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Abstract

Stacked intrinsic Josephson junctions form in highly anisotropic high-Tc superconductors such as Bi2Sr2CaCu2O8+x.

Josephson-vortex dynamics in such systems attracts much research interests, both academic and application points of

view. In a dense Josephson-vortex state (in the range of 4–5 T external magnetic field applied in parallel with the junc-

tion planes) of Bi2Sr2CaCu2O8+x stacked intrinsic Josephson junctions vortex-flow motion is in resonance with the col-

lective plasma oscillation modes. With increasing magnetic fields beyond �2 T hysteretic quasiparticle branches keep

shrinking, while the collective Josephson-vortex-flow branches start appearing and become clearer. The Josephson-vor-

tex-flow branches split into multiple sub-branches corresponding to the number of coupled junctions in the stack. The

low-bias characteristics of the Josephson-vortex-flow sub-branches fit well to the inductive-capacitive hybrid coupling

model.
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1. Introduction

The propagation of the transverse electromag-

netic wave and Josephson vortices in a single long
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Josephson junction can be described by a nonlin-

ear sine-Gordon differential equation. For intrinsic

Josephson junctions (IJJs) in Bi2Sr2CaCu2O8+x

(Bi-2212) the thickness of the superconducting

Cu–O double layers is thinner than the c-axis Lon-

don penetration depth and is comparable to the

Debye charge screening length. Thus, the nonlin-

ear equation in a junction of serially stacked IJJs
ed.
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Fig. 1. Current–voltage characteristics (IVC) in the field of

2.5 T. The contact resistance was subtracted numerically. The

inset: the zero-field IVC.
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is coupled both inductively and capacitively to the

equations in neighboring junctions, to form cou-

pled sine-Gordon differential equations. The phase

difference in each junction of a stack is then cou-

pled inductively to neighboring junctions by the
following relation:

� �h
2e

o

ox
/n ¼ dnBn þ snBnþ1 þ sn�1Bn�1; ð1Þ

where /n is the gauge-invariant phase difference
across the junction, dn and sn are the effective

thickness of the tunneling barrier and the inductive

coupling parameter, respectively, and Bn is the

magnetic field present in nth junction [1]. In addi-

tion, the capacitive coupling in Bi-2212 single crys-

tals modifies the AC Josephson relation as

�h
2e

o

ot
/n ¼ V n � aðV nþ1 � 2V n þ V n�1Þ; ð2Þ

where Vn is the voltage difference across the nth

intrinsic Josephson junction and a is the capacitive

coupling constant [2] defined as a = erd/td (e is the
dielectric constant of the insulating layer, rd
the Debye charge screening length, t and d are

the thickness of the insulating and superconduc-

ting layers, respectively).

The coupled sine-Gordon differential equations

by the two coupling mechanisms generate separate

branches in the current–voltage characteristics

(IVC) due to the resonance between the moving
Josephson-vortex lattice and the collective plasma

modes. The interlayer capacitive coupling [3,4]

gives different vortex-flow resistance for different

plasma resonant modes, which in turn generates

the multiple Josephson-vortex-flow branches. The

extent of the spread in slopes of the sub-branches

is proportional to the strength of the capaci-

tive coupling. In this study, we observed the devel-
opment of the multiple Josephson-vortex-flow

branches (JVFB) in stacked IJJs in high external

magnetic fields in the range of 2–5 T. The behavior

of the low-bias sub-branches is in good agreement

with the prediction of the combined model of the

inductive and the capacitive coupling [3]. The

capacitive coupling constant a obtained from the

spread of the multiple-branches is about 0.45,
which is reasonably close to the theoretical predic-

tion [3], 0.1 < a < 0.4.
2. Experimental

As-grown slightly overdoped Bi-2212 single

crystals were prepared by the conventional solid-

state-reaction method. Stacks of IJJs were sand-
wiched between two Au electrodes deposited on

the top and the bottom of the stacks using the dou-

ble-side cleaving technique. Details of the sample

fabrication are described elsewhere [5]. Transport

measurements were performed in a two-terminal

configuration with a low-pass filter connected to

each electrode located at room temperature to

avoid the external noise. The magnetic field align-
ment in parallel with the ab-plane of a stack was

done in a field of 4 T at temperature of 60 K with

the alignment resolution of 0.01� [6].
3. Results and discussion

The inset of Fig. 1 shows the zero-field IVC of a
Au-sandwiched stack of size 1.4 · 15 lm2 at

T = 4.2 K. The total number of junctions was 22

as evidenced by the total number of the quasipar-

ticle branches. The average critical current density

was about 1 kA/cm2, from which the value of the

Josephson penetration depth kJ, 0.3 lm, was calcu-

lated. In terms of the Josephson penetration depth

we define a characteristic field Hd [=U0/2kJ(t + d)],



Fig. 2. (a) The current–voltage characteristics (IVC) in 2.8 T

and 4.5 T. (b) The IVC in 4.5 T, where the current axis is

normalized by the critical current for 4.5 T. The contact

resistance was subtracted numerically. The straight lines are

the best fit to the inductive–capacitive hybrid coupling model.
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which is 2.3 T for the current sample. For the field

value of Hd the spacing between two Josephson

vortices becomes comparable to the diameter of

a Josephson-vortex, 2kJ. Here, U0 is the magnetic

flux quantum. The values of t and d are 1.2 nm
and 0.3 nm, respectively.

In a field of 2.5 T in Fig. 1 one sees the separa-

tion between the regions below and above 28 mV

(denoted by the dotted line). All the quasiparticle

branches are positioned in the bias range above

Ic1 in Fig. 1, which contains 22 branches, the same

as the total number of quasiparticle branches in

zero field. This indicates that the observed multiple
branches below 28 mV are not related to the qua-

siparticle branches. Since they develop only in a

high magnetic field they should be the Joseph-

son-vortex-flow branches (JVFB) [4]. The number

of clearly countable multiple branches starting

from (1st)JV in the region of JVFB below 28 mV

is 13. In the low bias region of JVFB, one cannot

trace the other sub-branches because of the ran-
dom voltage jumping.

Fig. 2(a) shows the IVC in fields of 2.8 and

4.5 T. Contrary to the complete disappearance of

the quasiparticle branches at 4.5 T the sub-

branches of the JVFB become more distinct with

an increase in the interval between the neighboring

branches. As shown in Fig. 2(b) all the sub-

branches in the Josephson-vortex-flow region exhi-
bit the linearity with different slopes with each

other in the low bias range, which converge to a

single point on the current axis. According to the

inductive–capacitive hybrid coupling model they

should converge to the origin. Thus converging

to the finite bias current value should have arisen

from the depinning of Josephson vortices. The pin-

ning of Josephson vortices may have been caused
by any defects in the stacked junctions or by the

presence of the pancake vortices generated by

any slight field misalignment. According to the

inductive–capacitive hybrid coupling model [3],

the spread in the slope is directly related to the

strength of the capacitive coupling represented

by the capacitive coupling parameter a as

V n ¼
I � Ip
Ic

� �
V c

1þ 2a½1� cosðnp=21Þ� ;

n ¼ 1; 2; . . . ; 20 ð3Þ
for a stack of 22 junctions, where Ip is the depin-

ning current of the Josephson-vortex, Ic is the tun-
neling critical Josephson current at a given applied

field. Here Vc is the maximum mode voltage corre-

sponding to a given bias current as represented by

the curve denoted with the arrows in Fig. 2(b). The

straight extrapolation illustrates the best fit to the

sub-branches in the low-bias region. The best-fit

value of a turns out to be 0.45, which is reasonably

close to the theoretical expectation [3] of 0.1 <
a < 0.4.
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4. Conclusion

Josephson-vortex dynamics in Bi-2212 IJJs is

studied with increasing magnetic fields using a

stack of IJJs sandwiched between two Au elec-
trodes. Splitting of the JVFB and the convergence

of the linear low-bias region of the branches to a

single point on the current axis fits well to the the-

oretical expectation based on the inductive–capac-

itive hybrid coupling model. The best-fit value of

the capacitive coupling constant is 0.45, which is

in the reasonable range of theoretical expectation.

This study indicates that incorporation of the
interlayer capacitive coupling with the inductive

coupling is required to properly describe the

Josephson-vortex-flow characteristics in serially

stacked and multiply coupled Josephson junctions.
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