimen which in this way is coo
across the superconducting transition in spatially inhomo
g
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neous magnetic field; see Fig. 1.
To evaluate the effect of the inhomogeneous field let

apply a magnetic tape containing a prerecorded harmo
signal to the surface of a flat superconducting specimen
occupies half spacez.0. The recorded harmonic signa
s(t)5s0 cos(vst) results in spatially periodic magnetic fiel
Hx5H0 cosk0x at the tape-sample interface. The spatial p
riodicity of the field is simplylm52pur /vs52p/k0, where
ur is the speed of tape translation under the recording he
The profile of the magnetic field inside the superconduc
can be obtained by solving London’s equatio
¹2H2(1/le f f

2 )H50, with the boundary conditionHz(z
50)5H0 cosk0x. Here, le f f5lcoth(d/2l) is the effective
penetration depth of magnetic field into a superconduct
flat specimen with the thicknessd andl is the London pen-
etration depth. London’s equation must be completed w
Maxwell’s equation for the free space,¹–H50. The solution
for Hz reads

Hz~x,z!5H0 cos~k0x!expF2Ak0
21

1

le f f
2

zG
5H0 cos~k0x!exp~2kz!. ~1!

The energy of Abrikosov vortex located inside the cons
ered specimen at the pointx is

U5E
0

dF0Hz

4p
dz5

F0H0 cosk0x

4pk
@12 exp~2kd!#, ~2!

whereF0 is the flux quantum. Clearly, the application of
prerecorded magnetic tape imposes periodic potential
Abrikosov vortices moving in the superconductor. The for
acting on a unit length of a vortex is

F5
1

d
~2]xU !5

F0H0k0

4pkd
@12 exp~2kd!#sin~k0x!

5F0 sin~k0x!. ~3!

For currents flowing in they direction and exceeding th
critical depinning current the local vortex dynamics in ma

FIG. 1. Geometry of the superconducting macrobridge with
overlaying magnetic tape containing a prerecorded harmonic sig
Cooling of the sample in the presence of spatially periodic magn
field of the tape results in the circulation of screening currents
indicated in the figure. For transport currentI t flowing in the y-
direction vortices are flowing in thex direction, across the magnet
cally imposed periodic potential relief.
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netically imposed periodic potential relief will be governe
by the following equation of motion:

h ẋ1F0 sin~k0x!5
F0

c
Jext , ~4!

whereh is viscosity per unit length of the vortex,Jext5(J
2Jc0), J is the density of external current, andJc0 is the
density of the critical current in the absence of the perio
potential. We have assumed here thatJext is independent of
bothx andz coordinates. Equation~4! can be rewritten using
the reduced quantities

Ẋ1b sinX5a, ~5!
e
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whereX5k0x is the dimensionless coordinate of the positi
of the vortex bundle,b5F0k0 /h plays role of the force
magnitude due to periodic magnetic modulation, anda
5JextF0k0 /(hc) stands for the reduced current density.

Equation~5!, which is a well-known equation of motion
for an overdamped pendulum, describes dynamics of m
nonlinear systems, among them the classical weak link
sephson junction. The equation for the weak link follow
straightforwardly from the resistively shunted junctio
model~RSJ! in the limit of small junction capacitance.1 Our
equation of motion is analytically solvable. By integratin
Eq. ~5! and taking the time derivative of the solution fo
ugu5uau/b.1 one obtains
Ẋ0~ t !5
V2a

FV sinS Vt

2
1d D2ga cosS Vt

2
1d D G2

1a2 cos2S Vt

2
1d D , ~6!
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wheredP@0;2p# is an integration constant. The derivativ
of the obtained solutionẊ0(t) is periodic with the frequency
V5Aa22b2. The average vortex velocitŷẊ& can be calcu-
lated as a time average of Eq.~6!:

^Ẋ&5
V

2pE0

2p/V

Ẋ0~ t !dt5V5Aa22b2. ~7!

Note that Eq.~7! is valid only for ugu.1, since^Ẋ&50 for
ugu<1.

The electric field due to vortex motionEW and the vortex
velocity vW are related by a simple, well-known equationEW

521/c(vW 3BW ). Since the electric field is constituted by a
ditive contributions of all moving vortices, the mean tot
voltage due to vortex motion is thus given by the followin
formula:

^V&5pn
LF0

c
^ẋ&, ~8!

whereL is a distance between the voltage measuring c
tacts,n is the density of flowing vortex bundles, andp is the
number of vortices in a bundle. By rewriting this equation
reduced units we obtain an expression in a form of modifi
ac Josephson relation:

^V&5pN
F0lm

2pcW
^Ẋ&5pN

\

2e

lm

W
^Ẋ&5ps

\

2e
V, ~9!

whereW stands for the strip width andN is the total number
of vortex bundles in the sample. In Eq.~9! we have intro-
duced a quantity, the filling factors5N(lm /W), measuring
the number of vortex bundles per each period of the impo
potential.

We conclude that placing the prerecorded magnetic t
on the sample surface results in penetration of spatially
riodic field pattern into a superconducting specimen. T
l

-

d

d

e
e-
e

pattern reproduces the shape of the prerecorded signal
thus determines the spatially periodic potential relief in t
sample. The vortex dynamics is now governed by the eq
tion of motion which is equivalent to the phase equation
the low-capacitance classical Josephson junctions.

The latter system is known to exhibit dc current Shap
steps on theI -V curves of junctions irradiated with micro
wave signals1,26–30. The positions of these steps are det
mined by the frequency of the incident radiation via the
mous Josephson relation:

Vn5n
\

2e
vext . ~10!

Shapiro steps are traditionally regarded as a hallmark
the presence of ac Josephson effects in the investigated
tem. However, as it has been widely discussed in the lite
ture, similar current steps will appear when a system of
herently moving vortices locks to the externally applied
signal.2–10 In the system of coherently flowing vortices th
role of the Josephson frequency is played by the frequenc
vortex creation at the sample borders. Since each vortex
ries magnetic flux quantaF05hc/2e, the voltages at which
dc current steps show out in theI -V curve of coherently
flowing vortex system are related to the external freque
through the same Josephson relation, see, e.g., Ref. 6.

In the following we shall demonstrate that coherent vor
motion in periodic magnetic structures gives rise to natu
characteristic frequencies of the vortex system. Locking
this frequency to any harmonics of the frequency at wh
vortices are nucleated at the strip borders leads to reso
solutions of the relevant equation of motion and appeara
of self-induced Shapiro-like steps on theI -V characteristics,
even in the absence of any external ac signal.

III. PERIODIC PINNING: EXPERIMENTAL

Magnetically enforced artificial periodic pinning struc
tures should have the most pronounced influence on vo
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and transport properties in good quality films with low i
trinsic disorder. We have performed our experiments us
thin film macrobridges fabricated from highly oriented hig
Tc Y1Ba2Cu3O72d thin films deposited by two technique
laser ablation,31 or alternatively, sputtering in high-pressu
dc inverted cylindrical magnetron configuration.32

Sputtered films were deposited on single-crystal~100!
LaAlO3 substrates while the laser ablated films were gro
on ~100! MgO and SrTiO3 crystals. The substrates werein
situ oxygenated before the film deposition by a 30-min-lo
oxygen fast ion bombardment at 630° C. The magnet
films were grown in a 4:3 atmosphere of Ar and O2 at a total
pressure of 95 Pa, and substrate temperature of 790° C
order to obtain smooth and good quality Y1uBa2Cu3O72d
films the magnetron power was modulated during the de
sition process by controlling the plasma ion current.32 The
laser ablated films were grown in oxygen pressure of
mbar using 308-nm XeCl excimer laser pulses with ene
around 100 mJ per pulse. After deposition the samples w
slowly cooled down in oxygen atmosphere at a pressure
800 mbar and no further processing was needed. Typical
of deposition of the sputtered films was 0.5 Å/s while that
the laser films was about 1.5 Å/s. Typical thickness ran
from 50–100 nm for the sputtered films and from 200–3
nm for laser ablated films.

As-deposited films were patterned by means of stand
photolithography and chemical etching into macrobridge
ometry with a four-contact arrangement for transport m
surements. The macrobridge constrictions had widths ra
ing from 50–250mm and lengths from 10–50mm. The
constriction increases locally the density of transport curr
and thus localizes spots where vortices may nucleate.
contact pads were additionally covered with vacuum dep
ited silver overlay enabling thermal bonding of conta
wires.

Patterned samples were selected by choosing those
the highest value of the residual resistance ra
R300K /R100K . This criterion allowed us to select films wit
lowest intrinsic disorder pinning in which magnetically a
plied pinning structures should have the most pronoun
effect on transport properties.

Spatially periodic magnetic structures were formed by
cording periodic signals on magnetic tape, using a reco
with a narrow slit in the recording head. The period of t
pinning structure, created by recording a single freque
harmonic signal, is determined by the signal frequency
recording speed. We have used the standard recording s
of 4.8 cm/s. The grain size of the ferromagnetic tape mate
and the width of the slit in the recording head set the spa
resolution limit for the magnetically imposed pinning. Th
same factors determine the upper frequency bandwidth
tape recorder. In our case, the bandwidth limit sets the sh
est period available using this technique to be of the orde
3 mm. In the experiments, the piece of the magnetic ta
containing a preregistered signal has been placed directl
the top of the strip and pressed into a close contact with
surface by means of phosphor-bronze flat spring. The or
tation of magnetic tape is such that transport current w
force vortices to flow across the periodic potential structur
The entire arrangement of the superconducting strip and
tape has been thermally anchored to a sample holder of
g
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metal screened variable-temperature cryostat.
Since in the experiments we have not applied any exte

magnetic field the entire vortex dissipation is due to the fl
of vortices created by the self-field of the transport curre
This type of dissipation is known to be associated with ch
neled flow of multiquanta bundles of vortices flowing
spontaneously created channels of easy vortex flow.

The application of a tape containing a pre-recorded p
odic signal visibly modifies conditions for vortex motion i
the sample. As we have recently reported in deta
elsewhere25 the application of the tape modifies the curre
of the dissipation onset in the strip, brings about commen
rability effects that have been observed in the sample m
netoresistance measured at a constant current flow, and
forces the coherence in the current-driven vortex motion

The evidence for the coherent nature of vortex motion
magnetic periodic potential comes from detailed analysis
the strip I -V curves, recorded after application of the ma
netic tape. The initial low-voltage part of theI -V character-
istics shows series of current steps closely resembling S
piro steps onI -V curves of microwave irradiated classic
Josephson junctions. We have shown an example of a
nounced step structure in Fig. 7 of our recent paper.25 Ob-
serve that in the reported experiments no external ac si
has been applied to the sample. The step structure result
will be discussed in details below, from resonant locking
the self-induced frequencies of the coherently flowing vor
system to the frequency of vortex nucleation at the s
edge. The self-induced ac signal is generally very we
Therefore the induced step amplitudes are very low, vuln
able to thermal and electromagnetic noise smearing. For
reasons, in order to proceed with the detailed analysis of
step structure we have not used directly theI -V recordings
but rather thedV/dI vs V characteristics measured by mea
of the lock-in technique. To remove any possible rando
ness in the registered curves we have typically averaged
eral recordings before proceeding with the analysis. Volta
positions of Josephson-like current steps are marked
sharp minima in thus measured derivative characterist
see, e.g., Fig. 6 in Ref. 25. Let us underline that we ha
carefully verified that the minima due to the step structu
were rigorously absent in the derivative characteristics m
sured without any magnetic tape.

IV. SELF-INDUCED STEPS: THEORETICAL PICTURE

When bundles of current-created vortices penetrate
sample an additional alternating current component prop
tional todN/dt appears in the system. Let us assume that
nucleation process occurs with some frequencyv052p/T.
In the following we shall demonstrate that the resonant
fects occur when the frequencyV of the moving vortex sys-
tem coincides with any of the harmonicsnv0 of the self-ac
signal generated by vortex nucleation process. The equa
of motion accounting for such ac excitation becomes

Ẋ1b sinX5a1A f~ t !. ~11!
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9730 PRB 60Y. YUZHELEVSKI et al.
Unfortunately, the equation of motion containing tim
dependent driving term cannot be solved analytically. Eq
tion ~5! with sinusoidal driving term has been solved in t
context of Josephson junctions by analog comput
methods.26 However, here we can take advantage of the f
that self-induced ac signals are very weak and will consi
them as a small perturbation to the total current. We proc
with calculations by expandingX into power series of a
small perturbation parameter«5A,X5( i 50

` Xi«
i . In order to

avoid unphysical divergence we must likewise expand
driving terma into perturbation series of the same parame
a5( i 50

` ai«
i . Restricting ourselves to the first-order term

we have

Ẋ01b sinX05a0 , ~12!

Ẋ11bẊ1 cosX05a11 f ~ t !. ~13!

The perturbation solution to Eq.~13! can be obtained us
ing the formalism which one of us described in detail in R
33. Introducing the phase shiftd relative to the frequency in
the definition off (t) we obtain a first-order correction term
to the reduced current density,

a15
b

a0
^ f ~ t !cos~Vt1d!&. ~14!

Since the process of vortex bundles nucleation is periodi
time we can expandf (t) in Fourier series. Assuming fo
simplicity that f (t) is an even function we write

f ~ t !5 (
n50

`

f n cos~nv0t !. ~15!

Calculating the average~14! we find that it differs from zero
only at currents at whichV5Vn[nv0. The nonzero reso
nant dc current component,

a15
b

a0
(
n50

`

f n^cos~nv0t !cos~Vt1d!&5
b

2aext
f n cosd,

~16!

is added or subtracted from the total dc transport curr
depending on the phased, thus giving rise to the series o
current steps with the height of thenth step (Da1)n
5(b/aext) f n .

Resonant self-induced current steps on theI -V curve ap-
pear at voltagesVn which are given by the modified Josep
son relation~9! for the resonant frequenciesV5Vn5nv0

5Aarn
2 2b2. Expressing thus obtained step voltages in n

reduced units we have

Vn5ps
\

2e

F0Jrn

hc
k0A12F cH0k0

4pJrnkd
@12 exp~2kd!#G2

,

~17!

where the resonant currentJrn52e/hA(nv0h/k0)21F0
2.

The expression for voltages at which self-induced curr
steps appear on theI -V curve can be simplified for differen
physical situations. In particular, in our experimentskd;1
and
-
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-

t

Vn5ps
\

2e

F0Jrn

hc
k0A12F0.63

cH0k0

4pJrn
G2

. ~18!

V. DISCUSSION

One should immediately stress the clear difference
tween Shapiro-like steps induced by irradiating the system
coherently flowing vortices with external microwave sign
and the discussed case of self-induced vortex current st
The former steps are equidistant and voltage separation
tween them is given by the Josephson relation~10!. In a
marked difference, the voltages at which the resonant co
tion V5Vn is fulfilled depend on the current flow. Curren
dependence appears in Eq.~17! both directly and through
current dependence of the filling factors. The distance be-
tween adjacent self-induced current steps depends there
on the current flow, i.e., on the step number. For this rea
we limit our present analysis to the voltages at which the fi
steps appear.

The first step appears at theI -V characteristics for the
lowest possible filling factors5N(lm /W). In a symmetric
strip geometry, like the one used in the experiments wh
probabilities of nucleation of vortex and antivortex bundl
on the opposite edges of the strip are equal, the lowest
sible filling factor iss52(lm /W). Putting this value into Eq.
~18! we obtain the voltage position of the first step:

V1s5p
\

2e

F0Jrs1

hc

2p

W
A12F0.63

cH0k0

4pJrs1
G2

. ~19!

The physics involved in the step structure becomes imm
ately transparent when one considers the first step voltag
the experimentally realistic approximation of smallk0 and
H0, such that 0.63(cH0k0/4pJrn)2!1. Within this approxi-
mation we get from Eq.~19!

V1s'p
h

2e

F0Jrs1

hc

2

W
5p

h

2e
v~Jrs1!

2

W
5p

\

2e
vW/2 ,

~20!

where v is the vortex velocity andvW/2 is a natural self-
frequency of the system set by the time of flight of curre
driven vortex bundles across the half-width of the strip. T
first self-induced step corresponds therefore to the locking
the vortex nucleation frequency to the frequency set by
inverse of the lifetime of a bundle in the strip, i.e., to the tim
of flight across the half-width of the strip. Subsequent ste
occur for higher harmonics of this frequency. Due to the f
that the filling factor for the current flow corresponding
the voltage of the first step iss,1, we shall refer to this step
as to the first subharmonic self-induced vortex step.

Schematic representation of the vortex scenario leadin
the appearance of the first two subharmonic steps is il
trated in Fig. 2. In the figure we illustrate the periodic pote
tial which is commensurable with the sample width. Obse
that in the experimental realityW@lm and the ratioW/2lm
can be with a reasonable accuracy always approximated
an integer number. In Fig. 2 for the sake of simplicity w
show relatively low ratioW/lm520. Vortices nucleate at the
bottom edge of the strip and flow up to the middle of t
strip where they annihilate with antivortices nucleated w
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the same rate at the opposite~not shown! edge of the strip. In
the case labeled~a! the frequency of nucleation of vortice
locks to the time of flight across the half-width of the bridg
These are the bias conditions leading to the appearance o
first subharmonic step. In case~b! the second harmonics o
the nucleation frequency locks to the time of flight and t
second subharmonic step appears. At these bias condi
we have two vortex bundles and two antivortex bundles t
simultaneously and coherently flow across the bridge.

With increasing step number, i.e., with increasing tra
port current, the number of bundles simultaneously flow
in a channel increases. At the bias point corresponding to
step with numbern equal to the maximum integer of the rat
W/2lm the vortex nucleation frequency is locked to the tim
of flight between two adjacent minima of the magnetic p
riod. This situation is schematically illustrated in Fig. 2~c!.
At bias conditions of the stepn5W/2lm , in the approxima-
tion of commensurability of the magnetic period with th
sample width or in the caseW!lm , all potential minima are
occupied by flowing vortices ands51.

The step at which the filling factors51 will be referred
to as the first harmonic step. The voltage of this step is

V15p
\

2e

F0J1n

hc
k0A12F0.63

cH0k0

4pJr1
G2

. ~21!

Again, in the approximation of largelm and weak modulat-
ing field we have

V1'p
h

2e

F0J1n

hc

1

lm
5p

\

2e
vl , ~22!

wherevl is yet another self-frequency of the system, th
time set by the time of flight across the magnetic period.

Any further increase of the bias current beyond the po
corresponding to the step numberW/2lm , wheres51 and
all potential minima in the chain are already occupied
vortex bundles, will cause the splitting of the vortex chann
It is energetically more favorable for the next enteri

FIG. 2. The vortex scenarios leading to appearance of the
and second subharmonic step are shown in~a! and~b!, respectively.
The generation of the first harmonic step is illustrated in~c!. Split-
ting of the easy vortex flow channel when surpassing the first
monic step and abrupt doubling of the voltages of the subseq
subharmonic steps is shown in~d!. Only half of the sample width,
from the edge up to the vortex-antivortex annihilation line, is sho
in the figure.
.
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bundle to split the channel rather than to squeeze itself
the existing fully loaded vortex chain; see Fig. 2~c!. Splitting
of the channel results in doubling of the number of nucle
ing vortices that will simultaneously lock to time of fligh
across the characteristics lengthW/2. The increase in the
number of coherently flowing vortices is formally reflecte
in the doubling of the filling factor for the subsequent su
harmonic steps. Therefore the voltages of the next sub
monic steps appearing after the channel splitting will
abruptly increased with respect to those seen before the s
ting instability, as illustrated in Fig. 2~d!.

Obviously, the subharmonic step with the numbern
5W/2lm will coincide with the first harmonic step. Exper
mentally one can distinguish the harmonic steps from
subharmonic ones as the steps at which the voltage sep
tion between the subsequent steps abruptly doubles. This
be done by analyzing the plot of the step voltages as a fu
tion of the step number as shown in Fig. 3. One can ea
see the hallmarks of three splitting instabilities in the coh
ently flowing vortex system, marked by a sharp change
the slope of the presented data. The instabilities occur at
steps with an integer value of the filling factors. These steps
can be thus identified as the consecutive harmonic steps

It is worthwhile reminding here that in early experimen
with microwave induced vortex steps in periodically corr
gated superconducting films Martinolli noted that steps
pear only at magnetic fields corresponding to the match
field, i.e., at the fields for which the periodicity of the vorte
lattice matches the period of the thickness modulation of
employed films.6 The matching field condition correspond
directly to the filling factors51 for the case of vortices
created by self-field of the current only. Indeed, fors51
each potential well is filled with a vortex bundle.

The above-performed analysis brings us to the conclus
that the voltages at which the first subharmonic step app

st

r-
nt

n

FIG. 3. Step voltage as a function of the step number. Note
change in the slope of the dependence at the points correspon
to harmonic steps, where the filling factors5n,n51,2,3, . . . , in-
dicates that in average at bias points of the harmonic steps all
tential minima are filled with vortex bundles and accommodation
an additional one leads to splitting of the existing easy vortex fl
channels and doubling of the filling factor for the next subharmo
steps, see the schematics shown in Fig. 4~d!. The doubling of the
filling factor leads to abrupt doubling of the voltages of the sub
quent subharmonic steps.
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should scale inversely proportional to the sample half-wid
see Eq.~20!, while the positions of the first harmonic step
should scale with the inverse of magnetic period with
same proportionality coefficient, see Eq.~22!. In order to
check this prediction we have investigated in detail the v
ages at which the first harmonic and subharmonic steps
pear. Measurements were executed using the same strip
changing the applied magnetic field pattern by using reco
ings with different spatial periodicity. In Fig. 4 we show, fo
two different temperatures, the dependence of the voltag
the first current step on the inverse of a characteristic len
scaleL, whereL5W/2 for subharmonic steps andL5lm
for harmonic ones. The data in Fig. 4 fall on straight lin
and demonstrate that the experimental results are consi
with the model predictions. The decrease of the slope
linear fits to the data in Fig. 4 with decreasing temperat
can be ascribed to the decrease of vortex flow velocity du
the increasing viscosity. The temperature dependence o
first step voltages can be thus presented in the terms o
temperature dependence of equivalent vortex velocity,
velocity ‘‘per single vortex,’’ calculated from Eqs.~22! and
~20! by putting p51. This is presented in Fig. 5 using di
ferent symbols for data taken with different magnetic pe
ods. The data in Fig. 5 is plotted againstx axis scaled as 1
2T/Tc , whereT is the temperature andTc is the critical
temperature, i.e., scaled according to the expected temp
ture dependence of the viscosity factor in the tempera
range of the experiment. The data plotted in this manner
be well fitted with a linear dependence, confirming again t
the temperature dependence of the step voltage is due t
temperature changes in the viscosity factor.

However, thus obtained equivalent vortex velocity is o
ders of magnitude higher than the one realistically expec
in the experiment. Let us remind the reader that we h
calculated the equivalent vortex velocities under the assu
tion of p51, i.e., assuming motion of a single vortex. Ne
ertheless, as it was already pointed out earlier, in the cur

FIG. 4. Voltage positions of the first self-induced current ste
as a function of inverse of a characteristic lengthL which is the
inverse of spatial magnetic period for the harmonic steps and
half-width of the sample for the subharmonic steps. Data were
tained from the positions of minima in the averageddV/dI vs I
curves recorded for the same strip at two different temperat
with tapes of different spatial periodicity of the prerecorded sign
The continuous lines represent the best fit to the linear depende
,
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driven dissipative vortex motion vortices move in bundl
containing large number of flux quanta and not as sin
vortices. This brings us to the problem of the actual size
the moving vortex bundle.

The size of moving vortex bundles, i.e., number of vor
ces in a bundlep, can be estimated from the equivalent vo
tex velocity. Assuming that the viscosity of the superco
ductor is of the order of typical vortex viscosity reported
the literature, h}1026–1027 cgs units,34 the resulting
bundle size is of the order ofp}103– 104. Otherwise, for
p;1 we would have to assume that the viscosity is very lo
much below the standard values for YBCO, say of the or
of h}10212 cgs units.

The viscosity issue has been already discussed in the
erature, cf. Refs. 9,35,34. Many authors have observed
parently low vortex viscosity in dc current induced vorte
motion and ascribed that fact to Josephson vortices, kno
to have viscosity coefficient several orders of magnitu
lower than the Abrikosov vortices.36 However, it is hard to
imagine the presence of Josephson vortices in good qu
films as those used in the experiments. In fact, the litera
does not provide direct experimental confirmation of the
sephson vortex hypothesis.

Yet another explanation for very low viscosity invoke
the nonequilibrium phenomena occurring at high velocit
of the vortex motion.37 However, the onset of nonequilib
rium vortex motion should be clearly marked by the volta
jump in the I -V characteristics, a feature that has not be
observed by us in the experiments.

We believe that the most plausible explanation is the h
size of moving bundles. The number of vortices in a bun
p becomes a multiplicative factor in the voltage scale. T
physical reality of this concept has been demonstrated
ready in the early experiments on flux flow noise in classi
superconductors; see Ref. 38 for a review. Voltage no
associated with flux motion has been also used to estim
the size of moving vortex bundles in high-Tc superconduct-
ing thin films. The bundle size of the order of 103–104 vor-

s
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b-

es
l.
ce.

FIG. 5. Equivalent vortex flow velocity as a function of tem
perature. The equivalent velocity is the velocity calculated from
experimentally determined first steps voltages by assuming tha
voltage is due to the coherent motion of a single vortex (p51)
only. The real vortex velocities are orders of magnitude lower si
vortices move in large flux bundles,p!1. Note that the tempera
ture axis is scaled as 12T/Tc .
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tices has been found from the analysis of random telegr
voltage fluctuations in current driven thin BSCCO film
where the telegraph noise voltage was found to be due to
intermittence in the motion of flux bundles.39 Recently pub-
lished analysis of low-frequency voltage noise spectra in
itaxial YBCO thin films concludes that at liquid-nitroge
temperatures vortices move in bundles containing an equ
lent number of about 104 flux quanta.40 Therefore we con-
clude that the huge size of flowing flux bundles estimated
the reported experiments from the self-induced step volta
.
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ges

is consistent with flux bundle sizes that were observed
other experiments involving high-Tc thin films.
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