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Abstract: This paper discusses improved design of two-dimensional (2D) arrays, potentially pushing
the present state of the art of the high-Tc (and low-Tc) magnetic field detectors to a larger scale, i.e.,
higher sensitivity. We propose a two-plate geometry for parallel (and two-dimensional) arrays of
Josephson junctions (JJs) for application in magnetic field detection. The arrays can be realized either
by integration in the same substrate with a multilayer technology or on two different substrates. In
the latter case, the substrates can be assembled in a flip-chip or piggyback configuration. A suggestion
would be to divide a 2D array in two (equal) parts and to distribute each part on a different layer,
one above the other. We model the current distribution in arrays connected in series so that the bias
current flowing through the device flows in opposite direction in the layers. We demonstrate that
this geometry greatly improves the uniformity of the bias current distribution across the width of the
array, thereby restoring the critical current and, in principle, improving the Josephson array response.
From the model, we conclude that the alignment of the arrays is not critical and that the realization of
the devices requires only conventional techniques.

Keywords: Josephson junction; superconducting quantum interference devices; magnetometer;
dynamic; current distribution; parallel array; self-field; uniformity

1. Introduction

In the domain of magnetic field detection, superconducting devices offer both a very
high sensitivity and a large bandwidth. These detectors are mainly based on supercon-
ducting quantum interference devices (SQUIDs), which comprise a superconducting loop
containing one or two Josephson junctions (JJs) [1–4]. They can be made of a large number
of JJs, with several advantages in many applications [5]. For magnetic field detection, using
arrays of JJs increases the detector transfer factor and dynamic range [6]. A flux-locked loop
added to a single SQUID is a much-employed solution but at the expense of bandwidth
limitation [7]. At radio frequencies, impedance matching is an important requirement to
achieve good signal coupling. An array of N SQUIDs connected in series has an impedance
scaling of N, thereby limiting N when the impedance becomes too large for a standard 50 Ω
load [8]. The impedance of bidimensional arrays can be lowered by the addition of more
JJs in parallel. In this case, the array becomes wider, and its transfer factor increases linearly
with its width. This is true only if the bias current distribution is reasonably uniform. This
requirement is not met for devices—either parallel arrays, 2D arrays or series arrays of long
Josephson junctions (LJJs)—with a width in excess of about 100 µm [9]. In this range, the
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transfer factor collapses. In this study, we demonstrate bias current uniformity in a parallel
array thanks to the Meissner effect. Magnetic induction (B) is generated by the bias current
(Ibias) flowing in the array. Section 2 presents the principle of current distribution in a grid
made of several superconducting parallel strips (or, equivalently, “branches”). Section 3
describes the model. Section 4 presents the results for a conventional technology and for
nanocircuits. We discuss the results of this study and possible extrapolations in Section 5,
and finally, Section 6 summarizes this article.

2. Principle

A superconductor is not only a perfect conductor with a vanishing electric field in
its bulk but also expels the magnetic field because of the Meissner effect. This behavior
is comparable to the very limited penetration of the RF electromagnetic field in a normal
conductor; besides its frequency dependence, the skin depth is nearly equivalent to the
London penetration depth (λ). Consequently, we observe comparable field distributions in
systems of normal conductors at RF and in systems of superconductors independent of
the frequency. For normal conductors, it is well known that a single strip (with width W)
carries most of the current on its edges. Oswald [10] analyzed a geometry closer to that of a
parallel array, i.e., a single planar grid of parallel superconducting wires, showing that the
current distribution is strongly peaked for the wires located on both edges of the grid. The
peak can be twice as large as the average current in the grid branches. This is consistent
with the distribution observed in a wide superconducting strip.

In a microstrip structure, the strip current distribution is much more uniform. We mod-
eled this distribution for a superconducting microstrip structure in a previous paper [11]
and showed that the current distribution in the ground plane was confined in the vicinity of
the strip within a range of the strip width (W). The current distribution in the 10 µm-wide
superconducting strip departed from perfect uniformity by only 20% with a ground plane
at a distance zh = 0.15 µm from the strip, while it was about 70% when zh = 5 µm. As JJs
are highly non-linear devices with a threshold at the critical current, such non-uniformity
in the current distribution is detrimental: the critical current of the device is no longer the
sum of the individual branch critical currents, but it reaches a limit as for LJJs [12]. For a
long Josephson junction, this limit is reached when a Josephson vortex can penetrate the
LJJ. This may occur when one of the dimensions that are transverse to the current bias
direction is longer than the Josephson length (λJ), as given by

λJ =

√
Φ0

2πµ0dJc
, (1)

where Φ0 = h/2e is the magnetic flux quantum, Jc is the critical current density and d is the
magnetic thickness of the junction barrier [13], taking into account the London penetration
depth in each electrode and the barrier thickness. The condition for this limitation is related
to the current distribution. If the main part of the current is flowing on the edges of the strip
constituting one JJ electrode, then the torque controlling the phase evolution (analogous
to the current per unit length) is applied essentially at the ends of the JJ barrier. In such a
case, the phase rotates locally at the ends of the barrier, and the required torque for further
rotation becomes independent of the JJ length. Its critical current is not larger than the
critical current density times the area occupied by the Josephson vortex:

Ic,max ≈ Jc · λJ · t f , (2)

where t f is the width in the third dimension, for example, the thickness of a superconduct-
ing film with a bicrystal JJ. This also applies for parallel arrays of JJs, which can be seen as a
discretization of an LJJ. Note that if the bias current were distributed uniformly, then the
phase evolution would be the same all along the LJJ, restoring the proportionality of the
critical current versus JJ length.
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This reduction in the critical current (Ic) by non-uniform current distribution degrades
the response to magnetic fields because the voltage modulation increases with the Rn Ic
product of the JJ, where Rn is the normal resistance and Ic is the critical current of the array.
By increasing the number (N) of JJs connected in parallel, Rn scales as 1/N. Thus, it is at
least necessary to keep the scaling of the critical current as N and, thus, to distribute the
bias current uniformly. This is the basic reason for the structures we propose in this paper.
We experimentally investigated a two-layer geometry [11] where the ground plane was
replaced by a normal metal (Au) strip, with a width comparable to W. By changing the
position of this second strip, we concluded that the critical current of a 21-JJ parallel array
is maximum when the second strip is located right below the JJ array, corresponding to an
optimal uniformity of the bias current.

In this paper, we investigate a possible improvement of this geometry, where both
strips are replaced by a grid of strips. We show that the previously presented uniform
current distribution is also expected in a system of two superimposed grids. Even though
the current density is not uniform in each branch of the grid, the total current flowing in
the grids is evenly distributed to each grid branch. As shown in Section 4.1, the alignment
of the grids is not critical. Note that this principle can also be applied to a similar system
in which series arrays of LJJs replace the 2D arrays, as in Figure 1c and reference [11]. We
demonstrated a uniform current distribution and thus expect comparable performance, at
least when the Josephson length (λJ) of the LJJs is large compared to the JJ spacing in the
parallel array. Some of the potential advantages of this proposal are the following: (a) the
response of a single array is improved by the uniformity of the bias current; (b) the removal
of the limitation on array width (by self-field effects), as the new geometry of the field now
enforces a uniform current distribution; (c) when two grids are one on top of the other,
it is straightforward to double the amplitude of the response of the device using a series
connection of the grids; (d) this last situation is obtained without increasing the surface
of the device; and (e) the implementation is particularly suited to cases of an integrated
multilayer technology and can also be considered in flip-chip or piggyback configurations.

Figure 1. Schematic representation of the 2D array used in the model. (a) 3D perspective. (b) Section
view for a grid. (c) Section view for a series array of LJJs.

3. Model

In our models, the devices are long enough in the direction of the current flow (x)
so that we can neglect the end effects and invariance along x can be assumed. Choosing
the Coulomb gauge, the vector potential (A) is also oriented along x, and the magnetic
field is perpendicular to this direction. We used the finite element method implemented in
FreeFEM++ software [14] to solve the only non-zero component of the potential vector, Ax ,
using the iterative algorithm presented by Alsop et al. [15]. In a system composed of two
superconductors, they established the following set of equations:

Φ0∇φi
λ2 = ∇2 Ax −

Ax

λ2 (3)

where ∇ is the gradient operator, and φi, i = 1, 2 are the superconducting phases. Each
is constant over the section of a superconducting branch of the grid, and as all branches
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contained in the same layer are connected together at each end, this constant is common to
the entire section of each grid, and its value is converging during the iterative computation.

We made a FreeFEM++ model of a 2D array of JJs such that half of the array is in a
lower horizontal plane, while the other half is in the upper horizontal plane, as represented
in Figure 1. The second half is a copy of the first half translated vertically by a quantity (zh).
Later in this paper, we also consider the effect of a horizontal shift transverse to the current
flow (y2); the current flows in the x direction, along the different branches of the grids. The
orientation of the axes defined in Figure 1 applies to the whole content of this paper.

We assume that all the JJs connected in parallel are identical. We neglect the presence of
the JJs in the evaluation of the current distribution for two reasons. First, the perturbation is
nearly the same for identical JJs. Furthermore, secondly, the perturbation is comparable to a
quadrupole, decaying with dj, the distance from the JJs, as (d/dj)

2, where d is the magnetic
thickness of the JJ barrier (generally less than one micrometer). Thus, it affects the magnetic
field distribution only to a minor extent. Neglecting this maintains invariance by translation
at long distances (dj) from the JJs. The model invokes boundaries of the simulation space;
we set Ax = 0 at a distance approximately twice as large as the transverse dimensions of
the device. Initial values of the superconducting phase gradient (∇φi, i = 1, 2) are opposite
to be consistent with Ax = 0 at a large distance and with opposite currents flowing in each
layer. This is related to the geometrical symmetry and the equality of the self-inductances
per unit length (L ) in each array. As ∇φi is related to the fluxoid, it is proportional to the
sum of the geometrical and kinetic inductances:

L =
Φ0 · ∇φi

Ii
(4)

where Ii is the current in grid i. Conversely, having an educated guess of the inductance
per unit length is equivalent to having suitable initial values such that 4 or 5 iterations lead
to convergence (maximum relative change of Ax < 10−5).

4. Results
4.1. Micrometer-Scale Circuits

Figure 2a,b illustrate the results for a perfectly aligned array, with dimensions given
in the legend. Besides the opposite values in each branch, we observe Figure 3 that the
current density is larger close to the edges (and in a minor way, close to the surface) of
the conductor, as expected from the Meissner effect in any wire. We define the branch
current as the current density integrated over the section of one branch. Table 1 compares
the calculated branch currents in the case of arrays with 7 and 11 parallel branches. They
are very similar in each branch of the arrays: for the seven-branch array, departure from
homogeneity is a deficit of 0.14% on the edges (outer pair of branches), and correspondingly,
between 0.04 and 0.08% excess current on the inner branches. For the 11-branch array, there
is a current deficit of 0.36% in the branches on the edges, a nearly ideal share of 1/11 in
the next pair of branches and between 0.08 and 0.12% excess current in the inner branches.
This indicates that for a parallel array of N JJs, each JJ receives nearly the same bias current,
i.e., that the critical current of the array is close to N times the critical current of one JJ.
Thus, the critical current for a wide parallel array is maximum, not limited by the self-field
effect. As mentioned earlier, the same is expected for long JJs and long JJ arrays. The effect
of the distance (zh) is comparable to the fringing effect in a two-plate capacitor; while zh
increases, the current tends to increase on the edges and to decrease in the center of the grid,
as in the microstrip case. The realization of such a configuration is straightforward with
low-critical-temperature technologies, where multilayer structures are employed. For high-
critical-temperature (HTc) technologies, this possibility is much less common. Alternative
solutions exist where the arrays are on different substrates and assembled together in a
flip-chip or piggyback configuration. In principle, the distance (zh) separating the arrays
should be smaller than the width of the arrays. For a flip-chip configuration, zh is usually in
the range of 20...50 µm, i.e., suited for devices somewhat wider than the present limitation:
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typically 10 µm. This value may be larger for smaller critical current densities, but it is not
recommended to reduce the critical current because it reduces the Josephson energy. The
distance (zh) is larger (in the range of 100 µm to 1 mm) in the case of a piggyback assembly
(because of the substrate thickness). This configuration is suitable only if the arrays are
∼1 mm wide. Such arrays would typically have hundreds of JJs in parallel and, in order to
reach impedances of about 10 Ω, would have thousands of JJs in series. Having hundreds
of JJs in parallel would lead to critical currents above 1 mA. This may be an issue for proper
configuration of the wires used to feed the current without creating a parasitic magnetic
field but is still feasible. We also investigated the effect of a transverse shift (yh) on an
11-branch array, as reported Figure 4 and in the rightmost columns of Table 1. They show
that an important shift can be tolerated; the departure from uniformity is now ∼1.5%. This
allows for an implementation in a flip-chip (or piggyback) configuration.

(a) Hy

(b) Hz

Figure 2. Maps of the magnetic excitation (H, in units of A/m) in the section of the array. Black
rectangles represent the edges of the superconducting strips. Their dimensions are 1.4× 0.2 µm2, and
their spacing is 10 µm horizontally and 4 µm vertically. (a) Hy and (b) Hz.
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Figure 3. Current density in one branch in units of mA/µm2 when the total current is 1 mA.

Table 1. Percentages of branch currents for arrays made with 7 (2 columns on the left) and 11
(4 columns on the right) parallel branches. In the 11-branch device, the effect of a transverse shift of
half the pitch of the array is evaluated.

Aligned Aligned y2 = 5 µm
Branch

Nbr.
Upper

Layer (%)
Lower

Layer (%)
Upper

Layer (%)
Lower

Layer (%)
Upper

Layer (%)
Lower

Layer (%)

1 14.2654 −14.2654 9.05833 −9.05837 9.03718 −9.16116
2 14.2908 −14.2908 9.09035 −9.09033 9.08054 −9.09618
3 14.2955 −14.2955 9.09795 −9.09793 9.08699 −9.09087
4 14.2964 −14.2964 9.10092 −9.10092 9.08877 −9.08988
5 14.2955 −14.2955 9.10217 −9.10218 9.08928 −9.08975
6 14.2908 −14.2908 9.10263 −9.10261 9.08953 −9.8949
7 14.2654 −14.2654 9.10219 −9.10220 9.08976 −9.08934
8 9.10093 −9.10088 9.08992 −9.08879
9 9.09791 −9.09792 9.09076 −9.08695
10 9.0903 −9.09032 9.09619 −9.08045
11 9.05842 −9.05843 9.16116 −9.03722

Figure 4. Map of the Ax component in the section view of a two-layer device with grids made of
11 “misaligned” branches, as they are horizontally shifted by 5 µm with respect to each other along
the y direction. Units of the right scale are reduced to µ0.

4.2. Submicrometer-Scale Circuits

We now investigate the suitability of this approach for nanostructures. We restrict
ourselves to structures where the superconducting material has a coherence length much
shorter than the dimensions of the device to avoid loss of coherence. This situation is
generally encountered in high-temperature superconductors. The model does not account
for potential variation of the pairing potential (∆(r)). In Figure 5, the grids have a horizontal
pitch of 1 µm, and the width of the grid branches is 100 nm. The film thickness is 100 nm,
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and the vertical spacing between the layers is 500 nm. Again, we shifted the upper layer
horizontally by 500 nm to investigate a misalignment effect. Figure 5a shows a map of
Ax in the simulation space, and Figure 5b shows a map of Jx with an expanded view of
a single grid branch from the top grid. For Niobium (λ = 0.135 µm), the obtained value
of inductance is 0.52 pH/µm. This includes the geometric inductance and the kinetic
inductance. For the map of the current density, we used a non-uniform distribution of the
iso-values in order to enhance the resolution inside the grid branch; the values separating
the different domains (colors) are separated by 0.5 between 0 and 5.5 A/cm2 and by 0.05
between 5.55 and 6.75 A/cm2. As one may expect, there is a minimum of current density
close to the center of the nanowire. An asymmetry can be observed, with larger current
densities in the lower part of the nanowire due to the other grid facing the lower side.
Ideally, the current density is maximum on the edges of the superconductor, which can
be observed as close as 0.2 nm from the edges, thanks to the good control on the mesh
provided by the simulation software. The distribution of the current in each grid branch
is given in Table 2. Again, the current distribution is almost uniform on the grid. This is
not surprising for an overall width of only 10 µm, as it is not very different from from the
distribution obtained in a conventional single-layer geometry. The same model for a grid
of 61 nanowires, i.e., 60 µm-wide, produces a current distribution with a uniformity still
better than 8%.

(a) Ax in the simulation space (b) Jx in one of the nanowires

Figure 5. (a) Map of the Ax component in the section view of a two-layer device with units of the
right scale reduced to µ0. (b) Enlarged section view on one of the grid branch (nanowire) showing
the current density (note that the scale on the right is enlarged for the top 10%). The grids are made of
11 “misaligned” nanobranches, as they are horizontally shifted by 0.5 µm with respect to each other
along the y direction.
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Table 2. Percentages of branch currents for arrays made with 11 parallel nanowires, showing the
effect of a transverse shift of half the pitch of the array (0.5 µm).

Branch Nbr. Upper Layer (%) Lower Layer (%)

1 8.767 −9.388
2 8.948 −9.237
3 9.018 −9.168
4 9.055 −9.133
5 9.078 −9.113
6 9.095 −9.095
7 9.113 −9.078
8 9.133 −9.055
9 9.168 −9.018
10 9.237 −8.948
11 9.389 −8.767

4.3. Dependence on Material Properties

Besides the critical temperature, the critical current density and the critical magnetic
field, the main parameters characterizing the superconducting materials for this study
are the London penetration depth (λ) and the coherence length. As already mentioned in
Section 4.2, our study focuses on devices with dimensions much larger than the coherence
length, i.e., where this parameter has a negligible effect. We now check that this is also true
for the London penetration depth on the 11-branch device with a misalignment of 5 µm
presented in Section 4.1.

Table 3 reports the current distribution in the different branches for two values of
the London penetration depth. The results differ by less than 0.13% when λ is doubled.
Obviously, this is expected, as the magnetic field only slightly depends on the current
distribution in the wires (provided that the wire thickness is much smaller than the distance
(zh) separating the two grids and that the wire width is much smaller than the grid pitch).
For grids made of nanowires, where the nanowire dimensions are generally much smaller
than the London penetration depth, independent of the superconducting material, the
dependence of the results on the choice of material is expected to be much smaller.

Table 3. Percentages of branch currents for arrays made with 11 parallel wires, with a transverse shift
of half the pitch of the array (0.5 µm). The leftmost columns are repeated from Table 1, corresponding
to a penetration depth of 0.135 µm. The rightmost columns correspond to a penetration depth of
0.27 µm.

λ = 0.135 µm λ = 0.27 µm

Branch Nbr. Upper Layer
(%)

Lower Layer
(%)

Upper Layer
(%)

Lower Layer
(%)

1 9.03718 −9.16116 8.93331 −9.29025
2 9.08054 −9.09618 9.05521 −9.11825
3 9.08699 −9.09087 9.07706 −9.09461
4 9.08877 −9.08988 9.08333 −9.08884
5 9.08928 −9.08975 9.08542 −9.08744
6 9.08953 −9.8949 9.08642 −9.08638
7 9.08976 −9.08934 9.08746 −9.08556
8 9.08992 −9.08879 9.08904 −9.08339
9 9.09076 −9.08695 9.09424 −9.07695
10 9.09619 −9.08045 9.11827 −9.055
11 9.16116 −9.03722 9.29025 −8.93339

We believe that the principle can be extended to cases in which the coherence length is
not smaller than the size of the conductors. The bias current distribution presents the same
features, with quantitative changes. We expect that any dissipative effect that does not
introduce magnetic-flux-dependent superconducting phase shifts will only contribute to a
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better uniformity of the bias current distribution. Modeling this situation would require
the insertion of Usadel’s equations in the model, as previously performed, for example,
by Khapaev et al. [16]. Note that the proposed two-plate geometry requires a non-zero
critical current of the branches including the JJs in order to possibly improve the transfer
factor of a magnetic field detector.

5. Discussion

Compared to the long-JJ case, the magnetic field for the grid (parallel array) case is
nearly periodic along the y axis in both horizontal and vertical components. The spatial
Fourier components are attenuated rapidly with distance and are not expected to change
the uniformity of current distribution for the branches at first order. A possible effect of
this shift on current distribution within each branch may occur but will be negligible with
small JJs. If the arrays are periodic but with different pitches, we expect a “frequency beat”
pattern of the current distribution in the grid with the smaller pitch.

We have presented results only for periodic grids, i.e., with equal spacing between the
branches. In the case of non-periodic grids [6], we have to distinguish between identical
arrays in the layers and the case of different arrays. In the first case, each branch is facing
another branch, and both carry opposite currents. These currents are very similar to both
the currents flowing in the wide microstrip case and in the periodic grid case presented
above. The assumption that the array in one layer is identical to the array in the other layer
is presumably not critical. The essential requirement is that their bias currents be opposite
(and with a similar magnitude) and that the arrays have similar widths. In the case where
zh is clearly larger than the distance between two neighboring branches, the local magnetic
field results from the contributions of several facing branches located in a region with a
width of about zh. As long as zh is clearly larger than the maximum distance between
two neighboring branches within each array, the uniformity of the current distribution in
the different branches should not be affected. We expect degradation if a single branch
in one grid is facing several branches of the other grid, again assuming that each branch
contains the same JJ geometry. In summary, in order to keep some uniformity in the current
distribution, we want to design arrays with equal values of the critical current densities
integrated over a width of yc ≈ zh.

For multilayer technologies, one may expect that the superconducting layers might
not have the same superconducting properties. In particular, the London penetration depth
might not be the same. However, the details of the current distribution in each grid branch
have no importance in the “long range”, i.e., a few microns away. We also expect that the
film thicknesses are not critical as long as they are thin. Of course, if the dimensions of the
grid elementary cell are large enough to allow for trapped flux quanta in the cell hole, this
will destroy the uniformity of the current distribution. Obviously, an array entirely located
in one layer, with the second layer containing a plain superconducting plane, should be
more robust to flux trapping. However, it is very difficult couple external magnetic fields.
Thus, a robust circuit may employ only resistive elements in the second layer, where the
current distribution is imposed by the resistive nature of the material.

Finally, we note that for the nanodevice investigated herein, the value of the shift
is only feasible with multilayer technologies. For flip-chip and piggyback technologies,
the applicability is restricted to devices for which the shift value is much less than the
width of the device. The advantages of using nanojunctions are the smaller magnetic field
dependence of their critical current, their smaller bias current and their larger impedance.

6. Conclusions

The proposed two-layer structure implementing a return current as a “reversed im-
age” in a second layer appears to bring the following advantages: (a) The bias current
is uniformly distributed in the different branches of a parallel array of superconducting
strips; (b) When two arrays are one on top of the other, it is straightforward to double
the amplitude of the response of the device using a series connection of arrays; (c) This
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last situation is obtained without increasing the surface of the device; (d) It eliminates the
self-induced flux, thereby removing the limitation on array width. Preliminary results
indicate that the device critical current is enhanced, i.e., approaches the maximum value
given by the sum of individual JJ critical currents. More importantly, this should improve
the response factor to the magnetic field of wide parallel arrays. This structure is acceptable
for many technologies, as it can be either integrated or hybridized, and misalignment of
the grids is not critical. It is applicable to many superconducting devices: arrays of long
Josephson junctions connected in series, arrays of SQUIDs connected in series and 2D
arrays of Josephson junctions. Based on our simulations, we think that this principle is not
only applicable to short JJs and LJJs but also to nanojunctions.

7. Patents

The principle of uniform current distribution by mutual effect on two arrays is patented
(PCT/EP2022/088070).
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