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ABSTRACT

We demonstrate a superconducting readout method for detecting current-induced magnetization switching of a polycrystalline cobalt wire,
based on the measurement of the critical current of an adjacent superconducting aluminum wire. The critical current I, of this superconduc-
tor-superconductor/ferromagnet-superconductor junction is highly dependent on the magnetization state of the ferromagnet, reflected in its
local stray-field distribution. This dependency allows for a detection of changes in the magnetization of the ferromagnet while no current
passes through it during readout. Furthermore, we present micromagnetic simulations replicating our observations, thereby visualizing the

microscopic switching behavior in polycrystalline Co.

© 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/10.1063/5.0310692

Current-induced magnetization switching (CIMS) phenomena
have become central to the development of spintronic devices, offering
promising routes for low-power, nonvolatile magnetic memory
technologies. "

There are many processes that are actively investigated to achieve
CIMS with minimal current density J. The different device architec-
tures exploit spin transfer torque (STT),”* spin-orbit torque (SOT),”
voltage-controlled magnetic anisotropy,” spin Hall effect,” domain-
wall motion,”” and Oersted fields'”'" to change the magnetization
configuration of a ferromagnet through application of an electric cur-
rent pulse.

Equally relevant to writing a logic bit with CIMS is its readout.
The common way to detect magnetization switching is through
tunneling magnetoresistance'” or giant magnetoresistance”'” and
more recently through the anomalous Hall effect.'* All these methods
require a dissipative current passing through the magnet while reading.
Especially in low-temperature superconducting computing, low power
dissipation is highly desirable for reducing thermal load and enabling
high integration density, e.g., of superconducting memory elements.

In this study, we present a measurement technique based on a
superconducting junction placed in close proximity to the ferromag-
netic structure. The superconducting junction’s critical current is sensi-
tive to the stray magnetic fields generated by the ferromagnet, allowing
us to indirectly monitor magnetization changes, see Fig. 1. Because the
readout current is confined to the superconducting wire, no current

passes through the ferromagnet and no magnetization misalignment
in the current path is required. This combination enables a readout
scheme with minimal power dissipation, low susceptibility to bit cor-
ruption due to read-induced disturbances, realized with low device
complexity.

As a proof of principle, we investigate CIMS in polycrystalline
cobalt (Co) deposited directly on top of a superconducting alumi-
num (Al) wire. A training current is passed through the ferromag-
net to induce a switching event that modifies the local stray-field
distribution. The critical supercurrent I. of the Al wire is sensitive
to this change, as demonstrated in our previous experimental and
simulation studies,'” "’ enabling a readout that scales with the
near-field stray-field amplitude.

The device consists of a superconducting Al wire and the ferro-
magnetic Co structure placed on top of the wire, forming a S-(S/F)-S
junction, as shown in Fig. 2. A four-point configuration is used to mea-
sure the junction’s current-voltage V(I) and differential resistance
dV /dI(I) transport characteristics. The Co structure is separately con-
tacted to allow application of a training current Iy,;, through the ferro-
magnet to induce CIMS. All measurements are performed at 200 mK
in a dilution refrigerator.

As the first step, the magnetization of the sample in initialized
into a state of relatively low magnetization. A strong external magnetic
field of 2T is applied along the —y direction, parallel to the Co finger,
followed by an opposing training field of —180 mT. This placed the
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FIG. 1. Sketch of the CIMS detection via /.. (a) Before the CIMS, the stray fields of the ferromagnet penetrate the superconducting wire below. Regions that experience fields
B > B, become normal conducting, only regions with B < B, can still support supercurrent, limiting /;. (b) Passing a current through the ferromagnet induces a CIMS. For visu-
alization, we cartoon a situation in which the magnetization of a single grain (bold black arrow) is flipped by the CIMS. (c) After CIMS, the changed magnetization influences the
stray-field distribution. Consequently, the distribution of normal conducting and superconducting regions changes, which impacts the critical current /, of the junction.

ferromagnet in a remanent state of reduced magnetization when the
external field is removed. This is visible by a finite I, of the supercon-
ducting wire. In this low-magnetization state, the magnetic domains in
the ferromagnet are misaligned chaotically and separated by domain
walls.

In this magnetic configuration, training currents are applied to
the ferromagnet in the form of slowly ramped pulses lasting several
minutes, which minimizes thermal and electrical stress. After each
training pulse, the system is allowed to thermally stabilize for ~ 3 min
before transport measurements are performed.

Step by step, the training-current amplitude is increased. After
each pulse, with both the external field B and Iy, set to zero, the
transport properties and the critical current I, of the superconducting
junction are measured. Thereby, only persistent changes in the ferro-
magnet’s magnetization are probed.

Figure 3 shows the critical current of the junction as a function of
the previously applied I, pulse. After Iivin = 450 A, corresponding
to a current density of Jopms ~ 1 x 101 A/m?, a jump in I is
observed. The transport characteristics before and after the jump are
shown in Figs. 3(b) and 3(c) and 3(d) and 3(e), respectively. The V(I)
curves reveal the characteristic non-dissipative supercurrent at cur-
rents smaller than I, which jump from a relatively low I, to a signifi-
cantly higher I, after the training with 450 yA. The same change of I.
is observed in the differential resistance dR(I) = dV (I)/dI as a shift of
the peak position. The value for I in (a) is extracted from the peak
position in the dR(I) measurement.

In our previous studies,'”” '’ we could correlate these I, jumps
with abrupt changes in the magnetization of the ferromagnet, caused
by individual domains that flip their orientation. Following these find-
ings, we interpret the present observations as domain flips caused by
CIMS, that in turn change the stray-field distribution around the ferro-
magnet and thereby the I, of the S—(S/F)-S junction.

FIG. 2. (a) Colored SEM micrograph and (b) sketch of the three-dimensional geom-
etry. The superconducting wire (blue) is placed below the ferromagnetic finger (red)
directly on top of the substrate (not shown).

Significantly higher training currents, up to 10 mA, were applied
to verify if electromigration is the cause of the observed changes. Even
after such high current pulses, the junction relaxed to its original trans-
port characteristics, demonstrating that the high currents cause no per-
manent modification of the structure. At 10.6 mA, the junction was
eventually destroyed.

It is important to note that the I, (I )-behavior is not in detail
reproducible. In multiple training sequences, only a minority feature a
CIMS event. The variations stem from the fact that the magnetization
state, and therefore also the I, value, after the initialization in magnetic
field is not quantitatively reproducible. The magnetization behavior in
the polycrystalline Co is chaotic and therefore the starting configura-
tion for the CIMS measurements are not identical in repeated mea-
surements.'”'” As possible STT contributions strongly depend on the
local microscopic alignment of individual magnetic domains,'® a
change in the magnetization configuration has a significant influence
on the current needed to induce a CIMS. The same is true for the rela-
tive alignment of magnetic domains and Oersted fields. A weakly
pinned domain in a region with high Oersted fields is switched by
lower I, than in a region of low Oersted fields.

The currents observed to show CIMS in this sample are on the
order of Jemvs & 1 x 1019 A/m? The uncertainty of this value is signif-
icant, as the ferromagnetic structure has a nontrivial geometry with
nonuniform cross-sectional area A. For all current-density estimates,
we assume a cross-sectional area A = 176 x 274 nm” (see the supple-
mentary material for details). Moreover, since the training currents are
always increased stepwise, the experimental procedure is inherently
biased toward detecting low-Jcnvs events, while higher switching
thresholds may remain outside the chosen measurement range.

In micromagnetic simulations performed with MuMax3,"” ' we
can replicate the experimental observations and validate the discussed
interpretation. In the first step, the magnetization switching is modeled
using a basic Zhang-Li spin transfer torque model under consideration
of Qersted fields in the micromagnetic framework.'” In a second step,
the influence of the CIMS on the superconductor’s I, is modeled by a
purely stray-field-dependent critical supercurrent model developed in
Ref. 16.

The magnetic simulation considers the demagnetization field,
exchange interaction, crystalline uniaxial anisotropy, external fields or
Oersted fields and the Zhang-Li spin transfer torque tgrr to model the
magnetization behavior under applied fields or electric currents,

E—a
14 a2

1+ ¢
14 a2

TorT = mx (mx (u-V)m)+ m X (u-V)m,

where u is a drift vector proportional to the current density J:

u= wa{z) J. The Zhang-Li STT does not require an externally
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polarized current; instead, it arises solely from the spatial gradient of
the magnetization Vm at domain walls, relative to the current direc-
tion J || u. This makes the model ideal for describing STT at three-
dimensional domain walls in polycrystalline ferromagnets.
Dzyaloshinskii-Moriya interaction (DMI), higher-order and nonlocal
STT contributions, as well as SOT are neglected in this basic model.
Also, temperature effects are negligible in this low-temperature setting
(see the supplementary material). The material parameters used for Co
are given in Table L.

The simulated geometry is a polycrystalline Co structure closely
following the experimental shape of the ferromagnet as sketched in
Fig. 2. The simulation uses a grain size of 40nm and a cell size of
2 x 2 x 2nm’ within a 500 x 486 x 96nm’ simulation box. This
atomic force microscopically determined value of the grain size has
been found to adequately reproduce the experimental magnetic field

TABLE |. Material parameters used in the MuMax3 simulation.

Parameter Value Description

My 1.43 x 10° A/m Saturation magnetizationzz’24
A 2.6 x10 "'J/m Exchange stiffness”””’

o 0.02 Gilbert damping parameter
K, 6.8 x 10°J/m? Uniaxial anisotropy constant™ **
¢ 0.01 Non-adiabaticity of STT*’

P 0.42 Spin polarization of the current™

driven I. changes observed in Ref. 15. Each grain is assigned a random
uniaxial anisotropy direction. A reduced grain-grain exchange cou-
pling is modeled by attributing a 10% reduced exchange stiffness to
cells at grain boundaries.

The simulation procedure follows the experimental procedure as
closely as possible, see Fig. 4.

(1) Initialization in external field: Identical to the experiment, a
strong external field of 2T is applied to saturate the magnetiza-
tion. This is followed by an external field of —180 mT in the
opposite direction to set an initial low-magnetization state. For
the training in external field, the “minimize ()” function
evolves the magnetization iteratively into a local energy mini-
mum via a steepest-decent method,”” ideal for computing rema-
nent states without involving time-dependent magnetization
dynamics. The field is set to zero, and minimized again. This
remanent magnetization state serves as the starting point for
simulations with training currents.

Current training: The training current is applied in the —y
direction with current density Ji,in, along the long direction of
the F-wire. The current density is modeled as constant through-
out the ferromagnet and parallel to the —y direction for simplic-
ity. Whenever a training current is applied, also Oersted fields
are applied in the simulation. The Oersted field Bo, is modeled
as radially symmetric Bo.(r) o r, where r is the radius mea-
sured from the center of the F-wire (for details see the supple-
mentary material). The consideration of Oersted fields
significantly reduces the current densities needed to flip the

2
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FIG. 4. Flow chart of the experimental and simulated current training sequence.
First the initial magnetization configuration is set through application of external
magnetic fields (initialization) and after that training currents are temporarily applied,
to study the remanent magnetization change after the current is removed. These
training currents are step by step increased in order to observe a CIMS event (cur-
rent training).

magnetization compared to simulation runs that only consider
STT, and is thereby a mandatory component of the simulation
(see the supplementary material). The modeling of the STT
requires the time-dependent approach of solving the Landau-
Lifshitz-Gilbert (LLG) equation in time steps using the
“run ()” method. A runtime of 5ns proves to be sufficient to
capture the full domain switching (see the supplementary mate-
rial). This is followed by a “relax ()” operation to ensure a
converged magnetization state. Thereafter, the training current
is reduced to 0, followed by a steepest-decent energy minimiza-
tion with minimize (), to find the remanent magnetization
state after the training. In this remanent state, the stray-field
distribution as well as magnetization configuration is stored

(Fig. 5).

The current application is then repeated step by step for increas-
ing current densities from 0 to 1.1 x 10'® A/m? in 0.1 x 10'® A/m’
steps. Figure 6(a) shows the normalized magnetization m of the ferro-
magnet as a function of the previously applied training current density
Jirain- It is important to note here that only remanent states are investi-
gated, no training currents flow while the data are recorded.

Above a certain training current threshold, called Jcpys, the mag-
netization amplitude m changes, because a single domain or a small

ARTICLE pubs.aip.org/aip/apl
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FIG. 5. Sketch of the spatially invariant applied training current density in -y direc-
tion Jy.in and the Oersted field distribution Bos.

cluster flips its orientation due to the combined forces of STT and
Oersted fields. m is normalized to a fully magnetized parallel alignment
with m = 1. In the presented example [y, = 0.7 x 101 A/m? =
Jenvs triggers the CIMS. Figure 6(c) shows the magnetization distribu-
tion m before and after the CIMS event in a cut through the ferromag-
net. The position of the cut is sketched as green slice through the
simulated structure for visualization.

This micromagnetic simulation provides, among many other
aspects, the stray-field distribution around the ferromagnet [see Figs.
6(d) and 6(e)] as a function of the preceding training current ampli-
tude. Following the exact same method as in Ref. 16, from this spatial
stray-field distribution we can estimate a critical current of the S-wire
below the F. The resulting simulated I, (Jizin) estimate is plotted in
Fig. 6(b). The computation of I, is based on the model that the local
supercurrent density is dependent on the local stray-field amplitude, as
shown in Ref. 16. The white contours in Figs. 6(d) and 6(e) correspond
to the critical magnetic field of the superconductor. Before the CIMS,
the field penetrated deeper into the S. The reduced stray fields after the
CIMS increase the local critical supercurrent density supported in the
S-wire, which in turn supports a higher critical current I..

These simulation results show that a CIMS within the experimen-
tal polycrystalline Co is a plausible explanation for the observed jump
in I during current training. The experimental current densities are
sufficient to switch magnetic domains when considering STT and Bo..
This switching event changes the stray-field distribution around the F,
and we show that the resulting change is large enough to affect the crit-
ical current of the S-wire by magnitudes similar to those observed in
the experiment.

So far, we have only shown one selected simulated current-
training sequence. However, the current density to induce a switching
event, Jcims, is strongly dependent on the initial magnetic state, which
itself is strongly dependent on the grain distribution within the F.
Simulations were performed for many grain distributions resulting in
Jenvs values up to 102 A/m? (see the supplementary material). The
results in Fig. 6 present a selected event that exhibits characteristics
similar to those observed experimentally.

Also within one fixed grain distribution, variations in the initial
state occur due to the chaotic nature of the initialization in external
field,'® resulting in some training runs with Jovs similar to the experi-
mental values, and some training runs with Jopvs outside the experi-
mental measurement range. Detailed information can be found in the
supplementary material.

The experiment shows fundamentally the same behavior. Only
when the experimental initial state is suitable to feature a CIMS within
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FIG. 6. (a) Simulated magnetization of the ferromagnet m(Jin) as a function of the training current density. (b) Resulting critical current /¢ (Jizin) Of the superconducting wire,
computed from the simulated stray-field distribution. The application of 0.7 x 10" A/m? causes a CIMS, that reduced m and increases I (c) Color-coded vector representation
of the local magnetic moments m in a slice through the ferromagnet near the S—-F interface, as sketched in green in the right scheme. One domain flips its orientation during
the CIMS, indicated by a black circle. (d) and (e) The stray-field distribution Buemag around the ferromagnet (red box) and inside the superconductor (blue dashed box). Two
cuts are shown before and after the CIMS. The white contour indicates the 80 mT line, as the critical magnetic field of the superconductor is B; = 80 mT. The field distribution
changes locally during the CIMS. I; is calculated from the stray-field distribution within the superconductor, following the methodology of Ref. 16.
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the experimentally accessible current-density range, the switching is
detected. Thereby, we can relate the low occurrence of detectable
CIMS events in the experiment to the chaotic randomness of the initial
magnetization state before the current training.

In summary, we have demonstrated that current-induced magne-
tization switching (CIMS) in a polycrystalline ferromagnet can be
detected via the critical current of an adjacent superconducting wire.
Stepwise current training induces abrupt domain flips in the ferromag-
net, which modify the local stray-field distribution around it and
thereby lead to a measurable jump in the superconducting wire’s criti-
cal current.

Micromagnetic simulations based on the combined effects of
Zhang-Li STT and Oersted fields reproduce these observations and
connect the microscopic behavior within the ferromagnet to the mac-
roscopically measured critical current of the superconductor. This
CIMS detection approach provides a low-power readout method for
magnetic switching devices, with potential applications in supercon-
ducting logics and low-temperature memory devices. The simplicity of
the structure, combined with the fact that the readout current does not
pass through the ferromagnet, makes it an attractive alternative for
low-power magnetic readout.

Looking ahead, this readout scheme could be easily integrated into
existing CIMS architectures to achieve repeatable and reversible switch-
ing. An ideal candidate would be a bi-layer binary switch with a parallel
and an antiparallel magnetization state.””** When such a bi-layer
structure is placed on top of a superconducting wire, the two magnetic
configurations generate distinct stray-field patterns. These translate into
measurable differences in the superconducting critical current, distin-
guishing between the high and low stray-field configuration.

See the supplementary material for a discussion of the experi-
mental current density, demonstration showing that 5 ns is a sufficient
runtime for the CIMS simulation, illustration of the temperature sensi-
tivity of the simulation, and statistical variations arising from the simu-
lated grain distribution and initial magnetization configuration. We
also highlight the significance of the Oersted field contribution com-
pared to pure STT runs and the influence of differing Oersted field
models.
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computing resources through the core facility Scientific Compute
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