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Electrodynamics of Highly Spin-Polarized Tunnel Josephson Junctions
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The continuous development of superconducting electronics is encouraging several studies on hybrid
Josephson junctions (JJs) based on superconductor-ferromagnet-superconductor (SFS) heterostructures,
as either spintronic devices or switchable elements in quantum and classical circuits. Recent experimental
evidence of macroscopic quantum tunneling and of an incomplete 0-π transition in tunnel-ferromagnetic
spin-filter JJs could also enhance the capabilities of SFS JJs as active elements. Here, we provide a self-
consistent electrodynamic characterization of NbN/GdN/NbN spin-filter JJs as a function of the barrier
thickness, disentangling the high-frequency dissipation effects due to the environment from the intrinsic
low-frequency dissipation processes. The fitting of the I -V characteristics at 4.2 K and at 300 mK by
using the tunnel-junction-microscopic model allows us to determine the subgap resistance Rsg, the quality
factor Q, and the junction capacitance C. These results provide the scaling behavior of the electrodynamic
parameters as a function of the barrier thickness, which represents a fundamental step for the feasibility of
tunnel-ferromagnetic JJs as active elements in quantum and classical circuits, and are of general interest
for tunnel junctions other than conventional SIS JJs.

DOI: 10.1103/PhysRevApplied.13.014017

I. INTRODUCTION

Ferromagnetic Josephson junctions (SFS JJs) have
attracted considerable attention in the emerging fields of
superconducting spintronics [1–5] and as quantum and
classical devices, since they have been proposed as energy-
efficient memories [6–9] and as passive π shifters (phase
inverters) in quantum circuits [10–12]. However, in stan-
dard metallic SFS JJs, the IcRN product is of the order of
a few microvolts or less [2,3,11], Ic and RN being, respec-
tively, the critical current and the normal state resistance.
All these JJs are overdamped and thus characterized by
high quasiparticle dissipation [11,13,14]. This has ham-
pered the use of ferromagnetic JJs as active switching
elements in different classical and quantum circuits, since
for such applications it is important to have a rather high
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IcRN product and low damping [13]. Low-dissipative fer-
romagnetic junctions use an additional insulating layer
between one of the superconducting electrodes and the
ferromagnetic barrier (SIFS JJs) [7,15–17] or a ferromag-
netic insulator barrier (SIf S JJs) [18–22] and may present
key advantages for some applications, thus increasing
the overall impact of JJs based on ferromagnetic barriers
[7,16,17,23,24].

Heterostructures incorporating ferromagnetic insulator
tunnel barriers have been theoretically proposed as quan-
tum devices such as quiet ferromagnetic flux-qubits, based
on anomalous 0-π transitions [19–21], and as classical
devices for digital electronics [18] and efficient electron
refrigeration [25]. Among the ferromagnetic insulators,
GdN has been used in superconducting spin valves [26],
switchable JJs based on the interfacial exchange field [27],
and in spin-filter NbN/GdN/NbN JJs, which represent the
first SIf S JJs. Some of their properties have been studied in
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Refs. [28–32]. The first evidence of macroscopic quantum
tunneling (MQT) in ferromagnetic JJs is an indication that
spin-filter JJs can be used as active quantum devices [31].
These JJs are characterized by a thickness-dependent spin
polarization because of the splitting in the GdN insulator
band structure induced by its magnetic exchange energy
[28]. This property, together with the nontrivial magnetic
structure of the barrier, causes an incomplete 0-π transi-
tion for the spin-filter efficiency (P) above 90%. Such an
incomplete 0-π transition could be related to the presence
of spin-triplet correlations, with implications for the 0-π
technology [32].

This work aims at providing a self-consistent deter-
mination of the electrodynamic parameters in highly
spin-polarized NbN/GdN/NbN junctions [Fig. 1 (a)]. For
conventional JJs in the underdamped regime and with large
Ic, measurements of Fiske steps have been successfully
used to derive the capacitance C, while the amplitude of

(a)

(b)

FIG. 1. (a) A sketch showing spin-filter JJs. The area of the
devices is 7 × 7 μm2 (dashed blue window). Superconducting
electrodes are NbN, while GdN is the ferromagnetic insulator
(If ) barrier. (b) The washboard potential of a Josephson junction.
The brown double arrow represents the oscillating motion at the
plasma frequency of the phase particle in the superconducting
state. In this regime, the damping is determined by the high-
frequency quality factor Q1. The dashed green line represents the
steady motion of the particle that rolls down the washboard in
the voltage state. In this regime, the damping is determined by
the low-frequency quality factor Q0.

the hysteresis in the I -V curve allows us to estimate the
quality factor Q within the resistively and capacitively
shunted junction (RCSJ) model [33–35]. However, when
the junctions fall in the moderately damped regime or are
characterized by low values of Ic (or critical current density
Jc = Ic/A, where A is the cross section), it is more compli-
cated to isolate the effective capacitance and the intrinsic
dissipation sources of the junction from contributions due
to the environment and the external circuit. Thus, more
sophisticated methods are required for the analysis of the
dissipation [33,36–39]. We use the conventional tunnel-
junction-microscopic (TJM) model to obtain a self-
consistent estimation of C, Q, and the resistance associated
with the quasiparticle dynamics Rsg, which are essential
to define the electrodynamic properties of devices with Ic
down to few nanoamperes. The merit of this approach is a
comparative analysis of tunnel-ferromagnetic JJs with bar-
rier thickness spanning from 2.5 to 4.0 nm. This allows us
to explore substantially quite different transport regimes.
If one wants to place the junction in a circuit or to cou-
ple it to a cavity [40,41], knowledge of the electrodynamic
parameters and how they scale with the barrier thickness
is fundamental. Therefore, this study provides a pathway
to the engineering of tunnel-ferromagnetic JJs for specific
applications.

II. METHODS

Dissipation in a JJ is frequency dependent and the
quality factor is given by Q(ω) = ωpR(ω)C, where ωp =
(2eIc/(�C))1/2 is the plasma frequency [33–35]. In terms
of the phase dynamics in the tilted washboard potential
[33], the phase particle in the supercurrent branch oscil-
lates in one well of the potential at the plasma frequency
ωp , while the voltage state involves steady motion of the
phase particle (ω ∼ 0) [39] [Fig. 1(b)]. High-frequency
(approximately ωp ) dissipation at the switching from the
superconducting to the resistive state [see the brown dou-
ble arrow in Fig. 1(b)] is determined by the high-frequency
damping Q1 and is mainly affected by the environment,
i.e., the circuit in which the junction is embedded [36–
39]. Low-frequency dissipation in the subgap branch of
the I -V curves (ω ∼ 0) [see the green dashed arrow in Fig.
1(b)] and the corresponding low-frequency damping Q0
are affected by the intrinsic tunnel resistance, which is set
by the subgap resistance Rsg [38,39,42–44] as

Q0 = ωpCRsg. (1)

The TJM model provides a complete microscopic descrip-
tion of a JJ, using the tunneling-Hamiltonian formalism
[33,34], and it is commonly employed for modeling super-
conducting quantum-interference devices (SQUIDs) and
rapid-single-flux-quantum (RSFQ) logic gates and circuits
[45–48]. This model can describe the subgap branch and
the low-frequency electrodynamics of any JJ that shows
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tunneling conduction, without taking into account the
exact expression for the current-phase relation (CPR),
which could be nontrivial in the case of unconventional JJs
such as the spin-filter JJs analyzed in this work [30]. There-
fore, it provides a powerful tool to investigate and deter-
mine Q0 in junctions far from the underdamped regime and
it enables us to isolate the dissipative components com-
ing from the environment. It is particularly relevant since
quasiparticle tunneling is a figure of merit in all classi-
cal and quantum circuits and has been, in general, a limit
for standard SFS JJs. Measurements down to 300 mK of
the I -V characteristics are performed by using an evapo-
ration cryostat, while measurements down to 20 mK are
performed in a wet dilution refrigerator. Customized RC,
copper-powder filters, and room-temperature electromag-
netic interference (EMI) filters guarantee high precision
and resolution in the microvolt and nanoampere ranges.
More details on the measurement setup can be found in
Refs. [31,49], while information regarding the fabrication
processes is given in Refs. [28,30,50]. We measure the
I -V curves of junctions with different GdN thickness t at
20 mK, 300 mK, and 4.2 K by current biasing the samples
with a triangular waveform at 11.123 Hz and by measuring
the voltage across the junction. We extract Ic at a voltage
value far from the noise detected in the supercurrent
branch. The normal resistance RN is calculated with a lin-
ear fit above Vg = (�1 + �2)/e = 3.50 mV, with �1 and
�2 being the gap energies of the two superconducting NbN
electrodes.

TJM simulations are calculated by using the PSCAN2
software [51], a PYTHON module optimized to simulate
SFQ logic-based superconducting circuits that typically
work at 4.2 K. One of the subroutines of this software
allows to simulate the I -V characteristic of a JJ in elec-
tronic circuits with different degrees of complexity (the
PSCAN2 subroutine calculates time-averaged voltages V
across the device as a function of a bias current I ). Ic,
the Stewart-McCumber parameter β = Q2

0, the gap voltage
Vg , the ratio IcRN /Vg , and the ratio RN /Rsg, Rsg being the
resistance of the subgap branch, are the software param-
eters that govern the shape of the I -V curves. Ic and Vg ,
measured directly from the I -V curves in our experimental
setup, are affected by errors of 1% and 2%, respectively,
while RN is obtained by fitting the ohmic region of the I -V
curves and is affected by an error of 3%. Since these values
can be obtained with high precision, they can be set as fixed
parameters, as well as the ratio IcRN /Vg . β and the ratio
RN /Rsg are the fitting parameters. The Stewart-McCumber
parameter modifies the amplitude of the hysteresis in the
I -V curve, without affecting the subgap region [Fig. 2(a)].
The ratio RN /Rsg, instead, modifies both the subgap shape
and the hysteresis amplitude [Fig. 2(b)].

In our simulations, we reproduce the current biasing of
a JJ with a current generator in series with the filtered lines
of our experimental setup (approximately 200 �). For each

FIG. 2. I -V curves in normalized units simulated by using
PSCAN2, by fixing Vg = 1.4, IcRN = 1.0: in (a), we fix RN /Rsg =
0.1 and change β; while in (b), we fix β = 10 and change
RN /Rsg.

spin-filter JJ with a certain GdN thickness t, we choose the
best-fit parameters Q0 and Rsg in such a way that the devia-
tions from the experimental curves are minimal. The errors
on Q0 and Rsg represent the range of values that provide a
significant overlap between the experimental I -V charac-
teristics and the simulated curves within the TJM model
and are of 6% and 10%, respectively.

The GdN thicknesses in the junctions analyzed in this
work range from 2.5 to 4.0 nm, while P ranges from
88% to 98%, respectively (Table II), falling in the highly
spin-polarized regime. In the special case of spin-polarized
systems, RN has to be redefined as the combination of the
two resistances associated with the presence of different
tunnel conductances for spin-up and spin-down electrons,
because of the spin-filtering effect (see the Appendix). The
subgap shape in the I -V curves is linked to the quasiparti-
cle dynamics in the junction. The quasiparticle current in a
spin-polarized system has been expressed theoretically and
analytically in the case of symmetric spin-filter JJs by tak-
ing into account the magnetic nature of the tunnel barrier
and the spin-filtering effect [52]. Simple calculations allow
us to verify that the quasiparticle current in these devices
has the same expression both in the case of conventional
tunnel JJs, i.e., for P = 0 and a magnetic exchange field
in the tunnel barrier h = 0, and in the ideal and extreme
situation of perfect spin polarization (P = 100%) (see the
Appendix). The conventional TJM model does not take
into account the magnetic exchange field of the If bar-
rier in spin-filter junctions, which can be important in the
intermediate regime between these two extreme cases.

The systematic fitting of the I -V curves at 4.2 K as a
function of the barrier thickness confirms that the shape
of the I -V curves is mostly determined by the standard
parameters of the junction (C, Rsg, Q0). Further consis-
tency is given by the I -V fitting through the frequency-
dependent RCSJ model for the junction with the highest
P, as shown in Sec. III. Below 4.2 K, NbN/GdN/NbN JJs
with P up to 98% show an incipient 0-π transition in the
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FIG. 3. In black, the RN A(t) product measured at 300 mK
(black circles) as a function of the barrier thickness along with
a fit using Eq. (2) (dashed curve). In red, the critical current den-
sity Jc(t) measured at 300 mK as a function of the GdN thickness
t (diamonds) along with an exponential fit (full line). The error
bars are of the order of 1% on measured values for Ic and of 3%
for RN .

Ic(T) curves, which can be understood in terms of spin-
triplet correlations arising because of the presence of both
the spin-filtering effect and nonuniform magnetic activity
in the If barrier [32]. Therefore, deviations between the
experimental curves and simulations at 300 mK can be due
to the magnetic nature of the barrier, which the TJM model
does not take into account. However, the estimated fitting
parameters give an upper bound to Q0 and Rsg, and a term
of comparison for possible applications of spin-filter JJs at
very low temperatures, as discussed in Sec. IV.

III. RESULTS

As one can observe in Fig. 3, the critical current den-
sity Jc(t), with cross section A = 49 μm2, and the RN A(t)
curves at 300 mK obey typical tunnel behavior, thus
confirming the insulating nature of the ballistic GdN bar-
rier [32]. RN A(t) exhibits the characteristic exponential
thickness dependence:

RN A(t) = 2tA

3
√

4meĒ
(h/e)2 e(2t/�)

√
4meĒ , (2)

where me is the free electron mass, e is the electron charge,
and Ē is the mean energy-barrier height seen by the charge

carriers [53]. In Table I, we report IcRN at 4.2 K, at
300 mK, and at 20 mK, measured from the I -V curves.
The characteristic voltage IcRN decreases by increasing
the barrier thickness, as well as the corresponding Joseph-
son frequency ωc = IcRN 2e/�. At 4.2 K, it ranges from
80 GHz for the thinnest junction to 1 GHz for the thickest
one. At lower temperatures, we measure higher values of
the IcRN product. These values are higher than those usu-
ally achieved for SFS JJs and comparable to those of some
SIFS heterostructures [1,3,7,11,15,16]. For barrier thick-
nesses lower than 2.5 nm, the characteristic voltage is as
high as a few millivolts [28,31,32].

In Fig. 4, we present the I -V curves measured at 4.2 K
(black points) and the TJM simulations (red straight lines)
obtained by using PSCAN2. We collect in Table II the fitting
parameters Rsg and Q0. The thicker the barrier is, the higher
is the subgap resistance [42–44]. The low-frequency qual-
ity factor Q0 decreases with the thickness. This is due to
both the decrease of Ic and of C of the barrier with the
thickness [33].

The decrease in the Q0 factor for increasing t indicates a
smooth transition from an underdamped regime (Q0 ∼ 10)
to a moderately damped regime with phase diffusion (PD)
(Q0 ∼ 1) [39,54,55]. The presence of the PD regime is
confirmed by the finite slope in the supercurrent branch
for the junction with a 4.0-nm-thick barrier [39], which
the PSCAN2 simulations cannot reproduce, since they do
not take PD processes into account. Monte Carlo simu-
lations can reproduce the finite slope in the supercurrent
branch, taking into account multiple escape and retrapping
processes in the phase dynamics, which are particularly
relevant for low values of the Q1 factor and the Josephson
energy EJ = �Ic/2e comparable with the thermal energy
kBT, as in the case of the spin-filter junction with a 4.0-nm-
thick barrier [39]. In Fig. 4(d), a Monte Carlo fit according
to the frequency-dependent RCSJ model is shown (blue
square points), with high-frequency Q1 = 0.13 and low-
frequency Q0 = 2.8. This is consistent with the outcomes
based on the TJM model.

The environment plays an important role in determin-
ing the value of Q1. The ratio between the low- and
high-frequency quality factors Q1/Q0 equals the ratio
between the resistance of the environment Renv and the
subgap resistance, Renv/Rsg, since Q0 is written in terms

TABLE I. The parameters of the measured spin-filter junctions: the thickness t, the spin-filtering
efficiency (P), and the characteristic voltage IcRN at 4.2 K, 300 mK, and 20 mK. The errors on the
characteristic voltage are given by a propagation of maximum errors on Ic (1%) and RN (3%).

t (nm) P (%) IcRN at 4.2 K (μV) IcRN at 300 mK (μV) IcRN at 20 mK (μV)

2.5 88 156 ± 3 179 ± 4 . . .

3.0 93 24.2 ± 0.5 38.3 ± 0.8 44.0 ± 0.9
3.5 96 9.9 ± 0.2 19.0 ± 0.4 . . .

4.0 98 2.8 ± 0.1 5.1 ± 0.2 6.1 ± 0.2
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(a) (b)

(c) (d)

FIG. 4. The measured I -V curves at 4.2 K (black points) and
TJM model simulation by using the PSCAN2 software (red curve)
for high spin-filter JJs with thicknesses t of (a) 2.5, (b) 3.0, (c)
3.5, and (d) 4.0 nm. The quality factor Q0 and subgap resis-
tance Rsg estimated from the simulations are collected in Table II.
The blue squares in (d) represent the frequency-dependent RCSJ
model fit curve, obtained for Q0 = 2.8 and Q1 = 0.13.

of the quasiparticle dissipation [Eq. (1)], while Q1 can be
expressed in terms of the environment resistance Renv [37–
39]. For the junction with a GdN barrier thickness of 4.0
nm, Renv is approximately 150 �, which is of the same
order of magnitude of the resistance of the lines in our
experimental setup.

Our analysis allows us to estimate the capacitance C
of the barrier and its dependence on the barrier thickness,
using Eq. (1) (see Table II). The value of C for the thinnest
GdN barrier is consistent with a previous estimation based
on measurements of switching current distribution (SCD)
[31]. In Fig. 5, we plot the junction capacitance C as a func-
tion of the GdN barrier thickness t (black circle points)
and the fitting function for the capacitance in a parallel-
plate capacitor C = ε0εrA/t (black dashed line), where
ε0 = 8.85 pF/m is the vacuum dielectric permittivity and
εr is the GdN relative permittivity, which acts as a fit-
ting parameter. The estimated εr = (20 ± 8) is consistent

FIG. 5. In black: the capacitance values of spin-filter JJs as
a function of the GdN barrier thickness t (black circles), along
with parallel-plate capacitance C(t) fit (dashed curve). In red:
the specific capacitance Cs of the analyzed junctions as a func-
tion of RN A (red diamonds) along with a tunnel-barrier model
fit [straight line; see Eq. (3)]. The error bars on C and Cs are
calculated using the propagation of the errors on Rsg, Q0, and Ic.

with the GdN permittivity εr = 26.5 obtained with spec-
troscopic measurements on isolated GdN thin films [56],
providing an additional validation of the fitting procedure.
The RN A product as a function of the specific capacitance
Cs = C/A (red diamonds in Fig. 5), follows the expected
behavior for tunnel JJs [57]. The red line in Fig. 5 is the
function

RN A(Cs) = 2Aε0εr

3Cs

√
4meĒ

(h/e)2 e(2ε0εr/�Cs)
√

4meĒ , (3)

which is obtained by replacing t in Eq. (2) with its depen-
dence on the specific capacitance Cs, t = ε0εr/Cs.

In Fig. 6(a), we show the I -V characteristic measured at
300 mK (black points) and TJM simulations (red straight
lines) for the junction with a 4.0-nm-thick barrier, which
corresponds to the highest spin-filtering efficiency ana-
lyzed in this work. Q0 and Rsg for all the devices are
collected in Table II. The best-fit curve at 300 mK is

TABLE II. The parameters of the measured spin-filter junctions: the thickness t, the subgap resistance Rsg,
the quality factor Q0, and the capacitance C, calculated using Eq. (1). Rsg and Q0 are determined by fitting
the I -V curves according to the TJM model. The errors on the subgap resistance and the quality factor are of
the order of 10% and 6%, respectively, while the error on the capacitance (20%) is obtained by propagation
of the errors on Q0 and Rsg, and are of the same order of magnitude as those in Ref. [37].

t (nm) Rsg at 4.2 K (�) Rsg at 300 mK (�) Q0 at 4.2 K Q0 at 300 mK C (pF)

2.5 59 93 16 48 1.6
3.0 82 350 7.3 35 1.1
3.5 440 1700 6.6 32 0.26
4.0 3000 13 000 2.6 26 0.018
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(a) (b)

FIG. 6. (a) The measured I -V characteristic at 300 mK (black
points) and the TJM model simulation by using the PSCAN2 soft-
ware (red straight line) for the spin-filter JJ with t = 4.0 nm. The
quality factor Q0 and subgap resistance Rsg estimated from the
simulations are collected in Table II. (b) The incipient 0-π transi-
tion in the Ic(T) for the spin-filter JJ with t = 4.0 nm, as reported
in Ref. [32].

characterized by a smaller Rsg compared to the experimen-
tal one. We can attribute this deviation to the unconven-
tional magnetic activity discussed in Ref. [32], which is at
a maximum in the case of most spin-polarized JJs, where
the magnetic nature of the barriers manifests in a steep
increase of Ic(T) below 2 K [Fig. 6(b)] [32]. The conven-
tional TJM model does not take the magnetic activity in
the If barrier into account, nor the spin-dependent tunnel-
ing mechanism and the unconventional thermal behavior
of Ic, thus giving a systematic underestimation of Rsg,
as shown in Fig. 6(a). However, despite the presence
of these deviations, Rsg estimated for all the junctions
increases when decreasing the temperature T due to the
tunnel nature of the conduction mechanisms in the system
[43] and Q0 increases because of the increase of Rsg, as
expected.

In Fig. 7, we finally present a comparison between the
normalized I -V curves measured at 4.2 K and 300 mK and
the I -V characteristics at 20 mK for two of the junctions
with the highest P: (a) t = 3.0 nm and P = 93% and (b)
t = 4.0 nm and P = 98%. The current is normalized to Ic,
while the voltage is normalized to the switching value Vs
to compare the subgap branches of the I -V curves. The Ic
values at 20 mK are 4.75 μA for (a) and 29 nA for (b). The
critical current at 300 mK is 4.64 μA for (a) and 26.7 nA
for (b). The amplitude of the hysteresis in the I -V curves
increases when going toward lower temperatures, pointing
to an increase of Q0 and also as a consequence of Rsg.

IV. DISCUSSION AND CONCLUDING REMARKS

The use of the TJM model on parent compounds allows
us to achieve a consistent and robust picture of tunnel-
ferromagnetic JJs with a quantitative insight on key elec-
trodynamic parameters, such as Q0, Rsg, and C.

The estimated Q0 values at 4.2 K are up to 2 orders
of magnitude higher compared to those of standard SFS
heterostructures that typically operate in the overdamped

(a) (b)

FIG. 7. Normalized I -V curves at 20 mK (black points),
300 mK (red squares), and 4.2 K (blue diamonds) for spin-filter
JJs with thicknesses t of (a) 3.0 nm and (b) 4.0 nm. The cur-
rent is normalized to the critical current Ic, while the voltage is
normalized to the switching value Vs.

regime, such as SNS JJs, with β ranging from 10−3 to 10−1

[33,34,58]. The Q0 values are of the same order of mag-
nitude as those of conventional SIS junctions commonly
used to drive components in quantum and classical cir-
cuits and for their readout [59,60]. Moreover, the Q0 values
increase up to one order of magnitude for the 4.0-nm-thick
barrier, when lowering T to 300 mK. This sets a lower limit
that can only increase at lower temperatures (see Fig. 7),
and suggests possible implementation of spin-filter JJs in
low-dissipative π -qubits. π -superconducting rf SQUIDS
with ferromagnetic-insulating barriers have only been the-
oretically suggested as quiet qubits, efficiently decoupled
from the fluctuations of an external magnetic field [20,21].
A spin-filter JJ with t = 3.0 nm and an A ∼ 50 μm2 has
an estimated charging energy Ec = e2/(2C) ∼ 900μK and
a Josephson energy at 20 mK EJ ∼ 100 K, which means
that EJ /Ec ∼ 105, suitable for a flux qubit [40,41].

In the frame of the 0-π technology, the spin-filter JJs
analyzed in this work can also be implemented as comple-
mentary π junctions for the phase bias of a conventional
flux qubit (passive elements) in which the high values
of the subgap resistance Rsg could increase the dephas-
ing time of the overall circuit [13]. The dephasing time is
proportional to E2

J Rsg of the π junction [13]. The subgap
resistance in this work ranges from tens of ohms to some
kilo-ohms at 4.2 K, but when T decreases, Rsg increases
from a factor of 2 to 5. The dephasing time of a circuit
with a spin-filter JJ with a t = 3.0 nm–thick barrier can be
comparable with that of circuits with SIFS π junctions [15]
and can increase by at least a factor of 100 compared to cir-
cuits with standard metallic π shifters [12,60]. In standard
metallic SFS JJs, typical resistances are at most approxi-
mately 1 �, while Rsg for the junction with a 3.0-nm-thick
barrier at dilution temperature is at least 350 �.

The subgap resistance is crucial for the engineering
of transmon qubits. As suggested in Ref. [61], in these
circuits quasiparticle tunneling can affect the relaxation
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and coherence times [61]. The values obtained in this
work can be promising even for potential application of
tunnel-ferromagnetic JJs in transmon qubits. The order of
magnitude of the ratio EJ /Ec for the investigated junc-
tions scales with the thickness from 106 to 10. Adapting
the area of the devices to conventional dimensions in
transmon qubits (A ∼ 1 μm2), lower values of EJ /Ec can
be achieved, falling in the typical range of the transmon
qubit [40,41,62]. As an example, by reducing the cross
section to A ∼ 1 μm2, EJ of the spin-filter JJ with t =
3.5 nm becomes approximately 280 mK, while Ec becomes
approximately 180 mK, so that EJ /Ec ∼ 2. Moreover, in
reducing the junction area by a factor of approximately 50,
Rsg should increase up to values of the order of 50–100 k�,
thus further reducing quasiparticle noise. The same argu-
ments are valid for the junction with a t = 4.0 nm GdN
barrier, which is characterized by a subgap resistance that
is approximately 10 times higher.

In conclusion, this work represents the first electrody-
namic characterization of spin-filter JJs and a fundamental
step to use these devices as active elements in super-
conducting circuits. Our comparative and self-consistent
approach allows us to obtain the scaling law as a func-
tion of the barrier thickness of fundamental electrodynamic
parameters, such as Cs(t), Rsg(t), and Q0(t), providing the
possibility of engineering spin-filter JJs as a function of
the junction area in order to meet specific circuit require-
ments. Even if the ferromagnetic JJs analyzed in this work
are not ideal SIS JJs, we succeed in the determination of
these fundamental electrodynamic parameters at 4.2 K by
using a conventional TJM model and we provide a lower
bound for Rsg and Q0 at 300 mK. The underestimation of
Rsg(t) observed at 300 mK is due to the absence of the spin-
filtering effect and of the magnetic activity of the barrier in
the TJM model. Further studies are needed to implement
a microscopic modelization of the peculiar properties of
the If barrier, such as spin-selective tunneling mechanisms
and triplet correlations.

The same approach can be successfully extended to dif-
ferent types of tunnel junctions other than conventional
SIS JJs—for instance, multilayered SIFS JJs—and can
provide the possibility of engineering special circuits other
than conventional flux and transmon qubits, in which
ferromagnetic tunnel junctions can be tuned by exter-
nal microwaves and are capacitively coupled to standard
superconducting circuits [23,24].
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APPENDIX: THE SPIN-FILTERING EFFECT

Josephson junctions with GdN barriers show a spin-
filtering effect due to the simultaneous presence of tunnel
conduction mechanisms and a magnetic exchange field h
in the ferromagnetic phase of the barrier. When the GdN
becomes ferromagnetic (TCurie ∼ 40 K), the presence of
exchange interactions leads to a spin selectivity of the tun-
neling processes: spin up (down) will see different barrier
heights E↑(↓) = E0 ∓ h/2, where E0 is the energy-barrier
height in the paramagnetic phase of the GdN. Carriers that
experience a higher barrier will be filtered out, thus giving
a net spin-polarized current [28].

An experimental measure of the spin-filtering efficiency
is obtained from the R(T) curves, since it can be defined as

P =
∣∣∣∣
σ↑ − σ↓
σ↑ + σ↓

∣∣∣∣ , (A1)

where σ↑(↓) is the tunnel conductance through the bar-
riers seen by spin up (down) carriers. In the limit of
small magnetic exchange fields, the spin-filtering effi-
ciency reduces to

P ∼ tanh
[

coth−1
(

R∗

R

)]
, (A2)

where R and R∗ correspond to the measured resistance and
the resistance in the absence of a magnetic exchange field,
respectively [28].

In Fig. 8, we show the R(T) curve (black points) for
the spin-filter JJ with a GdN barrier thickness of 4.0 nm.
The red straight line is the semiconducting fit performed
in the paramagnetic phase of the barrier. This curve allows
us to obtain the resistance in the absence of the magnetic

FIG. 8. Measured R(T) curves (black points) and the semicon-
ducting model fit (red straight line) above the Curie temperature
TCurie of the device (dashed black line) for the junction with
t = 4.0 nm. The dash-dotted blue line indicates the temperature
15 K at which we calculate the P.
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exchange field R∗. Below TCurie (dashed black line), we
can observe a decrease in the resistance because one spin
channel is favored in the conduction.

The spin-selective tunneling processes also affect
the normal resistance RN , which is defined as RN =
1/(4π(eN (0))2(σ↑ + σ↓)), where N (0) is the density of
state at the Fermi level [52].

The magnetic exchange field h in the barrier induces a
magnetization in the superconducting electrodes of spin-
filter JJs [52]. The angles between the magnetization in
the electrodes and the magnetic exchange field will be
denoted as α and β [52]. Tunneling of spin-polarized car-
riers appears only if the angles α and β between h and
the magnetization in the left and right superconducting
electrodes, respectively, are different from 0 and π [Fig.
9] [52]. The quasiparticle current in nonmagnetic devices
(P = 0, h = 0) and in magnetic JJs with total spin polariza-
tion (P = 1, h < �, where � is the superconducting gap
of the electrodes) and maximum noncollinearity between
h and the magnetization in the superconducting electrodes
(α = β = π/2) has the same analytical expression and the
I -V curves are comparable [Fig. 9]. We verify this state-
ment using the expression for the quasiparticle current in
spin-filter JJs proposed in Ref. [52]. This result justifies
the use of a conventional TJM model, in which there is
no explicit introduction of a magnetic exchange field in
the barrier, when fitting the I -V curves in the ideal case of
perfect spin polarization.

FIG. 9. A comparison between the normalized subgap branch
Jqp = IqpRN /V for a nonmagnetic tunnel JJ (red straight line) and
a perfect spin-filter tunnel JJ (black points). The expression for
the quasiparticle current used for the simulations can be found in
Ref. [52]. The parameters used to reproduce the curves are P =
0, h = 0, � = 1, η = 0.01� (damping factor), and T = 4.2 K
for the nonmagnetic junction and P = 1, h = 0.4�, � = 1, and
η = 0.01� for the spin-filter JJ. The angles α and β between h
and the magnetization induced in the superconducting electrodes
are α = β = π/2.
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