Tunable phase locking of stacked Josephson flux-flow oscillators
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A tuning technique for mutual phase locking of two vertically stacked long Josephson junctions is
suggested and successfully tested. The technique is based on passing a current through the middle
electrode between two tunnel barriers. Mutually synchronized oscillation modes in the
Nb/AI-AIO, /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 coherently
operating oscillators for millimeter and submillimeter wave bands.1996 American Institute of
Physics[S0003-6950196)00402-9

By applying a current and an external magnetic fieldtoa  For the tunable phase-locking experiment we used the
long Josephson junctiofd) one can induce moving flux sample geometry schematically shown in Fida)l This
quanta in the junction. This motion leads to the Josephsostacked structure consists of two long JJs with the lower and
radiation and appears as the so-called flux-flow step on the upper electrodes of the overlap geometry and with the
current—voltage characteristit—VC) of JJ. Recently, long middle electrode furnished with inline extensions at the
JJs operating in the flux-flow mode showed very promisingsides. Bias currenit is applied from the lower to the upper
performance as local oscillators in integrated submillimeteglectrode. An additional tuning currehy is fed through the
wave band superconducting receivérs. middle superconducting electrode between two JJs A and B.

Here we investigate experimentally the dynamics of twoThe voltages on JJs are measured separately, as shown in
stacked long JJs operated in the flux-flow mode. Numericatig. 1(b). The external magnetic field is applied parallel to
simulations by Petragliat al” showed that, due to inductive tunnel barriers and perpendicular to the larger dimension of
coupling between the junctions, the motion of fluxons in dif-the JJs. Experiments were accomplished at 4.2 K using
ferent junctions of the stack can be mutually synchronizedstacked Nb/Al-AIQ/Nb Josephson junctions fabricated at
First, an experimental demonstration of such a coherent macra jilich. The details about the sample fabrication are de-
tion has been accomplished using stacks with junctions ofcrihed elsewhereTo provide sufficient inductive coupling
nearly identical paramete?dn practice, however, it is rather between the junctions we used the middle electrode of the
difficult to fabricate stacked JJs with equal parameters, €SP&nicknessd,,= 90 nm, which is close to the London penetra-

cially to precisely control the thicknesses of the tunnel baryjgn depthh, of our sputtered Nb films. In order to overcome
rier t and superconducting electrodes. In this letter, we sug-

gest a technique which is allowed to tune the Josephson
double junction stack to a mutually synchronized state, even
if the spread in the fluxon density is as large as 100%.

For a system of two stacked JJs numerical simulafions
predict two kinds of mutually synchronized flux-flow states
with either in-phase or out-of-phase Josephson oscillations in
two junctions. The out-of-phase locking is characterized by
the velocityc_ and it naturally appears in statics due to the
repulsion between fluxons of the same polarity which force
them to take alternating positions in neighboring junctions.
The out-of-phase synchronization is typically observed for
d,~\_, i.e., at a moderate inductive coupling strength. In
its turn, the in-phase locking characterized by the velocity
c. is essentially a dynamic phenomefi@nd is only found
at higher fluxon velocities. Both locking modes can be useful
for oscillator applications: the in-phase mode is expected to
double the power and reduce the radiation linewidth, while
the out-of-phase mode doubles the radiation frequency emit-
ted into a common transmission line. Such frequency dou-
bling can be useful in order to overcome the gap frequency (b)
limit of operation of a single layer flux-flow oscillator.

FIG. 1. (a) Sketch of a two-fold long Josephson junction stack with exten-
dpPermanent address: Institute of Radio Engineering and Electronics, Rusions of the middle electrodéy) cross section of the structure in the plane
sian Academy of Science, Mokhovaya St. 11, Moscow 103907, Russia. perpendicular to the tunnel barrier. Vertical dimensions are not to scale.
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a steep edge step of the lower Nb layer we used a simple
planarization processWithin the accuracy of photolitho-
graphic alignmentbetter than Jum), the fabricated devices
had the same area &fx W=100x 10 um? for the top and
bottom JJs. The Josephson penetration daptwas about

25 um at 4.2 K.

By applying the magnetic fieldd one introduces the
magnetic flux of the same polarity in both junctions. At the
same time, the tuning currehy flowing through the middle
electrodes induces magnetic fluxes of the opposite polarities.
In the experiment, due to the difference in parametérs
example, different electrode thicknessbsanddg, or dif- .
ferent critical currengsthe magnetic fieldd creates different 4-3-2-10123 4
magnetic flux densities, the junctioms and B. This asym- H (Oe)
metry can be compensated by the currgptof appropriate
direction. Thus, both JJs can be tuned to the same density BfG 2. Exper_imegtally n;easured dependence of.th(.e critical currents of two
magnetic flux which is an essential condition for their mutualsmkeOI Junctions; andl; on the applied magnetic fiel at1,=0.
synchronization. The asymptotic flux-flow voltageégs: can

be written as Severall @(H) curves measured at different values of the
currently passing through the middle electrode, are shown

VA=Ck(ApH+Kal ), in Fig. 3. With increasindy, the peak arounti =0 is de-

(1) stroyed and another peak tﬁ appears aH>0 which cor-

VEF= Cy(AgH+Kglp), responds to the shift of the virtual zero fieHd} (indicated by

arrowg for junction A. One may expect the rate of
where App=tagt A [tanh@ap/2\ ) +tanh@/2\)] are  qHA/dI,ocka/A . Similar behavior has been observed for
the effective magnetic field penetration depths of the JJSunction B, but the peak ® shifted towards negativiel with
ka>0 andkg>0 are geometry dependent constants defininghe slower rate. Comparing two ratedHQ/le and
the influence of the currenf; on each junctiongy g are the ng/dIH , we calculate the ratid gk, /A kg Which appears
characteristic velocitieg$Swihart velocitiey of the electro- g pe about 2.2. Taking into account the ratig/Ag=0.7
magnetic waves propagation in each JJ. According to thgg|culated from the layer thicknesses, one ggttkg=1.5.
theory* and previously reported experimefits) a double  This ratio characterizes the difference of magnetic fluxes in-
junction stack the velocitg* splits in two values due to the {roduced by current, in two JJs.
splitting of the dispersion relation in two mutually coupled When increasingd from zero, Fiske steps first appeared
Josephson transmission lines. The lower velocity valuegnly in thel —\V/C of the junctionA, and with further increase
c_, corresponds to the out-of-phase wave propagation modgs H the steps also appeared in the junct@mt 1, =0 the
in two JJs. The upper velocitg, , corresponds to the in- yojtages of the highest stepé andVE. were different by a
phase mode. For a mutually phase-locked state, the Josepztor of about 2 and no mutual synchronization between JJs
son generation takes place if the conditioig=Vg: and  \as found. In order to lock the flux-flow modes of two junc-
CA=Cg=c* (c* should be equal to either, orc_) are  tjons at fixedH, we tuned , to a value that was sufficient to
satisfied for givem 5 g andk, g . These requirements can be compensate the magnetic flux density difference between the

satisfied by the appropriate choicetéfandl; . o junctions. In a narrow interval dfy this resulted in appear-
The dependence of critical curreht on magnetic field

H for the top and bottom junctions gt =0 is shown in Fig.

2. The current was applied through the whole stack and the
voltages were detected individually on each JJ as shown in
Fig. 1(b). Typically for long JJgin our caseL/\ ;=~4), both

44 ——1=01mA
—e—1,=0.3mA
—o— 1,05 mA

JJs show an approximately linear decreask, at small field 31 1
H. One can see that the cur\féﬁ(H) andch(H) differ from <
each other. However, there is a region near the origin where £ 24 i
I2(H) and12(H) coincide. Such a behavior in stacked JJs <,

has been reported earlfef and is called the current locking.

It possibly results from the inductive interaction between the
top and bottom JJs. Switching of one junction to a resistive
state triggers the vortex motion which compels the fluxons in
the other junction to move as well. From Fig. 2, one can see
that the ratio of the first critical fieldsl%;,/HE, of the JJs is
about 2.5. Calculation of this ratio using the approach WlthFIG. 3. Critical current of junctioA 12 vs H taken atl; values indicated

: - . : A 4B
inductive coupling between JJs Yyieldblc;/Hc;=(Ag on the plot. The arrows P1 and P2 show the positions of the maximum of
—s)\5/ANJ~2.3, wheres, is the coupling constarif. 1A atl,=0.1 mA andl,=0.5 mA, respectively.
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dependence ony that can be approximated by relation
Vp = yly, wherewy is a dimensional constant. According to
Eq. (1), y can be expressed as

—e— junction A X

—— junction B 2 — Apkg— Agka @
:C _—

YT T A A,

For A ,=Ag one meets the case bf=0, i.e., no additional

. current is required to synchronize JJ8rom Fig. 5 we esti-

mate y~vy,=0.3 Q. The calculation based on measured

i I.(H) and layer thicknesses yields

00 01 02 03 04 05 AT (dHé ng) 05 Q
X R X X . X ~ y,C*¥ = — ~0. .
V(mV) y '}’2 AA_AB le dIH

FIG. 4. Current—voltage characteristics of two JJs measured simultaneousf)?ne can see fair CorrESpondence between two V@}ym‘d

in a synchronized state. The bar shows the voltage locking range of twd’2- ) ) o _
junctions. Measurements reported in this letter indicated only

mode to be stable which corresponds to the out-of-phase syn-

chronization of fluxon oscillations in two stacked junctions.

anc e.of flux-flow branches at equal voltages in both junctionﬁ_he in-phase fluxon states are characterized by the velocity
(within the accuracy of our measurements of aboyt\y). .c, and it has been reported stable in experiment for either

These mutually synchronized flux-flow branches were man|§/ery weak(d,.<x,)® or rather strongd,.>x, )™ coupling

fested by their large current amplitude which often was by ases. Although we did not observe the in-phase states, the

factor of about 2 larger than the maximum current height ofgu ested tuning technique should also be feasible for an
nonsynchronized steps. When increasing the bias cutrent 99 9 N y

St . thickness of the middle electrode, thus also for the parameter
both JJs were switching to and from such branches simulta- . A

L . range of in-phase synchronization. In summary, stacked long
neously. By adjustind,,, we were able to obtain synchro-

nized flux-flow steps in broad range of magnetic fiéld Josephson junctions with rather large parameter spread have

from 2.2 to 7.2 Oe. An example of mutually synchronized b_e en investigated experlmgntally. I.t IS ;howq, that it is pos-
. o sible to mutually synchronize the junctions in the stack by
flux-flow state is shown in Fig. 4.

Our data show, that even in casel0t# Ao, the appro- il B BIEE (i L o o ety
priate choice ofH and |, allows to satisfy the condition P y 9 y

A B ~wide range of frequencies.
VEe= V= Ve for a broad range OVPH values. We mea We thank C. Heiden for fruitful discussions and sugges-
sured the synchronized states at differgptvalues, by ad- .. - . . )
N o : tions at the initial stage of this work. This work was partially
justing the magnetic fieltéH at every point. The dependence

- : ; . . ) supported by the INTAS Grant No. 94-1783.

Vp(Iy) shown in Fig. 5 displays is staircaselike profile due
to the predominant locking of flux flow motion to the Fiske
resonances. In generddp approximately follows the linear
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