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A Multilevel Magnetic Synapse Based on Voltage-Tuneable
Magnetism by Nitrogen Ion Migration

P. Monalisha,* Zheng Ma, Eva Pellicer, Enric Menéndez, and Jordi Sort*

Advanced synaptic devices with simultaneous memory and processor
capabilities are envisaged as core elements of neuromorphic computing (NC)
for low-power artificial intelligence. So far, most synaptic devices are based on
resistive memories, where the device resistance is tuned with applied voltage
or current. However, the use of electric current in such resistive devices
causes significant power dissipation due to Joule heating. Higher energy
efficiency has been reported in materials exhibiting voltage control of
magnetism (VCM). In particular, voltage-driven ion motion to modulate
magnetism (magneto-ionics) is an emerging VCM mechanism that can offer
new prospects for low-power implementation of NC. In the present work,
voltage-driven nitrogen ion motion is exploited in transition metal nitride
(CoFeN) thin films (i.e., nitrogen magneto-ionics) to emulate biological
synapses. In the proposed device, distinct multilevel non-volatile magnetic
states for analog computing and multi-state storage are realized. Moreover,
essential synaptic functionalities of the human brain are successfully
simulated. The device exhibits an excellent synapse with a remarkable
retention time (≈6 months), high switching ratio and large endurance (≈103),
for hardware implementation of NC. This research provides new insight into
exploiting magneto-ionic-based synaptic devices for spin-based neuromorphic
systems.

1. Introduction

In the present era of artificial intelligence (AI) and the Inter-
net of Things (IoT), computers based on the conventional von
Neumann architecture, where the memory and processing units
are placed separately, face important bottlenecks in terms of at-
tainable speed and energy efficiency.[1] As an alternative, in an
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attempt to cope with the current tech-
nological needs, a new computing
paradigm emulating how the human
brain works, with synchronized mem-
ory and processing units, is emerging.
However, much progress is still needed
to optimize the key components of
brain-inspired neuromorphic comput-
ing (NC): the artificial synapses, which
are central to learning and memory.
Tremendous progress has been made
to fabricate synaptic devices exploiting
various mechanisms including ferroelec-
tric memory (Fe-RAM),[2,3] phase change
memory (PCM),[4,5] resistive random-
access memory (ReRAM),[6,7] electrolyte-
gated transistors (EGT),[8,9,10] etc.

Along with charge-based devices,
synaptic devices exploiting their spin
degree of freedom have been studied
recently.[11,12,13,14] Devices based on spin-
transfer-torque magnetic random mem-
ory (STT-MRAM),[15,16] skyrmion,[17–19]

and spin-orbit-torque magnetic ran-
dom memory (SOT-MRAM),[20,21,22] etc
have been implemented in synaptic
electronics. The spintronics materials

are appealing for their fast switching, unlimited endurance and
compatibility with the complementary metal oxide semiconduc-
tors (CMOS) based technology.[20,23]However, in these magnetic
synapses, a large fraction of energy is dissipated in the form of
heat due to the Joule effect arising from the electric currents
needed to switch the memory units and poses important limi-
tations in terms of energy efficiency.[24] In this context, a new
type of magnetic synapse operating with voltage, with minimized
flowing current, might significantly boost energy efficiency. In
this regard, materials whose magnetic properties can be directly
controlled with voltage (through the inverse magnetoelectric ef-
fect), could be a good alternative.[25]

Magneto-ionics, defined as voltage control of magnetism via
ion (O2–,[26,27] Li,+ ,[28,29] H+ ,[30,31]) migration, has acquired
a leading role in magnetoelectric systems since it can cause
massive modulation of the magnetic properties in a perma-
nent way. However, one of the drawbacks of this mechanism
is the limited switching speed attainable at room tempera-
ture, which is still rather slow (often > ms), because ion dif-
fusion is a thermally-activated process.[32] Voltage-driven H+

ion transport has been reported to be faster (in some cases <

100 μs),[33] but H+ magneto-ionic effects can be highly sensitive to
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environmental humidity leading to limited retention times.[30]

Recently, nitrogen magneto-ionics has proven to be also more
efficient than O2- magneto-ionics in terms of induced magne-
tization modulation, switching speed, and cyclability.[34] Nitro-
gen magneto-ionics has been observed in binary and ternary
transition metal (TM) nitrides.[31,35] Remarkably, compared to
the binary TM nitrides, the ternary TM nitrides often show
a much larger magneto-ionic response due to synergetic mi-
crostructural/ion diffusion and electric resistivity effects.[35] Re-
cently, magneto-ionic-based synaptic devices have been reported
using CoN, and only frequency-dependent behavior has been
shown. However, complete emulation of a wide range of synap-
tic functionalities is yet to be validated for the potential neuro-
morphic application of magnetic synapses. Additionally, a high
dynamic range, faster switching, good endurance and excellent
retention are the important figure of merits of a synaptic de-
vice for real-life technological applications. Besides, multilevel
non-volatile states are crucial for analogue computing and high-
density data storage. Due to its technological potential, a com-
plete and systematic study on N3- magneto-ionic-based synaptic
devices is highly desirable.

In this work, we propose a two-terminal (2T) magneto-ionic
synaptic device based on a ternary transition metal nitride
thin film: (Co35Fe65)xN1–x (for simplicity, CoFeN). This mate-
rial is capable of inducing a large magneto-ionic effect com-
pared to its binary nitride counterparts. Moreover, Co35Fe65 is
well known for its very high saturation magnetization and high
magnetic anisotropy among all TM magnetic alloys at room
temperature, thus promising for spin-based NC.[37,38] In the
as-grown state, CoFeN is paramagnetic. However, the applica-
tion of external voltage triggers the emergence of a net mag-
netic moment, which can be highly tuned through electrolyte
gating (i.e., inducing a transition from paramagnetic to ferro-
magnetic states). A very high ON/OFF ferromagnetism switch-
ing ratio (with MS ≈ 880 emu cm-3) and a high magneto-ionic
speed (12.3 emu cm-3 s-1) are achieved at room temperature.
Based on this magneto-ionic performance, several neuromor-
phic functionalities have been demonstrated. First, we have re-
alized multilevel non-volatile magnetized states for analog com-
puting and multi-state storage, using a series of programmed
pulses. Then, we successfully emulated various characteristic
synaptic functions such as spike amplitude-dependent plastic-
ity, spike duration-dependent plasticity, and long-term poten-
tiation/depression. Interestingly, the device exhibits excellent
figures of merit such as large endurance (≈103) and remarkable
retention time (≈6 months) for practical NC application. Since
reading can be done externally (i.e., using a magnetometer), this
2T device enables independent reading and writing operations,
unlike other conventional 2T synaptic devices, that allow easy in-
tegration in crossbar arrays.[39] Finally, the working mechanism
of the device has been probed using X-ray photoelectron spec-
troscopy (XPS). Our results highlight the excellent platform of-
fered by magneto-ionics to mimic biological synapses for build-
ing artificial NC systems.

2. Results and Discussion

CoFeN thin films were deposited on Ti (20 nm)/Cu (60 nm)
coated [100]-oriented Si substrate at room temperature using

reactive magnetron sputtering (see Experimental Details). The
CoFeN film thickness was fixed at 10 nm (i.e., relatively thin
to enhance the magneto-ionic effect).[36] All the magneto-ionic
measurements were carried out in a capacitor-like configuration
at room temperature using a vibrating sample magnetometer
(VSM). The schematics of the device structure and the electri-
cal connections are presented in Figure 1a. The Cu/Ti buffer
layer acted as the working electrode, while a Pt wire served as
the counter electrode in the proposed device structure. An an-
hydrous propylene carbonate (PC) with dissolved Na+ and OH–

traces (10–25 ppm) was used as an electrolyte, which also acts
as an N3- ion reservoir. The working mechanism of the synap-
tic device is presented in Figure 1b. Upon voltage application, an
electric double layer (EDL) is formed at the film/electrolyte inter-
face, which induces a large electric field perpendicular to the film
surface. The Na+ ions dissolved in the liquid electrolyte facilitate
the formation of a strong electric field due to their small ionic ra-
dius when the working electrode is negatively biased. The strong
electric field drives N3- ions into/out of the sample. The working
mechanism involves both electrostatic effect and electrochemical
reactions in the sample. With negative gating, the sample under-
goes denitriding (removal of N3- ions), assisted by the negative
electric field. However, positive gating results in sample nitriding
by re-insertion of N3- ions from the liquid, assisted by a positive
electric field. The nitriding and denitriding processes in CoFeN
are reversible and can be accomplished multiple times by alter-
nating voltages of opposite polarities.

To investigate the magnetic effects caused by N3- ion mo-
tion, the CoFeN thin films were electrolyte-gated at room tem-
perature and magnetic hysteresis loops were recorded in situ.
All the magnetic measurements were carried out by applying
the magnetic field parallel to the sample surface (in-plane). The
magnetization (M) versus applied magnetic field (H) hysteresis
measurements of the as-prepared and voltage-treated (VG = -
12 V) sample are presented in Figure 1c.The as-grown CoFeN
films exhibit a virtually paramagnetic behavior, with a very small
MS (≈ 15 emu cm-3) likely arising from the presence of resid-
ual metallic Fe or Co clusters, or from off-stoichiometric re-
gions in the as-grown CoFeN films.[35] Upon voltage treatment
(-12 V for 20 min), MS increases dramatically, showing a clear
paramagnetic-to-ferromagnetic switching. The M-H loop of the
voltage-treated sample shows low coercivity (65 Oe) and large
squareness (MR/MS≈ 0.84), suggesting in-plane anisotropy. The
attained value of saturation magnetization by applying VG = –
12 V is MS ≈ 880 emu cm-3. With negative voltage, M increases
due to the extraction of N3- ions from the sample, thereby reduc-
ing CoFeN (paramagnetic) to metallic CoFe (ferromagnetic).[34–36]

Thus, CoFeN exhibits clear OFF→ON switching of ferromag-
netism. Remarkably, the obtained ON/OFF ratio in CoFeN is con-
siderably higher than previous values reported for binary FeN or
CoN.[36]

The time evolution of M, while applying a gate voltage VG =
-12 V, is presented in Figure 1d. An in-plane magnetic field of
10 kOe was applied (well above the saturation magnetic field)
throughout the measurement. M quickly increased during the
first few seconds of voltage application and then saturates. The
speed of magnetization was calculated to be 12.3 emu cm-3 s-1

by linearly fitting the initial part (first 10 s) of the M versus t
curve, shown as an inset in Figure 1d. The high dynamic range
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Figure 1. a) Schematics of the CoFeN-based synaptic device and magneto-ionic measurement setup in a capacitor-like configuration. b) Schematics
illustrating the working mechanism of the nitride system with negative voltage treatment involving both electrostatic and electrochemical effects. c) The
M-H hysteresis loop of the CoFeN sample showing a paramagnetic to ferromagnetic switching with voltage treatment of -12 V for 20 min. d) The M-t
curve of the sample with voltage (-12 V) treatment, and the inset show the linear fitting of the M-t curve to calculate the magneto-ionic speed.

(magnetization generation ratio ∼ 880 emu cm-3) together with
the high magneto-ionic speed (≈12.3 emu cm-3 s-1) makes CoFeN
particularly promising for NC applications.

The mechanism underlying the magnetic switching in the
investigated ternary nitride was probed using XPS, where
the change in valence states of the elements was ana-
lyzed for samples before and after voltage treatment. The

XPS spectra were recorded for the as-prepared and voltage-
treated samples, after applying VG = –12 V for 15 min.
Figure 2a shows the Co 2p3/2 core-level spectrum of the
as-prepared CoFeN sample, evidencing the presence of only Co3+

(780.6 eV) peak.[40] On the contrary, the corresponding peak in
the voltage-treated sample reveals the presence of metallic Co0

(777.9 eV) along with the Co3+ peak in Figure 2b.[41] Similarly,

Figure 2. XPS spectra of the CoFeN surface. The sample was treated with VG = -12 V for 15 min. a) Co 2p3/2 spectrum shows only the Co3+ peak in the
as-prepared sample. b) Co 2p3/2 spectrum showing Co3+ and metallic Co0 peaks in the voltage-treated sample. c) Fe 2p3/2 shows only the Fe3+ peak
in the as-prepared sample. d) Fe 2p3/2 spectrum showing Fe3+ and metallic Fe0 peaks in the voltage-treated sample.
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Figure 3. a) Schematics of a biological synapse demonstrating signal
transmission from presynaptic to postsynaptic neurons. b) Variation of
sample magnetization as a function of VG with a sweeping speed of
0.03 V s-1, evidencing a non-volatile and reversible change. c) Multilevel
non-volatile magnetic states were obtained by applying ten consecutive
gate pulses (VG = -5 V, tP = 90 s) spaced apart by 300 s.

the Fe 2p3/2 core-level spectrum of the as-prepared sample, pre-
sented in Figure 2c, illustrates the existence of only Fe3+ peak
(710.6 eV).[42] Upon voltage treatment, there is the advent of
metallic Fe0 peak (706.5 eV) along with Fe3+ peak in the corre-
sponding Fe 2p3/2 spectrum (Figure 2d).[43] Thus, Figure 2(b,d)
proves that, with negative voltage treatment, the sample under-
goes denitriding, hence reducing CoFeN to ferromagnetic CoFe,
in agreement with the magnetic results. Hence, the XPS study
confirms the proposed working mechanism of the denitriding
process.

In the human brain, the synapse is a functional connection be-
tween neurons that allows signal transmission. The schematics
of biological synapses, allowing signal transmission from presy-
naptic neuron to postsynaptic neuron is depicted in Figure 3a.
Synapses exhibit a fascinating property called “synaptic plastic-
ity” (change of synaptic weight depending on activity level), which
forms the basis for all learning and memory happening in the
human brain.[44] In the present study, the magnetic switching
(from paramagnetic to ferromagnetic) in the TM nitride-based
device has been used to imitate various synaptic functionalities.
Here, M switching is considered as the synaptic weight update
and pulsed electric voltages as the external stimuli.

To demonstrate the neuromorphic properties of the investi-
gated magneto-ionic material, we first measured the variation of
M as a function of gate voltage by sweeping VG in a clockwise
fashion (from 0 to -8 V, then -8 to 0 V, then 0 to18 V, and fi-
nally back to 0 V), with a sweeping speed of 0.03 V s-1, as shown
in Figure 3b. An in-plane magnetic field of 10 kOe was applied
throughout the measurement. The sample M increases with neg-

ative gating (sweeping from 0 to -8 V, and from -8 to 0 V,) due
to the aforementioned sample denitriding by the removal of N3-

ions assisted by a negative electric field. Conversely, with posi-
tive gating, M decreases as the N3- ions are inserted back into the
sample, converting CoFe (ferromagnetic) back to CoFeN (param-
agnetic). A small gap opening can be observed in Figure 3b, re-
flecting partial irreversibility. However, with a faster VG sweeping
fully closed loops can be obtained compromising the magnetiza-
tion modulation, as shown in Figure S3 (Supporting Informa-
tion). The M versus VG curve results in a loop, representing the
non-volatile and virtually reversible modulation of sample mag-
netization, making it suitable for the emulation of both short-
term and long-term synaptic plasticity.

Multilevel non-volatile states are crucial for analog computing
and to increase the memory density for neuromorphic comput-
ing applications.[45,46] Multilevel magnetic states have been made
accessible in the CoFeN synaptic device by applying trains of neg-
ative pulses (VG = -5 V, pulse duration tP = 90 s), spaced apart by
300 s, as shown in Figure 3c. We can see that during the negative
gating periods, M increases due to sample denitriding. However,
in the periods when voltage is stopped, M slightly decreases but
retains a progressively higher value after each step, evidencing
an intrinsic non-volatile nature. Such spontaneous partial deple-
tion of the generated M has been observed in other systems.[34]

With successive pulses, CoFeN becomes progressively more den-
itrided, resulting in states with higher MS. Hence, by applying
programming voltage pulses, we could realize multiple discrete
non-volatile states for NC applications.

Synaptic plasticity can be tuned by varying the amplitude of ex-
ternal stimuli. This is termed “spike amplitude-dependent plas-
ticity” (SADP). SADP was mimicked in the CoFeN-based synap-
tic device by applying a series of spikes of different amplitudes
(-4, -6, -8, -10, -12 V). The duration of each spike was main-
tained constant, i.e., tP = 90 s. Again, an external magnetic field
of 10 kOe was applied throughout the measurements to mag-
netically saturate the generated ferromagnetic counterpart. As
shown in Figure 4a, M increases with increasing spike ampli-
tude (more negative), due to a more pronounced paramagnetic-
to-ferromagnetic phase transformation at a higher voltage. The
increment of M with electrolyte-gating occurs due to the com-
bined contribution of the electrostatic effect and electrochemi-
cal reaction driven by the EDL. The latter involves denitriding
of the sample assisted by the electric field. Furthermore, the in-
crement/decrement in sample M with negative/positive gating is
analogous to the excitatory/inhibitory behavior of the magnetic
synapse. While Figure 4a presents the excitatory behavior at dif-
ferent spike amplitudes, the inhibitory behavior of the CoFeN
based synapse is mimicked by applying spike (VG = 10 V, tP =
50 s), presented Figure S4 (in Supporting Information).

Figure 4a reveals that M increases during 90 s of spike appli-
cation, however, after spike removal, M relaxes tending to level
off after 1500 s. The relaxation in M represents volatile magnetic
changes, that can be used to mimic the short-term plasticity in
the human brain. Remarkably, M retains a constant and voltage-
tunable value for a longer time, presenting the non-volatile mag-
netic change analogous to long-term plasticity. The resultant MS
is plotted as a function of spike amplitude in Figure 4b. The MS
measured immediately after spike removal (at peak) is defined as
volatile change, while the MS measured after 2000 s from spike
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Figure 4. a) Spike amplitude-dependent plasticity emulated by firing spikes of different amplitudes (-4, -6, -8, -10, and -12 V) and of the same duration (tP
= 90 s). b) Change in M as a function of spike amplitude. ΔM values were measured immediately (at peak) and after 2000 s of spike removal, presenting
volatile and non-volatile changes, respectively. c) Time derivative of magnetization for different spike amplitudes (the inset shows the maximum magneto-
ionic speed as a function of spike amplitude). d) Retention of the device treated at different gate voltages. After electrolyte gating in liquid, the sample
was stored at ambient, and the M was measured at air periodically. The initial state (non-treated sample) is denoted as “Para”.

removal is defined as non-volatile change.[47] Both the volatile and
non-volatile MS contributions increase monotonically as a func-
tion of VG, representing the complete emulation of SADP.

Device speed is an important figure of merit of a synaptic de-
vice. The speed of the magnetic switching determines the speed
of the device. The rate of change of M (magneto-ionic speed)
during the first 90 s of voltage application has been calculated
by plotting the dM/dt for different spike amplitudes, as shown
in Figure 4c. The speed of the device increases systematically
as a function of spike amplitude, as presented in the inset. The
investigated CoFeN-based synaptic device exhibits higher speed
(12.3 emu cm-3 s-1) at room temperature, even at a much lower
voltage (-12 V) compared to other magneto-ionic systems, which
is very promising for practical NC applications. For instance,
85 nm thick CoN and FeN exhibits magneto-ionic speed of 0.7
and 0.1 emu cm-3 s-1 respectively, with an applied voltage of -
50 V.[34,48] Even thinner (5 nm) films of CoN and Co3O4 ex-
hibits lower speed of 5.9 and 1.1 emu cm-3 s-1 with higher ap-
plied voltages of −25 and -50 V, respectively.[36,49] Furthermore,
sample retention is crucial for the hardware implementation of
NC. Figure 4d shows the retention of the voltage-treated sam-
ples at different amplitudes. For retention check, first the sam-
ples were voltage treated in the liquid electrolyte and immediately
removed to ambient for M measurement. Later on, the samples
were stored in the ambient and the M were measured periodi-
cally, showing the long-term stability and high retention of the
voltage-treated sample in air.

The CoFeN-based synaptic device shows remarkable retention
in ambient of at least six months (till we measure). M is partic-
ularly stable for the high voltage treated sample due to the dom-
inant denitriding that causes a non-volatile change. Moreover,
the energy consumption of the device is ≈120 μJ spike−1. The
larger energy consumption is attributed to the huge device size
(≈several mm2), which can be scaled down by lithography pat-
terning (to nanoscale regime) to have energy consumption com-
parable to biological synapses.[9,50,15]

Similarly, extending the spike duration is another means to
tune the synaptic connection, termed “spike duration-dependent
plasticity” (SDDP). To mimic SDDP in the nitride-based synaptic
device, spikes of different duration (30, 60, 90, 120, 150 s) and the
same amplitude (-8 V) were fired to the gate terminal. A magnetic
field of 10 kOe was applied to the sample throughout the mea-
surement to saturate M. The results are shown in Figure 5a. With
increasing the spike duration, the attained M value becomes pro-
gressively larger, strengthening the synaptic connection. In fact,
during spike application, MS increases, while after spike removal,
there is a relaxation of M, again leading to volatile and non-
volatile components of MS, similar to the SADP experiments. The
MS variation with spike duration is summarized in Figure 5b.
The MS values measured immediately after spike removal repre-
sents the volatile change. In turn, the MS measured after 2000 s
of spike removal represents the non-volatile change. The volatile
change is mainly attributed to electrostatic effects and it repre-
sents short-term plasticity. The redistribution of N ions inside the
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Figure 5. a) Spike duration-dependent plasticity mimicked by applying a series of spikes of different durations (30, 60, 90, 120, 150 s) and the same
amplitude (VG = -8 V). b) The variation of ΔM as a function of spike duration for both volatile and non-volatile change. c) Several cycles of potentiation
and depression were realized in the nitride-based synaptic device, illustrating excellent endurance. d) The enlarged view of a single cycle of potentiation
(P) / depression (D).

thin films after voltage treatment also contributes to the volatile
change of sample M. The non-volatile change, caused by the den-
itriding process, represents long-term plasticity. Figure 5b shows
that the MS increases monotonically with spike duration due to
more sample denitriding with longer spikes, causing a more pro-
nounced paramagnetic to ferromagnetic phase transition.

Long-term plasticity is a very important form of synaptic plas-
ticity, that constitutes the basis for learning and memory in the
human brain.[51] By applying a series of consecutive pulses, we
could emulate the long-term potentiation (LTP) and long-term
depression (LTD) in the nitride-based synaptic device. LTP was
mimicked by applying a series of ten negative pulses (VG = -8 V,
tP = 10 s, spaced apart by Δt = 10 s). This results in a massive
increment in M due to sample denitriding. M was then brought
back to the initial state with a series of ten consecutive positive
pulses (VG = 8 V, tP = 10 s, Δt = 10 s), emulating LTD. During
LTD/LTP the sample undergoes denitriding/nitriding with suc-
cessive pulses. Figure 5c shows several cycles of potentiation (P)
and depression (D) mimicked in the synaptic device. The device
could be cycled > 103 times without undergoing any degradation,
exhibiting excellent cyclability and endurance for practical NC ap-
plications. Figure 5d shows an enlarged view of one cycle of po-
tentiation and depression.

3. Conclusion

A magneto-ionic-based synaptic device based on CoFeN, where
we have used voltage-induced magnetic switching to emulate bi-
ological synapses, is proposed. The strong (880 emu cm-3) and
fast (12.3 emu cm-3 s-1) magneto-ionic response make the de-
vice promising for NC. The insertion/removal of N3- ions, re-
sponsible for such magnetic switching, have been experimen-
tally demonstrated. We have realized multilevel non-volatile mag-

netic states for analog computing and multi-state storage us-
ing programmed voltage pulses. Furthermore, representative
synaptic functions such as spike amplitude-dependent plastic-
ity, spike duration-dependent plasticity, and long-term potentia-
tion/depression have been mimicked in the device. Interestingly,
we have realized excellent endurance (≈103) and remarkable re-
tention time (≈6 months), turning it into a suitable device for
real-life implementation in NC. The study suggests that the pro-
posed magneto-ionic-based synaptic device with multilevel stor-
age may have great application prospects in spin-based NC.

4. Experimental Section
Sample Fabrication: The CoFeN thin films were deposited on Ti

(20 nm)/Cu (60 nm) coated [100]-oriented Si substrate using AJA Inter-
national ATC 2400 sputtering system with a base pressure of ≈10–8 Torr.
High-purity Ar: N2 (50%:50%) environment with a pressure of 3×10–3 Torr
was maintained during the nitride film growth. The films were deposited at
room temperature with a sputtering speed of 0.5 Å s-1. One portion of the
sample was masked during deposition to leave the Ti/Cu layer exposed to
later make the contact and let it act as the working electrode.

Magnetoelectric Measurement: All the magnetoelectric measurements
were carried out at room temperature, applying voltage in a capacitor-
like configuration. A platinum wire was used as the counter electrode.
An anhydrous propylene carbonate with dissolved Na+ (10–25 ppm) was
used as the gate electrolyte, where metallic sodium was used to elimi-
nate any traces of residual water in the electrolyte. The in situ magnetic
measurements were carried out using a VSM (Micro Sense LOT-Quantum
design) with a maximum in-plane magnetic field of 20 kOe. The M-H
loops were corrected for the linear slope at high fields to remove the dia-
magnetic/paramagnetic contributions from the Si substrate and the VSM
holder. The voltage pulses were applied using an Agilent B2902A power
supply to emulate neuromorphic functionalities.

Structural Characterization: XPS measurements were carried out us-
ing a PHI 5500 Multitechnique System (Physical Electronics), with a

Adv. Electron. Mater. 2023, 9, 2300249 2300249 (6 of 8) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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monochromatic Al K𝛼 (E = 1486.6 eV) source. The XPS measurements
were carried out ex situ, immediately after voltage treatment of the sam-
ples, and subsequently washing them using deionized water. CasaXPS
software was used for XPS peak deconvolution and a Shirley background
was used for all elements.
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