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Visualizing Current in Superconducting Networks
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We present an experimental study of local magnetic imaging in order to visualize the current flow in
superconducting networks. We track the evolution of the spatial distribution of the current flow as the
network is driven from fully superconducting to fully normal phases. Our results highlight the factors
that contribute to the disordered flow in superconducting networks during their collapse, and demonstrate
that the current is never uniformly distributed in the network. These results can assist the design and
development of circuits based on superconductors and Josephson junctions.
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I. INTRODUCTION

Superconducting networks have become an element
in the development of quantum-information circuits [1].
These can be arrays of Josephson junctions, weak super-
conducting links, or superconducting wires, which may
act as qbits or readouts [2–5]. This development calls for
diagnostic tools to detect elements that are faulty or cause
unwanted behavior. Several imaging techniques have been
successfully applied to diagnose integrated circuits [6–8].
For circuits that include superconducting elements, it is
desirable to map not only the current flow or the heat
source, but also the superconductivity itself.

Theoretically, current flow in disordered media can be
treated as a random resistor network (RRN). When dealing
with a disordered superconductor, additional considera-
tions need to be taken into account such as critical currents
and temperatures, which dynamically alter the conduction
map of the superconducting RRN [9–13]. The same treat-
ment has been traditionally applied to Josephson-junction
arrays and superconducting networks [14–17]. However, a
useful factor in determining the actual flow of currents in
superconducting circuits and arrays is the Meissner effect.
This effect, which shields a superconductor from mag-
netic fields by counter supercurrents at the sample edges,
is typically ignored.

In this work we study the current flow in superconduct-
ing networks by noninvasive mapping the local current.
We show that the current distribution depends on the prox-
imity of the system to the superconducting transition. Deep
in the superconducting phase the flow is concentrated
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mainly at the edges due to Meissner screening, indepen-
dent of the way the current is injected to the system. Close
to criticality, on the other hand, superconducting inho-
mogeneity governs the current flow and overshadows the
influence of the Meissner effect. In addition, the current
pattern is very sensitive to the precise way current is driven
into the network.

II. EXPERIMENTAL DETAILS

To model an inhomogeneous superconductor, we pre-
pare a set of 50-nm-thick Nb superconducting networks
with Tc = 8.5 K (S1–S4) on glass (S1) or Silicon (S2–S4)
substrates. The Nb is deposited by e-beam evaporation
under UHV conditions. The networks are fabricated by
standard photolithography and lift-off procedures using a
Heidelberg-instruments MLA 150 system. We use two
networks’ geometries: (i) 720 × 720 μm2 networks com-
posed of 20 × 4 μm2 segments (S1 and S4, the dimen-
sion of the segments is represented as L), and (ii) 310 ×
310 μm2 networks composed of 10 × 2 μm2 segments (S2
and S3). The networks were connected to large continuous
pads of either Nb (S1, S2, and S3) or Au (S4). See Figs.
1(a) and 3(a).

To spatially map the distribution of the current
flow, noninvasively, we map the magnetic fields gen-
erated by the current flow. Magnetic imaging on the
microscale can be performed by several techniques, such
as magneto-optics, magnetic force microscopy, scan-
ning Hall microscopy, scanning superconducting quantum
interference device (SQUID), and more. Here, we choose
to use scanning SQUID microscopy for two reasons. First,
its high magnetic sensitivity, capable of detecting the fields
generated by small amounts of current (down to 1 nA)
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FIG. 1. (a) Illustration of scanning SQUID measurement over
superconducting networks used in this study. The sensor captures
field lines that are generated by current flowing in the sample.
The outer loop, the field coil, applies a local magnetic field to
measure susceptibility as a function of location. (b) Local flux
map of S2, taken at 8.6 K (above Tc), of the area sketched in (a).
(c) |�J (x, y)| extracted from the data in (b). (d) The amplitude of
diamagnetic response S as a function of the temperature T taken
on the lead of sample S3, about 100 μm away from the grid.
The diamagnetic signal disappears at Tc. Inset: susceptibility as a
function of sensor-sample height. Touchdown position is marked
by a dashed line.

[18–20]. Second, its ability to capture several properties
simultaneously, which allows mapping the local diamag-
netic response [21,22] in addition to imaging the current
flow.

For imaging the flow of electric current we raster the
sensor’s pick-up loop over the sample and record the field
lines that are generated by transport current flowing in the
sample. To separate the flux generated by currents flowing
in the sample from the dc SQUID signal, we use a lock-
in technique with frequency up to several kHz. For this
study we use relatively small currents, up to 1 mA. Apply-
ing higher current causes the resistance versus temperature
curves to crossover from a continuous superconducting
transition to an abrupt, hysteretic transition. This will be

the subject of a future publication. We use Fourier analysis
based on Biot-Savart’s law to invert magnetic flux maps
into current density maps [�J (x, y) = Jx�x + Jy �y] [23,24].
This analysis takes into account the SQUID’s point spread
function, measured independently. Typical data and recon-
structed current distribution maps are shown in Figs. 1(b)
and 1(c). The plots show an absolute value of current
density |�J (x, y)| =

√
J 2

x + J 2
y .

In addition to mapping the current distribution, we
simultaneously map the local susceptibility, yielding infor-
mation about the strength of local superconductivity [21,
22,25,26]. The sensor is composed of a concentric pick-up
loop (inner sensing loop) and excitation field coil (outer
loop), see Fig. 1(a). For magnetic susceptibility measure-
ment, we apply local magnetic field using the field coil,
and lock-in to the SQUID signal to record the diamag-
netic response of the superconductor, in units of �0/A
[Fig. 1(d)] where �0 is the flux quanta �0 = h/2e. Near
a superconductor, susceptibility provides the diamagnetic
response of the sample. Far away from the superconductor
the sensor captures the field applied by the field coil. Near a
superconductor the applied field is eliminated by the super-
conductor, therefore leading to reading decreases. The
difference between these two readings is the diamagnetic
signal of that location [S(x, y)]. The two measurements
described here, current imaging and susceptibility maps,
are measured by the SQUID as a response to an excita-
tion, transport current in the first, and local magnetic field
in the second. The basic dc SQUID measurement shows
the static magnetic landscape, which includes Abrikosov
vortices and trapped flux.

III. RESULTS

We begin by comparing the current flow in the supercon-
ducting and the normal states. Figure 2 shows the extracted
current-density maps of sample S3 above and below Tc.
The current is homogeneous in the normal state reflecting
the uniformity of the sample. In the continuous supercon-
ducting region leading to the grid (denoted in this paper
as the “lead”) we observe the concentration of the currents
near the edges of the sample as expected from shielding
current due to the Meissner effect. This is less natural in
the superconducting network since it is composed of indi-
vidual superconducting sections and each should carry its
own Meissner currents in addition to the overall Meissner
screening of the interconnected object. Nevertheless, the
profile of current distribution across the network is simi-
lar to that in the continuous pad. This is demonstrated in
(f), where we bin the current distribution in the contin-
uous superconducting region (the lead) into 25 sections,
in order to compare it with the flow pattern in the grid.
The extent of Meissner influence in the lead (black data)
completely overlaps with the data measured for the grid
(green).
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(c) FIG. 2. |�J (x, y)| maps at super-
conducting (6.4 K) (a) and nor-
mal (8.5 K) (b) states of S3.
(c)–(d) Corresponding susceptibil-
ity images. While a strong dia-
magnetic response is observed in
the superconducting state (c), no
signal other than SQUID noise
is recorded in the normal state
(d). (e)–(h) Cross sections taken
from the current density maps
on the lead [purple, (e),(g)] and
on the grid [green, (f),(h)] for
both the superconducting (e),(f)
and the normal (g),(h) states. The
black bars in (f) and (g) are a
result of binning the lead data
to 25 sections, in order to com-
pare the overall distribution of the
current between the lead and the
grid. A good resemblance is found
between the black bars and the
green peaks. All scale bars repre-
sent 50 μm.

Thus, despite the porous nature of the network, it
maintains an overall shielding as if it was a continuous
superconductor. This has significant implication on our
understanding of current flow in ordered Josephson-
junction arrays or superconducting networks, because even
for a very homogeneous system, the current is carried only
by a small fraction of the segments.

Note that in both the normal and superconducting phases
the flow is mostly horizontal. In the resistive state, dissipa-
tive vertical flow is avoided, while in the superconductor,
there is no preferable direction leading to average zero
vertical flow.

One could suspect that the nonhomogeneous current dis-
tribution in the network (similar to that in the lead) is
a consequence of current continuity. In other words, the
current is injected mainly near the edges thus influenc-
ing the flow in the network. To test this we conduct a
similar measurement on sample S4, which has normal Au
leads. The results are shown in Fig. 3. Despite the homo-
geneous flow in the pad that injects the current evenly
to the different network sections, the current in the net-
work is concentrated at the edges. The rearrangement of
currents requires vertical flow at the left and right edges
of the grid (which is “cost free” for a superconductor).
This vertical flow is clearly apparent in the current density
map [Fig. 3(b)].

Such nonhomogeneous flow due to Meissner screen-
ing can be expected at all length scales, provided that
the penetration depth λ is smaller than L. In this case
the shielding currents will be focused on the edges of the
grid, as observed in Fig. 2. On the other hand, if λ > L

the shielding currents extend over a large part of the grid,
resulting in a more homogeneous flow. The dimensions of
superconducting devices L in the literature range from 1
to 10 μm [1,3,27–30]. In this work we choose network
link L ∼ 10 μm in order to assure that λ < L as close as
possible to Tc.

The behavior presented above applies to networks that
are deep in the superconducting phase, or completely
normal. Near criticality, close to the superconducting

(a) (b)

(d)(c)

FIG. 3. (a) Sketch of the measurement on sample S4 hav-
ing normal Au leads. The dashed line marks the scanned area.
(b) |�J (x, y)| at 4.4 K (superconducting state of the network).
(c) Cross sections of the current density map of the network at the
superconducting (4.4 K) and normal (8.9 K) states. The location
of cross section is marked by green arrows in (b). (d) Susceptibil-
ity map of the same area, demonstrating a fully superconducting
network and a normal lead.
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FIG. 4. (a) The resistance versus temperature curve (R versus T) of sample S1 (blue dots), together with relative positions of current
density images [red rhomboids, (b)–(d) and (f)–(p)] as a function of temperature. (b)–(d), (f)–(p) |�J (x, y)| maps of a small region,
showing the full transition procedure from deep superconducting state (6.1 K) to fully normal state (8.7 K). (e) Susceptibility image of
(d), taken simultaneously.

transition, the sample becomes highly nonhomogeneous
and the behavior is governed by the disorder. Figure 4
follows part of a network as it is driven through the super-
conducting transition. In the presence of a fixed applied
current, we increase the temperature in small steps through
Tc, and map the current density for each arrested tem-
perature. The transition between the two well-organized
behaviors shown in Fig. 2 involves dramatic changes in
the spatial distribution of the current flow. The evolution
process is summarized in the following:

(a) Superconductivity is destroyed in isolated sections
of the network, as depicted by the susceptibility map
(e). This leads to some vertical flow as the supercurrents
bypass resistive areas, see (b)–(d).

(b) As more sections turn normal, large portions of the
network do not carry current, while the system is still glob-
ally superconducting (negligible voltage), see (f)–(l). At
this stage the dominant player is the disordered distribu-
tion of local Tc, which overshadows the effect of Meissner
screening on the overall current distribution. The current is
no longer concentrated on the edges, but rather exhibits a
typical percolative flow.

(c) When there is no percolative superconducting path
across the network, resistive parts carry current and
the voltage increases. Gradually the current distribution
becomes homogeneously spread (m)–(p).

The simultaneous measurements of current flow and
susceptibility demonstrate the difference between maps of
conductance and the maps of current flow. The current
bypasses regions of the network, which are strongly super-
conducting, but are not part of the percolation backbone.
This is illustrated in Fig. 5, which shows the S(x, y) and
|�J (x, y)| at the same region of the network.

In addition, in this regime of network collapse, the spe-
cific details of current injection dramatically affect the
network current map. The mixture of normal and super-
conducting sections opens a number of possible low dissi-
pation paths depending on the entry point to the network.
This is demonstrated in Fig. 5(c), which shows the current
map of sample S1 (Nb on glass) where superconductivity
in the lead is also widely inhomogeneous. Clear correla-
tion between the homogeneity of the flow in the pad and
the network is observed.

IV. CONCLUSIONS

In conclusion, we visualize the way the current flows
in a superconducting network. We find that, at the various
stages of the superconductor-normal transition, the cur-
rent favors different spatial-flow configurations, which are
all nonuniform. Our findings have relevance for a num-
ber of applications. The results presented here should be
considered when designing superconducting circuits, as
different parts of the circuit may be dominant depending
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(a)

(c)

(b)

FIG. 5. Susceptibility image (a) and |�J (x, y)| map (b) of sam-
ple S1 near its superconducting transition (8.3 K). (c) The current
flow in the lead, where it is injected into network (sample S1,
8.3 K).

on the operation conditions, and the way the current
is injected into the circuit. This is especially relevant
these days, for the design of quantum circuits based
on Josephson-junction arrays [31], disordered supercon-
ductors, and superconducting qubit assemblies. Another
implication can be for the recent effort to create and study
coupled resistance networks [32–35]. For a system of
coupled superconducting networks, since we use an ac
technique to image the currents we can excite each network
at a different frequency and thus image the local currents
in each network individually and simultaneously.
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