2]

-

Q

)

e

()
—

/2]
O

2]

>
=

Q.

o

D

Qo
Q.
<<

RESEARCH ARTICLE | DECEMBER 24 2025
Submicrometer tunnel ferromagnetic Josephson junctions

with transmon energy scale

R. Satariano ¥ © ; R. Ferraiuolo @ ; F. Calloni © ; H. G. Ahmad © ; D. Gatta © ; F. Tafuri © ; A. Bruno @ ;
D. Massarotti ©

’ :.) Check for updates ‘

Appl. Phys. Lett. 127, 252601 (2025)
https://doi.org/10.1063/5.0303194

@ B

View Export
Online  Citation

Articles You May Be Interested In

Phase dynamics of tunnel Al-based ferromagnetic Josephson junctions

Appl. Phys. Lett. (June 2024)

Concentric transmon qubit featuring fast tunability and an anisotropic magnetic dipole moment

Appl. Phys. Lett. (January 2016)

A feasible path for the use of ferromagnetic josephson junctions in quantum circuits: The ferro-transmon

Low Temp. Phys. (July 2023)

Applied Physics Letters

Special Topics Open

for Submissions

Learn More

9€:8%:€L 920z Asenuer 60


https://pubs.aip.org/aip/apl/article/127/25/252601/3375599/Submicrometer-tunnel-ferromagnetic-Josephson
https://pubs.aip.org/aip/apl/article/127/25/252601/3375599/Submicrometer-tunnel-ferromagnetic-Josephson?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0003-2211-6410
javascript:;
https://orcid.org/0000-0002-9999-0037
javascript:;
https://orcid.org/0009-0002-6818-2683
javascript:;
https://orcid.org/0000-0003-2627-2496
javascript:;
https://orcid.org/0009-0002-8830-3155
javascript:;
https://orcid.org/0000-0003-0784-1454
javascript:;
https://orcid.org/0000-0002-7821-5082
javascript:;
https://orcid.org/0000-0001-7495-362X
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0303194&domain=pdf&date_stamp=2025-12-24
https://doi.org/10.1063/5.0303194
https://pubs.aip.org/aip/apl/article/124/23/232601/3296093/Phase-dynamics-of-tunnel-Al-based-ferromagnetic
https://pubs.aip.org/aip/apl/article/108/3/032601/31635/Concentric-transmon-qubit-featuring-fast
https://pubs.aip.org/aip/ltp/article/49/7/794/2902030/A-feasible-path-for-the-use-of-ferromagnetic
https://servedbyadbutler.com/redirect.spark?MID=188841&plid=3318355&setID=1044459&channelID=0&CID=1578740&banID=524059835&PID=0&textadID=0&tc=1&rnd=4438352754&scheduleID=3474341&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&metadata=%5B%5D&mt=1767966516635465&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fapl%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0303194%2F20848839%2F252601_1_5.0303194.pdf&request_uuid=20b8daec-8b82-4dbb-9d76-9cd1bb83fde6&hc=f14f6aaa5f56b9ba5173c7d270c84a0880f8d89c&location=

pubs.aip.org/aip/apl

Applied Physics Letters ARTICLE

Submicrometer tunnel ferromagnetic Josephson
junctions with transmon energy scale

Cite as: Appl. Phys. Lett. 127, 252601 (2025); doi: 10.1063/5.0303194 @ 1 @
Submitted: 19 September 2025 - Accepted: 6 December 2025 - 1
published Online: 24 December 2025 View Online Export Citation CrossMark
R. Satariano,"® () R. Ferraiuolo,” () F. Calloni,' () H. G. Ahmad,’ () D. Gatta,' () F. Tafuri, () A. Bruno,”

and D. Massarotti®

AFFILIATIONS

"Dipartimento di Fisica Ettore Pancini, Universita degli Studi di Napoli Federico II, Via Cinthia, 80126 Napoli, Italy
QuantWare, Elektronicaweg 10, 2628 XG Delft, The Netherlands

*Dipartimento di Ingegneria Elettrica e delle Tecnologie dell'Informazione, Universita degli Studi di Napoli Federico Il
Via Claudio 21, 80125 Napoli, Italy

2 Author to whom correspondence should be addressed: roberta.satariano@unina.it

ABSTRACT

We have realized submicron tunnel ferromagnetic Al/AlO,/Al/NigoFe,/Al Josephson junctions (JJs) in Manhattan-style configuration for
qubit applications. These junctions have been designed to lie within the energy range of transmons. The current-voltage characteristics of
these junctions are comparable with those of standard JJs implemented in state-of-the-art transmons, thus confirming the high quality of the
devices and marking a significant step toward the realization of the ferrotransmon. Low-frequency characterization confirms that our junc-
tions operate in the quantum phase diffusion limit, as tunnel JJs in conventional transmons with similar characteristic energies. Ultimately,
mitigation of quantum phase fluctuations will represent a key for advancing the entire field of superconducting quantum circuit
architectures.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0303194
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Josephson junctions (JJs) are the core circuit element of
superconducting electronics, including quantum coherent devi-
ces, arguably the leading technology for quantum computing."”
Two energy scales govern the physics of these junctions: the
Josephson energy Ej, which is directly proportional to the super-
conducting critical current in the absence of fluctuations I, and
the charging energy Ec, which is inversely proportional to the
intrinsic junction capacitance C;.” The unique non-linear proper-
ties of JJs allow for the engineering of macroscopic on-chip artifi-
cial atoms with transition energies precisely defined by material
and circuit design."”*” Typically, JJs employed in transmon cir-
cuits are submicron-sized, fabricated using standard shadow
mask techniques like the Dolan bridge” or Manhattan process’”
and designed to operate in a regime where the Josephson energy is
approximately equal to the charging energy of the junction
(Ej ~ E¢). To face the sensitivity of small JJs to charge noise, the
JJ is shunted by an on-chip capacitor C,. This ensures that the
charging energy of the overall circuit Ec s is much lower than the
Josephson energy E; (E;/Ecs > 50),'’ thus suppressing charge
fluctuations.

Recently, hybrid paradigms have emerged that enable alternative
qubit frequency tuning by integrating JJs employing exotic barriers.
For instance, JJs employing semiconducting barriers have been inte-
grated into transmon qubits to achieve tunability using gate voltages
(gatemon) rather than magnetic flux."'"” A promising approach is
based on tunnel magnetic Josephson junctions (M]JJs), where a ferro-
magnetic layer is enclosed in one of the S electrodes."*'* The ferro-
transmon concept proposes to exploit the memory properties of
tunnel MJJs for qubit frequency control via magnetic field pulses, thus
eliminating the need for a static magnetic field during qubit operation.
This notion holds substantial promise for scalable superconducting
quantum systems driving alternative and energy-efficient cryogenic
digital control schemes.'”"*

In this work, we have realized submicron superconductor/insu-
lator/thin superconductor/ferromagnet/superconductor (SISES) JJs,
fabricated using the state-of-the-art multilayer procedure by
QuantWare for producing transmons used in commercial quan-
tum processors. These junctions have been designed to operate
into the series regime of a tunnel SIs and ferromagnetic sFS JJs.'”
The former guarantees the low-dissipation and high-quality
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factors required in highly coherent devices, while the latter ena-
bles magnetic switching and alternative tunability schemes of the
Josephson energy. We have used advanced fabrication techniques
to scale the devices to previously unexplored energy regimes for
M]Js, thus marking a fundamental step for the realization of the
ferrotransmon.

So far, submicrometric MJJs have been mainly realized using Nb
technology and focused ion beam processing,””*" which complicates
the integration into standard superconducting quantum circuits.
Differently from our previous micron-sized Al-based MJJs,””* these
submicron Manhattan-style SISES JJs feature a capacitance C; reduced
by more than two orders of magnitude.24 We have, thus, demonstrated
that MJJs can be scaled to the appropriate energy regime (Ec ~ Ej)
and integrated in standard transmon circuits securing the sufficient
anharmonicity required for feasible qubit operation. Furthermore, the
current-voltage (I-V) characteristics, which reveal crucial information
on the d.c. junction electrodynamics,”””® are comparable with those
of standard SIS integrated in commercial transmons.”” Specifically, d.c.
measurements have revealed the hallmarks of the quantum phase
diffusion (QPD) regime, expected for Ec ~ E;: a finite slope in the
superconducting branch, along with a characteristic rounding of the
I-V curve close to the switching current I, even at milliKelvin tem-
peratures.”””* These findings are, thus, not strictly tied to the specific
layout and nature of the device but rather associated with its energy
scales, and they can drive further investigation of the effect of quantum
phase fluctuations in standard superconducting qubits.””

The design of the multilayer MJJ, as shown in Fig. 1(a), is
optimized to enable simultaneous access to three different struc-
tures. The SIs junction is probed through the bottom (S) and mid-
dle (s) aluminum layers. The sFS junction can be accessed between
the middle and top aluminum layers, and the complete SISFS struc-
ture is measured by contacting the bottom and top Al layer pads.
The fabrication process of the SISFS junction involves three dis-
tinct lithography steps. The first step follows the standard
Manhattan process used for submicron SIS JJs: electron-beam
lithography defines the cross pattern, followed by angled evapora-
tion of the Al film and in situ oxidation to obtain the Al/AlO,/Al
trilayer (SIs), represented in light blue in Fig. 1(b). The second
lithography step opens a window over the junction area
(500 x 500 nm?) for the deposition of the ferromagnetic material
(NigoFe,o: Permalloy), after a soft ion milling of the s surface, and

NN\

N\

N\NNNNNNN

i D
1d \§ NS

aver (s)

N

pubs.aip.org/aip/apl

the final aluminum layer (S), completing the multilayer JJ—shown
in orange in Fig. 1(b). Finally, a third lithography step is used to
create the connection between the top aluminum layer of the junc-
tion and the bonding pad, represented in red in Fig. 1(b). The final
device shown in the Scanning Electron Microscope (SEM) image
in Fig. 1(c) has the following layer thicknesses: Al (20 nm)/AlO,
(2nm)/Al (25 nm)/NiggFe,q (3 nm)/Al (70 nm).

Two SISES JJs, labeled as samples A and B have been measured
by thermally anchoring the samples to the mixing chamber of a Triton
dry dilution refrigerator provided by Oxford instruments, with cus-
tomized low-noise filters anchored at different temperature stages.””
The junctions are current-biased with a low-frequency current ramp
(approximately 1Hz) using a waveform generator in series with a
shunt resistance, while the voltage across the junction is measured
using a differential amplifier. Magnetic fields in the plane of the junc-
tion can be applied using a NbTi coil.”’

The transport properties of SISFS JJs well fall within the
framework of the theory of ferromagnetic JJs proposed by
Bakurskiy et al.'” If the intermediate superconducting layer d, is
sufficiently larger than the critical thickness dy, i.e., the minimal
thickness of the s layer in a sF bilayer above which superconductiv-
ity still exists at a given temperature, the pair potential A in the s
layer is close to that of the bulk material. In this scenario, the SISFS
structure can be effectively considered as a series combination of a
tunnel SIs JJ and a ferromagnetic sFS JJ."” For small F-thickness dy,
the switching current of the SIs side I5% is much smaller than that
of the sFS side I¥fS, compare Fig. 2 with Fig. S1(a) in the supple-
mentary material. Therefore, since IijVS > ISSVIVS across the entire
temperature range, the I-V curve of the overall SISFS device is
determined by its SIs part (Fig. 2). Consequently, the temperature
dependence of the switching current I, and of the voltage gap fol-
lows the standard behavior of the tunnel SIS JJs'’ [Fig. S1(b) and
S1(c) in the supplementary material].

The electrodynamics of the SISFS JJs in Fig. 2 is, thus, domi-
nated solely by the SIs side. This is a significant finding, as it
directly demonstrates that the F layer has no detrimental effect
on either the intrinsic phase dynamics or the overall transport
regime of the junction for what concerns d.c. characterization,
which is a prerequisite for the possible use of tunnel submicron
M]JJs in transmon circuits. The I-V curves shown in Fig. 2 are
highly hysteretic, and this hysteresis coexists with a slope at low

N

\\‘\\}:e\“

N
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N

FIG. 1. (a) Design of the multilayer superconductor/insulator/thin superconductor/ferromagnet/superconductor Josephson junctions (SIsFS JJs). The pads (in blue) allow sepa-
rate measurements of the Sls, sFS, and multilayer SIsFS junctions. (b) Zoom-in of the junction area: the Sls part is shown in light blue, the window for the FS deposition in
orange, and the aluminum connection between the junction and the pad in red. (c) Scanning Electron Microscope (SEM) image of the fabricated multilayer SIsFS JJ.
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voltage and a characteristic phase diffusion rounding of the
switching branch. This coexistence can be justified by taking into
account the influence of the embedding circuit through a
frequency-dependent quality factor.”’’* The external environ-
ment is characterized by a quality factor Q,, distinct from the
intrinsic junction quality factor Q). Since Q; < Qp, the system
exhibits a dual damping behavior: at high frequencies near the
plasma frequency, Q; dominates, leading to enhanced damping
and phase diffusion phenomena; at lower frequencies associated
with the running state, Qp prevails, which, in turn, determines
the high value of the subgap resistance.”’

The observed kilo-ohm resistance in the superconducting
branch down to dilution temperatures and the rounding of the I-V
characteristic at the switching branch provide clear indication that
the junctions operate in the QPD limit, expected for very small
junctions.”””” This behavior is fully consistent with what has been
observed in standard transmons with similar energy scales.”’
While for Ec/E; < 1, the phase of the junctions is localized and
can be treated as a semiclassical quantity, in the QPD limit, the
phase variable is sufficiently delocalized that quantum fluctuations
cannot be neglected. For Ec/E; ~ 1, phase delocalization drives
multiple escape and retrapping processes. This results in a finite
resistance Ry in the superconducting branch and a reduction of the
switching current I, relative to the value in the absence of quan-
tum fluctuations I.. To account for this scaling, the barrier height
of the phase particle potential can be renormalized by introducing
the binding energy Ep = %.28 To verify this hypothesis, we have
estimated E¢ by fitting the I-V curve in Fig. 2 with the tunnel junc-
tion microscopic (TJM) model. The TJM model provides a com-
plete microscopic description of a JJ, using the tunneling-
Hamiltonian formalism.”” This model can describe the subgap
branch and the low-frequency electrodynamics of any JJ that

40 e 001K o 0.7K
m 03K v 09K
— 0.6 K —4A— TJMfit
<<
C
~— 20

I XX X R B X 24

0 200 400
V (uV)

FIG. 2. Current-voltage (I-V) characteristics of Al (20 nm)/AlO,(2 nm)/Al (25nm)/
NigoFeso (3nm)/Al (70nm) Josephson junction (sample A) with a lateral size of
500 nm as a function of the temperature. At low-bias current, the IV characteristic at
10 mK (blue curve) can be fitted with the tunnel junction microscopic (TJM) model
(red curve).

ARTICLE pubs.aip.org/aip/apl

shows tunneling feature transport. The accuracy of the fit is evi-
dent from its ability to reproduce the subgap branch of the I-V
characteristic. Following the same procedure as in Ref. 33, this fit
can provide an estimation of the Stewart-McCumber parameter:

Be=+vVQ = % ~ 1. This value implies a capacitance C; of
the order of 2 fF and a junction charging energy Ec ~ 40 u eV. We
can estimate the binding energy from the switching current I,:
Ep = hl,,/2e ~ 40 p eV, therefore the ratio Eg/E; ~ 1, thus falling
into the QPD regime.

In Fig. 2, the I-V curves as a function of the temperature T
show a clear dependence of the finite resistance Ry on the temper-
ature. By linear fitting of the superconducting branch, we esti-
mate the resistance Ry as a function of the temperature T, as
reported in Fig. 3(a). Up to 0.5K, since Eg > kgT, the value of R,

¥ Experimental data

RN a)

b0 02 04 06 08 1.0 12 14
Temperature (K)

20

—_—0mT = 15mT
—_—5mT = 20mT
10 mT

0 200 400
V (uVv)

FIG. 3. (a) Finite slope Ry of the supercurrent branch of the |-V curves Ry as a func-
tion of the temperature T, where Ry has been estimated through the linear fitting of
the |-V superconducting branch in Fig. 2. The yellow region indicates the quantum
phase diffusion regime, while the light blue one indicates the phase diffusion regime
activated by thermal fluctuations. (b) Evidence of a resistive branch in the |-V charac-
teristics and its modulation by applying a magnetic field for sample SIsFS B.
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experimental data [28]
numerical estimate [28]
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FIG. 4. Ry vs the ratio E¢/E;. The plot shows a comparison of our experimental
data (dots) with theoretical Wentzel-Kramers—Brillouin (WKB) simulations. The red
curve, adapted from Ref. 28, models quantum tunneling through a potential with a
barrier height equal to the Josephson energy (E,), while the blue curve uses the
renormalized binding energy (Eg). Experimental data from literature are also
included for comparison, as detailed in the legend.

saturates due to freezing out of the thermal fluctuations. Above
T >0.5K, Eg < kgT and thermal fluctuations mediate phase-
diffusion mechanisms, resulting in an exponential behavior of R,
with increasing T.”' To provide further compelling evidence of
the quantum nature of resistance Ry, we have applied a magnetic
field to sample SISFS B at 10 mK, where thermal fluctuations are
effectively suppressed (Ep >> kgT). At the zero magnetic field,
this MJ]J exhibits a lower switching current, thus a higher zero-
field resistance compared to sample SIsFS A. The magnetic field
reduces the switching current I, thus the binding energy Eg,
which, in turn, results in an increase in the resistance Ry. This
finding demonstrates that the observed resistance in the super-
conducting branch is a fundamental feature due to the tuning of
the binding energy, rather than a spurious effect due to the fabri-
cation process or electromagnetic noise.

In Fig. 4, we compare our measured resistance values Ry
with a Wentzel-Kramers-Brillouin (WKB) simulation from
Ref. 28. This simulation models quantum tunneling of the phase
through a potential well with a barrier height corresponding to
the Josephson energy E; in the absence of quantum phase fluctua-
tions. The value of E; for our samples has been estimated using

ARTICLE pubs.aip.org/aip/apl

the relation between the binding energy Ep and the ratio x =
E./E; in the QPD limit:"***
1+ 1" 1 (1)
8x2 :

By substituting the parameters reported in Table I into Eq.
(1), we obtain a value of the Josephson energy E; = 130 peV for
sample A and 94 peV for sample B. Moreover, the scaling of the
Josephson energy results in a reduction of the switching current
with respect to the critical current fluctuation-free value
I. = %E;. This reduction of 70% is consistent with previous
reports.”””* The WKB simulation from Ref. 28 (red curve in
Fig. 4) shows good agreement with our experimental data. An
even better consistency is obtained when considering a WKB
simulation, where the barrier height corresponds to the binding
energy Eg (blue curve in Fig. 4).

In summary, we have realized the first generation of high-
quality submicrometric tunnel MJJs using standard fabrication
techniques for superconducting computation quantum architec-
tures. The SISFS layout allows us to preserve the d.c. transport
properties of the tunnel submicrometer SIS side, thus ensuring
low levels of dissipation and energy scales fully compatible with
the transmon regime. Results are comparable to those of standard
Al-based JJs employed in conventional transmons, further sup-
ported by the observation that our MJJs operate within the quan-
tum phase diffusion limit. Moreover, in submicron M]JJs in the
appropriate energy range, the Josephson energy can no longer be
directly correlated with the switching current I,,. Comparative
studies on non-conventional JJs, as M]JJs, may inspire methods to
mitigate and better control quantum phase fluctuations. Scaling
of the SISFS JJ’s would allow for their integration in standard
transmon circuits. However, these SISFS JJs require magnetic
field pulses above 30 mT to be tuned at the zero-static magnetic
field,””” which are incompatible with efficient on-chip con-
trol.'® Current work focuses on replacing the actual ferromag-
netic barrier with a softer ferromagnetic layer (e.g., Nb-doped
permalloy”®””) as the ferromagnetic material can be integrated ex
situ without significantly affecting the junction electrodynamics.
This approach will make the technology viable for an alternative
tuning of the qubit frequency into quantum circuits.'*'® Further
investigations adopting noise-detection protocols in RF environ-
ment described in Refs. 14 and 38 will enable us to effectively dis-
criminate noise arising from the F barrier from other dominant
sources of noise in standard transmon architecture, e.g., Purcell
effect,”’ quasi—particle,ﬁ‘” and flux-noise fluctuations.”
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TABLE |. Parameters of submicron superconductor/insulator/thin superconductor/ferromagnet/superconductor Josephson junctions (SIsFS JJs) with Al as S electrodes and
NigoFeyo as F layer at T=10 mK: sample, normal resistance Ry, low-bias resistance R, switching current /;,,, binding energy Eg, critical current in the absence of quantum
phase fluctuations /;, Josephson energy in the absence of fluctuations E,, junction capacitance C,, charging energy Ec, the ratio E¢/Eg, and the ratio E¢ /E,.

Sample Ry (k Q) Ry kQ) I, (nA) Ep (ueV) I. (nA) E; (ueV) C (fF) Ec (ueV) Ec/Eg Ec/E;
A 3.2 1.3 20 40 62 130 2 40 1 0.3
B 3.1 3.9 12 25 46 94 2 40 1.6 0.4

Appl. Phys. Lett. 127, 252601 (2025); doi: 10.1063/5.0303194
© Author(s) 2025

127, 252601-4


pubs.aip.org/aip/apl

Applied Physics Letters

See the supplementary material for details on the temperature
behavior of the I-V characteristics and on the transport regime of the
submicrometric SISFS JJs.
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