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Collective motion of Josephson vortices in intrinsic Josephson junctions in Bi2Sr2CaCu2O81y
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We report on the experimental observation of moving Josephson vortices in mesa structures patterned on the
surface of Bi2Sr2CaCu2O81y single crystals. Mesas form stacks of typically 100 intrinsic Josephson junctions.
In magnetic fields parallel to the superconducting copper oxide layers, a flux-flow branch develops on the
current-voltage (I -V) characteristic. We investigate this branch in magnetic fieldsH up to 15 kOe for junctions
with lateral dimensions ranging from 20320mm2 to 500320mm2. Investigations show that the voltage of the
branch scales with 1/H. For mesas of the same height its slope is inversely proportional to the junction area
showing that the flux-flow resistance is independent of the particular junction length. Microwave emission is
sensitive to the direction of fluxon motion. This shows that the flux-flow branch in theI -V characteristic is
caused by the collective motion of vortices. We compare our data to numerical simulations based on the
coupled sine-Gordon equations for strongly coupled, stacked Josephson junctions. We show that the observed
branch can be understood as a flux-flow state caused by vortices moving with the lowest collective-mode
velocity of the system. The value derived for the Swihart velocity is in good agreement with recent measure-
ments of thec-axis Josephson plasma frequency.@S0163-1829~97!05421-0#
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I. INTRODUCTION

Long Josephson junctions, i.e., junctions where one
mension is larger than the Josephson penetration deptl j
have been investigated intensively for several reasons. T
are not only a valuable object for theoretical study of no
linear dynamics,1 but have also found application as hig
frequency sources~flux-flow oscillators!. Magnetic flux pen-
etrates into a long Josephson junction in the form
Josephson vortices~or fluxons!, carrying one magnetic-flux
quantum each. The dynamics of such a system is descr
by the sine-Gordon equation.2 The motion of fluxons is char
acterized mainly by two regimes, the resonant fluxo
antifluxon motion in zero magnetic field giving rise to zer
field steps~ZFS!, and the flux-flow regime in large magnet
fields which leads to the flux-flow steps~FFS! in the current-
voltage (I -V) characteristic. In the last few years, an inte
esting extension of this topic was provided by vertical sta
of long Josephson junctions. For stacks of Josephson j
tions with superconducting electrodes thinner than the L
don penetration depthl, the external field will penetrate th
electrodes. The resulting screening currents lead to a mu
coupling between adjacent junctions. This inductive coupl
is described by a system of coupled sine-Gord
equations.3,4 Available systems for experimental study of th
model are either stacks in Nb-Al/AlOx-Nb technology5 or
the intrinsic Josephson junctions in layered high-Tc super-
conductors such as Bi2Sr2CaCu2O81y ~BSCCO!.6 The latter
are naturally formed by adjacent CuO2 double layers and the
spacing BiO and SrO layers. Using standard lithograp
small mesa structures consisting of typically 100 junctio
can be fabricated with well-defined geometry on the surf
of BSCCO single crystals.7,8

Nb-Al/AlO x-Nb stacks allow tuning of the couplin
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strength by varying the layer thicknesses. The thickness
the superconducting layers is of the order ofl. Thus the
coupling strength can be varied over a wide range up to
case of nearly independent junctions. In contrast, intrin
Josephson junctions realize nearly perfectly the asympt
case of strong coupling. The thickness of the supercond
ing layers is vanishingly small compared to the London p
etration depth. For intrinsic Josephson junctions in BSC
the spacing between the superconducting layers is 12 Å
their thickness is only about 3 Å. In comparison, the Lond
penetration depthlab is about 1700 Å, by two orders o
magnitude larger than the thickness of one junction of
stack. Whereas the coupling parameter for Nb stacks ca
tuned by varying the layer thicknesses, essential parame
of intrinsic Josephson junctions like critical current dens
or characteristic frequency can be easily tuned by oxy
doping.6

Recent experiments by Lee, Nordman, and Hohenwa
showed the existence of a linear branch in theI -V charac-
teristic of BSCCO mesa structures under the influence o
low magnetic field.9 Their results were compared to th
theory for Josephson vortex flow in layered structures
Clem and Coffey.10 This theory is based on the assumpti
that only one single Josephson vortex is moving in the wh
structure. It is known from energy arguments,11 that Joseph-
son vortices form a triangular lattice in the absence of b
current. As this lattice should be stable at least for low b
currents, our aim was to find a more exact explanation of
displaced linear branch. We demonstrate by microwa
emission experiments that the observed behavior is cau
by collectivemotion of many Josephson vortices.

II. BASIC CONCEPTS

The dynamics of a vertical stack of Josephson junction
described by a system of coupled sine-Gord
14 638 © 1997 The American Physical Society
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55 14 639COLLECTIVE MOTION OF JOSEPHSON VORTICES IN . . .
equations.3,4,11,12The stack consists ofN identical Josephson
junctions with maximum Josephson current densityj c and
normal-state conductances. Each electrode has a thickne
d, the barrier thickness of each junction ist, and the dielec-
tric constant is«. In the following, we use the normalize
units of Ref. 4. Time is normalized toF0s/(2p j ct), lengths
are given in units ofb, the junction length inx direction.
Current densities are normalized toj c . The relation between
the second spatial derivative of the gauge-invariant ph
differencesgn and the current in junctionn and its neighbor-
ing junctions is

gn95S bg j
D 2 j n2S blk

D 2~ j n211 j n11!, n51,...,N.

The second term on the right-hand side introduces the ind
tive coupling of adjacent junctions. The characteris
lengthsl j andlk are given by

l j5A F0

2pm0 j c~ teff12l2/deff!
, lk5A F0deff

2pm0l
2 j c

with the effective valuesdeff5l sinh(d/l) and teff5t
12l tanh@d/(2l)#. Boundary conditions arej 05 j N115 j ext.
We introduce a coupling matrixM with diagonal elements
Mi ,i5(b/l j )

2, and nondiagonal elementsMi ,i115Mi ,i21

52(b/lk)
2. Other elements ofM are zero. Treatingg

5(g1 ,...,gn) andj5( j 1 ,...,j n) as vectors, the equations in
cluding the boundary conditions may be written as

g95M j2S blk
D 2~1,0,...,0,1! j ext.

According to the definition ofM , this is equal to

g95M ~ j21j ext!11S b

lm
D 2 j ext,

where15(1,...,1). The magnetic screening lengthlm is de-
fined as

1

lm
2 5

1

l j
22

2

lk
2 .

The current in each junction is given as the sum of displa
ment, resistive, and Josephson currents. Thus the whole
tem of coupled sine-Gordon equations including the bou
ary conditions may be written in the compact form

g921S b

lm
D 2 j ext5M ~bcg̈1ġ1sing21j ext!, ~1!

where bc52p««0 j ct/s
2F0 is the McCumber paramete

For intrinsic Josephson junctions in BSCCO we have typ
parameters d53 Å, t512 Å, l51500 Å, and j c
5150 A/cm2 and getl j51.1mm andlk51.5mm. The di-
mensionless coupling parameters5(l j /lk)

2 expressing the
ratio of the nondiagonal to the diagonal elements ofM dif-
fers in this case by only 431026 from its asymptotic value
0.5. This means that intrinsic Josephson junctions are a
fect realization of strong coupling, as the electrode thickn
is much smaller than the London penetration depth. T
length 2l j is the diameter of a Josephson vortex in the sta
se

c-

-
ys-
-

l

r-
s
e
c

case. Thus an intrinsic Josephson junction will allow t
penetration of vortices in the presence of an external fie
when its length exceeds the value of about 2.2mm. This
condition is fulfilled for all samples used in this work.

Under the influence of a bias current, a Lorentz force
excerted on the Josephson vortices and gives rise to
flow. In the case of a single long Josephson junction,
maximum velocity of a vortex is given by the Swihart velo
ity. The Swihart velocity is the phase velocity of small am
plitude electromagnetic modes in the long Josephson ju
tion. Further investigation5,12of Eq. ~1! showed that the stack
of N Josephson junctions hasN different electromagnetic
modes. In contrast to the single Swihart velocity of a sin
junction, in the stackN different mode velocities exist. The
are given by

cn5vpll j

1

A122s cos@pn/~N11!#
, n51,2,...,N,

~2!

wherevpl5@(2p j ct)/(F0««0)#
1/2 is the Josephson plasm

frequency. Note that with increasingn, the mode velocity
cn decreases. The lowest mode velocity corresponds tn
5N. It is easy to show that the value ofcN from Eq. ~2! is
for the limit of N@1:

cN5vpll j

1

A112s2s@p/~N11!#2
. ~3!

For the case of intrinsic stacks with a number of junctio
N.10, ands50.5, the lowest mode velocitycN differs by
less than 1% from its asymptotic valuevpll j /&.

In the flux-flow regime, theI -V characteristic of a single
long Josephson junction exhibits the flux-flow step. The vo
age of the FFS is determined by the condition that the ve
ity of the moving fluxons reaches asymptotically the Swih
velocity. For a single long Josephson junction of lengthL
with the magnetic thicknessL5t12l, the relation

UFFS5F0f5 c̄HL ~4!

holds, becauseHLL/F0 gives the mean number of fluxon
in the junction, and the frequencyf is given by this number
of fluxons divided by the time required for one fluxon at t
Swihart velocity to pass through the junction. Note that t
FFS voltage is directly proportional to the magnetic fie
H.

To investigate the flux-flow regime in stacked junction
the system of coupled sine-Gordon equations~1! has been
solved numerically via Fourier decomposition as describ
in Ref. 4. A set of I -V characteristics forN511, b
520mm, bc520, and the BSCCO parameters from above
plotted in Fig. 1~a! for three external magnetic fields: 2.5
4.5, and 6.5. Here the magnetic field is normalized toH0
5F0 /@b(t1d)m0#, the field corresponding to one flu
quantum per junction. We focus our interest on the part
the I -V characteristic at low voltages. From the simulatio
we see that in this regime, a triangular fluxon lattice of lo
density moves under the influence of the bias current. T
resulting flux-flow branch in theI -V characteristic is nearly
linear for low current and turns up at higher current. For lo
magnetic fields, it ends by switching to the gap state a
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14 640 55G. HECHTFISCHERet al.
certain field-dependent voltage. At higher fields, it kinks
this point and the voltage increases sharply but nonhyste
cally. When all theI -V curves for different field values ar
plotted with voltage divided by the magnetic field@Fig. 1~b!#,
it is obvious that this end of the flux-flow branch correspon
to the lowest collective-mode velocitycN . The straightfor-
ward modification of the relation~4! for the first FFS in an
intrinsic stack is

UFFS5NF0f5NcNH~ t1d!. ~5!

The factor ofN appears because the stack is a series c
nection of junctions and the voltage will be measured o
the whole stack. The factor (t1d) is the magnetic thicknes
of a junction with electrode thicknesses much less thanl.
For the same parameters used in the numerical simula
Eq. ~5! predicts the flux-flow step to appear at a normaliz
voltageU/H of 0.590~in normalized units!. This is in good
agreement with the numerical result@see Fig. 1~b!#, where all
the flux-flow branches kink atU/H50.59.

III. EXPERIMENT

A. Samples

Single crystals of BSCCO were grown in oxygen atm
sphere by the floating-zone technique.13 X-ray diffraction

FIG. 1. ~a! Superposition of numerically calculatedI -V charac-
teristics of a stack of 11 Josephson junctions for three differ
magnetic fields.H05F0 /@b(t1d)m0# is the field corresponding to
one flux quantum per junction.~b! I -V characteristics for same
parameters and fields from 1.5 to 9.5H0 in steps of 0.5H0 , plotted
with voltage divided by field. Note that all curves show the kink
the same value forU/H as expected for a flux-flow step. For a
simulations, values oflJ51.1mm, lk51.5mm, b520mm, and
bc520 have been used.
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confirms that the crystals are single phase Bi-2212, and
ergy dispersive x-ray analysis indicates a cation stoichio
etry of approximately Bi:Sr:Ca:Cu52.2:1.8:1.1:2. Using
standard photolithography and Ar-ion etching, mesas of
ferent lateral dimensions from 20320mm2 to 40
3500mm2 and of varying heights were fabricated on sing
crystal surfaces. This technique provided stacks of abou
to several hundreds of intrinsic Josephson junctions. On
top surface of the mesas, a low resistance gold layer
sputtered on the freshly cleaveda-b faces. A sketch of the
sample geometry showing the bias current flow is given
Fig. 2. A 25mm Au/Ni wire was used as a spring contact
the gold layer for applying bias current. In order to inject t
bias current as homogeneous as possible, the gold laye
tended over the whole top surface of the mesa. As the cur
leaves the mesa in a surface layer of thicknessl of the base
crystal, as indicated in Fig. 2 by arrows, this configuration
quite close to the homogeneous current injection assume
the numerical model. Due to the single top gold layer, a t
four-point measurement of theI -V characteristic was no
possible, and the resulting contact resistance had to be
tracted for data evaluation. Several sample parameters
listed in Table I. Critical temperatures were around 86
critical current densities at 4.2 K were between 500 a
600 A/cm2. Experiments on other high-frequency properti
of intrinsic junctions not considering vortex motion are r
ported elsewhere.14

B. Setup

The magnetic field required for creating one flux quantu
per junction in BSCCO is given byH05F0 /@b(t1d)m0#.

t

t

FIG. 2. Sketch of the sample geometry. Arrows indicate b
current flow. The gold layer on top of the mesa ensures homo
neous injection of bias current. The current leaves the mesa thro
the base crystal in a surface layer of thicknessl to a gold plated
ground plate.

TABLE I. Dimensions, critical current densities, and critic
temperatures of investigated samples.

Sample
No.

Mesa size
(mm2)

Mesa height
~nm!

j c (T520 K)
(A/cm2)

Tc
~K!

D9b 40340 1200 580 85
D16a 400320 260 520 86
D16b 200320 260 520 86
D16c 200310 260 520 86
D16d 500320 260 520 86
D16e 2003 5 260 520 86
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55 14 641COLLECTIVE MOTION OF JOSEPHSON VORTICES IN . . .
Hereb is the length, and (t1d)515 Å is the thickness of
the junction. For a 10mm long junction this equals to 137
Oe. This field scale is not only two or three orders of ma
nitude larger than the fields required to create a flux quan
in artificially fabricated stacks but is also already larger th
the lower critical field of the superconducting CuO2 layers
~some tens of Oersteds!. Thus, penetration of pancake vort
ces into the CuO2 layers is possible if the alignment of fiel
and the crystalsa-b direction is not perfect. Because a sta
like vortex with pancakes has rather high pinning,15 sample
alignment is important for experiments on Josephson
flow in BSCCO. To avoid the need of a cryogenic turnab
broadband microwave connection that allows sample al
ment in a standard magnet with vertical field, magnets w
horizontal field were used. A horizontal magnetic field
lows orientation of the sample by simply rotating the d
stick and a rigid microwave connection to the sample hol
could be used. Either a superconducting 5 T split coil magnet
or a pair of superconducting 1 T Helmholtz coils, both with
horizontal field, were used.

Microwave signals were coupled out from the Au/Ni t
to a low loss coaxial cable and supplied to a low noise p
amplifier for the frequency range from 6 to 18 GHz. T
amplified signal was detected by a microwave spectrum a
lyzer. The overall noise temperature of this system was
termined by hot/cold calibration and found to be appro
mately 550 K. Using this system in radiometer mode res
in a sensitivity of 3310217 W ~30 aW! in a 3 MHz band-
width with a typical integration time of 100 ms.

Sample bias current was provided by a battery powe
current source to reduce external noise. Most measurem
were performed in a shielded room.I -V characteristics and
microwave emission signals were recorded by digital vo
meters.

IV. RESULTS AND DISCUSSION

A. Influence of magnetic-field orientation

The I -V characteristic of a stack of intrinsic Josephs
junctions consists of many branches in zero magnetic fie6

Below the critical current, due to the hysteresis, each ju
tion can either be in its superconducting state or in the
state. Thus each junction contributes one branch to theI -V
characteristic. For the experiments discussed here,
samples were biased in the state near zero voltage wher
intrinsic junction has switched to its gap voltage.

To investigate the influence of misalignment between
magnetic field and the superconducting copper oxide lay
the sample was rotated at small angles around its positio
perfect alignment, i.e., parallel to the layers. The sample
biased at a constant current corresponding to about 30–5
of its zero-field critical current. The sample voltage was
corded as a function of angle for various fixed fields. T
result is shown in Fig. 3 for one direction of angle sweep
avoid hysteresis. For misorientation angles higher than s
threshold anglea thr , the sample voltage is not influenced b
the magnetic field and is equal to the voltage drop due
contact resistance. For angles smaller than the thres
angle, an additional voltage is present. As can be seen f
the figure, this voltage increases with increasing fie
whereas the threshold angle decreases. The perpendi
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threshold field componentH thr5H sinathr is approximately
constant for the different field values. Its value is around
Oe and of the same order of magnitude as the perpendic
Hc1 . This behavior confirms that the observed voltage
caused by flux-flow of Josephson vortices. A flux-flow vo
age will develop only for the case of vortex ‘‘lock-in’’, be
cause for higher angles of misorientation thana thr , pancake
vortices are present in the superconducting layers, and
flux-line lattice will be pinned due to pinning of th
pancakes.15 This behavior was observed with all the samp
investigated in this work, and was used routinely to adj
the parallel field orientation.

B. I -V characteristics

For the state of parallel magnetic field,I -V characteristics
for various fields and temperatures were measured. With
creasing field the former superconducting branch bends
exhibits a field-dependent flux-flow branch for low bias cu
rents@Fig. 4~a!#. The slopeR of this branch is proportional to
the magnetic field and almost independent of tempera
over a wide range of temperatures as can be seen from
4~b!. We identify this branch with the displaced linea
branch described in Ref. 9. In Fig. 5 we plotdR/dB vs the
reciprocal mesa cross section for mesas with different lat
dimensions and the same height. As can be seen clearly
slope of the linear branch scales with the inverse mesa a
This scaling shows that the flux-flow resistance only depe
on the critical current, which is proportional to the me
area. It is independent of the particular junction leng
Whereas the observed branch is linear for low values of b
current it tends to turn up for higher bias currents. Whe
set of I -V characteristics measured at different magne
fields is plotted with the voltage divided by the field, th
curves meet for high bias currents at some value ofU/H ~cf.
Fig. 6!. This behavior is quite similar to what we have foun
in our numerical simulations@cf. Fig. 1~b!#. There the ob-
served branch was identified as a flux-flow step. The m
sured scaling behavior is also in agreement with Eq.~5!,
where U/H is determined only by the lowest collective
mode velocity. In particular, according to Eq.~5!, U/H is
independent of the junction length. This is also observed
the measurement.

FIG. 3. Flux-flow voltage of No. D9b as a function of fiel
misorientation anglea at fixed bias current of 2.0 mA for three
different fields. Temperature was 60 K. For clarity, the zero lev
of the three curves are vertically shifted.
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14 642 55G. HECHTFISCHERet al.
In contrast to the numerical simulation, in some measu
ments the curves normalized toU/H did not coincide per-
fectly at low bias currents. In particular, curves measu
with large magnetic fields exhibited a somewhat sma
voltage. This behavior can be understood as follows: T
flux-flow voltage of the whole stack is proportional to th
number of Josephson junctions that take part in the flux fl
Due to defects, imperfect sample orientation or frozen p
cake vortices, Josephson flux flow will be prevented in so

FIG. 4. ~a! I -V characteristic of linear displaced branch for eig
values of magnetic field.~b! Field dependence of linear slopeR
5dU/dI for three different temperatures.

FIG. 5. Magnetic-field derivative of linear slopedR/dB vs the
reciprocal mesa area (A21) for mesas of different lateral dimen
sions and same height. Different data points for the same m
correspond to measurements at different temperatures.
-

d
r
e

.
-
e

junctions by pinning. These junctions start to contribute
the fluxon motion only at higher bias current, when the Lo
entz force on the vortices is high enough. In the case
slightly imperfect sample orientation, the density of panca
vortices increases with magnetic field and thus causes st
ger pinning of the vortex lattice. It could be shown by th
microwave emission data, that for a fixed field the number
junctions with flux flow is not constant, but increases w
bias current~see below!. To check if the observed deviatio
is influenced by pancake vortices, a set ofI -V characteristics
was recorded for a sample intentionally misoriented by 0
from its optimum position. The deviation to lower voltage
for low bias currents turned out to be stronger for the m
oriented sample, whereas the flux-flow branch remained
changed at higher bias currents.

The field-dependent slope of theI -V curve was found to
be nearly independent of temperature from 20 to 70 K,
spite of a strong variation of the characteristic voltage a
the McCumber parameter over this temperature range.
also known from observations of the displaced linear bra
in single Josephson junctions, that its dependence on lo
and thus temperature is very weak.16

The maximum value ofU/H, corresponding to the lowes
collective-mode velocity, was 8.5mV/Oe for the D16
samples. Assuming a number of about 170 junctions in
stack~as expected from the measured mesa height!, a value
for the lowest collective-mode velocity of 3.33105 m/s can
be derived. With an estimated Josephson penetration d
of 0.5 mm, Eq. ~3! yields a value of about 150 GHz for th
plasma frequency. This value is in good agreement with d
recently measured by microwave absorption measu
ments.17,18

C. Microwave emission

Microwave emission measurements were carried ou
various frequencies between 6 and 18 GHz. Depending
the receiver frequency, a broad emission peak showed u
the flux-flow branch of theI -V characteristic. For coheren
as well as for incoherent fluxon motion in a series connect
of Josephson junctions the number of junctions contribut
to the emission peak may be calculated by

N5
U

F0f rec
, ~6!sa

FIG. 6. Plot of I -V characteristics for nine different values o
magnetic field ranging from 140 to 1270 Oe with voltage divid
by the magnetic field. Note that all curves collapse to one curv
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55 14 643COLLECTIVE MOTION OF JOSEPHSON VORTICES IN . . .
whereU is the voltage at peak maximum andf rec is the
detected frequency. As shown in Fig. 7, the microwave em
sion peak shifts towards higher voltages when the rece
frequency is increased. However, the number of juncti
derived from Eq.~6! also increases with frequency~or bias
current!: In the case of Fig. 7, the values forN for the fre-
quencies 6, 7, 9, and 11 GHz are 34, 42, 55, and 73, res
tively. This is consistent with the mesa height of 260 n
giving a maximum of 170 junctions in the stack. We no
that the observed increase ofN with bias current counteract
the upturn of the flux-flow step. The upturn of this st
would start at much lower bias currents ifN were constant.

For the long mesas, the Au/Ni tip for bias current a
microwave pick-up was attached to one end of the Joseph
junction stack~see Fig. 2!. For this geometry, the microwav
signal intensity is expected to depend on the direction
fluxon motion.19 As can be seen from Fig. 8, the detect
microwave signal is asymmetric, and the intensity depe
on the combination of bias current and magnetic-field pol
ties. When the magnetic field was reversed, the higher e
sion signal occurred at reversed bias current polarity. N
that reversing both magnetic field and bias current pola
results in the same direction of fluxon motion. The micr
wave signal was maximum for the case where the pickup
is at that end of the stack where the vortices leave the ju
tions. This effect is well known for the flux-flow state i
single long Josephson junctions.19 Using Eq.~6!, we find for
the case of Fig. 8 that 40 intrinsic Josephson junctions ar
the flux-flow regime.

Using this value for the number of junctions, we find th
the linewidth of the observed peak is about 6.3 GHz. F
single fluxon radiation, the full linewidth at half powe
caused by pure Johnson-Nyquist noise is20

D f5
4pkBT

F0
2

R2
D

RS
.

Here kB is Boltzmann’s constant,F0 is the flux quantum,
T is the temperature, andRS andRD are the resistance an
differential resistance of the junction at the bias point. F
our case this equals 17 MHz which is more than 300 tim
less than the experimental value. This enormous excess
width was typical for all our experiments. As described

FIG. 7. I -V characteristic~left scale! and microwave emission
signal~right scale! for four detection frequencies at fixed magne
field. With increasing receiver frequency, the peak shifts to hig
voltages.
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Golubov, Malomed, and Ustinov,21 an excess linewidth in
the flux-flow regime may be caused by internal degrees
freedom of the fluxon chain for a low density of vortice
Ustinov, Kohlstedt, and Henne observed a linewidth by
factor of 104 larger than the theoretical limit for the flux-flow
state in a single long Josephson junction at low flux
density.22 As the fluxon lattice in a stack of Josephson jun
tions has even more degrees of freedom than the flu
chain in a single junction—our fields correspond to a lo
vortex density—the same effect could be the reason for
observed huge excess linewidth in our case.

V. CONCLUSIONS

We have investigated stacks of intrinsic Josephson ju
tions in BSCCO under the influence of a magnetic field p
allel to the superconducting layers. From our measureme
as well as from comparison with simulations based on
coupled sine-Gordon equations for vertically stacked lo
Josephson junctions, we argue that the displaced lin
branch observed in magnetic fields is associated with
flux-flow step caused by Josephson vortices moving col
tively through many junctions of the stack. Their maximu
velocity is close to the lowest collective-mode velocity of t

r

FIG. 8. I -V characteristic and microwave emission signal f
500mm mesa for both polarities of the magnetic field. The micr
wave signal was coupled out at one end of the mesa. Note tha
peak height corresponds to thedirection of fluxonmotion, i.e., the
combination of magnetic field and bias current polarity. The h
emission peak occurs when fluxons move towards the microw
pickup probe.
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system. This is supported by a number of experimental
servations. The observed amplitude of microwave emiss
signal is dependent on the direction of fluxon motion givi
striking evidence that the displaced linear branch is a con
quence of the motion of Josephson vortices. From the em
sion peak one infers that a large number of junctions in
stack contribute to radiation. For small values of bias curr
this number increases with increasing bias current. In a
of current vsU/H all I -V curves collapse at large values
bias current indicating that for large bias currents vortic
move collectively in all junctions of the stack. Also, th
enormous excess linewidth of the microwave emission sig
is an indication that the observed flux flow is a regime wh
a triangular lattice of low fluxon density is moving throug
ai
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b-
n

e-
is-
e
t
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the stack. In summary, all results show that the obser
behavior can be understood as collective Josephson vo
motion in a stack of strongly coupled long Josephson ju
tions.
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