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Tunable phase locking of stacked Josephson flux-flow oscillators
E. Goldobin,a) H. Kohlstedt, and A. V. Ustinov
Institute of Thin Film and Ion Technology, Research Center (KFA), D5-2425 Ju¨lich, Germany

~Received 31 July 1995; accepted for publication 25 October 1995!

A tuning technique for mutual phase locking of two vertically stacked long Josephson junctions
suggested and successfully tested. The technique is based on passing a current through the m
electrode between two tunnel barriers. Mutually synchronized oscillation modes in th
Nb/Al–AlOx /Nb stack are found to be tunable in the frequency range from 180 to 420 GHz
Presented results extend the possibility of using stacked long Josephson junctions as cohere
operating oscillators for millimeter and submillimeter wave bands. ©1996 American Institute of
Physics.@S0003-6951~96!00402-9#
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By applying a current and an external magnetic field t
long Josephson junction~JJ! one can induce moving flu
quanta in the junction. This motion leads to the Joseph
radiation and appears as the so-called flux-flow step o
current–voltage characteristic~I –VC) of JJ. Recently, long
JJs operating in the flux-flow mode showed very promis
performance as local oscillators in integrated submillime
wave band superconducting receivers.1

Here we investigate experimentally the dynamics of t
stacked long JJs operated in the flux-flow mode. Numer
simulations by Petragliaet al.2 showed that, due to inductiv
coupling between the junctions, the motion of fluxons in d
ferent junctions of the stack can be mutually synchroniz
First, an experimental demonstration of such a coherent
tion has been accomplished using stacks with junction
nearly identical parameters.3 In practice, however, it is rathe
difficult to fabricate stacked JJs with equal parameters, e
cially to precisely control the thicknesses of the tunnel b
rier t and superconducting electrodes. In this letter, we s
gest a technique which is allowed to tune the Joseph
double junction stack to a mutually synchronized state, e
if the spread in the fluxon density is as large as 100%.

For a system of two stacked JJs numerical simulatio2

predict two kinds of mutually synchronized flux-flow stat
with either in-phase or out-of-phase Josephson oscillation
two junctions. The out-of-phase locking is characterized
the velocityc̄2 and it naturally appears in statics due to t
repulsion between fluxons of the same polarity which fo
them to take alternating positions in neighboring junctio
The out-of-phase synchronization is typically observed
dm'lL , i.e., at a moderate inductive coupling strength.
its turn, the in-phase locking characterized by the velo
c̄1 is essentially a dynamic phenomenon4 and is only found
at higher fluxon velocities. Both locking modes can be use
for oscillator applications: the in-phase mode is expecte
double the power and reduce the radiation linewidth, wh
the out-of-phase mode doubles the radiation frequency e
ted into a common transmission line. Such frequency d
bling can be useful in order to overcome the gap freque
limit of operation of a single layer flux-flow oscillator.

a!Permanent address: Institute of Radio Engineering and Electronics,
sian Academy of Science, Mokhovaya St. 11, Moscow 103907, Russ
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For the tunable phase-locking experiment we used th
sample geometry schematically shown in Fig. 1~a!. This
stacked structure consists of two long JJs with the lower an
the upper electrodes of the overlap geometry and with th
middle electrode furnished with inline extensions at the
sides. Bias currentI is applied from the lower to the upper
electrode. An additional tuning currentI H is fed through the
middle superconducting electrode between two JJs A and B
The voltages on JJs are measured separately, as shown
Fig. 1~b!. The external magnetic fieldH is applied parallel to
tunnel barriers and perpendicular to the larger dimension o
the JJs. Experiments were accomplished at 4.2 K usin
stacked Nb/Al–AlOx /Nb Josephson junctions fabricated at
KFA Jülich. The details about the sample fabrication are de
scribed elsewhere.5 To provide sufficient inductive coupling
between the junctions we used the middle electrode of th
thicknessdm590 nm, which is close to the London penetra-
tion depthlL of our sputtered Nb films. In order to overcome

us-
.

FIG. 1. ~a! Sketch of a two-fold long Josephson junction stack with exten-
sions of the middle electrode,~b! cross section of the structure in the plane
perpendicular to the tunnel barrier. Vertical dimensions are not to scale.
/96/68(2)/250/3/$6.00 © 1996 American Institute of Physics



-

h

t

t

i

lu

-

h
n

t
i

s

n

-

s

e

o

f

a steep edge step of the lower Nb layer we used a sim
planarization process.5 Within the accuracy of photolitho
graphic alignment~better than 1mm!, the fabricated devices
had the same area ofL3W5100310 mm2 for the top and
bottom JJs. The Josephson penetration depthlJ was about
25 mm at 4.2 K.

By applying the magnetic fieldH one introduces the
magnetic flux of the same polarity in both junctions. At t
same time, the tuning currentI H flowing through the middle
electrodes induces magnetic fluxes of the opposite polari
In the experiment, due to the difference in parameters~for
example, different electrode thicknessesdA anddB , or dif-
ferent critical currents! the magnetic fieldH creates different
magnetic flux densities, the junctionsA andB. This asym-
metry can be compensated by the currentI H of appropriate
direction. Thus, both JJs can be tuned to the same densi
magnetic flux which is an essential condition for their mutu
synchronization. The asymptotic flux-flow voltagesVFF can
be written as

VFF
A 5 c̄A* ~LAH1kAI H!,

~1!
VFF
B 5 c̄B* ~LBH1kBI H!,

where LA,B5tA,B1lL@ tanh(dA,B/2lL)1tanh(dm/2lL)# are
the effective magnetic field penetration depths of the J
kA.0 andkB.0 are geometry dependent constants defin
the influence of the currentI H on each junction,c̄A,B* are the
characteristic velocities~Swihart velocities! of the electro-
magnetic waves propagation in each JJ. According to
theory2,4 and previously reported experiments,6 in a double
junction stack the velocityc̄* splits in two values due to the
splitting of the dispersion relation in two mutually couple
Josephson transmission lines. The lower velocity va
c̄2 , corresponds to the out-of-phase wave propagation m
in two JJs. The upper velocity,c̄1 , corresponds to the in
phase mode. For a mutually phase-locked state, the Jos
son generation takes place if the conditionsVFF

A 5VFF
B and

c̄A*5 c̄B*5 c̄* ( c̄* should be equal to eitherc̄1 or c̄2! are
satisfied for givenLA,B andkA,B . These requirements can b
satisfied by the appropriate choice ofH and I H .

The dependence of critical currentI c on magnetic field
H for the top and bottom junctions atI H50 is shown in Fig.
2. The currentI was applied through the whole stack and t
voltages were detected individually on each JJ as show
Fig. 1~b!. Typically for long JJs~in our caseL/lJ'4), both
JJs show an approximately linear decrease ofI c at small field
H. One can see that the curvesI c

A(H) andI c
B(H) differ from

each other. However, there is a region near the origin wh
I c
A(H) and I c

B(H) coincide. Such a behavior in stacked J
has been reported earlier7–9 and is called the current locking
It possibly results from the inductive interaction between
top and bottom JJs. Switching of one junction to a resist
state triggers the vortex motion which compels the fluxons
the other junction to move as well. From Fig. 2, one can
that the ratio of the first critical fieldsHc1

A /Hc1
B of the JJs is

about 2.5. Calculation of this ratio using the approach w
inductive coupling between JJs yieldsHc1

A /Hc1
B 5(LB

2s1)lJ
B/LAlJ

A'2.3, wheres1 is the coupling constant.10
Appl. Phys. Lett., Vol. 68, No. 2, 8 January 1996
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SeveralI c
A(H) curves measured at different values of the

current I H passing through the middle electrode, are show
in Fig. 3. With increasingI H , the peak aroundH50 is de-
stroyed and another peak ofI c

A appears atH.0 which cor-
responds to the shift of the virtual zero fieldH0

A ~indicated by
arrows! for junction A. One may expect the rate of
dH0

A/dIH}kA /LA . Similar behavior has been observed for
junctionB, but the peakI c

B shifted towards negativeH with
the slower rate. Comparing two ratesdH0

A/dIH and
dH0

B/dIH , we calculate the ratioLBkA /LAkB which appears
to be about 2.2. Taking into account the ratioLA /LB50.7
calculated from the layer thicknesses, one getskA /kB51.5.
This ratio characterizes the difference of magnetic fluxes in
troduced by currentI H in two JJs.

When increasingH from zero, Fiske steps first appeared
only in theI –VC of the junctionA, and with further increase
of H the steps also appeared in the junctionB. At I H50 the
voltages of the highest stepsVFF

A andVFF
B were different by a

factor of about 2 and no mutual synchronization between JJ
was found. In order to lock the flux-flow modes of two junc-
tions at fixedH, we tunedI H to a value that was sufficient to
compensate the magnetic flux density difference between th
junctions. In a narrow interval ofI H this resulted in appear-

FIG. 2. Experimentally measured dependence of the critical currents of tw
stacked junctionsI c

A and I c
B on the applied magnetic fieldH at I H50.

FIG. 3. Critical current of junctionA Ic
A vsH taken atI H values indicated

on the plot. The arrows P1 and P2 show the positions of the maximum o
I c
A at I H50.1 mA andI H50.5 mA, respectively.
251Goldobin, Kohlstedt, and Ustinov



n
b

l
-

e

e

-

y
r

e
y
r
g
e

-

,

u
t

a
e

ance of flux-flow branches at equal voltages in both junctio
~within the accuracy of our measurements of about 1mV!.
These mutually synchronized flux-flow branches were ma
fested by their large current amplitude which often was
factor of about 2 larger than the maximum current height
nonsynchronized steps. When increasing the bias currenI ,
both JJs were switching to and from such branches simu
neously. By adjustingI H , we were able to obtain synchro
nized flux-flow steps in broad range of magnetic fieldH,
from 2.2 to 7.2 Oe. An example of mutually synchronize
flux-flow state is shown in Fig. 4.

Our data show, that even in case ofLAÞLB , the appro-
priate choice ofH and I H allows to satisfy the condition
VFF
A 5VFF

B 5VPL for a broad range ofVPH values. We mea-
sured the synchronized states at differentI H values, by ad-
justing the magnetic fieldH at every point. The dependenc
VPL(I H) shown in Fig. 5 displays is staircaselike profile du
to the predominant locking of flux flow motion to the Fisk
resonances. In general,VPL approximately follows the linear

FIG. 4. Current–voltage characteristics of two JJs measured simultaneo
in a synchronized state. The bar shows the voltage locking range of
junctions.

FIG. 5. Experimentally obtained dependence of the synchronization volt
VPL(I H) on the tuning currentI H . In order to achieve synchronization, th
field H has been adjusted at every point.
252 Appl. Phys. Lett., Vol. 68, No. 2, 8 January 1996
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dependence onI H that can be approximated by relation
VPL5gI H , whereg is a dimensional constant. According to
Eq. ~1!, g can be expressed as

g5 c̄*
LAkB2LBkA

LB2LA
. ~2!

ForLA5LB one meets the case ofI H50, i.e., no additional
current is required to synchronize JJs.3 From Fig. 5 we esti-
mate g'g150.3 V. The calculation based on measured
I c(H) and layer thicknesses yields

g'g2c̄*5
LALB

LA2LB
S dH0

A

dIH
2
dH0

B

dIH
D'0.5 V.

One can see fair correspondence between two valuesg1 and
g2.

Measurements reported in this letter indicated onlyc̄2

mode to be stable which corresponds to the out-of-phase syn
chronization of fluxon oscillations in two stacked junctions.
The in-phase fluxon states are characterized by the velocit
c̄1 and it has been reported stable in experiment for eithe
very weak~dm,lL)

6 or rather strong~dm.lL)
11 coupling

cases. Although we did not observe the in-phase states, th
suggested tuning technique should also be feasible for an
thickness of the middle electrode, thus also for the paramete
range of in-phase synchronization. In summary, stacked lon
Josephson junctions with rather large parameter spread hav
been investigated experimentally. It is shown, that it is pos-
sible to mutually synchronize the junctions in the stack by
tuning a current through the middle electrode. We prove ex
perimentally that such tuning can be carried out for relatively
wide range of frequencies.

We thank C. Heiden for fruitful discussions and sugges-
tions at the initial stage of this work. This work was partially
supported by the INTAS Grant No. 94-1783.
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