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Magnetic Josephson junctions (MJJs) have emerged as a prominent playground to explore the
interplay between superconductivity and ferromagnetism. A series of fascinating experiments have
revealed striking phenomena at the superconductor/ferromagnet (S/F) interface, pointing to tunable
phase transitions and to the generation of unconventional spin-triplet correlations. Here, we show that
the Josephson effect, being sensitive to phase space variation on the nanoscale, allows a direct
observation of the spin polarization of the S/F interface. By measuring the temperature dependence of
the Josephson magnetic field patterns of tunnel MJJs with strong and thin F-layer, we demonstrate an
induced nanoscale spin order in S along the superconducting coherence length at S/F interface, i.e.,
the inverse proximity effect, with the first evidence of full spin screening at very low temperatures, as
expected by the theory. A comprehensive phase diagram for spin nanoscale ordering regimes at S/F
interfaces in MJJs has been derived in terms of the magnetic moment induced in the S-layer. Our
findings contribute to drive the design and the tailoring of S/F interfaces also in view of potential

applications in quantum computing.

Superconductors (S) and ferromagnets (F) heterostructures are a unique
platform where antagonistic correlations, namely the exchange inter-
action and the superconducting phase coherence, combine'™. The two
competing orders not only generate unconventional types of Cooper
pairs or ordered phases, but also offer novel paradigms to realize tunable
Josephson junctions (JJs). As matter of fact, hybrid JJs integrating
superconductors and exotic barriers go beyond combining the physics of
their components™, but their capabilities of transferring and merging
different orders led to novel physics and functionalities in JJs, including
their more recent and advanced development, the superconducting
qubit’". The ferro-transmon'®"” and ferro-gatemon'*'* are in this
respect two emerging promising examples, which exploit the uncon-
ventional phenomena occurring at S/F interface in magnetic JJs (M]Js) in
view of innovative quantum bits.

A striking example of a more extended order is the inverse proximity
effect (IPE), i.e., the transfer of a ferromagnetic order into a superconductor
from the S/F interface™'*, which adds to the standard proximity effect, i.e.,
the influence of S in F'™*. More precisely, the electrons of the Cooper pairs
with the spin aligned along the exchange field can easily penetrate the F-
layer, while the electrons with the opposite spin tend to stay in $*"**. As a
result, the surface of the S-layer down to a depth of the order of the Cooper
pair size, ie., the superconducting coherence length &, acquires a net
magnetization Mgc with opposite direction to the F-magnetization Mg,
which can even compensate its magnetic moment™***>* (Fig. 1a). This effect
is not universal”: inhomogeneous ferromagnetic textures can invert the sign
of the proximity-induced magnetization in the superconductor’, while in
the ballistic limit, the induced magnetization changes sign in space so that
the anti-screening effect may take place”>”. The system studied in our
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Fig. 1 | Inverse proximity effect (IPE) in magnetic
Josephson junctions (M]]s). Sketch of the spin
polarization at the superconductor (S)/ ferromagnet
(F) interface in M]JJs in the diffusive limit with a
homogeneous ferromagnet. a The electrons of the
Cooper pairs at the S/F interface with the spin
aligned along the exchange field penetrate into the F-
layer, while the electrons with the opposite spin tend
to stay in S. As a result, the surface of the S layer
down a depth of the superconducting coherence
length & acquires a net magnetization Mgc with
opposite direction to the F-magnetization Mg. b In
M]Js with large thickness of a weak ferromagnet and
low transparency of the S/F interface, the leakage of
the ferromagnetic order into the superconductor is
prevented or weakly induced. The profile of the
magnetization is depicted as a function of the dis-
tance from the S/F interface (blue line).

work corresponds to a diffusive case with a homogeneous ferromagnet and
should fully fall in the regime where the screening effect is expected. So far,
several attempts to observe the IPE have been sought in many different S/F
proximity-coupled systems, but its observation has been quite elusive since
there are very few techniques able to probe the magnetic fields at
nanoscale’””. Indirect evidence of the induced magnetization Msc has
emerged from the measurements of S/F thin films across the super-
conducting critical temperature T.”*”. Nevertheless, discriminating the spin
polarization phenomena from the Meissner expulsion in response to the
vector potential at S/F interface has been proved controversial’', while the
saturation of the induced magnetization at low temperatures, as expected for
high-transparent S/F interfaces, has never been reported”, thus the com-
parison with theoretical models is still under debate.

Over the last decades, advances in the fabrication and design of MJJs
with a rich variety of materials, geometries and layouts have established a
powerful platform to reveal new physical phenomena at the S/F interface.
For instance, direct evidence of 0-7 phase transition has been provided in
SES JJs with large thickness of weak ferromagnets™ ™, while spin-triplet
pairing has been generated by introducing some magnetic non-collinearity,
resulting in anomalously long scaling lengths*~. However, such MJJs are
not suitable for detecting the spin polarization of the S/F interface: in SFS JJs
with large thickness of the F-layer, usually characterized by relatively low
exchange field, or in MJJs containing complex ferromagnetic/normal metal
multilayer the nanoscale spin ordering is only weakly induced (Fig. 1b).

In this work, by exploiting SISFS tunnel junctions with strong and thin
F-barriers, we define the conditions to unambiguously distinguish different
spin screening regimes and tune the alignment of spins at the S/F interface as
a function of the temperature. The nanoscale spin arrangement manifests
itself directly in the magnetic dependence of the Josephson critical current
I.(H). The hallmarks of the strong polarization limit are: (i) the lack of
hysteresis of the magnetic field patterns and (ii) the broadening of their
central peak™. By measuring the I.(H) curves as a function of the tem-
perature T'down to T = 10 mK, we have used the temperature as an external
knob to control this effect and to clearly identify the spin polarization of the
Cooper pairs™. The temperature behavior of the magnetic field patterns is
consistent with the theoretical predictions, thus confirming the crucial role
of the superconducting gap A, the magnetic exchange energy J and the
transparency of the S/F interface'*”.

Results

Transport properties of SIsFS JJs

Our SISFS JJs are based on a standard niobium (Nb) trilayer technology
and exploit a NiggFey alloy (permalloy: Py) as F-barrier”. The sketch of
the SISFS JJs [Nb (200 nm)/Al-AlO, (7 nm)/Nb (30 nm)/Py (3 nm)/Nb
(400 nm)] and the reference system axis are reported in Fig. 2a. Details
on the fabrication process can be found in the “Methods”. Figure 2b

shows the current-voltage (I-V) characteristics measured at T'= 10 mK
for circular SISFS JJs with radius R=2um (black curve) and with
R=15pum (red curve), respectively. The I-V characteristic of non-
magnetic SIsS JJ with R=2.5 ym is reported as a term of comparison
(blue curve). Properties of SISFS JJs can be discussed in the framework of
the theoretical model proposed in refs. 56,57. Basically, different
transport regimes can be distinguished by comparing the thickness of
the intermediate superconducting layer d with the critical thickness di.,
i.e., the minimal thickness of the s layer in a sF bilayer above which
superconductivity still exists at a certain temperature. If d; is sufficiently
larger than dj, the pair potential A in the s layer is close to that of the bulk
material and the SISFS structure can be considered as a series of a tunnel
SIs J] and a ferromagnetic sFS JJ***. For small F-thickness d, because of
the metallic nature of standard F barrier and resulting higher barrier
transparency, the critical current of the SIs side is expected to be much
smaller than the one of sFS side. For instance, at helium-liquid tem-
perature, SIS JJs based on Nb trilayer technology have critical current
density values ranging from tens A cm™” (ref. 58) to thousands A cm ™
(ref. 59), some orders of magnitude less than the value commonly
measured for SES*"*, Therefore, since I;. < I, where I, and I, are the
critical current of the SIs and sFS side, respectively, the I-V curve of the
overall SIsFS device is determined by its SIs part and the critical current-
normal resistance product IRy can reach its maximum value corre-
sponding to a standard SIS JJ°**. This is precisely the regime in which
our SISES JJs fall. Since the s interlayer in our JJs (d; = 30 nm) is suffi-
ciently thicker than the superconducting coherence length & (~10 nm),
the SIs JJ with the smaller critical current sets the behavior of the overall
structure resulting in j. value of the order of 50 Acm™ and in I.Ry
values of 1 mV at T = 10 mK, as the standard tunnel SIsS junction55°. The
latter values are reduced by only 20% with respect to the reference SIsS JJ
in the whole temperature range analyzed in this work, from 10 mK up to
6 K. Details on the method by which the coherence lengths have been
determined can be found in the Supplementary Note 1, while the I-V
characteristics as a function of the temperature are reported in Sup-
plementary Fig. 1. The high-quality tunnel behavior of the SISES JJs is
evident also from the shape of the subgap branch, which does not show
any evident deviation from the reference SIsS JJ (Fig. 2b). We have thus
fitted the I-V characteristics with the tunnel junction microscopic (TJM)
model® (see Supplementary Fig. 2), which is a well-established techni-
que to analyze the electrodynamics of SIS tunnel junctions™. In con-
clusion, the experimental evidence indicates that the superconductivity
in the s-interlayer is not suppressed and thus the SISFS JJs behave as a
serial connection of an SIs and an sFS JJ with the transport properties
dominated by the SIs part. For a detailed account of the electrodynamics
parameters of these junctions at T'= 10 mK, we refer to Supplementary
Table 1.
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Fig. 2 | Superconductor/insulator/thin superconductor/ferromagnet/super-
conductor Josephson junctions (SISFS JJs) and comparison with the non-
magnetic junctions. a Sketch of the SISFS JJs and reference system. b Current-
voltage (I-V) characteristics for a circular SISFS JJ with radius R = 2 um (black
curve) and with R= 1.5 um (red curve), and for a SIsS JJ with R=2.5 um (blue
curve). c Normalized I. as a function of the magnetic field H for a circular SIsS JJ with
R=1.5 pm. The solid blue line indicates the Airy pattern fit. d Reconstructed
I(H) curves in a SIsFS JJ with R = 1.5 um in absence of spin polarization by
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considering an Airy pattern, the flux expression in Eq. (1) and the measured hys-
teresis loop for a Py micrometer dot reported in Supplementary Fig. 3a. e Measured
I.(H) curves of a circular SISFS JJ with R = 1.5 um. All experimental data are col-
lected at T = 10 mK. In our experimental setup, the current and voltage are affected
by errors of 1% and 2%, respectively®’. In both (d) and (e), the black and red curves
are the magnetic patterns in the downward and upward direction of the magnetic
field, respectively. The arrows indicate the sweeping field directions.

10 15

Fig. 3 | Temperature dependence of the magnetic field pattern for the SIsFS
Josephson junction with radius R = 1.5 um. We measured the I.(H) curves by
sweeping the field in the range (—15, 15) mT at different temperatures T:a T =
001K, 1K,2K,3Kand4K,b T=42K,cT=5K,and d T=6K. In panel a, for

1.0 (d); T=6.0K
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T < 4K, the measurements do not show any deviation within this temperature range.
The error bar on each measured I point is of the order of 1% (ref. 80). The black and
red curves are the magnetic patterns in the downward and upward direction of the
magnetic field, respectively. The arrows indicate the sweeping field direction.

Magnetic field patterns
In Fig. 2¢, the magnetic field pattern at T'= 10 mK of non-magnetic SIsS JJ
with R=1.5um is reported. The magnetic pattern is consistent with the

% (32)

P
@

expected Airy pattern®: I_/I |, where j is a Bessel function

¢, max

of the first kind and @, = £ is the magnetic quantum flux. The magnetic
flux through the junctionis @ = poH2R (d; + d, + 2A1), where d; and d; are
the thicknesses of the I and s layers, respectively, and Ay, is the London
penetration depth. The fitted values R = 1.52 + 0.02 pm and A, = 120 + 20
nm are in agreement with nominal junction dimensions and expected A; for
Nb**. If the s-interlayer is too thin to screen the magnetic fields by Meissner
effect (d; < Ap), the in-plane magnetization magnetization of the F-layer Mg

contributes to the total magnetic flux through the junction®®:

D= .uOHZRdm + HOMFZRdFv (1)

where the thickness of the material penetrated by the applied field is
dm =2ML + dg + dg + dy, with dg the thickness of the intermediate F-layer®.
As aresult, even if the SISFS JJs act as a serial connection between a SIs and a

sES JJ at very low temperatures, circular SISES JJs with d; < Ay, behave as a
single junction with respect to an external field H and present an Airy-like
pattern shifted from zero field in agreement with the magnetic hysteresis of
the F-layer®”. In particular, the maximum of the I. (H) curves corresponds to
a zero total magnetic flux across the MJJ. If the coercive field is large enough
and the F-magnetization My follows a Stoner-Wohlfarth single-domain
behavior®, we expect a standard Airy pattern with a shift in field
by: £ uoHsnitt = F poMrdg/dy,, Where pioMg corresponds to the saturation
magnetization. If we consider poMg =1 T for the Py layer’>” and junction
dimensions of the JJ in Fig. 2¢, we should expect a shift in field in the upward
direction at yoHgiee ~ 11 mT. However, this situation represents an upper
limit for the shift of a magnetic field pattern in an MJJ: the rotation of the
magnetization in the domains or the domain wall motions can result into
narrow central peaks and displacements of the magnetic field patterns*”’. If
we reconstruct the Airy pattern by taking into account the flux expression in
Eq. (1) and the hysteresis loop for a micrometer Py dot in Supplementary
Fig. 3a, we expect a shift at yoHg,ir ~ 5 mT and an almost unchanged width
(Supplementary Fig. 3b), as confirmed by the transport measurements
reported in Fig. 3d. In contrast, in the experimental patterns of the SISFS Js
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Fig. 4 | Theoretical dependence of the induced magnetic moment in the super-
conducting layer and comparison with the experimental data. aTheoretical
dependence of y, i.e., the magnetic moment of the S-layers normalized to the F-layer
in absolute value, on the characteristic energy &, r = ADg/(Ry0rdg), where Dy is the
diffusion coefficient of the F-layer, Ry, is the S/F interface resistance per unit area, and
or is the F-conductivity. The calculations have been obtained at the normalized
temperature T/A = 0.01 for J/A = 10, 5, 2 (black, red, blue curve, respectively), where
J is the exchange energy of the F-layer and A is the superconducting gap.

b Theoretical dependence of y on the reduced temperature T/A for J/A = 10, and for
different value of &, z/A(0) = 10, 15, 20 (black, red, blue curve, respectively).

¢ Experimental temperature dependence of y for the set of measurements in Fig. 3:
the black and red points have been derived for the downward and upward magnetic
field curves, respectively. The error bars on y are calculated by propagating the errors
on the magnetic thickness d,, and on the magnetic field corresponding to the
maximum of I.. In all the panels, the pink regions indicate the regime of strong
polarization, while the light yellow ones indicates that the IPE is weakly induced. The
background colors in (a) and (b) have been chosen with respect to the black and blue

curves, respectively.

at T=10 mK we observe two main anomalies: the widening of the central
peak of about a factor 2.5 and the lack of hysteresis (Fig. 2e). In Fig. 3, we
show the magnetic field patterns for a SISFS JJ with R = 1.5 ym measured as a
function of the temperature. Zero-shifted I.(H) curves are observed below
T=4K, while above T=4K the ordinary hysteresis is recovered, as in
Fig. 2d. As the temperature increases, the shift in field increases. In this
narrow range of temperature so far below the Curie temperature of Py and
for the size of our nanomagnet, changes of the magnetization curve of the
F-layer are negligible (see Supplementary Fig. 4 and the Supplementary
Note 2). Moreover, the absence of hysteresis of the I.(H) curves in Fig. 3a
cannot be related to a vortex state of the F layer at zero field since we observe
a net remanence in our Py micrometer dots (compare Supplementary
Fig. 4b with Fig. 13ain ref. 68). In addition, at T' = 6 K the width of the central
peak is halved, while a reduction of only 20% is expected if we consider the
temperature dependence of A;(T). These experimental observations have
been consistently measured in different junctions on different samples with
the same geometry reported in Fig. 2e. This unconventional phenomen-
ology of the magnetic field patterns can be discussed in the frame of the IPE.

Discussion

The effect of the spin polarization of the Cooper pairs on the Fraunhofer
pattern in SFS JJs has been discussed in ref. 54 by using a microscopic model
in the dirty limit. The dimensionless magnetic momenty = | %‘:l, ie., the
ratio between the overall magnetic moment induced in the adjacent
superconductors .# g~ = My-2&, and the magnetic moment of the F-layer
My = Mpdy, is the key parameter to quantify the spin screening at the S/F
interface. y can be expressed in terms of the exchange energy J, the super-
conducting gap A and the transparency of the S/F interface through the

parameter: &, r = ADg/(R,0rdE), where Dk is the diffusion coefficient of the
F-layer, Ry, is the S/F interface resistance per unit area, and o is the
F-conductivity. As addressed in Supplementary Note 3, we have evaluated
the dependence of y on ¢, /A at T/A=0.01 for J/A =10, 5, 2 (black, red,
blue curve, respectively, in Fig. 4a). The kink at ] = ¢,  marks the crossover
between a weak magnetic order regime, occurring at very low temperatures
at &,z < J, 1., for large thickness of the F layer or for poor S/F interface, and
an almost full spin screening regime in the limit &, g > J. As g, p increases, the
latter limit is observed for a larger temperature range (Fig. 4b). In Fig. 4b, we
report the temperature dependence of y for J/A = 10, which is suggested by
the parameters of the Nb/Py system under investigation”, and for &,/
A =10, 15, 20 (black, red, blue curve, respectively), while further detail on
the dependence of y on J/A can be found in the Supplementary Fig. 5.

Under the conditions mentioned above, the I.(H) curves show clear
signatures of spin screening effects. Indeed, in a standard SFS JJ, Eq. (1) turns
into™:

® =y H2Rd,, + uyM2Rdp(1 — p), 2)

where d,,, = 2A; + dk, in this case. If d is much less than &, the flux due to the
S-magnetization can be comparable to the one due to the F-magnetization
(y = 1), resulting in a zero-net shift of the magnetic field pattern™. Eq. (2) can
be extended to a stacked multilayer structure. The relation between an
applied magnetic field H and the in-plane gradient of the phase difference
across the SIs junction V ¢ and across the sFS JJ V y allows to evaluate the
actual magnetic @ through the junction layout. The problem is simplified if
we consider that our SISFS JJs behave as a serial connection of a SIs and a sFS
JJ. The phase difference ¢ is thus coupled to y via the relation: I,_sin ¢ =
I, sin y, where again I;. and I, are the critical current of the SIs and sFS
side, respectively. The fact that the transport properties are dominated by the
SIs side indicates that I; . is much smaller than I and thus the phase drop yis
negligible (siny=1I,./I, sinp <1). As shown in the Supplementary
Notes 4, the following equation for ¢ is derived:

2

) (2uoHA + M o), 3)
0

op =

where . 4 is the effective magnetic moment considering the geometry of
our device:

’ﬂeff = ‘uOMFdF (1 - Y) 6_957 (4)
where 8 = di/A; ~ 0.3, in our junction. Hence, in analogy with Eq. (2):
@ = 2uy,H2R\ + pyMy2Rdp[1 — yle™%. 5)

Equation (5) implies that for a series connection of a tunnel SIs and a
ferromagnetic sFS junction with d; <Ay the shifts of the magnetic field
patterns are related to y and we can thus derive its temperature dependence,
reported in Fig. 4c. It turns out that the lack of magnetic hysteresis is related,
within the experimental errors, to an almost full spin screening regime,
while by increasing the temperature y is reduced and the magnetic patterns
show a progressive hysteretic behavior. More importantly, this junction
layout allows to disentangle spin polarization phenomena from uncon-
trolled anomalies in magnetic field patterns of MJJs, such as those due to
domain structure of the F-layer, thus providing an unambiguous evidence of
the spin polarization of the Cooper pairs at the S/F interface.

For Nb/Py proximity-coupled system, for which J/A ~ 10 (ref. 61), the
full spin screening is expected to occur at low temperatures if &, z/A is larger
than 10 (Fig. 4b), which is consistent with our experiment and with the
measured values of Ry, entering the estimation of &, = ZDg/(R,0rdg). For
our F-films, Ry, is of the order of magnitude of fQ m” as for MJJs with Nb/Py
interface®. In the case of SISFS JJs, . 4 is not directly coupled to the phase
difference ¢ across the SIs. Nevertheless, the broadening of the central peak,
with a factor of about 2.5 at low temperatures, is evident and represents the
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Fig. 5 | Phase diagram for the dimensionless magnetization y. Phase diagram for
the dimensionless magnetization y, which depends on the ratio &,/ and T/T,. At
low temperatures, a strong polarization of the S/F interface is expected for &, z/J = 1
(pink background). In contrast, in the typical experimental conditions reported in
literature (black dots labeled with the corresponding reference), the magnetization is
weakly induced (light-yellow background). For more information on the parameters
extracted from literature, we refer to Supplementary Table 2.

second hallmark of the IPE. Indeed, the width of central peak decreases by
increasing the temperature and becomes consistent with the geometric
expectations and the magnetization reversal of our Py dots at T=6 K (see
Supplementary Fig. 3b), when the IPE is negligible.

Further consistency is given by SISFS JJs with a thickness of the
s-interlayer of 10 nm. In this case, since d; ~ & the inner IsF trilayer acts as a
single Josephson barrier’*”, thus resulting in I.Ry reduced by about two
orders of magnitude, of the order of tens of uV at T'= 10 mK. In this regime,
as shown in Supplementary Fig. 6a, we have again observed zero-centered
I.(H) curves and a broadening of the central peak even larger as expected for
a smaller value of 6. In contrast, in samples with a 14 nm-thick PdFe, an
ordinary hysteresis of the I.(H) curves is restored, as expected by the theory
for weak and thick F-interlayer”'. Finally, as shown in the Supplementary
Notes 5, the contribution due to the spontaneous Meissner supercurrent in
response to the vector potential in F at the S/F interface can be neglected”.
Therefore, we can conclude that the origin of the temperature dependence of
the I.(H) curves has to be ascribed to the spin polarization of the Cooper
pairs at the S/F interface.

The phase diagram reported in Fig. 5 condenses the various spin
screening regimes according to the main physical parameters, ie., tem-
perature T and characteristic energy scales of the ferromagnet Jand g, z. The
following general conclusions can be inferred: i) Low temperatures are
required to observe spin screening effects. To date, the I.(H) measurements
have been mostly performed at helium-liquid temperature to demonstrate
the functionality of MJJs as switchable elements for digital electronics” and
for spintronic devices™. At that temperature, the induced magnetization is
significantly reduced and thus the effects of the spin polarization become
hard to be isolated. i) The strong polarization limit is characterized by large
values of &,y, which can be achieved by employing strong and thin ferro-
magnet directly coupled to the S layer. In contrast, the use of buffer layer
prevents the polarization of the S/F interface’**”*7*, while weak and thick
ferromagnets suppress the value of &y and thus y even at low
temperature’ %7,

Finally, these findings are not only important steps forward in
improving the description and understanding of proximity-coupled sys-
tems, but also in implementing these MJJs for quantum devices. At the
operating temperature of quantum circuits, the IPE can emerge (Fig. 5) and
lead to a significant modification of the functioning of the overall device. For
the ferro-trasmon, the screening of the F magnetic moment and the
resulting lack of the hysteresis represent a drawback since the latter prevents
the tuning of the qubit frequency'®"’. We have faced this issue by realizing
SISFS JJs based on aluminum (Al) technology and with Py as F-layer”. In

this case, a thin natural AlO, barrier forms at the S/F interface and decouples
the s and F layers: as a result, the transport properties of SISFS junctions are
not affected by the presence of the ferromagnet, while the spin polarization
of the S/F interface is weakly induced, resulting in an ordinary hysteresis of
the I.(H) curves even at T'=10 mK (as shown in Supplementary Fig. 6b).
This experimental observation is in agreement with the theoretical predic-
tion that a highly transparent S/F interface is a key factor to observe full
screening at low temperatures (Fig. 5). Moreover, this is also a proof that,
when the conditions of the IPE are not realized, standard behavior of the
magnetic field patterns are fully recovered. Finally, as addressed in Sup-
plementary Note 6 and shown in Supplementary Fig. 7, the measurements
of the I.(H) curves by varying the temperature allow us to identify the
presence of the spin polarization of the Cooper pairs even when different
magnetic interactions coexist at the S/F interface.

Conclusions

In conclusion, by exploring a new region of the y(T, &, ¢/J) phase diagram of
M]Js, we have demonstrated the full screening of the F-magnetic moment in
SISES tunnel JJs. The Josephson effect, being sensitive to phase space var-
iation even on the scale of nanometers, gives—because of its intrinsic nature
—macroscopic information mediated at the nanoscale. Our experiment
establishes another milestone in the study of the rich physics of the S/F
interface and can inspire the search for new hybrid orders in non-
conventional systems. A deep understanding and control of proximity
junctions is also fundamental for the design of the S/F interfaces and further
developments for digital and quantum superconducting electronics.

Methods

Sample fabrication

A Nb-Al/AlO4-Nb trilayer has been deposited onto oxidized 3-in silicon(Si)
wafer by using d.c. magnetron sputtering in ultra-high vacuum system. The
base and the top electrodes consist of Nb films having a thickness of 200 nm
and 40 nm, respectively, deposited at rate of 1.2 nm s~". The intermediate Al
layer has been deposited at a small rate of 0.7 nms™" to obtain a film
thickness of 7 nm, which afterwards is exposed to dry oxygen for 1 h to form
the AlO, tunnel barrier. The trilayer has been patterned using optical
lithography and lift-off procedure, while the junction areas have been
obtained by a selective anodization process together with a further insula-
tion by SiO, deposition. Then the wafer has been diced into 10 x 10 mm®
chips and a soft Ar ion etching has been used to remove about 10 nm of Nb
oxide layer before depositing the ferromagnetic layer by lift-off technique.
The 3 nm-thick NigoFe, layer has been sputtered by a magnetron source at
a rate of 0.7 nms . Finally, a 400 nm top Nb counter electrode has been
deposited by a further d.c. sputtering and lift-off processes obtaining the
overall SISFS structure, ie, a Superconductor/insulator/thin super-
conductor/ ferromagnet/ fuperconductor stacked multilayer™.

Measurements set-up

The SISES JJs have been measured by thermally anchoring the samples to the
mixing chamber of a Triton dry dilution refrigerator provided by Oxford
instruments, with customized low noise filters anchored at different tem-
perature stages’™". The junction is current-biased with a low-frequency
current ramp (~11 Hz) using a waveform generator in series with a shunt
resistance, while the voltage across the junction is measured using a battery-
powered differential amplifier. Magnetic field in the plane of the junction
can be applied using a NbTi coil**. Concerning the measurements of
magnetic field pattern, the first measurements have been performed at
temperature T=10mK and then the curves have been acquired by
increasing the temperature. In order to avoid trapping flux in the super-
conducting Nb layers, we have always warmed the sample to the next
temperature in zero field.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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