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Collective motion of Josephson vortices in intrinsic Josephson junctions in B$r,CaCu,Og..,
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We report on the experimental observation of moving Josephson vortices in mesa structures patterned on the
surface of BjSr,CaCyOg. , 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 fielldgp to 15 kOe for junctions
with lateral dimensions ranging from ®0 um? to 500 20 um?. Investigations show that the voltage of the
branch scales with 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-t¥iecharacteristic 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 frequen§0163-182807)05421-0

[. INTRODUCTION strength by varying the layer thicknesses. The thickness of

the superconducting layers is of the orderofThus the
Long Josephson junctions, i.e., junctions where one dicoupling strength can be varied over a wide range up to the
mension is larger than the Josephson penetration depth case of nee}rly mdependt_ant junctions. In contrast, intrinsic
have been investigated intensively for several reasons. ThePSephson junctions realize nearly perfectly the asymptotic
are not only a valuable object for theoretical study of non-Cas€ Of strong coupling. The thickness of the superconduct-
linear dynamics, but have also found application as high- N9 layers is vanishingly small compared to the London pen-

frequency source@ilux-flow oscillators. Magnetic flux pen- etration depth. For intrinsic Josephson junctions in BSCCO

etrates into a long Josephson junction in the form 0fthe spacing between the superconducting layers is 12 A and

Josephson vortice®r fluxons, carrying one magnetic-f their thickness is only about 3 A. In comparison, the London
P vortice®r flux e ying gnetic-fiux netration depth,, is about 1700 A, by two orders of
guantum each. The dynamics of such a system is describ

he si iGh ) £l < ch agnitude larger than the thickness of one junction of the
by the sine-Gordon equationthe motion of fluxons is char-  giack \Whereas the coupling parameter for Nb stacks can be

acterized mainly by two regimes, the resonant fluxonneq by varying the layer thicknesses, essential parameters
antifluxon motion in zero magnetic field giving rise to zero- of jntrinsic Josephson junctions like critical current density
field steps(ZFS), and the flux-flow regime in large magnetic or characteristic frequency can be easily tuned by oxygen
fields which leads to the flux-flow stegBFS in the current-  doping®
voltage (-V) characteristic. In the last few years, an inter-  Recent experiments by Lee, Nordman, and Hohenwarter
esting extension of this topic was provided by vertical stacksshowed the existence of a linear branch in the charac-
of long Josephson junctions. For stacks of Josephson junceristic of BSCCO mesa structures under the influence of a
tions with superconducting electrodes thinner than the Lonlow magnetic field Their results were compared to the
don penetration deptk, the external field will penetrate the theory for Josephson vortex flow in layered structures by
electrodes. The resulting screening currents lead to a mutu@lem and Coffey?® This theory is based on the assumption
coupling between adjacent junctions. This inductive couplinghat only one single Josephson vortex is moving in the whole
is described by a system of coupled sine-Gordorstructure. Itis known from energy argumefitghat Joseph--
equations:* Available systems for experimental study of this Son vortices form a triangular lattice in the absence of bias
model are either stacks in Nb-AI/AleNb technology or current. As th|§ lattice sh(_)uld be stable at least for_low bias
the intrinsic Josephson junctions in layered highsuper- currents, our aim was to find a more exact explanatllon of the
conductors such as BrLCaCy0s., (BSCCO.® The latter dlsplaped Imeay branch. We demonstrate by_ microwave
are naturally formed by adjacent nyfhouble layers and the €Mission experiments that the observed be_hawor is caused
spacing BiO and SrO layers. Using standard Iithographypy collectivemotion of many Josephson vortices.
small mesa structures consisting of typically 100 junctions
can be fabricated with well-defined geometry on the surface
of BSCCO single crystal§® The dynamics of a vertical stack of Josephson junctions is
Nb-Al/AIO,-Nb stacks allow tuning of the coupling described by a system of coupled sine-Gordon

Il. BASIC CONCEPTS
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equations:*1112The stack consists df identical Josephson case. Thus an intrinsic Josephson junction will allow the
junctions with maximum Josephson current dengityand  penetration of vortices in the presence of an external field,
normal-state conductanee Each electrode has a thickness when its length exceeds the value of about 2Zra. This
d, the barrier thickness of each junctiontjsand the dielec- condition is fulfilled for all samples used in this work.
tric constant ise. In the following, we use the normalized Under the influence of a bias current, a Lorentz force is
units of Ref. 4. Time is normalized ®,0/(27jt), lengths excerted on the Josephson vortices and gives rise to flux
are given in units ot, the junction length inx direction.  flow. In the case of a single long Josephson junction, the
Current densities are normalizedjto. The relation between maximum velocity of a vortex is given by the Swihart veloc-
the second spatial derivative of the gauge-invariant phasidy. The Swihart velocity is the phase velocity of small am-
differencesy, and the current in junction and its neighbor-  plitude electromagnetic modes in the long Josephson junc-
ing junctions is tion. Further investigatiott? of Eq. (1) showed that the stack
of N Josephson junctions hads different electromagnetic

, (b 2 2 . modes. In contrast to the single Swihart velocity of a single

Yn= v In™ Nk (n-1tin+2), N=1...N. junction, in the stack different mode velocities exist. They

are given by
The second term on the right-hand side introduces the induc-

tive coupling of adjacent junctions. The characteristic 1

lengths\; and\, are given by Cn= wp\| =25 co{a-rn/(NJrl)]' n=12,...N,

B \/ @, [ Dodeg 2
A= 27 o) o(ter+ 2N degr)’ M= 27 uoNj ¢ where wy=[(2jt)/(Poeeo)]*? is the Josephson plasma

frequency. Note that with increasing the mode velocity
¢, decreases. The lowest mode velocity corresponds to
=N. It is easy to show that the value of, from Eq. (2) is
for the limit of N>1:

with the effective valuesdgyz=A\ sinh@\) and tez=t
+2\ tanHd/(2\)]. Boundary conditions ar@y=jn: 1= jext-
We introduce a coupling matriM with diagonal elements
M;;=(b/\;)? and nondiagonal elementd;;,;=M;;_;
=—(b/\)?. Other elements oM are zero. Treatingy 1
=(v1,...,yn) andj=(j1,...,jn) as vectors, the equations in- CN= Wpik| it2s—Sml(NTDE

cluding the boundary conditions may be written as
) For the case of intrinsic stacks with a number of junctions
Y'=Mj _(R) (1,0,..,0,D)j N>10, ands=0.5, the lowest mode velocityy differs by
ext less than 1% from its asymptotic valag,\;/v2.
In the flux-flow regime, thé-V characteristic of a single
long Josephson junction exhibits the flux-flow step. The volt-
b \2 age of the FFS is determined by the condition that the veloc-
Y'=M(—Ljey) + 1( )\—) J exts ity of the moving fluxons reaches asymptotically the Swihart
m velocity. For a single long Josephson junction of length
wherel=(1,...,1). The magnetic screening length is de-  with the magnetic thicknesA =t+2\, the relation
fined as

(€©)

According to the definition oM, this is equal to

Ugps=®of =cHA 4
iz_ iz 32 holds, becausel AL/®, gives the mean number of fluxons
Mmoo A7 A in the junction, and the frequendyis given by this number

of fluxons divided by the time required for one fluxon at the
wihart velocity to pass through the junction. Note that the
FS voltage is directly proportional to the magnetic field

The current in each junction is given as the sum of displace:
ment, resistive, and Josephson currents. Thus the whole s
tem of coupled sine-Gordon equations including the bound

ary conditions may be written in the compact form . . . . . .
y y P To investigate the flux-flow regime in stacked junctions,

2 ) the system of coupled sine-Gordon equati¢bshas been
jex=M(Bcy+ ytsiny—1ljew, (1) solved numerically via Fourier decomposition as described
in Ref. 4. A set of |-V characteristics forN=11, b
where B.=2meegjtlo’®, is the McCumber parameter. =20um, 8.=20, and the BSCCO parameters from above is
For intrinsic Josephson junctions in BSCCO we have typicaplotted in Fig. 1a) for three external magnetic fields: 2.5,
parameters d=3 A, t=12A, \=1500A, and j. 4.5, and 6.5. Here the magnetic field is normalizedHtp
=150 Alcnt and get\j=1.1 um andA=1.5um. The di- =®y/[b(t+d)ue], the field corresponding to one flux
mensionless coupllng parameter (\; I\, )? expressing the quantum per junction. We focus our interest on the part of
ratio of the nondiagonal to the dlagonal elementdvbflif- the |-V characteristic at low voltages. From the simulation,
fers in this case by only % 10" ® from its asymptotic value we see that in this regime, a triangular fluxon lattice of low
0.5. This means that intrinsic Josephson junctions are a pedensity moves under the influence of the bias current. The
fect realization of strong coupling, as the electrode thicknessgesulting flux-flow branch in thé-V characteristic is nearly
is much smaller than the London penetration depth. Thdinear for low current and turns up at higher current. For low
length 2\; is the diameter of a Josephson vortex in the statianagnetic fields, it ends by switching to the gap state at a

: (b
V=15
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T T T T ¥ bias current
10F N=11 ] & RF pickup
o8t P.=20 3 gold layer
o6l b =20 pum 7‘;_— ] mosa BSCCO
= T e = crystal
04r S H=25H, . _'
02+ Sl H=45H,- ground plate -
ool ¥ e H=6.5H, =
0 > ' 5 8 FIG. 2. Sketch of the sample geometry. Arrows indicate bias
(a) U/f.®, current flow. The gold layer on top of the mesa ensures homoge-
neous injection of bias current. The current leaves the mesa through
0.8 T ' T ' i ' the base crystal in a surface layer of thicknas® a gold plated
ground plate.
0.6
confirms that the crystals are single phase Bi-2212, and en-
ergy dispersive x-ray analysis indicates a cation stoichiom-
SU 0.4} etry of approximately Bi:Sr:Ca:Gu2.2:1.8:1.1:2. Using
standard photolithography and Ar-ion etching, mesas of dif-
02L ferent lateral dimensions from 2@0um? to 40
X 500 wm? and of varying heights were fabricated on single-
crystal surfaces. This technique provided stacks of about 30
0.0t to several hundreds of intrinsic Josephson junctions. On the
. . . s . - top surface of the mesas, a low resistance gold layer was
0.0 0.2 0.4 0.6 sputtered on the freshly cleavedb faces. A sketch of the
(b) (U/H)/ (f.D,/H,) sample geometry showing the bias current flow is given in

Fig. 2. A 25um Au/Ni wire was used as a spring contact to

FIG. 1. (a) Superposition of numerically calculatéeV charac- the gold layer for applying bias current. In order to inject the
teristics of a stack of 11 Josephson junctions for three differenbias current as homogeneous as possible, the gold layer ex-
magnetic fieldsH,=®,/[b(t+d)u,] is the field corresponding to tended over the whole top surface of the mesa. As the current
one flux quantum per junctionb) -V characteristics for same leaves the mesa in a surface layer of thickness the base
parameters and fields from 1.5 to 33 in steps of 0.8, plotted  crystal, as indicated in Fig. 2 by arrows, this configuration is
with voltage divided by field. Note that all curves show the kink at quite close to the homogeneous current injection assumed in
the same value fo/H as expected for a flux-flow step. For all the numerical model. Due to the single top gold layer, a true
simulations, values ok;=1.1um, N =1.5um, b=20um, and  four-point measurement of the-V characteristic was not
B.=20 have been used. possible, and the resulting contact resistance had to be sub-

certain field-dependent voltage. At higher fields, it kinks atiracted for data evaluation. Several sample parameters are

this point and the voltage increases sharply but nonhysteretiSted in Table I. Critical temperatures were around 86 K,
cally. When all thel-V curves for different field values are cfitical current densities at 4.2 K were between 500 and
plotted with voltage divided by the magnetic figkig. 1b)], ~ 600 Alcnf. Experiments on other high-frequency properties
it is obvious that this end of the flux-flow branch correspondsof intrinsic junctions not considering vortex motion are re-
to the lowest collective-mode velocity,. The straightfor-  ported elsewher&!

ward modification of the relatiod) for the first FFS in an

intrinsic stack is B. Setup

Uprs=N®of =NcyH(t+d). ) The magnetic field required for creating one flux quantum

The factor ofN appears because the stack is a series corR€r junction in BSCCO is given biflo=®o/[b(t+d) uo].
nection of junctions and the voltage will be measured over
the whole stack. The factot { d) is the magnetic thickness TABLE I. Dimensions, critical current densities, and critical
of a junction with electrode thicknesses much less than temperatures of investigated samples.
For the same parameters used in the numerical simulation
Eq. (5) predicts the flux-flow step to appear at a normalizedSample Mesa size Mesa height j. (T=20K) T,

voltageU/H of 0.590(in normalized units This is in good No. (um?) (nm) (Alcm?) (K)
agreement with the numerical resisee Fig. 1b)], where all

the flux-flow branches kink dt//H=0.59. Dob 40x40 1200 580 85

D16a 400X 20 260 520 86

Il. EXPERIMENT D16éb 200X 20 260 520 86

| Dl6ec 200X 10 260 520 86

A. Samples D16d 500%20 260 520 86

Single crystals of BSCCO were grown in oxygen atmo-D16e 200x 5 260 520 86

sphere by the floating-zone technidfdeX-ray diffraction
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Hereb is the length, andt(+d)=15 A is the thickness of ' L OO SOy - ' '
the junction. For a 1Qum long junction this equals to 1370 ,

Oe. This field scale is not only two or three orders of mag- .
nitude larger than the fields required to create a flux quantum - = fo
in artificially fabricated stacks but is also already larger than g (
the lower critical field of the superconducting Cut@yers i |
(some tens of OerstedsThus, penetration of pancake vorti-
ces into the Cu@layers is possible if the alignment of field
and the crystala-b direction is not perfect. Because a stair-
like vortex with pancakes has rather high pinntigsample
alignment is important for experiments on Josephson flux . 4000 Oe
flow in BSCCO. To avoid the need of a cryogenic turnable 3 o 1 0 1 2 3
broadband microwave connection that allows sample align- o (deg)

ment in a standard magnet with vertical field, magnets with

horizontal field were used. A horizontal magnetic field al- FIG. 3. Flux-flow voltage of No. D9b as a function of field
lows orientation of the sample by simply rotating the dip- misorientation anglexr at fixed bias current of 2.0 mA for three
stick and a rigid microwave connection to the sample holdetlifferent fields. Temperature was 60 K. For clarity, the zero levels
could be used. Either a supercondugtT split coil magnet  of the three curves are vertically shifted.

or a pair of superconduciinl T Helmholtz coils, both with . ] ) )
horizontal field, were used. threshold field componertily,,=H sinay, is approximately

Microwave signals were coupled out from the Au/Ni tip constant for the different field value_s. Its value is arounql 30
to a low loss coaxial cable and supplied to a low noise pre©€ and of the same order of magnitude as the perpendicular
amplifier for the frequency range from 6 to 18 GHz. TheHe1- This behavior confirms that thg observed voltage is
amplified signal was detected by a microwave spectrum angaused by flux-flow of Josephson vortices. A flux-flow volt-
lyzer. The overall noise temperature of this system was de2g€ Will develop only for the case of vortex “lock-in”, be-
termined by hot/cold calibration and found to be approxi-cause for higher angles of misorientation thap, pancake
mately 550 K. Using this system in radiometer mode resultd/ortices are present in the superconducting layers, and the
in a sensitivity of 3107 W (30 aW) in a 3 MHz band- flux-line Iatt|c_e will b_e pinned due to pinning of the
width with a typical integration time of 100 ms. _panca_keé? Tr_ns bghawor was observed with a_II the samples

Sample bias current was provided by a battery poweredpvestlgated in th|s. work, and was used routinely to adjust
current source to reduce external noise. Most measuremerife parallel field orientation.
were performed in a shielded roomV characteristics and
microwave emission signals were recorded by digital volt-
meters. For the state of parallel magnetic fieldV characteristics

for various fields and temperatures were measured. With in-
IV. RESULTS AND DISCUSSION creasing field the former superconducting branch bends and
exhibits a field-dependent flux-flow branch for low bias cur-
rents[Fig. 4(a)]. The sloper of this branch is proportional to

The |-V characteristic of a stack of intrinsic Josephsonthe magnetic field and almost independent of temperature
junctions consists of many branches in zero magnetic field.over a wide range of temperatures as can be seen from Fig.
Below the critical current, due to the hysteresis, each junc4(b). We identify this branch with the displaced linear
tion can either be in its superconducting state or in the gapranch described in Ref. 9. In Fig. 5 we pbR/dB vs the
state. Thus each junction contributes one branch td tkfe  reciprocal mesa cross section for mesas with different lateral
characteristic. For the experiments discussed here, thdimensions and the same height. As can be seen clearly, the
samples were biased in the state near zero voltage where stpe of the linear branch scales with the inverse mesa area.
intrinsic junction has switched to its gap voltage. This scaling shows that the flux-flow resistance only depends

To investigate the influence of misalignment between then the critical current, which is proportional to the mesa
magnetic field and the superconducting copper oxide layersirea. It is independent of the particular junction length.
the sample was rotated at small angles around its position dVhereas the observed branch is linear for low values of bias
perfect alignment, i.e., parallel to the layers. The sample wasurrent it tends to turn up for higher bias currents. When a
biased at a constant current corresponding to about 30-50 %et of |-V characteristics measured at different magnetic
of its zero-field critical current. The sample voltage was re-fields is plotted with the voltage divided by the field, the
corded as a function of angle for various fixed fields. Thecurves meet for high bias currents at some valugf (cf.
result is shown in Fig. 3 for one direction of angle sweep, toFig. 6). This behavior is quite similar to what we have found
avoid hysteresis. For misorientation angles higher than somie our numerical simulationgcf. Fig. 1(b)]. There the ob-
threshold angley,, the sample voltage is not influenced by served branch was identified as a flux-flow step. The mea-
the magnetic field and is equal to the voltage drop due tesured scaling behavior is also in agreement with &,
contact resistance. For angles smaller than the thresholdhere U/H is determined only by the lowest collective-
angle, an additional voltage is present. As can be seen frommode velocity. In particular, according to E¢p), U/H is
the figure, this voltage increases with increasing fieldindependent of the junction length. This is also observed in
whereas the threshold angle decreases. The perpendicuthe measurement.

5mvV
1

seesrrsnssessosesere

1000 Oe
2000 Oe

Flux-Flow Voltage

B. |-V characteristics

A. Influence of magnetic-field orientation
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e 1 - #D16¢c
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0 T=60K - H= 140 Oe - 1260 Oe
. y : . -1 . . .
0 10 20 30 40 (_)10 -5 0 5 10
U (mV) U/H (uV/Oe)
@® FIG. 6. Plot of -V characteristics for nine different values of

magnetic field ranging from 140 to 1270 Oe with voltage divided
by the magnetic field. Note that all curves collapse to one curve.

junctions by pinning. These junctions start to contribute to
the fluxon motion only at higher bias current, when the Lor-
entz force on the vortices is high enough. In the case of
slightly imperfect sample orientation, the density of pancake
vortices increases with magnetic field and thus causes stron-
ger pinning of the vortex lattice. It could be shown by the
microwave emission data, that for a fixed field the number of
junctions with flux flow is not constant, but increases with

#D9b

0 : . : bias currenisee below. To check if the observed deviation
0.0 0.1 02 W H (T) 0.3 is influenced by pancake vortices, a set-0f characteristics
° was recorded for a sample intentionally misoriented by 0.5°
) from its optimum position. The deviation to lower voltages

for low bias currents turned out to be stronger for the mis-
FIG. 4. (a) |-V characteristic of linear displaced branch for eight oriented sample, whereas the flux-flow branch remained un-
values of magnetic field(b) Field dependence of linear slof&  changed at higher bias currents.
=dU/dl for three different temperatures. The field-dependent slope of theV curve was found to
be nearly independent of temperature from 20 to 70 K, in
In contrast to the numerical simulation, in some measurespite of a strong variation of the characteristic voltage and
ments the curves normalized t/H did not coincide per- the McCumber parameter over this temperature range. It is
fectly at low bias currents. In particular, curves measuredilso known from observations of the displaced linear branch
with large magnetic fields exhibited a somewhat smalleiin single Josephson junctions, that its dependence on losses
voltage. This behavior can be understood as follows: Thend thus temperature is very welk.
flux-flow voltage of the whole stack is proportional to the  The maximum value ol)/H, corresponding to the lowest
number of Josephson junctions that take part in the flux flowcollective-mode velocity, was 8.5«V/Oe for the D16
Due to defects, imperfect sample orientation or frozen pansamples. Assuming a number of about 170 junctions in the
cake vortices, Josephson flux flow will be prevented in somestack(as expected from the measured mesa hgightalue
for the lowest collective-mode velocity of 331L0° m/s can
be derived. With an estimated Josephson penetration depth

2.0 of 0.5 um, Eq.(3) yields a value of about 150 GHz for the
° plasma frequency. This value is in good agreement with data
o 1.5¢ ] recently measured by microwave absorption measure-
c mentst /18
E 10} 1
§ v #D16d, 500 x 20 pm’ C. Microwave emission
g 0.5¢ A #D16c, 200 x 10 pm” 1 Microwave emission measurements were carried out at

O #D16b, 200 x 20 ym? various frequencies between 6 and 18 GHz. Depending on
0.0+ O #D16a, 400 x 20 ym? the receiver frequency, a broad emission peak showed up on
0 300 600 the flux-flow branch of thé-V characteristic. For coherent

A" (mm?) as well as for incoherent fluxon motion in a series connection

of Josephson junctions the number of junctions contributing

FIG. 5. Magnetic-field derivative of linear slogtR/dB vs the [0 the emission peak may be calculated by
reciprocal mesa area (A) for mesas of different lateral dimen- U
sions and same height. Different data points for the same mesa N= , (6)
correspond to measurements at different temperatures. Dofrec
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FIG. 7. 1-V characteristidleft scalg¢ and microwave emission
signal (right scal¢ for four detection frequencies at fixed magnetic . . . : . . 050
field. With increasing receiver frequency, the peak shifts to higher 1064 #D16D
voltages. T=52K
. _ _ 5] f=7GHz N
where U is the voltage at peak maximum ari¢g.. is the — JH=57006 =
detected frequency. As shown in Fig. 7, the microwave emis- E 0 lo252
sion peak shifts towards higher voltages when the receiver = =
frequency is increased. However, the number of junctions =~ -5 %
derived from Eq.(6) also increases with frequend€gr bias
curreny: In the case of Fig. 7, the values fbr for the fre- -10+ \A-
guencies 6, 7, 9, and 11 GHz are 34, 42, 55, and 73, respec- . . . v T . —0.00
tively. This is consistent with the mesa height of 260 nm, e 1008 U?#N) 0 1018
giving a maximum of 170 junctions in the stack. We note
that the observed increase Mfwith bias current counteracts (b
the upturn of the flux-flow step. The upturn of this step
would start at much lower bias currentsNfwere constant. FIG. 8. I-V characteristic and microwave emission signal for

For the long mesas, the Au/Ni tip for bias current and500 um mesa for both polarities of the magnetic field. The micro-
microwave pick-up was attached to one end of the Josephsovave signal was coupled out at one end of the mesa. Note that the
junction stack(see Fig. 2. For this geometry, the microwave peak height corresponds to thiection of fluxon motion i.e., the
signal intensity is expected to depend on the direction ofombination of magnetic field and bias current polarity. The high
fluxon motion!® As can be seen from Fig. 8, the detectedemission peak occurs when fluxons move towards the microwave
microwave signal is asymmetric, and the intensity dependgickup probe.
on the combination of bias current and magnetic-field polari- ) o
ties. When the magnetic field was reversed, the higher emig30lubov, Malomed, and Ustind, an excess linewidth in
sion signal occurred at reversed bias current polarity. Notéhe flux-flow regime may be caused by internal degrees of
that reversing both magnetic field and bias current polarityfreedom of the fluxon chain for a low density of vortices.
results in the same direction of fluxon motion. The micro-Ustinov, Kohistedt, and Henne observed a linewidth by a
wave signal was maximum for the case where the pickup tigactor pf 1d Ie_lrger than the theoretical limit for the flux-flow
is at that end of the stack where the vortices leave the juncstate in a single long Josephson junction at low fluxon
tions. This effect is well known for the flux-flow state in density?? As the fluxon lattice in a stack of Josephson junc-
single long Josephson junctiolsUsing Eq.(6), we find for tion_s has even more _degrees of freedom than the fluxon
the case of Fig. 8 that 40 intrinsic Josephson junctions are ighain in a single junction—our fields correspond to a low
the flux-flow regime. vortex density—the same effect could be the reason for the

Using this value for the number of junctions, we find thatobserved huge excess linewidth in our case.
the linewidth of the observed peak is about 6.3 GHz. For
single fluxon radiation, the full linewidth at half power V. CONCLUSIONS

caused by pure Johnson-Nyquist nois? is . _ o .
We have investigated stacks of intrinsic Josephson junc-

47kgT RE tions in BSCCO under the influence of a magnetic field par-
T 792 R allel to the superconducting layers. From our measurements,
0 s as well as from comparison with simulations based on the
Here kg is Boltzmann's constantp, is the flux quantum, coupled sine-Gordon equations for vertically stacked long
T is the temperature, andg and Ry are the resistance and Josephson junctions, we argue that the displaced linear
differential resistance of the junction at the bias point. Forbranch observed in magnetic fields is associated with the
our case this equals 17 MHz which is more than 300 timeglux-flow step caused by Josephson vortices moving collec-

less than the experimental value. This enormous excess lingvely through many junctions of the stack. Their maximum

width was typical for all our experiments. As described byvelocity is close to the lowest collective-mode velocity of the
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system. This is supported by a number of experimental obthe stack. In summary, all results show that the observed
servations. The observed amplitude of microwave emissiobehavior can be understood as collective Josephson vortex
signal is dependent on the direction of fluxon motion givingmotion in a stack of strongly coupled long Josephson junc-
striking evidence that the displaced linear branch is a conseions.
guence of the motion of Josephson vortices. From the emis-
sion peak one infers that a large number of junctions in the
stack contribute to radiation. For small values of bias current

this number increases with increasing bias current. In a plot

of current vsU/H all |-V curves collapse at large values of We wish to thank D. Pooke for providing the BSCCO
bias current indicating that for large bias currents vorticesrystals, G. Kreiselmeyer for setting upetb T magnet sys-
move collectively in all junctions of the stack. Also, the tem, and A. V. Ustinov, L. N. Bulaevskii, and O. Waldmann
enormous excess linewidth of the microwave emission signdbr valuable discussions. Financial support by the Bayerische
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