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Anomalous Supercurrent Modulation in Josephson
Junctions With Ni-Based Barriers
Burm Baek , Michael L. Schneider , Matthew R. Pufall, and William H. Rippard

Abstract—We investigate the supercurrent transport characteristics of Ni-barrier Josephson junctions with various barrier multilayer structures. Our device fabrication and magneto-electrical
measurement methods provide high enough statistics and rigor
necessary for the detailed characterization of magnetic Josephson junctions. As a result, we obtain the oscillatory critical current as a function of Ni thickness that matches the clean-limit
transport theory except for certain anomalous features. Salient
details include the finite oscillation phase shift due to a nonmagnetic spacer, the near-zero effective magnetic dead layer, and the
distorted current-phase relationship near the 0-π transition. These
allude to intricacies in the microscopic transport that are unique to
certain magnetic Josephson junctions. We discuss a route toward
a comprehensive understanding of realistic magnetic Josephson
junctions based on the underlying effect of exchange field on the
superconducting spin modulation.
Index Terms—Josephson junctions (JJs), Josephson effect, magnetic devices, superconducting devices.

I. INTRODUCTION
AGNETIC device technologies have recently been under
active investigation for application in superconducting
electronics. Especially, the superconductor-ferromagnet (S-F)
proximity effect has shown its potential to bring in the spintronic aspect for nonvolatile and scalable memory technologies:
Studies on S-F hybrid structures have shown a way to manipulate
the electronic spin state of the superconducting order [1]–[5],
which would not be accessible in conventional superconducting
electronics.
A prominent effect from such manipulation of the superconducting spin is the critical current oscillation as a function
of the ferromagnetic barrier thickness in S-F-S Josephson
junctions (JJs). The electron pairs coming from S to F occupy
spin-dependent bands and the pair spin state can be converted between the conventional spin singlet and one of the triplet states.
This conversion is roughly periodic with the F barrier thickness
and results in the oscillatory Josephson coupling, including the
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reversal of the supercurrent (π phase) [1]–[3], [6], [7]. Such an
oscillation has been measured for various ferromagnetic barriers
[1], [4]. It has also been extended to spin-valve (SV) barriers
to realize magnetically switchable JJs in the critical current
or phase, which can be applied to superconducting memory
[8]–[13].
So far, numerous experiments have shown the existence of
such an oscillatory critical current in various materials. As the
physical perspective and techniques improve and the need for
technological application arises, more detailed and quantitative
studies are being carried out around technologically important
materials [13]–[18].
In this paper, we broadly present the features in the supercurrent transport in Ni-based JJs. Ni is a moderately strong,
elemental ferromagnet, which presents a unique opportunity for
investigating the regime of a clean-limit, ultrathin magnetic barrier in detail [19]–[22]. By use of proper methods, we minimize
various uncertainties related to the control of the nanometerscale thickness and magnetization and, consequently, we obtain
clean critical current oscillation, which is also accompanied by
subtle anomalous details.

II. EXPERIMENTS
Our device fabrication and measurement methods are described in [15], which are summarized here. A typical device
multilayer structure is Si/SiO2 /Nb(100)/Cu(5)/M/Cu(20)/Nb
(100) (all thicknesses in nanometers), where M is the target
barrier, which includes at least one Ni wedge layer. A wide
range of Ni thickness is obtained on a single wafer by the wedge
(nonuniform) film deposition, which removes a run-to-run variation and improves test device throughput substantially. Certain
M includes (Ni81 Fe19 )69 Nb31 (“NiFeNb”) spacers, which are
not ferromagnetic at 4 K due to the heavy Nb-doping [15]. The
multilayers are fabricated into micrometer-scale pillar devices
in a circular or elliptical shape.
The devices are measured with the four-probe method in a
liquid helium bath at 4 K. The magnetization of Ni is initially
saturated by applying about 400 mT along the long axis. Subsequently, we remove trapped magnetic flux by heating and obtain
the maximum supercurrent Im (H) and the normal resistance Rn
by fitting the current–voltage characteristics to the resistivelyshunted-junction model [see Fig. 1(a)] at a lower field range.
Im (H) is typically a shifted Airy pattern as expected of circular
or elliptical magnetic JJs [10]. Because the magnetic flux due
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Fig. 2. Field offset of the Fraunhofer patterns versus Ni thickness for Ni ( and ), Ni/Cu(5)/NiFeNb(1.2) ( and
), and
NiFeNb(1.2)/Cu(5)/Ni/Cu(5)/NiFeNb(1.2) ( and ) barriers. Symbols and
lines are measured data and linear fits.

Fig. 1. Basic electrical characteristics of typical Nb/Cu/Ni/Cu/Nb JJs.
(a) Typical current–voltage (I–V) characteristics. The wide-range (blue) and
the narrow-range (red) I–V curves are measured from devices with 0.9- and
3.5-nm-thick Ni barriers, respectively. Yellow curves are fits. (b) Example of
maximum supercurrent versus magnetic field. The magnetization of Ni is preset
in the positive direction, resulting in the negative shift of the entire pattern.
Symbols and curve are measured data and a fit for a downward sweep.

to the Ni magnetization can be canceled by an applied field
in the opposite (negative) direction, the Airy pattern gives Ic
(maximum Im ) at such a negative field offset H0 [see Fig. 1(b)].
Most devices result in simple, field-offset Airy patterns without
excessive distortion. This indicates a uniform and static (i.e.,
high switching field [10]) magnetization state of the barrier as
well as minimal imperfection from the deposition and fabrication. Since the trivial remanent field effect is simply taken out at
H = H0 to extract the true Ic , these JJs are excellent approximations of idealized magnetic JJs for the study of the exchange
field effect.
III. RESULTS AND DISCUSSION
A. Field Offset Versus Thickness
Fig. 2 shows the field offset H0 (d) with the Ni thickness d
from barriers with different kinds of nonmagnetic spacers introduced in [15]. The apparent absence of data for Ni-barriers is due
to too high Ic to measure from our device structure [13]. The simple linear trends come from the increased magnetic flux in the JJ
proportional to the Ni thickness; the total magnetic flux Φtot ∝
μ0 Hrem (d − ddead ) + μ0 H0 (2λ + dspacer + d) = 0 at H =
H0 and, thus, H0 ≈ a(d − ddead ) with a ≡ −[Hrem /(2λ +
dspacer )]. Here, ddead is the total magnetic dead layer thickness of
Ni, λ is the penetration depth of the superconducting electrodes,
and dspacer is the total spacer thickness; μ0 Hrem is the remanent field in Ni, which is about 0.5 T from the superconducting
quantum interference device (SQUID) magnetometry on unpatterned Ni films. We note that the scatter is not completely
random; rather, the data tend to get skewed in correlation with

the dimensions, etc. Each fitted ddead is smaller than the value obtained from SQUID magnetometry, 0.7 nm [15], but such a comparison is not statistically decisive due to the scatter in the data.
Nonideal effects may arises from either the superconducting
or magnetic components. The above-mentioned model does not
account for the long junction effect, which induces a nonuniform
supercurrent distribution at the scale of the Josephson penetration depth for devices of a high critical current density (Jc )
[23]. However, this discrepancy should be minimal for low-Jc
devices that incorporate NiFeNb spacers. Nonuniform magnetization may cause statistical or geometry-dependent deviation in
Im (H) and, thus, H0 (d). For example, magnetic domains can
be pinned to defects or the magnetization may curl in a small
device due to finite exchange stiffness. A more comprehensive
investigation may be necessary to understand the details and
make this Josephson self-magnetometry an essential diagnostic
tool for magnetic JJs.
B. Critical Current Versus Thickness
Fig. 3 shows the extracted oscillatory Vc ≡ Ic Rn , which can
be treated as normalized Ic and is independent of the junction
area. Unlike dirty-limit S-F-S devices with an exponentially
fast decay, the Vc (d) trend follows a clean-limit behavior with
only moderate decay, as expected from an ultrathin, elemental
ferromagnetic barrier. The measured Vc (d) is fit by the numerical
maximum of the clean-limit supercurrent Is (ϕ) derived in [24]


Δ cos ϕ−y
πΔα2 ∞ dy
ϕ−y
2
tanh
sin
Is =
2eRn α y 3
2
2kB T

Δ cos ϕ+y
ϕ+y
2
tanh
+ sin
. (1)
2
2kB T
Here, ϕ is the superconducting phase difference across the
JJ, Δ is the energy gap of the superconducting electrodes, and T
is the temperature; α ≡ d / ξ with the characteristic oscillation
length ξ ≡ νF /2Eex , the Fermi velocity νF , and the exchange
energy Eex .
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Fig. 4. Vc versus Ni thickness from Ni ( ) and Ni/Cu(5)/Ni ( ) barriers.
Arrows mark the π-to-0 transition thicknesses obtained from the fit curves.
Curves are fits. Ni data are offset by 100 μV for clarity.

Fig. 3. Vc versus Ni thickness. (a) From Ni. (b) From NiFeNb(1.2)/Cu(5)/Ni/
Cu(5)/NiFeNb(1.2) barriers. Symbols and curves are measured data
and fits.

C. Phase Shift Induced by a Spacer
As reported in [15] in detail, the inclusion of a NiFeNb layer
is correlated with a shift in the Vc (d) oscillation phase, while
maintaining the overall trend of the clean-limit transport as characterized by the slow decay. Fig. 3 shows an example how substantial such a shift is. The fits shown in Fig. 3(a) and (b) result
in −0.02 and 0.6 nm in the Ni thickness offsets, respectively.
Such a phase shift also accompanies a slight change in the nodeto-node period. These unexpected features suggest that the pair
spin transport may be modified in a nontrivial way in a hybrid
regime of a clean-limit ferromagnet and a dirty-limit spacer. A
detailed theoretical insight might be given by extending the relevant quasiclassical theories [25] toward treating such a mixed
transport regime.
D. Scatter in Critical Current Versus Thickness
The overall scatter and distortion are remarkably small, especially compared to H0 (d). Ic is measured with an applied
field that nullifies the total flux in the JJ. As mentioned for the
nonideal H0 (d) above, there may be finite nonuniform magnetization that cannot be canceled by an applied field. This induces slight nonuniform phase distribution, which reduces the
local supercurrent from the peak value. Fortunately, such reduction in the local supercurrent is minimal if the magnetization
nonuniformity is confined to small areas so the remaining local
magnetic flux is small enough compared with the flux quantum.
Furthermore, the impact is only of second order because this
deviation is in reference to the peak value of the local maximum supercurrent. In contrast, the impact to the Josephson
self-magnetometry is of first order (due to the linear trend at
every point) and should be relatively more substantial, which is
consistent with the larger scatter in Fig. 2.
E. Near-Zero Thickness Offset in Ni Devices
Vc (d) of Ni devices are fit to the theory with a near-zero thickness offset −0.02 nm. This agrees with the near-zero offsets in
H0 (d) trends whereas it is quite different from the separate dead

layer estimation of 0.7 nm derived from SQUID magnetometry
(see Section III.A). Although a certain amount of discrepancy
between different depositions is not uncommon, such a nearzero dead layer thickness is also in strong contrast to other
studies of S-F hybrid structures (e.g., [21]).
However, another set of devices also supports the near-zero
offset. We fabricated and measured devices with a barrier structure of Ni/Cu/Ni, where both Ni layers are nominally identical wedges with the same deposition duration. Effectively, this
structure includes two additional Cu–Ni interfaces compared
with single Ni devices. The offset due to the additional Cu–Ni interfaces should shift Vc (d) by the added dead layer thicknesses.
Here, we redefine d by the sum of the two Ni thicknesses. This
method determines the offset induced at the interface in a purely
experimental way without relying on a (less convincing) nonlinear fit to a theory. As a result, Fig. 4 clearly shows a negligible
shift in the second phase-transition node.
These experimental results suggest a strong possibility of a
near-zero offset in Vc (d). Then, there arises the question whether
this comes from a purely magnetic (i.e., the lack of a real magnetic dead layer) or other reasons. Even if there is a finite dead
layer thickness, a small pair spin phase may be developed in the
Cu side of the interfaces due to the inverse proximity effect. This
may effectively move Vc (d) negatively and reduce the positive
offset expected from the dead layer. This effect may be prominent for a high-transparency interface; we find such theoretical
cases of a small first-node thickness for transparent interfaces in
[24]. Still, it would be quite coincidental if such an effect almost
matched the dead layer offset.
F. 0-π Transition
The central feature of an S-F-S JJ is the transition of the
ground state phase difference between 0 and π at the node
thicknesses of the oscillatory Vc (d). Fig. 5(a) shows the Vc (d)
of Ni devices near a node thickness 3.4 nm. We obtain devices
with Ic suppressed by two orders of magnitude. Technologically,
such a characteristic can be straightforwardly applied for SV JJ
devices with nearly extinguishable Ic [10], [11]. Although a
similar function can be implemented with, e.g., a conventional
SQUID with an external magnetic flux control, SV JJs would
not be limited by the requirement of a substantial SQUID loop
size.
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harmonic component, which should result in corresponding,
double-frequency features in Im (H). However, the experimentally obtained distortion in Im (H) in most devices is more irregular and varies widely between devices. This may imply the
presence of an extrinsic cause as well. For example, even an
atomic-level thickness nonuniformity in a device may have a
substantial effect because of the extremely short length scale
(about 1 nm) of the exchange field effect in Ni, which may
result in the widely varying local CPR. Indeed, devices with
artificially introduced thickness nonuniformity have been theoretically and experimentally studied to show that such a JJ
can behave as if it has an effective CPR that is nontrivial in
[29]–[31]. On the magnetic side, slight magnetic inhomogeneity
may also induce nonuniformity in the local CPR that becomes
appreciable only near the 0-π transition by locally changing
the effective thickness or creating unintended equal-spin triplet
supercurrents [32].
IV. CONCLUSION

Fig. 5. Ni-barrier JJ properties near a 0-π transition thickness. (a) V c versus
Ni thickness. Symbols and curve are measurement data and a fit, respectively.
(b) Normalized maximum supercurrent versus magnetic field. Red symbols are
the measurement data from a near-node device with the lowest Ic R n as marked
by a red arrow in (a). Black symbols and curve are the measurement data and
fit from a control device marked by a black arrow in (a). Both devices are of the
same dimensions (1.5 μm × 3.0 μm ellipse). (c) Theoretical CPR. Solid red and
black curves are from the near-node and control devices, as in the other panels.

We have characterized the supercurrent modulation due to
the exchange field in Ni in detail. The oscillatory critical current
due to Ni primarily validates the clean-limit theory but also reveals anomalous features worthy of further investigation, such
as the deviation in the self-magnetometry, the phase shift due
to a certain nonmagnetic spacer, the near-zero thickness offset in Vc (d) from the Cu–Ni interfaces, and the distorted CPR
near a 0-π transition. Future research on these will provide a
more complete insight into magnetic JJs and their technological
implications for the future superconducting electronics [33].
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