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ABSTRACT

We have measured the synaptic properties of a magnetic Josephson junction (MJJ) consisting of a barrier of amorphous Ge containing size-
selected Fe nanoclusters between two Nb electrodes. We show that the critical current of the device varies with the magnetic order of the
clusters and that the magnetic order can be tuned in a quasi-analog way with short electrical pulses of 16 pJ applied through the device.
This is the first demonstration of critical current tuning via magnetic order in a nano-clustered MJJ in a material system other than SiMn.
This result eliminates the need for a postdeposition annealing step for synaptic MJJs in neuromorphic applications and opens new options
to optimize materials, which has the potential to improve the performance of the MJJs and provide a better understanding of the physics of
the device.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0080841

I. INTRODUCTION

Over the last decade, superconducting electronics for neuro-
morphic applications have shown substantial progress in terms of
devices, circuits, and architectures.1 Superconducting electronics
has many advantages for neuromorphic computing, including
Josephson junctions whose natural spiking behavior can mimic the
action potential fired in the brain by the neurons.2,3 These inherent
spiking properties enable superconducting spiking neural net-
works4 that can be high speed and energy efficient in applications,
such as pattern recognition and signal detection.5–10 One important
element that is found in neural networks is the synapse, which can
vary the connection strength between two neurons and is responsi-
ble for the plasticity in the brain. In superconducting electronics, it
has been shown that synaptic properties can be obtained with
nano-clustered magnetic Josephson junctions (MJJs).11

A nano-clustered MJJ is a hybrid magnetic-superconducting
device that can be used as an artificial synapse for neuromorphic

circuits. It consists of a Josephson junction with a non-
superconducting barrier that contains magnetic clusters. The mag-
netic order of the nanoclusters in this type of MJJ can be used to
change the critical current of the Josephson junction, which can be
used to implement the synaptic weight function.12 Despite their
promising performance in terms of energy and speed, the synaptic
behavior of nanocluster-based MJJs has been demonstrated in only
one material system so far: an Si barrier with Mn nanoclusters
between two electrodes of Nb.11 It is known from work on thin-
film MJJs13–19 that different magnetic materials in a hybrid
magnetic-superconducting system can have a significant impact on
the critical current (IC) of the device.

18,20,21 Thus, it is important to
measure the IC impact of different materials on nanoclustered
MJJs. Demonstrating nanoclustered MJJs, using other material
systems, would provide new options to optimize materials for syn-
aptic MJJs in neuromorphic applications to tune the device perfor-
mance and to better understand the physics involved in the device.
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For example, being able to increase the ICRN factor, where RN is
the normal state resistance of the device, will improve the speed of
the device.22 Reducing the size and the magnetic moment of the
nanoclusters could enable a reduction in the energy required to
train the device, i.e., the energy required to order or disorder the
magnetic clusters constituting the MJJ. Working with a material
that does not need a high temperature anneal (such as 400 °C as
required with SiMn MJJs11) would also allow the integration of the
device in more superconducting circuits.23,24

In this work, we show that we can reproduce the synaptic
properties of the MJJ in a new material system that consists of a
barrier of amorphous Ge containing Fe nanoclusters between two
Nb electrodes. Using a method of field cooling, we show that the
critical current in the GeFe MJJ depends on the magnetic order of
the clusters. Finally, we demonstrate that the variation of the criti-
cal current can be tuned in a quasi-analog way with short electrical
pulses of 16 pJ, which is comparable to the previous observation
made in the SiMn system. These results show that the synaptic
properties of the MJJ are not limited to the SiMn system and are
thus encouraging for the exploration of new material systems for
synaptic devices in superconducting neuromorphic applications.

II. DEVICES, EXPERIMENTAL SETUP, AND METHOD

The sample used for this study is composed of Nb(100)/
GemFex (6.2)/Nb(20), where the numbers in parentheses are the
thickness in nanometers and the notation GemFex stands for nano-
clusters of iron in a matrix of germanium. The barrier of GeFe was
grown with a custom-made deposition system, which allows the
deposition of size-selected nanoparticles (clusters) at low impact
energies.25,26 The Nb films were deposited in a separate
electron-beam evaporation system, to which the sample was trans-
ferred in ultrahigh vacuum. Note that another 100 nm of Nb was
deposited on top of the sample during the processing to make the
top electrode and the wiring layer. The nanoclusters are selected to
have a size of 1000 ± 100 atoms of Fe per cluster (corresponding to
diameters of 2.9 ± 0.1 nm), and their concentration in the barrier is
approximately 17 vol. %, assuming bulk density of iron for the
nanoclusters. The nanoclusters clusters are superparamagnetic,
meaning that the magnetization of the cluster is monodomain and
its direction is blocked in a given direction when the temperature is
below a characteristic value called the blocking temperature (TB).
Here, the average blocking temperature of the magnetic clusters is
measured to be 40 ± 5 K, which was determined from field-cooling
measurements similar to the ones described below.

A schematic circuit of the experimental setup is shown in
Fig. 1. The sample is patterned into 8 μm-diameter circular MJJ
devices using optical lithography. These devices are measured in a
cryogenic probe station with a base temperature of 4 K. A 93 Hz tri-
angular waveform is applied to the device via ground-signal-ground
probes. The triangular waveform input and the amplified output
voltages are sent to an oscilloscope to measure the characteristic
current–voltage (I–V) curve of the junction. Finally, nanosecond
electrical pulses can be applied through the device to modify the
magnetic order of the MJJ as described in the method below.

The magnetic order of the device is defined by the average ori-
entation of the nanoclusters’ magnetization within the device: a

disordered magnetic state is obtained when the magnetization of
the clusters points in random directions, whereas a highly ordered
magnetic state is obtained when the magnetization of the clusters is
aligned in a given direction. The methods used in this work to
control the magnetic order are described in Fig. 2. The disordered
magnetic state is obtained with a method of zero field cooling
(ZFC), which consists of heating the device above its blocking tem-
perature (TB≈ 40 K) and then cooling the device in the absence of
a magnetic field [Fig. 2(a)]. To increase the magnetic order of the
junction, we use two different methods. A fully or partially ordered
state can be obtained with a field-cooling (FC) method, where the
device is heated up to a given temperature Tmax and then cooled
down in the presence of a magnetic field [Fig. 2(b)]. The higher the
maximum temperature (with Tmax < TB) and the magnetic field, the
higher the magnetic order. Although this method is easy to imple-
ment, it is slow and not desirable for neuromorphic applications
due to the need to vary the temperature. Another way to control
the magnetic order of the device is to use field-assisted electrical
pulse control. This method has the advantage of being fast, and the
magnetic order can be controlled while maintaining a 4 K tempera-
ture. In this case, a magnetically ordered junction is obtained by
applying electrical pulses in the presence of a magnetic field [Fig. 2(c)].
The degree of order depends on the pulse parameters and on the

FIG. 1. Schematic circuit of the experimental setup. A bias tee is used to sepa-
rate the slow 93 Hz-triangular waveform needed to measure the superconduct-
ing properties of the device and the fast-electrical pulses used to modify the
magnetic order of the MJJ. The sample is placed inside a temperature-variable
cryogenic probe operated at 4 K. An external magnetic field (Happ) inside the
cryostat is used to modify the magnetic order of the clusters (see Sec. II). To
measure the characteristic I–V curve of the junction, the output signal from the
device amplified with a low noise amplifier (LNA) and the triangular waveform
input are both sent to an oscilloscope.
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value of the magnetic field. For this experiment, we typically used
repetitions of 10 ns pulses of 280 ± 10mV, which, as described
further, corresponds to a pulse energy of 16 pJ.

Finally, any major changes, such as contacting a device, apply-
ing electrical pulses, or ramping the magnetic field can generate
trapped flux due to persistent current loops that can distort the
measurement. To remove any potential trapped flux, a defluxing
procedure is performed after each major change. Defluxing consists
of heating the system above the superconducting critical tempera-
ture of the junctions and Nb wiring (TC≈ 9 K) and then returning
to 4 K before measurements. We note that the defluxing method
would not be energy and time efficient for neuromorphic applica-
tions if it is needed frequently, e.g., after each training pulse
sequence. However, a previous study with SiMn demonstrated that
using current pulses with energies no larger than 100 pJ and limit-
ing the magnetic field (to 20 mT) does not generate trapped flux,11

meaning that both training and inference could potentially be done
without the need for the defluxing of the circuit.

III. RESULTS

One requirement for an MJJ to act as a synaptic device is that
the critical current of the junction must be tunable with the mag-
netic ordering of the clusters. We study this property for the junc-
tions with GeFe clusters using the ZFC and FC methods to control
the magnetic order. Figure 3 shows the characteristic current–
voltage (I–V) curves of the junction when the nanoclusters are dis-
ordered with ZFC and ordered with FC at 80 mT at a maximum
temperature of 25 K. The measurements show a clear reduction of
the critical current when the nanoclusters are ordered magnetically,
confirming that the critical current is dependent on the magnetic
order.

The data are fit with the Ivanchenko and Zil’berman (IZ)
model,27,28 which accounts for the thermal noise responsible for

the rounding of the curves near IC and allows the extraction of the
critical current IC and the normal state resistance RN of the device.
The IZ model is described by the expression

V(Ic, RN , Teff ) ¼ IcRN
I
Ic
� I�þIþ

� �
for I . 0, (1)

where I+¼ I1+iγ (γc)
2iI+iγ (γc)

, γ ¼ I�h
2ekBTeff

, and γc ¼ Ic�h
2ekBTeff

. Here, I ν(z) is a

modified Bessel function of the first kind with ν being a non-
integer complex number, Teff is the effective noise temperature in
the measurement system, �h is the reduced Planck constant, e is the
elementary charge, and kB is the Boltzmann constant. The fits
shown in Fig. 3 correspond to a normal state resistance of
112 ± 5mΩ and a critical current of 27.0 ± 0.4 μA or 2.0 ± 1.8 μA
when the junction is, respectively, magnetically disordered or
ordered. The effective noise temperature is found to be 49 ± 4 K.
Here, the uncertainty on RN, Teff, and IC is determined by the
standard deviation of the fitted values for 20 repetitions of the mea-
surement of the I–V curves for both FC and ZFC. This same uncer-
tainty in the critical current for FC and ZFC is shown by the error
bars in Figs. 4 and 5. We note that there is a larger error bar that
results from this averaging process for the FC measurements of Ic,
compared to that for the ZFC measurements of Ic, as seen in Fig. 4.

We then study the influence on the device critical current due
to the magnetic field strength during field cooling. The IC measure-
ments are repeated by alternating ZFC and FC, where the FC is
performed with different values of the magnetic field and for a
maximum temperature of 43 K. The I–V curve is measured after

FIG. 2. The magnetic order of the device is controlled with three different
methods: (a) Disordering with zero field cooling (ZFC), (b) ordering with field
cooling (FC), and (c) ordering with field-assisted electrical pulse control. See
the main text for a detailed description of the three methods.

FIG. 3. Characteristic I–V curve of the MJJ measured at 4 K for two different
magnetic orders. The disordered state (green) is obtained with zero field
cooling, while the ordered state (purple) is obtained with a field cooling at 80 mT
and a maximum temperature of 25 K. The data are fitted (red curves) with the
Ivanchenko and Zil’berman model that takes into account the thermal noise in
the measurement system.
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each FC measurement, and the critical current is reported as a
function of the magnetic field strength, as shown in Fig. 4. We
observe intermediate values of critical current that correspond to
intermediate ordering of the magnetic clusters between fully disor-
dered and fully ordered. This result is important for neuromorphic
applications since the intermediate values of critical current are
required to tune the weight of the synaptic device.

Subsequently, we study the critical current of the device when
the magnetic order is controlled with the field-assisted electrical
pulse method. For that, we measure the characteristic I–V curves of
the junction after the clusters have been ordered in the presence of
a magnetic field of 30 mT with a certain number of 10 ns pulses of
an amplitude of 280 ± 10mV. Here, the pulse is measured with a
high-speed oscilloscope, and its voltage amplitude is estimated at
the sample after accounting for the measured input cabling and
component losses. Assuming a 50Ω characteristic impedance of
the cabling, the estimated energy of the pulse is 16 pJ. Considering
the resistance of 112 ± 5mΩ of our device, most of the energy is
reflected due to the poor impedance match between the junction
and the 50Ω lines. Using a DC analysis, the energy of the pulse
dissipated in the MJJ, Epulse, is estimated to be 35 fJ.

The critical current is extracted by fitting the I–V curves and
is shown in Fig. 5 as a function of the number of pulses. Before
each measurement, the device is magnetically disordered with the
ZFC method. The general trend of the curve shows that the critical
current decreases with the number of pulses with a reduction of
the critical current by a factor of 2.3 after 105 pulses compared to
the disordered state value. This result is similar to the reduction of

IC with the number of electrical pulses previously observed in
SiMn. Compared to the FC method, the current pulse method is
faster for controlling and fine-tuning the magnetic order and the
critical current of the device. This is a significant advantage for
neuromorphic applications.

For neuromorphic applications, modifying the critical current
from a high to low value can be used to strengthen or weaken the
synapse depending on how it is integrated in the circuit. Since both
actions are needed in a neural network, the critical current should
ideally be modified with pulses in a reversible way. This capability
was demonstrated in our previous work with SiMn:11 the critical
current can be reset to its highest value (magnetically disordered
MJJ) by applying a current pulse in the absence of a magnetic field.
Although this property was not the focus of our present study, we
were able to make similar observations in GeFe. Further study is
needed to more extensively characterize the ability to modify the
critical current incrementally in both directions.

Finally, we note that the mechanism behind the ordering of
the clusters with electrical pulses is not well understood. It seems
unlikely that this mechanism can be attributed solely to thermal
effects for the following reason. We estimate the temperature
increase ΔT generated in the device when an electrical pulse is
flowing through the MJJ with the following equation:

ΔT ¼ Epulse
mGecGe þmFecFe

, (2)

FIG. 5. Critical current as a function of the number of pulses applied through
the junction in the presence of a magnetic field of 30 mT. The pulses are 10 ns
long and have an amplitude of 280 ± 10 mV. The data point at 100 pulse corre-
sponds to the critical current for the disordered state of the device obtained with
the ZFC disordering method. Here, the ZFC is performed before each measure-
ment of FC to reset the magnetic clusters to a disordered state. The error bar is
defined by the standard deviation obtained for 20 measurements of ZFC and
FC in the same conditions (ΔIC_ZFC = 0.4 μA and ΔIC_FC = 1.8 μA).

FIG. 4. Critical current as a function of the magnetic field during the FC order-
ing. The value for zero magnetic field corresponds to the critical current
obtained after the ZFC disordering. Here, the ZFC is performed before each
measurement of FC to reset the magnetic clusters to a disordered state. The
error bar is defined by the standard deviation obtained for 20 measurements of
ZFC and FC in the same conditions (ΔIC_ZFC = 0.4 μA and ΔIC_FC = 1.8 μA).
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where Epulse is the pulse energy, mGe,Fe is the mass of Ge or Fe
inside the barrier (mGe = 1.38 pg and mFe = 0.28 pg), and cGe,Fe is
the specific heat capacity of Ge or Fe (cGe = 0.32 J g−1 K−1 and
cFe = 0.449 J g−1 K−1). The mass of Ge and Fe in the barrier is
obtained with the dimensions of the barrier, the concentration of
clusters in the barrier, and the density of the materials
(ρGe = 5.323 g/cm3 and ρFe = 7.874 g/cm3). Using the equation
above, we estimate that the 35 fJ of energy dissipated by the electri-
cal pulse through the MJJ gives rise to a temperature increase of
ΔT � 56mK through the device. This value is three orders of mag-
nitude below the blocking temperature of 40 ± 5 K for this device,
which suggests that the pulse-induced magnetic ordering mecha-
nism is unlikely to be attributable to thermal effects. Note that even
considering a worst-case estimate that ignores any cooling pro-
cesses and assumes that all the energy in the pulse (16 pJ) is
absorbed by the barrier, the temperature through the device would
increase only by ΔT � 25K, which is still below the blocking tem-
perature of the device and is insufficient to modify the magnetic
orientation of the clusters by thermal effects. More study of the
transport is needed to explain this mechanism.

IV. SUMMARY

In summary, we have shown that nano-clustered GeFe MJJs
could be used as artificial synapses in superconducting neuromor-
phic circuits. The critical behaviors that have been demonstrated in
this study are that the critical current can be varied with the mag-
netic order of the clusters; intermediate values of critical current
can be obtained with intermediate magnetic states between the
fully ordered and the fully disordered state; these intermediate
values can be reached with fast current pulses applied through the
device. As far as the authors are aware, this is the first time that
this behavior has been observed in a system other than in nano-
clustered SiMn MJJs. Contrary to the SiMn barriers, the GeFe is
deposited with a size-selective nanoparticle deposition system,
which enables fine-tuning of the nano-cluster properties. This will
allow more extensive studies on the properties of the device as a
function of the parameters of the interlayer nano-composite in the
junction (cluster size, cluster concentration, etc.). This has the
potential to improve the performance of the devices (e.g., speed,
energy efficiency, number of intermediate values of IC accessible,
etc.) as well as to help determine the physics of the device (e.g.,
transport properties, interaction between clusters, mechanism
related to the pulse-induced magnetic ordering, etc.). Finally, the
results of this study open up new options to explore and optimize
materials for nano-clustered MJJ synaptic devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for a more detailed descrip-
tion of the material deposition method.
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