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The distribution of the transport current in branches of a doubly connected superconductor (DCS)
with two clamping point contacts is investigated experimentally when the contacts are in the
different states: (a) one or both contacts are in the critical state, (b) both are in the supercritical
(resistive) state. In the state (a) the transport current frozen in the DCS and injected through one of
the contacts can be increased or decreased by tuning the value and polarity of the current passing
through the other contact. In the state (b), the current self-oscillations the amplitude and the
frequency of which depend on the value of the injected transport current appear in the branches of
the DCS. A role of the parametric Josephson inductance and resistivity of the contact in formation
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of its critical state and in distribution of the current in the branches of the DCS is discussed.
© 2012 American Institute of Physics. [doi: 10.1063/1.3678438]

INTRODUCTION

Doubly connected superconductors (DCSs) are the
most-used superconducting devices. Among these are super-
conducting quantum interference devices (SQUIDs) as
detectors of a superweak magnetic field of infralow fre-
quency; superconducting short-circuit coils as magnetic field
sources not consuming energy; superconducting magnetic
shields in form of hollow cylinders. Doubly connected
superconductors are also parts of more complicated struc-
tures including nanostructures of high-temperature ceramic
superconductors and clamping point contacts, in particular,
appearing in multi-cored superconducting cables. So to
investigate physical properties of various types of DCSs is
topical. The simplest structure of DCSs is a superconductor
ring or a hollow cylinder. Previously DCSs have been inves-
tigated either in form of continuous rings with macroscopic
dimensions (the diameter and thickness of a wall is much
larger than the magnetic-field penetration depth 4 and the co-
herence length &) (Ref. 1) or in form of microscopic rings
and cylinders with small inductance Ly, satisfying the condi-
tion CD(Z) /2Ly > kT (@, is the magnetic-flux quantum, T is
the ring temperature, x is the Boltzmann constant), contain-
ing2 or not (in this case the wall thickness is less than /1)
(Ref. 3) different types of the Josephson contact. The subject
of our investigations is DCSs of the other type. Using the no-
menclature of a ring, we have investigated rings containing a
given type of a weak coupling (not necessarily of the Joseph-
son type), for which the inverse energy relation
(CD% /2Ly < kT) is fulfilled without a limitation on the thick-
ness of a ring wall. In particular, we have already found new
nontrivial properties of such DCSs related to the current dis-
tribution in inductively asymmetric branches of DCSs with a
local segment in one of them with reduced critical current,”
and also in DCSs one branch of which is a clamping point
contact (PC).’

The aim of the present work is investigation of the cur-
rent distribution in branches of DCSs similar to that described
in Ref. 5 and containing not one but two PCs, one contact
each for the branches. The locally injected transport current
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can be either equal to or higher than the critical current of
contacts. In this case, as it is shown below, there appear phe-
nomena which are not realized in DCSs with one PC.

EXPERIMENTAL PROCEDURE

The diagram of the investigated DCS is shown in Fig. 1.
The structure was made of either two niobium or niobium
and tantalum microwires with the diameter of 0.07 mm.

One of them together with the shunts 2-3 comprises a
coil with a few turns of a microwire (with the inductance
L=5-10"° H) enveloping a sensor of a fluxgate magnetome-
ter (FM). The other (with the shunts 1-4) is placed on a
dielectric substrate perpendicularly to the first one and is
pressed down to it mechanically at two points of their inter-
section to create two PCs. Thus the DCS circuit consists of
two asymmetric in length and critical current of branches,
one of which has the length of a PC and is comparable with
the coherence length of the used superconductors and the
other long branch of a few centimeters has an inductance
approximately equal to the inductance L of the mentioned
coil. The constant transport current /, was injected into the
DCS either through the PC1 with the shunts 1-2 or through
the PC2 with the shunts 34, or otherwise at the same time
through both PCs from different current sources. The used
method of the current injection into the DCS can be consid-
ered as local in contrast to the traditional nonlocal used, in
particular, by us in Ref. 4 when the distance between shunts
is significantly larger than the coherence length of supercon-
ductors. As became apparent from comparison of results of
our Works,4’5 the method of current injection into the struc-
ture plays an important role and affects the current distribu-
tion in a DCS. The magnetometer is served for contact-less
measuring the magnetic field of the current flowing through
the coil. The relation between the current and the magnetic
field is found in advance (before pressing the microwires) by
using the known current applied to the leads 2-3. This
allows to determine the current value in the branch of the
DCS. To clarify features of the transport current distribution
in the branches of this DCS a dependence of the current /; in
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FIG. 1. A circuit of doubly connected superconductor with two clamping
point contacts. Their location corresponds to points of a mechanical contact
between two microwires where they intersect each other and is indicated by
asign x , FM is a sensor of a fluxgate magnetometer, 1, 2, 3, 4 — shunts.

the branch with the coil on the transport currents injected in
one or other PC were registered. In what follows, in order to
distinguish the transport current injected through the shunts
1-2 from that injected through the shunts 3—4, these currents
are denoted as /,; and /,,. Altogether ten samples of the DCS
were investigated. During the measurements they were
located in liquid helium with the temperature 4.2 K. A cryo-
genic part of the measuring set-up was surrounded by a fer-
romagnetic shield to reduce an influence of electromagnetic
noise on measurements results. In particular, the magnetic
field of the commercial frequency (50 Hz) was reduced by
the factor of 200.

EXPERIMENTAL RESULTS AND THEIR DISCUSSION

First of all we will consider the transport current injec-
tion into the DCS through one of the PCs. Fig. 2 shows three
main types of dependences /; (I;;) observed in different sam-
ples of the investigated DCS. They differ in the ratio
between the height of a hysteresis part along the I, axis and
the height of current steps. In the dependence in Fig. 2(a)
this height is larger than heights of steps. In Fig. 2(b) these
values are equal, and in Fig. 2(c) the height of the step
exceeds that of the hysteresis part. As seen from the depend-
ences, this distinction affects the form of their hysteresis-
free parts.
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Common features of the dependences are the presence of
the hysteresis region 1-2-3—4-5-6 with the equidistant cur-
rent steps in the regions 6—1-2 and 3—4—5 and the nonlinear
hysteresis-free regions 2—7 and 5-8 which correspond to the
transition into the resistive state of both PCs. The width of
the hysteresis regions along the horizontal axis is equal to the
doubled values of the critical current of the PC (/) through
which the transport current /,; is injected into the DCS. The
height along the vertical axis is equal to the doubled value of
the critical current of the second PC (/). In this case, in
some regions of the mentioned hysteresis-free nonlinear parts
of the dependences /;(/;;) at a fixed value of the current /,;,
periodic self-oscillations (SOs) of the current /;, which vary
in amplitude Al and frequency, are observed. The parts with
the SOs of the current are shown in Fig. 2 by vertical arrows.
The inset in Fig. 2(a) shows one typical example of SOs of
the current registered by means of an electronic oscilloscope
(top) and an electromechanical recorder with the time con-
stant of 0.15 s. For the mentioned part of the record the fre-
quency of SOs is 4 Hz. As a rule, SOs with a higher
frequency have a lower amplitude. We observed SOs with
the frequencies from 2 up to 80 Hz depending on the position
in the region with SOs in the resistive part of the dependence
I;(I,1). Outside the mentioned parts of the dependence /; (/)
SOs of the current were absent.

Distinctive features of the dependences I;(/,;) are a
value and a period of the current steps as well as a form of
nonlinearities observed in the regions 2—7 and 5-8.

Turning to discussion of the dependences shown in
Fig. 2, we highlight their three features: the critical state of
PC1, corresponding to I,; =1, at which the current I,
appears in the long branch of the DCS circuit; the equidistant
current steps at /. <I,; <I. +1.; the self-oscillations of
the current /; in the resistive state of the both PCs.

The first two features have previously been found by us
in Ref. 5. They are a part of more complex dependences
shown in Fig. 2. Here we shall take a look at them in order
to gain a deep insight into the physical processes, causing
their appearance, and into the consequences following from
their existence.

There two possible mechanisms causing the critical state
of PC1 and leading to the current in the long branch. Let us
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consider the first of them. At /;; =1, the shunting of the con-
tact by superconducting inductor L for a direct current must
not result in the appearance of its resistivity but it does not
exclude a possible increasing of its Josephson parametric in-
ductance L; as the current /,; approaches the value /.. In the
case of a tunneling contact with the critical current /. it is
described by the formula,®

L] = @0/(27'[[(»1 CcoS (p), (1)

where @ is the magnetic flux quantum, ¢ is the phase dif-
ference of wave functions of the Cooper pairs on the con-
tact, which is a function of the transport current through the
contact. Assuming that the PC is similar in its Josephson
properties to a tunneling contact, the formula (1), as a first
approximation, can be applied to the PC under investiga-
tion. It is seen that the theoretical value of L; can reach
even infinity (at ¢ =7/2) and can be all the more consider-
ably larger than L=35-107° H resulting in the redistribution
of the transport current /,; between the branches and in the
appearance of the current in the much longer branch of the
DCS. This mechanism of the practically dissipationless
state of the PC differs from the traditional one applicable to
an autonomous contact, not included to the DCS circuit
when its critical current is determined by appearance of re-
sistivity found from a current-voltage characteristic. In spite
of the fact that the concept of the dissipative critical state
of a superconducting Josephson contact has been known for
quite long time from the theoretical works on the current
distribution in quantum interference devices,” our result
contains a new element. It consists in the following. Previ-
ously, using the other technique® only small (by a few per-
cent) increase of L; in the tunneling Josephson contact has
been demonstrated as the current through it approaches the
critical value. From our measurements, if the assumption
about a dissipationless mechanism of formation of critical
state in the PC is correct, it follows that when the first step
of the current [; appears the parametric inductance L;
attains values greater than 5-107° H. In this case the esti-
mate of the classical inductance of the contact,9 made on a
base of its proposed geometric dimensions, gives the value
of 107"'-107"? H. Thus, the inductance increases by more
than a factor of 10°.

Let us consider the second formation mechanism of the
critical state in the PC connected to the DCS circuit. It
assumes a possibility of achieving the resistivity of the PC1
at I,; =1, although it is shunted by the superconducting in-
ductor L of the long branch of the DCS. At saturation of the
surrounding environment with electromagnetic fields of dif-
ferent strength and with different frequencies there is practi-
cally no way to avoid random alternative currents induced
by these fields in the circuit of the transport current and in
the DCS circuit itself, in spite of the known effort taken to
minimize them (filtering, screening, self-compensation).
This can lead to the situation when even at the value of the
direct transport current /,; close to /.y, but still less than /.,
it can be combined with half-waves of alternating currents
coinciding in direction. As a result the total current can
exceed the critical current /.;, and the electromotive force
induced in the inductor L can compensate the voltage
appearing on the PC. This will indicate the appearance of
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resistivity of the PC which can lead to increasing its temper-
ature, to decreasing /., and, as a consequence, to supplying
the direct transport current to the long branch of the DCS.
Upon realization of this mechanism the effect of the induct-
ance L; on the formation of the critical state of the PC in the
DCS can either be reduced or, in general, turned to zero
depending on level of parasitic electromagnetic field acting
on the DCS and its circuits.

The comparison of the considered mechanisms of for-
mation of the critical state in the PC as a part of the DCS,
and the experimental results obtained do not allow currently
to support one of them. It indicates a strong demand for
developing a strict theory of phenomena in this DCS, in spite
of the complexity of processes taking place in them, and the
necessity of further improving the experimental technique in
this area.

The presence in Figs. 2(a) and 2(b) of the equidistant
current steps can indicate, as assumed in Ref. 5, that the PC,
through which the transport current is injected, has a micro-
structure of the superconducting interference device. For the
first time the structure of the clamping contact-
interferometer has been described in Ref. 10. It consists in
several microcontacts in parallel with different critical cur-
rents, which randomly formed upon compression of two
superconductors. A distinctive property of an interferometer
with such a structure, as our experience indicates, can be vio-
lation of a strict periodicity of the voltage, appearing in it, in
the resistive state during variation of an external magnetic
field, typical of interferometres with two contacts. To con-
firm it we carried out a special experiment in one of the PCs,
temporarily isolated form the DCS circuit which is charac-
terized by the dependence /;(/,;) shown in Fig. 2(a). In this
experiment the direct transport current exceeding the critical
value passed through the PC, and the magnetic field H was
created in the intersection plane of niobium microwires by
means of a special coil with a current. Fig. 3 shows the
obtained dependence of the voltage V in this PC on the mag-
netic field H, confirming the complex microstructure of this
PC in form of the interferometer with several microcontacts
in parallel. If we introduce the concept of the averaged pe-
riod of this dependence over the field, which is taken to be
equal to AH=0.2 Oe, then the quantization area S, of some
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FIG. 3. Aperiodic dependence of the voltage across the PC on an external
magnetic field the vector of which H lies in the plane of intersection of
microwires forming the point contact.
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equivalent two-contact interferometer can be estimated using
the known relation,

So = @o/(noxAH), 2

where po=4m- 1077 H/m, and « is the concentration of mag-
netic field in the region of the interferometer located
between two superconducting microwires with relatively big
diameters. After substituting the numerical values, we obtain
(at k=10) So=10" m? (ie., 10 ,u2). Thus, an order of
dimensions of the micro quantum interferometer appearing
upon contact of niobium microwires was determined. This
estimate can be used as a basis for developing the DCS with
a two-contact interferometer (which is much simpler to ana-
lyze but more complicated technologically) which has the
mentioned quantization area. Results of investigation of such
a DCS can accelerate developing of a strict theory of the
phenomena observed in these DCSs.

On the other hand, the experimental evidence of exis-
tence of the PS in form of an interferometer with a complex
structure of microcontacts leads to the following question.
Why does this structure not cause disturbances of the perio-
dicity and the form of current steps in the dependence
I;(I,)) as the current /,; increases, and thus of the magnetic
field of the current acting on the interferometer to the
moment when both contacts of the DCS reach the resistive
state? Conversely, the periodicity of steps states that upon
injection of such a transport current through one of multi-
connected PCs the reaction of the DCS on it looks as if the
contact was a two-contact interferometer, the model of
which has been proposed by us in Ref. 5. This paradox can
be explained if it is assumed that the periodicity of the cur-
rent steps is achieved due to the presence of some threshold
mechanism providing the step-like appearance of the cur-
rent /; in the long branch of the DCS. In this case the strict
periodicity of response of the input device on the input sig-
nal (in our case, the response of autonomous interferometer
on varying magnetic field) is not needed. It can be assumed
that such a mechanism is realized in this DCS with a
clamping PC. It can appear as the following. At some cur-
rent value I, =1, the parametric inductance of microcon-
tacts of the interferometer PC achieves the critical value (or
the resistivity of the PC appears if the second mechanism of
formation of the critical state occurs). The current quantum
I; enters the superconducting long branch of the DCS, at the
same time causing the decrease of the parametric induction
of the interferometer (or disappearance of its resistivity in the
case of the second mechanism) due to a feedback via a mag-
netic field of the current, and is frozen in the DCS circuit.
The further increase of the current /,; through the interferom-
eter PC and of the magnetic field created by it causes the
growth in it of the circulating current up to the value when
the critical state of the interferometer and the increased value
of the parametric inductance of the PC, which corresponds to
it, (or until the resistivity of the interferometer is reached) are
achieved. After that a new jump of the current /; will occur.
The value of a quantum of the current /,; and a corresponding
quantum of the magnetic field of this current, determining
the periodicity of the process and modulation of the critical
current of the interferometer, is determined by all parameters
of this multi-connected interferometer. Upon further increas-
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ing the current /;; the process repeats. A strict quantitative
evidence of the proposed model of the current quantization
process in the DCS with the PC requires developing and
investigating a similar DCS with two-contact interferometer
with parameters specified in advance, that is planned. From
the given model of processes in the DCS it also follows that
the distinction between three types of the dependences
I;(I,1), shown in Fig. 2, in the region of their hysteresis parts
can be explained by different relations between critical cur-
rents of the contacts (PC1 and PC2) and the depth of the
quantum modulation of the critical current of interferometers
formed by it.

Finally, let us consider the current distribution in the
DCS after the resistive state is reached in both PCs. The
appearance of some node point 2 in the dependences /;(/,;)
(see. Fig. 2), where their slope changes and the hysteresis
typical of them disappears, is explained as achieving by the
current /;; (and hence by the current /;) the value of the
critical current /., in the second PC (PC2), through which
the transport current is not injected. Starting from this value
of the I, its distribution over the branches of the DCS is
determined by the law different from previous one. It starts
to depend in the resistive branches with the PC. The
detailed study of the law of this distribution is still neces-
sary to perform, in particular, after making a DCS with
two-contact interferometers. At the same time, at this stage
of studying the behavior of the current in the DCS with
resistive PCs, the existence of SOs of the current in its
branches at fixed values of the current /,; can be estab-
lished. Before discussing a mechanism of the appearance of
these SOs, it is necessary to note that different types of cur-
rent and voltage self-oscillations in structures with super-
conductors fed by a direct current have been investigated
for more than half a century.''* The types can be divided
into two groups. To the first belong SOs with specified fre-
quency and amplitude,''*? to the second—chaotic and, as
a rule, low-frequency SOs, amplitude and frequency of
which vary in time randomly.*?* The current self-
oscillations in our experiments belong to the first group. Let
us dwell on the known structures where the SOs of this
type were observed. Such structures can be called as struc-
tures of the L-R-S type, a close electric circuit of which
contains a known inductance L, a normal specified resist-
ance R, and also a superconducting element S, which is a
point'*'® or tunneling'*'® Josephson contact or a film
bridge.'®'”?*° The mentioned circuit is usually fed either
from a direct current or constant voltage supply. The main
condition of appearance of SOs in the mentioned structures
is a hysteresis current-voltage characteristics (CVC) of the
S-element. In particular, as the current exceeds a critical
value there appear a jump of voltage on it and a sharp
increase of its resistance up to some value R". As the cur-
rent decreases, the hysteresis of voltage and the transition
into the superconducting state at smaller critical current is
observed. In the circuit L-R—S of the structure where the
current is supplied from the voltage supply with an internal
resistance Ry < R*, upon achievement of a critical current
there appear SOs of the current with the frequency close to
f=R +RY/L in the circuit. The difference between the
structure of our DCS and that of previously known is that
its closed circuit, consisting of inductor L and two PCs,
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FIG. 4. A schematic diagram of two PCs in parallel in form of two-contact
interferometers with quatization areas Sy; and Sy, and contacts 1, 2, 3, 4, the
resistive state of which changes upon action of the current /,; and its mag-
netic field H; and H;.

does not contain the normal resistance R. Instead there are
two resistivities R} and R}, depending on current and its
magnetic field, of point contacts which, as shown above,
are quantum interferometers in the resistive state. The dia-
gram of such a circuit, where for the sake of simplicity
PC1 and PC2 are represented by two-contact interferome-
ters with the quatization areas Sy, and Sp,, is shown in
Fig. 4. Besides the transport current, its magnetic field (H7
and H3) also acts on interferometers. The current source
used in our experiments sets the voltage on interferometers
when the relation /,; >1. +1., is satisfied. Assuming a
quite probable difference in their resistivity (for instance,
R} < R3), the interferometer with smaller resistivity
becomes a source of voltage for a rest part of the DCS cir-
cuit, consisting of the inductance and the second interfer-
ometer with higher resistivity. In accordance with the
structure of the L—R—S type described above and with the
condition of appearing the current SOs in it, our structure
in the resistive sate can be considered as one variety. The
L and R; in series are fed by the current from the voltage
source with an internal resistance Rj. The difference is
that the resistance of the S-element depends not only on
the current passing through it but also on the magnetic
field of this current (A} and H3). Let us assume that in the
beginning this current does not cause its self-oscillations,
and we will increase it. In so doing, the magnetic field,
created by it and acting on interferometers, changes. At
some current a quite sharp increase of the magnetoresi-
tance of the second interferometer can appear similar to
that which exists at some values of the field H in the de-
pendence shown in Fig. 3. It leads to decreasing the cur-
rent in the branch with the L and R} in series. In turn, the
current decreasing leads to decreasing the magnetic field
in the region of the second interferometer and to corre-
sponding back decreasing the resistance. Then the process
will be repeated with the frequency close to f, = R} /L at
the constant transport current /,. It is a possible mecha-
nism of appearance of the current SOs with rather deter-
mined frequency in the DCS circuit with two resistive
PCs. In order to estimate values of the frequency of SOs
expected according to the supposed model it is necessary
to know the value of R at /;; in the vicinity of the critical
current of the DCS. To determine it we use a CVC of one
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FIG. 5. Two conjugated dependences of a relative value of the current in
the DCS circuit on a relative value of the transport current through the first
and the second point contacts with current steps different in value, which
demonstrate a possibility of its increasing by using the current /,; (solid line
with arrows) and its subsequent decreasing by using the current /,, (dashed
line with arrows).

of the PCs reported in Ref. 5, which is similar in its prop-
erties to that considered in this work. In the vicinity of the
critical current the differential resistance of this contact is
R’Z‘%5~10’5 Ohm, that corresponds to the oscillation fre-
quency of the current f, =10 Hz. It corresponds, in order
of magnitude, to experimental data. The absence of the
current SOs at some intermediate values of the current /,
can also be due to the complex dependence of the voltage
on the interferometers on the magnetic field of this cur-
rent. In particular, for parts of the dependence of the volt-
age across the interferometer on the magnetic field shown
in Fig. 3, where the voltage and, thus, the resistance of the
contact depends weakly on the magnetic field, the current
SOs must be absent or they are hard to find. On the whole,
one can conclude that the proposed model of appearance
of SOs corresponds qualitatively to real processes occur-
ring in the resistive DCs with two clamping contacts.

Besides the experiments described above with injection
of the current (/;;) through one of the PCs, an effect on the
dependence I;(/,;) of simultaneous injection of the current
into the DCS from two current sources connected to the PC1
and PC2 were investigated. If the value and the direction of
transport currents across them is chosen in such way that
I <l <l and I, <I,<I., then a step-like increase of
the current /; up to required values is possible with using the
current /,; without the current /,,. After that at the fixed value
of the current I,;, the current /,, can be increased up to the
value higher than /., and the decrease of the current /; pre-
viously reached with periodicity of steps typical of the con-
tact interferometer PC2 can be obtained. An illustration of
the adjustment of the current /; is shown in Fig. 5 as depend-
ences I;/I.1 (In/l.1) and I;/I.5 (I»/l.5) superimposed for the
sake of comparison of the adjustment processes. Here, the
steps on the dependences I;/I.; and I, /I, are different due to
the formation process of structure of interferometers by the
contacts PC1 and PC2, which is random in its origin. So
using both transport currents leads to freezing the current [,
which was achieved before turning off in the DCS circuit.
Thus, the other way (besides reported in Ref. 5) to increase
and decrease the current /; with its subsequent freezing by a
fine adjusting of the relation between the currents /,; and I,
was found.
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CONCLUSION

A microstructure of modern high-temperature ceramic
and granular superconductors as well as multi-cored
superconducting cables represents a multi-connected me-
dium. The current self-oscillations found for the first time
in a doubly connected superconductor with two resistive
point contacts, as one unit cell of such a medium, can
cause generation of noise magnetic field and fluctuations
of resistance in these superconductors when they are in
the resistive state. Furthermore, it is of interest to verify
realization peculiarities of the proposed mechanism of
appearing the self-oscillations in doubly connected super-
conductors with other types of weak links which do not
have such a complex and nonrepetitive substructure as in
a clamping PC, in particular in film DCSs with bridge
contacts.

Regarding the solution of the question about a mecha-
nism of the current critical state of a PC shunted by a super-
conducting inductor, the most preferable mechanism is
dissipation-less and related to increasing the parametric
Josephson inductance of the contact as the current through
it approaches a critical value. A strict evidence of this
assumption is possible, providing works in two directions:
via deeper experimental verification of influence of sur-
rounding electromagnetic fields on the DCSs and via devel-
oping a quantitative theory explaining the step-like
dependence of the current in the DCS on the transport cur-
rent through it.

For application, new method of increasing and
decreasing the current in the superconducting circuit of
the DCS by the transport current, injected through two
contacts simultaneously, seems to be more convenient in
comparison with the adjustment methods proposed in
Ref. 5 for superconducting magnets. Furthermore this
method can be used for designing multi-terminal super-
conducting memory devices on the base of the DCS con-
taining either two or more inputs of tuning transport
current in form of a PC.
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