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Networks of Josephson junctions and their synchronization
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One can demonstrate that a 1D Josephson network containing junctions with different tunneling resistances
can be synchronized at frequencies, which are multiples of 2eV, where V is the total dc voltage applied across
the network. The appearance of such synchronization follows from the law of charge conservation and takes
place if charge transfer is dominated by the Josephson channel. One can observe also a subharmonic structure.
The result holds for cluster-based arrays as well as for the general case of a tunneling network.
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I. INTRODUCTION

This paper is concerned with Josephson tunneling networks.
It represents a continuation of our analysis'?> of networks
formed by superconducting nanoparticles. Those papers'?
describe the transfer of dc current, while here we study the
impact of an external voltage applied to the network. More
specifically, the focus of this paper is on the possibility of
network synchronization. It should be emphasized that the
problem of synchronization is not specific to nanosystems but
is of general importance and has attracted a lot of interest
(see, e.g. Refs. 3-7).

As is known, a single junction radiates at the frequency
w=2eV, where V is the externally applied voltage. If the
voltage has both dc and ac components,

U =V + vsin Qf, (1)

then at certain frequencies Q2 = 2e¢V /n, Shapiro steps can be
observed.®

Consider a 1D Josephson tunneling network consisting of
N junctions with an external dc voltage V applied to its ends.
If the junctions are all equivalent, then the network radiates at
the frequency w = 2eV /N.

In this paper, we focus on the more realistic case when
the junctions are not equivalent. Then one might expect that,
because of the nonuniform distribution of voltages across
the network, there would appear a rather broad spectrum of
radiated frequencies. However, the picture is more involved
and on the whole represents a complex nonlinear problem.
Nevertheless, it can be demonstrated, and this is the main goal
of this paper that, despite the variation of junction tunneling
resistances, the network can be synchronized at the frequency
w = 2eV, where V is the total voltage. This follows from the
law of charge conservation. The microscopic derivation of this
statement will be presented below.

II. MAIN EQUATIONS

Consider a 1D tunneling network containing N junctions.
With a total voltage V applied across it,

N
V=> V. 2
n=1

Here, V, is the voltage across the nth junction.
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As noted above, V = const. As for the voltages V,(n =
1,...,N), they, generally speaking, depend on time so that
V. = V,(¢). The current j, flowing through the nth junction
has the form

t
jn=j,?sin(2e f vndrwn) +(Va/Ry) 70 = jumax. (3
0

The first term describes the Josephson current. The second
term corresponds to single-particle current, i.e. the tunneling
of thermal excitations [~ exp(—e,/T)]. This term is small
at temperatures T < ¢,, that is, at low temperatures. The
displacement current can also be incorporated (see below).

Because of charge conservation, currents flowing through
neighboring junctions must be equal, that is, j; = js4 or

v t
= 4 J? sin 28/ Vidt + @
Rs ] 0

14 : '
= st + Js0+l sin <2e/ Viprdt + (ps+l> ’ )
RS+1 0

wheres =1,...,N — 1.

Equations (2) and (4) are the main equations which form
the basis for the analysis. As noted above, we are dealing
with a complex and nonlinear problem, and our main goal
is to demonstrate the possibility for the network to become
synchronized. According to Eq. (3), the tunneling current has
two components: (1) Josephson tunneling and (2) one-particle
(“normal”) component. The situation when charge transfer is
dominated by the Josephson channel (T < ¢,) is of special
interest.

III. SYNCHRONIZATION

Consider a Josephson tunneling network with an external dc
voltage V applied across it. We focus on the most interesting
case when charge transfer across the network is dominated
by the Josephson channel. As indicated above, we consider
the realistic situation of inequivalent Josephson junctions. We
now demonstrate that such a network can be synchronized at
frequencies determined by the external potential V. One also
can show (see below) that the displacement current as well as
the additional contribution from single-particle tunneling do
not affect the synchronization.

To begin, let us analyze a network made up of only two
junctions. This case is interesting both for its own sake and
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because it allows us to demonstrate the main physics of the
synchronization phenomenon.
Then we have [see Egs. (2) and (4)]

V=Vi+V, (5)

t t
J{ sin <2e / Vidt + ¢1> = J3 sin <2e / Vadt + ¢2> :
0 0
(6)

We consider the case of two different junctions. Assume
that J? > J2. With the use of Egs. (5) and (6) can be written
in the form

nsinZ, = sin(2eVt — Z; + 0). @)

Here,

Z

. 2
Zl(f)=2€/ Vidt + 15 92290;;
0

i=1
n=1Jl/J) > L.
As a result, we obtain
sin[2eV (t + tp)]
n 4 cos[2eV (t + o)1’

t
Z = Ze/ Vidt + ¢ = arctan (8)
0
where 1) = 0/2eV.

One can see directly from Eq. (8) that the function Z;(t)
and, correspondingly, the current j; [see Egs. (3) and (6)] are
periodic functions with frequency w = 2eV. Because of this,
the quantity Z; defined by Eq. (8) can be expanded in a series:

[ee]

! B, .
7, = 2ef Vidt + @1 = Y —sinno(t +1). (9)
0 nw

n=1
Here, w = 2¢V and

Bn 1 2 . —17 /
— = dz arctan[sinz(n + cosz) ']sinnz. (9
no 1w Jy

One also can see from Eq. (9) that

o0
2eVi(t) = Z B, cosno(t +1y); w=2eV. (10)

n=1

Therefore, the potential V|, as well as V, = V — V|, are time
dependent.
One also can see that

t
22526/ Vadt + @2 =2eV(t+1) — Z;. (1)
0

Here, Z; is determined by Eq. (8) and is described by the
expansion of Eq. (9) with coefficients in Eq. (9).

Therefore, the network consisting of two different junctions
(JlO #* JZO) is synchronized at frequencies w = 2¢V,4eV, ...,
which are multiples of the total external potential.

As was noted above, the potentials V; and V, depend on
time, so that V; = Vi(¢) and V, = V,(¢). At the same time
Vi+V, =V = const.

It is crucial that the average values of the potentials V,
and V, are different. Indeed, one can see directly from the
definitions in Egs. (8) and (9), and the expression in Eq. (5)
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that (V;) = 0, whereas (V,) = V. Therefore, the law of charge
conservation, Eq. (6), leads to a rather peculiar time-dependent
potential distribution.

If the junctions are very different (n > 1), then, as follows
from Eq. (9), B /w ~ n~' forn = 1,and B, < B, forn # 1
(e.g. By/o= —n72). For n =1, Egs. (8) and (11) yield
Vi=V,=V/2.

Based on Egs. (8) and (9), one can see that, if the external
field has the general form in Eq. (1), it leads to an appearance
of Shapiro steps. However, here, the Shapiro step picture is
more complex relative to that for a single junction. Namely,
in addition to the main steps at 12 = nhw (hw = 2eV), one
also can observe a subharmonic structure. Indeed, for a single
junction, the current is described by a simple sinusoidal time
dependence. In the array case, the dependence is also periodic
but more complicated [see Egs. (8) and (9)]. In this case,
one should perform an additional Fourier transform [Egs. (9)
and (10)]. This yields the picture of Shapiro steps with 2eV =
nQn/n’. The scenario is similar to that for superconducting
microbridges (see, e.g. Ref. 9 and also the review in Ref. 10),
where the current is also described by a periodic nonsinusoidal
function. The /-V characteristics will display the usual Shapiro
steps at n = 1,2, ..., but, in addition, one can observe a
subharmonic structure corresponding to different values of n’.

In a similar way, one can consider a three-junction network.
Here, we are dealing with the following equations:

N2 sin Z] = sin Zz, (12)
n2:3 sin Z2 = sin Z3, (12/)
3
V=> V. (12)
i=l

where Z; = 2e fot Vidt + @51 = 1,2,3, 0,5 = J°/J0; r;
s = 1,2,3 [cf. Eq. (4)]; we assume that j) > jJ > j?. One can
see that Z3 = 2eV(t +10) — Zy — Za, to = Y o, 9i/2¢V.
Using Eqgs. (12’) and (12”), we obtain
sin[2eV(t + ty) — Z]
M3 +cos[2eV (t +to) — Z1]

With the help of this expression and Eq. (12), one can
express the potential V| in terms of V:

sin[2eV (t + ty) — Z1]
{1+ n3, + 2n32 cos[2eV (¢ + to) — Zi]

Z, = arctan

13)

sinZ1 = n3;1 }1/2.

(14)

Therefore, all the quantities Z,Z,,Z3 depend periodically
on time with the frequency w = 2¢V.

Once again, one can see that the system can be synchronized
with an external potential V applied to the edges of the
network. The main Shapiro steps again will be multiples of
V(Q=2eVn,n=1,2,...); there will be also a subharmonic
structure, (cf. Ref. 10), see above. If 3., < 1, we obtain from
the Egs. (12):

Z| = n3:1 sin2eV(t + t,);
Z3 =2eV(t+t,). (15)

Zy =13 sin2eV(t + t,);
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Therefore, this network is indeed synchronized with the
external voltage V. Note also that (V) = (V,) = 0, whereas
(V3) = V.

The derivations can easily be generalized to the case of N
junctions. By analyzing the system

1 t
Jso sin <2€/ Vsdf‘i‘%) = J39+1 sin (Zef Virrdt + <Ps+1)
0 0

(s=1...,N=1),

which is valid for the case when the Josephson channel is
dominant, analogously to the derivation described above, one
can demonstrate that all currents are periodic functions of the
total external potential V. This leads to the corresponding
synchronization and the appearance of Shapiro steps.
Consideration of the small additional contribution of single-
particle tunneling [see Eqgs. (3) and (4)] will not affect the
synchronization picture. Indeed, consider again the system of
two junctions. Based on Eq. (4), one can write [cf. Eq. (7)]

nsinZ; = sin[2eV(t +t9) — Z1] + S, (16)
where Z,ty,n are defined by Egs. (7) and (8) and
S=[(V-VORy" = ViR']/ ).

Since S « 1 in the low-temperature region (7T < ¢;), one
can treat this term as a perturbation. Correspondingly, one
can write V| = Vl0 + V!, so that Vl0 is described by Egs. (9)
and (10). After a simple calculation, we obtain

t
Z} = 26/ Vidt + §¢;
0

= §{ncos Z0 +cos [2eV( +10)— 2]}, (17)

where f0 = cos[2eV(t +19) — Z91,§ = S + 50f°.

It is essential that the denominator on the right-hand
side of Eq. (17) does not vanish at any value of Vand ¢.
Indeed, it vanishes only if tan Z(lJ = —[n+cos2eV(t +
t9)]/sin2eV (¢t + to), which is incompatible with the solution
in Eq. (8). Therefore, Z 11 « 1 and is a periodic function of the
external potential V; this follows from Eqgs. (9) and (14).

As a result, the conclusion that the system is synchronized
remains valid. This is also unchanged when displacement
currents C;(dV;/0dt) are taken into account. We assume that
their contribution is also small relative to that of the Josephson
channel. In other words, we assume that the parameter
(CVw/ JCO) <« 1, which is perfectly realistic (see below). The
treatment can be performed similarly to that for single-particle
tunneling above. One can see that, in this case, the correction
to Z1.4c [cf. Eq. (15)] has the form

Ziae = (C1 + C2)J; [ + cos 2eV (t + tg)] cos Z;
+ sin[2eV(t + to)]sin Z;} 9V /ot (18)

and is periodic at w = 2eV.

IV. DISCUSSION

It has been demonstrated above that a 1D Josephson
tunneling network can be synchronized at a frequency equal
to w = 2eV, where V is the external voltage applied across
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the network. Correspondingly, Shapiro steps can be observed.
Thus, the network response is similar to that of a single
junction. The main condition which needs to be satisfied
in order to attain the synchronization is that the Josephson
tunneling channel must be dominant. That is, single-particle
tunneling must be relatively small (T < ¢;, where ¢; is the
energy gap).

The displacement current also should be relatively small.
Such a situation is perfectly realistic. For example, if the net-
work is characterized by the following parameter values: V =~
22mV,C ~ 0.5 pF,o = 5 x 102 GHZ,JCO ~ 3 — 5 mA, then
(CVw/J% < 1(~1071).

Network synchronization has been observed in a number of
studies (see, e.g. Refs. 5-7). Measurements were performed
mainly with 1D and 2D arrays where the junctions were
similar or almost similar. For a 1D network of N such
junctions, the synchronization occurs at w = 2¢V /N. Here,
we focus on the entirely different case when junctions are
very dissimilar. It is remarkable that, in this case, one still can
observe synchronization (and Shapiro steps) at frequencies
which are multiples of 2eV, where V is the total dc voltage
across the network. The analytical treatment described above
shows that this phenomenon occurs thanks to a peculiar voltage
distribution, which is time dependent, and follows directly
from the principle of charge conservation.

Synchronization of a pair of YBa,Cu30O;_s junctions was
described in Refs. 11 and 12. Shapiro steps were observed
when 12 GHz microwave radiation with sufficient power was
applied. The I-V characteristics clearly display Shapiro steps
if V.= Q/2en, where V is the voltage across both junctions.
We suggest that these steps correspond to the synchronization
described above.

Let us also comment on the “giant” Josephson proximity
effect observed in Ref. 13. The electrodes were formed out of
Lag g5S19.15CuQy films (T, ~ 45 K) and were separated by the
underdoped LaCuO compound with T, >~ 25 K; the width of
the separating layer reached 200 A (!). Despite such a large
separation scale, the authors of Ref. 13 observed at 35 K >
T > T/ both dc and ac Josephson tunneling. According to
our theory,'*!> the separating layer contains superconducting
regions embedded in a normal metallic matrix, hence we are
dealing with Josephson tunneling through a network of such
regions. Our analysis of the dc Josephson current'® is in good
agreement with the data.'* According to Ref. 13, Shapiro steps
can be observed, so the picture appears to be similar to that for
a single junction. We believe that this observation reflects the
synchronization described above. The superconducting state
in the isolated regions persists up to 7;* ~ 80 K,!” hence the
condition T < ¢ is satisfied.

As was noted in the Introduction, this paper represents a
continuation of our previous work.!> This study allows one
to state that a cluster-based Josephson network is also capable
of transferring an ac current synchronized at the frequency
corresponding to the total voltage applied across the network.
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