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Semicircular Josephson junction embedded in a magnetic field

P. D. Shaju* and V. C. Kuriakose†

Department of Physics, Cochin University of Science and Technology, Cochin 682 022, India
~Received 19 December 2001; revised manuscript received 1 March 2002; published 22 May 2002!

A semicircular geometry is proposed for overlap Josephson junctions for experimental realization. Analytical
and numerical studies on semicircular junctions show that an external static magnetic field applied parallel to
the dielectric barrier interacts through the interior of the junction and produces a tilted potential which pushes
out trapped fluxons from the interior of the junction, and a flux-free state exists in the junction in the absence
of an external bias. Due to the semicircular shape, the effective field at the ends of the junction has opposite
polarities which support penetration of opposite polarity fluxons into the junction in the presence of a forward-
biased dc current. When the direction of the dc current is reversed, flux penetration is not possible and a
flux-free state exists in the junction. Thus this geometry can be used in implementing a fluxon-based diode. The
rectification properties of the junction are demonstrated using square-wave signals and sinusoidal ac signals. In
the forward-biased state, fluxons and antifluxons enter the junction and move in opposite directions. Using this
property, we propose and demonstrate a bidirectional flux-flow oscillator.

DOI: 10.1103/PhysRevB.65.214508 PACS number~s!: 74.50.1r, 85.25.Cp, 05.45.Yv
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I. INTRODUCTION

Fluxon dynamics in nonrectangular Josephson juncti
~JJ’s! has attracted much attention in recent years. The n
rectangular shape creates nonuniformity in the junct
which can be advantageously employed in certain Josep
devices. In flux-flow oscillators, nonuniformity is used
reduce self-field effects and to facilitate unidirectional flux
motion.1 In Josephson trigger circuits, nonuniformity is em
ployed to make a special dependance of the critical cur
upon the magnetic field.2 Nonuniformity may mean unequa
conditions for Josephson vortices in different parts of
junction. It may be due to the nonuniform spatial distributi
of critical and bias currents,3 temperature gradient effects4

nonuniform thicknesses of the dielectric barrier,5 or to many
other reasons.

Theoretical predictions on conventional JJ’s such as o
lap, in-line, and annular geometries under various inter
and external conditions have been investigated and exp
mentally verified during the past years. Among the conv
tional geometries, annular geometry is widely used for
perimental studies due to the fact that fluxons can be dri
without any collision with the boundary.6 Soliton dynamics
in the presence of an open boundary complicates the ana
and interpretation of the experimental data. Recently, so
complicated dynamics was predicted in single over
junctions7 and in a system of two and three JJ’s coup
inductively8,9 and at common end points.10 Advances in li-
thography and low-temperature techniques have made
sible the fabrication of highly complex tunnel junction-bas
structures, and investigations of fluxon dynamics in th
unconventional structures, such as multistacked juncti
~both linear11 and annular12! and nonsymmetric and nonun
form junctions,13 etc., are being carried out by a number
authors.

Progressive fluxon motion in a dissipative junction is su
ported by a dc driving force. The Lorentz force associa
with the dc current drives the fluxons. However, it is sho
that in the presence of a periodic spatial modulation, a lo
0163-1829/2002/65~21!/214508~9!/$20.00 65 2145
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frequency ac current can be effectively used to propagate
fluxons.14 This is possible due to the resonant transfer
energy from the ac bias to the fluxon.15 A microwave field
irradiating JJ’s gives rise to an ac drive16 acting on the
fluxon, which produces Shapiro steps in the absence of a
current. This effect produces constant voltage steps cros
the zero-current axis.17 A static magnetic field applied para
lel to the barrier in a linear long overlap Josephson junct
~LOJJ! has no effect in the interior part of the junction an
the small perturbation produced is through the op
boundary.18,19 The effect of a spatially homogeneous sta
magnetic field on annular JJ’s has undergone various th
retical and experimental studies.20 The external field pro-
duces a periodic potential in the annular junction which c
be used to trap the fluxons.21

In the present work, we investigate the effects of an
ternal homogeneous static magnetic field on the propaga
of fluxons in a dissipative LOJJ having a semicircular sha
Analytical and numerical studies show that the field intera
through the interior of the junction as well as through t
boundary conditions and can exert a driving force support
transitory motion~from one end to the other! for any trapped
static flux quanta inside the junction. Thus under static c
ditions, a flux-free state exists in the junction. The main
sult of this work can be seen in the fact that opposite pola
fluxons can enter the junction from opposite ends and
move into the interior only if the junction is biased in on
direction ~forward bias!. If the direction of the bias is re-
versed~reverse bias!, fluxons cannot enter the junction du
to the repulsive Lorentz force and the flux-free state t
exists in the junction. Thus the junction exhibits the ba
properties of a diode. By controlling the strength of the ma
netic field, it is possible to get a single fluxon and a sing
antifluxon configuration in the junction. A detailed analys
shows that this single fluxon-antifluxon state (^↑↓&) is
highly stable against fluctuations. The stable dynamics
hibited by this fluxon-antifluxon pair is utilized in construc
ing the fluxon-based diode. It is found that even in t
forward-biased state, there is a threshold value of the cur
©2002 The American Physical Society08-1
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below which fluxons cannot enter into the junction. It
found that a small external magnetic field can damp the m
tion of a single trapped fluxon in the junction. In Sec. II, w
introduce the semicircular overlap Josephson junction~SOJJ!
and derive the perturbed sine-Gordon~SG! equation which is
used in the numerical simulations. In Sec. III, we present
numerical methods and study the general properties of
junction, such as dc current-voltage characteristics (IVC!,
threshold values of the forward bias allowing fluxon prop
gation in the junction, and the damping effects of the m
netic field. In Sec. IV, we make use of the stable dynamics
the^↑↓& pair under a low magnetic field and demonstrate
rectification properties of the junction using a square wa
and a sinusoidal ac current. The possibility of making a
directional flux-flow oscillator is discussed in Sec. V. In Se
IV, we discuss the obtained results and present the con
sions.

II. THE THEORETICAL MODEL

An overlap JJ with a semicircular shape is considered@see
Fig. 1~a!# with the discrete model shown in Fig. 1~b!. An
external static magnetic field applied parallel to the dielec
barrier interacts nonuniformly and produces a spatially va
ing perturbation. The Kirchhoff equations for the Josephs
phases in the cell and for the currents in one of the nodes

w~X1dX!2w~X!5
2p

F0
@dFe~X!2LpI L~X!#, ~1!

FIG. 1. Sketch of the SOJJ with the applied fieldb. ~b! Sche-
matic representation of the junction using discrete elements.
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I L~X2dX!2I L~X!5I ~X!2I e~X!, ~2!

where w(X) is the Josephson phase at the pointX of the
junction,dFe(X) is the component of the external magne
flux linked with the cell of lengthdX, andLp is the induc-
tance of the piece of the junction electrodes betweenX and
X1dX. I L(X) is the current through the inductance,I e(X) is
the externally applied current,I (X) is the current through the
Josephson junction, andF05h/2e52.064310215 Wb is
the flux quantum.

The external magnetic fieldB̂ interacts with the interior of
the junction and the component of the external flux in t
plane of the junction over an infinitesimal intervaldX is
calculated as15,20–22

dFe~X!5D~B̂•n̂!dX5DB cos~KX!dX, ~3!

whereD is the coupling of the external magnetic field wi
the junction, andn̂ is the unit vector normal to the propaga
tion direction and in the plane of the junction. Thus a hom
geneous static field makes an effective nonhomogene
field inside the junction. From Eq.~3!, it is clear that for a
linear junction~i.e., if n̂ is independent ofX) in a homoge-
neous magnetic field there will be no perturbation from t
magnetic field to the interior of the junction. In this ca
there would only be interaction through the open bound
conditions. However, if the junction has a semicircular sha
or any other curved shape,n̂ depends onX and there is
perturbation to the interior of the junction.

Using the relations

Lp5L8dX, I ~X!5 j ~X!dX, I e~X!52 j e~X!dX ~4!

and substituting Eq.~3! into Eqs.~1! and ~2!, we write the
latter in the following form:

]I L~X!

]X
52

F0

2pL8

]2w

]X2
2

DBK

L8
sin~KX!, ~5!

]I L~X!

]X
52 j e~X!2 j ~X!, ~6!

whereL8 is the inductance per unit length of the junctio
K5p/L is the spatial periodicity of the field inside the jun
tion, andL is the length of the junction. We assume that t
dielectric is spatially uniform so thatD andL8 are indepen-
dent ofX. In the case of a simple resistively shunted juncti
model, the supercurrent densityj (X) is the sum of the su-
percurrent, normal~quasiparticle! current, and displacemen
current densities,

j ~X!5 j 0sinw1
F0

2p R
wT1

CF0

2p
wTT . ~7!

Here j 0 , R, and C are the critical current density, specifi
resistance, and specific capacitance of the junction, res
tively. Using Eqs.~5!–~7! we get the SG equation
8-2
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CF0

2p
wTT2

F0

2pL8

]2w

]X2
1 j 0sinw

52
F0

2pR
wT1

DBK

L8
sin~KX!2 j e~X!. ~8!

The component of the external flux over an infinitesimal d
tancedX of the unit cell in terms of the quantized unit is

dw~X!5
2p

F0
dFe~X!5

2p

F0
DB cos~KX!dX. ~9!

The effect of an applied magnetic field on the junction is
induce currents in closed form across the junction. So the
current when integrated over the junction should be ze
Due to the semicircular shape, the external field induce
varying surface current along the junction. Since the spa
derivative of the superconducting phase is equivalent to
induced surface current, we get

dw~X!

dX
5

2p

F0
DB cos~KX!. ~10!

This equation can be used to obtain the boundary condit
of the junction. Using the normalized quantities,T5t/v0 ,
X5x lJ , lJ5(F0/2pL j 0)1/2, and v05(2p j 0 /CF0)1/2 in
Eq. ~8! we get the general perturbed SG partial differen
equation

w tt2wxx1sinw52aw t1b sin~kx!2g, ~11!

where w(x,t) is the superconducting phase difference b
tween the electrodes of the junction, the spatial coordinax
is normalized tolJ , the timet is normalized to the inverse
plasma frequency v0, the dissipative parametera
51/CRv0 takes into account the tunneling of normal ele
trons across the junction,g is the dc bias current normalize
to the Josephson critical current densityj 0 , k5p/ l , and b
52pl jDBk/F052 k(B/Bc1), whereBc15F0 /pDl j is the
first critical field of the Josephson junction.

Compared with the standard sine-Gordon model for
sephson junctions, this equation has an extra termb sin(kx),
which corresponds to a force that drives fluxons towards
left and antifluxons towards the right. Therefore any sta
trapped fluxon present in the junction will be removed an
flux-free state will exist in the junction in the absence of
external bias. Thus the effect of the external field is to
like a bias currentgb5b sin(kx), which has a nonzero ave
age in space. This bias current stops penetration of flux
from the left end and penetration of antifluxons from t
right end. So the junction does not support any fluxons in
static conditions. This nonzero average current~see Fig. 2!
induces a nonperiodic field~potential! inside the junction.

From Eq.~10!, we get the corresponding boundary con
tions of the junction to be

wx~0,t !5
b

k
,
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wx~ l ,t !52
b

k
. ~12!

These boundary conditions are consistent with the fact
effective field linked with the junction has opposite polariti
at the ends of the junction. So only fluxons can enter fr
the left end (x50) and antifluxons from the right end (x
5 l ) in a properly biased junction. From Eq.~11!, we see that
fluxons can enter from the left end and antifluxons can en
from the right end of the junction for positive values ofg
~forward-biased state!. Negative values ofg drive fluxons
towards the left and antifluxons towards the right and flux
penetration becomes impossible~reverse-biased state!. Equa-
tion ~11! with a boundary condition@Eq. ~12!# represents a
SOJJ in a homogeneous static magnetic field. In the abs
of perturbations (a5g5b50), Eq. ~11! becomes the SG
equation which is a conservative, nonlinear dispersive w
equation that supports special solutions called solitons. A
soliton is a localized wave that is analytically described
the formula23

w~x,t !54 tan21Fexp
s~x2x0!

A12u2 G , ~13!

wherex05ut1x08 is the location of the soliton withu as the
velocity of the soliton andx08 as the initial location center
s561 is the polarity of the flux quantum. The LOJJ cou
support the resonant propagation of fluxons trapped in
junction, if the soliton is a 2p jump in the phase differencew
across the insulating barrier which separates the two su
conductors. There are two possible orientations for the fl
A quantum of flux in one direction is called a kink solito
~fluxon! and that in the opposite direction is called an an
kink soliton~antifluxon!. The moving soliton is accompanie
by a voltage pulsew t which can be detected across the jun
tion.

The Lagrangian density of Eq.~11! with a5g50 is

L5H w t
2

2
2

1

2 S wx2
b

k
cos~kx! D 2

2~12cosw!J . ~14!

Therefore the corresponding potential-energy density is~sec-
ond term in the above equation!

FIG. 2. Tilted potentialU(x0)/C along the junction as a func
tion of the fluxon coordinatex0 ~triangles! and the field-induced
bias termgb /b ~squares! for a junction ofl 530.
8-3
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U~x!5
1

2 H wx
22

2b

k
cos~kx!wx1S b

k
cos~kx! D 2J . ~15!

The first term is independent of the applied field and the th
term is a constant which is independent of the flux motion
the junction. Therefore the change in the potential due to
applied field can be determined from the second term to

U~x!52
b

kE2`

1`

wxcos~kx!dx. ~16!

Substituting Eqs.~13! in ~16! and integrating, we get

U~x0!522bl sechS p2

2l
A12u2D cos~kx0!. ~17!

For long junctions and those at relativistic velocities,u;1,
Eq. ~17! becomes

U~x0!52C cos~kx0!, ~18!

whereC52 bl is a constant. Equation~18! shows that the
potential is tilted by the applied field~see Fig. 2!. Tilting is
either to the left or the right side of the junction dependi
on the direction of the field. This tilt in the potential caus
trapped static fluxons and antifluxons to move in oppo
directions and thus the junction remains flux-free under st
conditions. Thus any trapped flux can be removed from
junction by applying a static magnetic field.

Energy of the unperturbed SG system is

HSG5E
0

l F1

2
~w t

21wx
2!112coswGdx. ~19!

Perturbational parameters modulate the velocity of the s
tons and may cause the energy to dissipate. The rate of
sipation is calculated by computing

d

dt
~HP!5@wxw t#0

l 1E
0

l

3$2aw t
21@b sin~kx!2g#w t%dx, ~20!

where the first term on the right side accounts for the bou
ary conditions. From Eq.~13! we getw t52uwx and from
Eq. ~12!, wx

2(0,t)5wx
2( l ,t) ~symmetric boundary conditions!.

Substituting these expressions, we find that the first term
the right-hand side of the above equation vanishes—a s
metric boundary condition does not change the average
ergy value of a fluxon. Inserting Eq.~13! into Eqs.~19! and
~20!, and following a perturbative analysis,23 we get

~12u2!23/2
du

dt
52a

u

A12u2

2
p

4 H b sechFp2A12u2

2l Gsin~kx0!2gJ .

~21!

This expression describes the effect of perturbations on
fluxon velocity. In the absence of dc bias~i.e., g50), from
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Eq. ~21! we get for the threshold value of the magnetic fie
for producing equilibrium velocity~i.e., at du/dt50) on a
trapped fluxon

b52
4a

p

u0

A12u0
2

1

sechFp2A12u0
2

2l
Gsin~kx0!

. ~22!

For long junctions,p2/2l !1, we obtain for the approximate
equilibrium velocity of the fluxon whenu0;1 with x085 l /2

u0.6F11S 4a

pbD 2G21/2

. ~23!

This equilibrium velocity is equivalent to that obtained
Ref. 23 with a dc bias. Thus it can be concluded that in SO
the magnetic field exerts a driving force on trapped fluxo
and produces a transitory motion in the junction.

The effects of a dc current on the fluxon dynamics in t
presence of the external field are studied using Eq.~11!.
Even in the forward-biased state, a zero-voltage state~ZVS!
exists in the junction~flux-free state! when the driving force
due to the field (gb) and to the dc current (g) is nearly equal
and in opposite directions. By variation of the soliton po
tion x08 , from Eq. ~21!, we find the largest possible bia
current of the ZVS (u50) to be20

g15b sechS p2

2l D . ~24!

This is the threshold value of the applied bias, below wh
flux propagation is not possible in the junction. This thres
old value depends on the magnetic field and is directly p
portional to the field.

III. NUMERICAL RESULTS

To solve Eqs.~11! and~12!, we use an explicit method to
treatwxx with a five-point,w tt with a three-point, andw t with
a two-point symmetric finite-difference method. The boun
ary conditions are treated by the introduction of imagina
points@i.e., w(2x,t)5w(x,t)#. The nonlinear term is evalu
ated using a predictor-corrector loop. A time step of 0.01
and a space step of 0.025 are used for the discretiza
Calculations are rechecked by systematically halving a
doubling the time and space steps. Details of the simula
can be found in Refs. 7–9. After the simulation of the pha
dynamics for a transient time, we calculate the average v
ageV for a time intervalT to be

V5
1

TE0

T

w tdt5
w~T!2w~0!

T
. ~25!

For faster convergence of our averaging procedure, we a
tionally averaged the phasesw(x) in Eq. ~25! over the length
of the junction. Once the voltage averaging for a currentg is
complete, the currentg is increased by a small amountdg
50.01 to calculate the voltage at the next point of theIVC.
We use a distribution of the phases and their derivati
achieved in the previous point of theIVC as the initial dis-
tribution for the following point. The average velocity of th
8-4
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fluxons can be calculated from the average voltage using
relationu5V( l /2p). Thus the mean voltage in the junctio
is proportional to the average velocity of the fluxons. T
instantaneous voltage pulse form across the junction is
culated using

V~ t !5
1

l E0

l

w tdx, ~26!

where we have averaged the voltage pulses over the leng
the junction.

A. Properties of the junction under a dc bias

Figure 3 shows the average velocity~equivalently average
voltage! attained by the fluxon-antifluxon pair̂↑↓& as a
function of the dc bias in the junction in the forward-bias
~positive values ofg) state and in the reverse-biased st
~negative values ofg). We have considered a junction o
length l 534 and dissipation parametera50.1. The field
strength is fixed atb50.1. The system is started withw50
and ]w/]t50. For positive values of the sweeping dc cu
rent, flux penetration is possible in the junction. A ZVS co
responding to the flux-free state exists in the junction up t
bias value ofg50.32. At this threshold value, a fluxon ente
the junction from the left end and an antifluxon from t
right end simultaneously and they move in opposite dir
tions in the junction under the influence of the dc bias. T
fluxon-antifluxon pair is found to be stable for sufficient
larger bias values. The dynamics of the pair^↑↓& in the
junction gives an average normalized maximum velocity
u52. This pair executes a highly stable motion up to a b
value of g50.58. On increasing the bias values further
large number of fluxons and antifluxons enter into the ju
tion and they make successive reflections at the bounda
which results in a switching of theIVC to high-voltage
states. We have not pursued the high-voltage states of
junction since the number of fluxons taking part in the d
namics is not fixed. In the reverse sweep of the bias, i.e.
decreasing the bias uniformly in very small steps, we
served hysteresis in the dynamics and finite voltage is
served up tog50.22. In Fig. 4, the spatial derivative of th

FIG. 3. Applied dc biasg versus the average velocityu
5V( l /2p) in the junction in the forward-biased state and
reverse-biased state. Arrows indicate the direction of the swee
current. Other parameters arel 534, a50.1, andb50.1.
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phase (wx) in the statê ↑↓& along the junction is plotted. A
fluxon on entering from the left end moves towards the rig
end and an antifluxon on entering from the right end mo
towards the left end. For negative values of the dc bias,
penetration is not possible and a ZVS~flux-free state! exists
for all values of the negative dc bias. In this region the jun
tion behaves as a reverse-biased diode.

The threshold values of the dc bias (g1) allowing propa-
gation of a single fluxon in the junction at various values
the field are shown in Fig. 5. The threshold value increa
on increasing the magnetic field. To determine the thresh
values, we have considered the dynamics of a single trap
fluxon in the junction. Below the threshold value propagati
is not possible in the junction and the trapped fluxon is
nihilated. A small magnetic field applied to the junction c
damp the motion of a trapped fluxon. On increasing the fie
the fluxon slows down and is finally annihilated in the jun
tion. In Fig. 6, the damping effects of a small field are sho
for a trapped fluxon moving under different values of the
bias.

IV. ac BIAS—DEMONSTRATION OF A FLUXON DIODE

A detailed analysis shows that the SOJJ embedded
the static magnetic field has the characteristics of a dio
Thus fluxon-based diodes can be implemented using this

ng

FIG. 4. Spatial profile (wx) of the fluxon-antifluxon pair̂↑↓& in
the junction corresponding to the dynamics in Fig. 3.

FIG. 5. IVC of a single trapped fluxon in the junction showin
the threshold value of the bias current (g1) for different magnetic-
field values. ZVS exists below the threshold valueg1. Parameters
are l 520, a50.05, b50.0 ~circles!, b50.1 ~squares!, b50.12~up
triangles!, andb50.15 ~down triangles!.
8-5
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P. D. SHAJU AND V. C. KURIAKOSE PHYSICAL REVIEW B65 214508
ometry. To demonstrate the rectification effects, we use
pair ^↑↓& dynamics in the junction. TheIVC of the SOJJ
shows that fluxons and antifluxons can enter the junc
only if the junction is forward biased and fluxon dynamics
not possible in the reverse-biased state. Figure 7 dem
strates the forward-biased state and reverse-biased sta
the junction. In the forward-biased state@positive values ofg
in Eq. ~11!#, the pair^↑↓& is highly stable against perturba
tions. This pair exists for sufficiently higher values of the
bias. In the reverse-biased state~negative values ofg), flux-
ons cannot exist in the junction and the ZVS exists for
values of the negative bias. We have considered diffe
parameters of the junction and found that the pair exec
symmetric motion in the junction under the influence of t
dc bias.

A. Rectification of a square wave

To demonstrate rectification effects of an ac current
used a square wave

g52H A 0<t,T/2

2A T/2<t,TJ

FIG. 6. Damping effects of the magnetic field on the velocity
a single trapped fluxon in the junction. Parameters arel 520, a
50.05, g50.10 ~squares!, g50.2 ~circles!, g50.3 ~up triangles!,
andg50.4 ~down triangles!.

FIG. 7. Forward- and reverse-biased states of a fluxon dio
Applied dc biasg versus the average velocityu of a fluxon-
antifluxon pair in the junction in the forward-biased state and
reverse-biased state. Zero voltage exists in the reverse-biased
Arrows indicate the directions of the sweeping current. Other
rameters arel 520, a50.1, andb50.12.
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in Eq. ~11!. The period of the square wave is taken to
much larger than the typical response time of the sys
(;1 ns) so that it is in the adiabatic regime. The amplitu
of the ac signal should be sufficiently large to induce fl
motion in the junction. In the first half cycle of the squa
wave, fluxon penetration is not possible and zero volta
exists in the junction. In the second half cycle, one flux
enters from the left end and one antifluxon from the right e
and the pair̂ ↑↓& moves in opposite directions. The streng
of the external field is adjusted in such a way that no m
fluxons can enter into the junction. The rectification proce
is demonstrated in the time domain snapshots of Fig.
where we plot the instantaneous voltage@V(t)# across the
junction as a function of time. If the amplitude of the a
signal is below a threshold value, the ZVS exists in the ju
tion as can be seen in the left panel of Fig. 8. In Fig. 9,
plot the average voltage~averaged over a period of the inpu
signal! as a function of the amplitude of the square wav
The average voltage increases on increasing the amplitud
the input signal. The ZVS exists if the amplitude is belo
0.56 ~peak to peak,A50.26) and the output voltage in

FIG. 9. Square-wave amplitude versus average velocity in
junction for different values of the input signal frequency. Para
eters arel 534, a50.1, b50.10,A50.32, v50.02 ~down tri-
angles!, v50.03 ~circles!, andv50.04 ~up triangles!.

f

e.

e
ate.
-

FIG. 8. Rectification of a square wave. Left panel shows z
output voltage for the input amplitudeA50.20. Right panel shows
rectified voltage pulses for input amplitudeA50.32. Frequency of
the signal isv50.02. Other parameters arel 534, a50.1, andb
50.11.
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creases linearly in the range 0.6–0.7 of the square-wave
plitude. At higher values, additional fluxons enter into t
junction so that the output is no longer proportional to t
input current. We have considered different frequencies
the input signal and found that the pair^↑↓& gives stable and
reliable results.

FIG. 10. Voltage pulses@V(t)# across the junction as a functio
of time demonstrating rectification of a sine wave. Input signal
amplitudeA50.27 and frequencyv50.02 is used on a junction o
length l 525 anda50.1. The applied field strength is fixed atb
50.21.

FIG. 11. ~a! Spatial profile (wx) showing a train of fluxons en
tering the junction from the left end and a train of antifluxons e
tering from the right end in a junction of lengthl 530. ~b! Spatial
profile showing resonant propagation of fluxons towards the r
end and antifluxons towards the left end.
21450
m-

f

f

-

t

FIG. 12. Voltage pulses in the middle of the junction. Para
eters arel 520, a50.1, b50.4, g50.4, andz51.0. ~b! Fourier
power spectrum of the voltage pulses measured in the middlex
5 l /2) of the junction. Parameters are the same as in~a!. Spectrum
has been computed from 4250 data points.~c! Voltage pulses at the
ends (x50 andx5 l ) of the junction.

FIG. 13. Average output power versus loadz on the left end of
the junction~circles! and the right end of the junction~triangles!.
Parameters are the same as in Fig. 12~a!.
8-7
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B. Rectification of a sine wave

To study the rectification properties of sinusoidal ac c
rents, we used a sine waveg52A sin(vt) in Eq. ~11!. The
period of the signal is taken to be much higher than
typical response time of the system. The frequency of
signal used isv50.02. The dynamics of the pair^↑↓& is
studied under a magnetic field of strengthb50.21 on a junc-
tion of length l 525 and dissipation parametera50.1. Fig-
ure 10 shows the time domain voltage pulses in the junct
We have considered different amplitudes and frequencie
the input signal and could achieve best results using the
^↑↓&.

V. FLUX-FLOW STATE—DEMONSTRATION OF A
BIDIRECTIONAL FLUX-FLOW OSCILLATOR

To study the feasibility of making this device a flux-flo
oscillator, we have done a preliminary study and investiga
the flux dynamics of a group of fluxons under a large m
netic field. In the proposed oscillator, fluxons enter the ju
tion from the left end and move towards the right end d
to the applied bias~in the forward-biased state! and on reach-
ing the right end, they are selectively terminated~a passive
load of impedancez in a series with a diode is connecte
at the ends of the junction!. In a similar way, antifluxons
enter the junction from the right end and move towards
left end where they are terminated. In implementing the
vice, we used a special technique by which fluxons are
sorbed selectively at the right end of the junction and a
fluxons are absorbed at the left end of the junction.
experiment, this can be realized by using a load resistor
series with a diode. At the right end, the diode should
placed in such a way that it allows the screening curre
associated with the fluxons to go through the load~termina-
tion of fluxons! and disallows the screening currents asso
ated with the antifluxons. Similarly at the left end, the dio
should allow the screening currents of the antifluxons to
through the load~termination of antifluxons!. Thus selective
absorption of the fluxons can be achieved at the ends. Fi
11~a! shows the snapshots of the spatial profile (wx) of a
group of fluxons entering from left end and antifluxons fro
the right end in the junction. Figure 11~b! shows the snap
shots (wx) of the resonant motion of fluxons and antifluxo
in the opposite directions in a coherent state. This reson
motion is highly stable and can be a mechanism for c
structing the bidirectional oscillators. This resonant, coher
motion also helps to avoid any stray fluxons in the junct
thus making the junction a highly tunable device. Figu
12~a! shows the corresponding time dependence of the v
age pulse form in the middle of the junction. All the voltag
pulses are equally spaced showing spatial coherence in
junction. The calculated frequency spectrum~fast Fourier
transform! of the voltage pulses is shown in Fig. 12~b!. The
figure shows the dominant first harmonic of the oscillatio
at frequencyf 50.181 ~in normalized units! and the second
harmonic at frequencyf 50.362. Figure 12~c! shows the
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time dependence of the voltage pulses on both ends of
junction. The pulses are symmetric and equally spaced wh
is a manifestation of the coherent motion of fluxons in t
junction.

It is important for practical applications to know the in
fluence of the load~z! on the average output power of th
device, in particular, to see how it behaves for larger loa
Figure 13 shows the dependency of the average output po
(P5VI[w t

2/z) obtained from both ends as a function of th
load for the values of the junctionl 520, a50.1, g50.4,
and b50.4. The output power increases and maximiz
at the impedance-matching condition and then decrea
slightly on increasing the load. At larger values of th
load the output become practically independent of the lo
which is a desirable feature for using these devices as o
lators.

The main characteristics of this flux-flow oscillator is th
both fluxons and antifluxons take part in the dynamics a
because of that output can be obtained from both ends. O
in the resonant state can we get output from the junction
can the resonant state avoid any stray fluxons inside the j
tion. The oscillator can be tuned by tuning the dissipat
junction parameters, applied dc bias currents, and the ex
nal magnetic-field values.

VI. CONCLUSION

In conclusion, we have studied flux-quantum dynam
in a semicircular geometry and the results suggest that
geometry can be used for fabrication of fluxon-based dio
for rectification of ac signals and for implementing b
directional flux-flow oscillators. This particular geomet
is easy to fabricate because of the symmetrical shape,
the main advantage is that opposite polarity fluxons c
enter the junction simultaneously under a constant forw
bias. Fluxons cannot enter the junction in the reverse-bia
state. Using this property, fluxon-based diodes can be c
structed. The magnetic-field-driven transit of a trapped fl
quantum under static conditions can find applications in d
tal transmission lines and in flux cleaning in stacked jun
tions. In the forward-biased state, opposite polarity fluxo
can enter the junction from the ends and can move in op
site directions. Using this property of the junction, bidire
tional flux-flow oscillators can be implemented and the a
vantage is that we can get output from both ends of
junction. Using vertically stacked junctions, the power as
ciated with the flux-flow oscillator can be increased cons
erably.
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