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Electronic emulation of the biological synapse, which is the memory and learning element of the brain,
is an important step towards the realization of brain-inspired computing systems. However, a comple-
mentary metal-oxide-semiconductor−based implementation of a synapse is not scalable due to the power
and area inefficiency. It is therefore essential to develop alternative material and device concepts that can
mimic the maximum number of synaptic functionalities in an energy-efficient way. Here, we demonstrate
a nanosized energy-efficient three-terminal artificial synapse, with a separate read and write path, based on
a magnetic material (Co) that could generate both positive and negative synaptic outputs. The Co magne-
tization, which is representative of the synaptic weight, is modulated in an energy-efficient way by using
an electric field to transport oxygen ions in and out of the Co layer. A wide range of synaptic functions
such as synaptic potentiation and depression, spike magnitude, rate, and timing-dependent plasticity, and
the transition from short-term to long-term plasticity are demonstrated. Our results suggest the viability of
a spintronic synapse in neuromorphic computing.
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I. INTRODUCTION

Electronic emulation of the biological synapse, which is
the memory and learning element of the brain, is an impor-
tant step towards brain-inspired computing systems. How-
ever, a complementary metal-oxide-semiconductor−based
synapse is not scalable due to the power and area ineffi-
ciency. Materials displaying memristorlike [1] behaviors
have been widely studied for realizing potential synaptic
devices [2–8]. Memristor-based synapses are two-terminal
devices, which can be programmed with variable conduc-
tances by passing a current through them [9,10]. The dif-
ferent conductance states of a memristor are considered as
a representation of the distinct synaptic weights. However,
there are two inherent limitations in the memristor-based
synaptic devices. The first and a less serious limitation
is the shared read and write paths. While a two-terminal
device with a common read and write channel promises
a densely packed architecture, it comes at the cost of
an increased read and write latency in addition to the
energy-expensive writing and the fluctuation of the pro-
grammed synaptic weights during the read operation.
Despite the fact that this fluctuation of synaptic weights
can be kept at a minimum by reducing the read current
magnitude, it inadvertently leads to an increased read error
rate.

The second and the more critical limitation of memris-
tor synapse, which has been somewhat overlooked by the
researchers until now, is the ineffectiveness of a memristor
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to be programmed with a negative synaptic weight, which
could appropriately yield an inhibitory postsynaptic poten-
tial. In a human brain, a synapse could produce either
an excitatory potential (positive weight) or an inhibitory
potential (negative weight) in order to increase or decrease
the membrane potential of the postsynaptic neuron, respec-
tively. However, a memristor-based synapse can only
emulate a positive weight because a positive potential
difference across it would always generate a positive cur-
rent spike due to the scalar nature of the conductance.
This positive current spike is incapable of decreasing a
postsynaptic neuron potential and can only continually
increase the postsynaptic potential by either a smaller or a
larger amount, depending on the magnitude of the mem-
ristor conductance or the synaptic weight. Due to the
above drawbacks, it would be difficult to realize a true
brain-inspired neuromorphic system using memristors. It
is therefore critical to come up with alternative materials
and device concepts in order to emulate a true biological
synapse.

Spintronic devices, which rely on the spin degree of
freedom of electrons, are considered as a viable replace-
ment of charge-based computing and memory elements
[11–13], promising nonvolatility, low power consump-
tion, and faster speed. Recent demonstrations [6,14–16]
have aroused research enthusiasm towards extending spin
devices to the field of neuromorphic computing [14,17,18].
While the neural functionalities have been implemented
to some extent using the spin elements [6], the synaptic
implementation is mostly limited to the demonstration of
multilevel programming capability [15,16].
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In this paper, we propose a spintronic-based artificial
synapse, which not only has a multilevel programming
potential but could also mimic a wide range of synap-
tic functionalities, such as potentiation, depression, spike
magnitude, rate, and timing-dependent plasticity, and tran-
sition from short-term plasticity (STP) to long-term plas-
ticity (LTP). Furthermore, there is separation of the read
and write paths and a capability to be programmed with a
negative synaptic weight, thereby, overcoming the down-
sides of memristor-based synapses [2–7]. A magnetic layer
of Co on top of Pt acts as the main functional layer of
our synapse and a GdOx gate is used for programming its
weight. The oxygen-ion (O2−) migration under the appli-
cation of an electric field on GdOx assists in accomplishing
various synaptic functions. Our results demonstrate the
feasibility of a magnetic synapse for future brain-inspired
computing.

II. RESULTS AND DISCUSSION

First, we explain the design of our device (magnetic
synapse) and answer three important questions: (i) how the
magnetic device serves as a potential synapse, (ii) how the
separation of read and write paths is achieved, and (iii)
how the device is programmed with weights of opposite
polarity. The design of the magnetic synapse consists of an
ultrathin magnetic layer of Co(0.8 nm) with perpendicular
magnetic anisotropy (PMA), which is deposited on top of
1.5-nm-thick Pt using sputter. The Pt/Co stack is capped
with an approximately 3-nm thin oxide layer of GdOx. The
GdOx layer is deposited by reactive sputtering of Gd in
oxygen partial pressure of 0.07 mTorr. Figure 1(a) shows
a schematic of the film structure. The film stack is then
fabricated in the form of a Hall bar of width 500 nm using
electron-beam lithography and subsequent ion milling. The
Hall cross is then covered with an approximately 20-nm-
thick GdOx gate oxide as shown in Fig. 1(b). In the final
step of device fabrication, the Hall cross and the gate oxide
are covered with Cr(10 nm)/Au(80 nm) electrodes.

The weight of the magnetic synapse is defined using
the measure of net Co magnetization. An effective way to
quantify the Co magnetization is to evaluate the anoma-
lous Hall resistance (RAHE), which is proportional to the
net out-of-plane magnetization [19]. The different values
of RAHE correspond to the distinct weights of the magnetic
synapse and the anomalous Hall voltage (VAHE) represents
the weighted synaptic output signal, which can be passed
as an input to the postsynaptic neuron. The programming
of the synaptic weights is achieved by modulating the Co
magnetization by applying the top gate voltage (Vg) [20].
The application of a negative gate voltage as shown in
Fig. 1(c) drives the O2− from GdOx into the Co layer
[20–25] and oxidizes the Co atoms. The oxidized Co atoms
(CoO) are paramagnetic at room temperature, which result
in the reduction of the overall saturation magnetization of

(a) (b)

(d)(c)

FIG. 1. (a) Schematic of the film structure. (b) Schematic of the
Hall bar before electrode deposition. Enlarged view of the Hall
cross is shown in the inset. (c) State of the magnetic synapse
under the application of negative gate voltage (Vg). Blue spheres
represent oxygen ions. (d) State of the magnetic synapse under
the application of positive gate voltage.

the Co layer. On the other hand, on applying a positive Vg
as shown in Fig. 1(d), the O2− migrates back from the Co
layer into the GdOx layer. This reduces the CoO into Co
resulting in increasing the magnetization of the Co layer.
In our magnetic synapse, therefore, there is a clear separa-
tion of the read and write path as the reading of the device
is carried out by passing currents through the main chan-
nel and measuring the VAHE [see connections in Fig. 1(b)],
whereas the writing of the synaptic weights is achieved via
applying a gate voltage on top of the device.

Finally, the polarity of the programmed weight or the
RAHE is determined by the out-of-plane direction of the
Co magnetization [19]. For a current passing along the
+x direction [axes labeled in Fig. 1(b)], if RAHE is mea-
sured across the +y direction, then +z and z directions of
Co magnetization results in positive and negative RAHE,
respectively. Accordingly, the polarity of synaptic weights
can be toggled by switching the magnetization direc-
tion by utilizing the current-induced spin torque from the
underlying Pt layer [26,27].

A. Potentiation and depression

We now demonstrate the emulation of basic synaptic
functions like potentiation, depression, spike magnitude,
rate, and, timing-dependent plasticity, using the proposed
magnetic synapse. Apart from mimicking the synaptic
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functions, the magnetic synapse also displays a basic
learning behavior, which transforms a STP to LTP similar
to a human brain. The most important aspect of a biolog-
ical synapse is its plasticity. A synaptic plasticity refers
to the ability of a synapse to dynamically modulate its
weight. This modulation occurs in response to the activ-
ity of the pre and postsynaptic neurons [28–30]. A synapse
in the brain strengthens when it receives a positive stim-
ulation and this strengthening or increase in its weight is
referred to as synaptic potentiation. To demonstrate synap-
tic potentiation, we start with an initial magnetic state with
RAHE = 3.1 � for which PMA is still maintained. For all
the measurements, square Vg pulses with a slew rate of
30 V/ms are applied. As shown in Fig. 2(a), when Vg pulses
of +10 V and 50 ms duration (rise-fall time approximately
333 µs) are applied on the magnetic synapse, an increase in
RAHE is observed, which corresponds to an increase of the
synaptic weight. The increase of RAHE is due to the migra-
tion of O2− from Co into the GdOx gate under the effect
of electric fields [Fig. 1(d)]. The magnetic synapse reaches
100% of its maximum weight on application of 60 posi-
tive Vg pulses. In effect, we demonstrate the characteristics
of synaptic potentiation in the magnetic synapse with the
data points in Fig. 2(a) representing the various values of
weight, which the magnetic synapse could attain. It is also
important to note that the weight of the magnetic synapse
can be programmed to have negative values by reversing
the direction of Co magnetization, as shown in Fig. 2(a).

A synaptic depression signifies the weakening or
reduction of the synaptic weight on receiving negative
stimulation. In order to demonstrate the synaptic depres-
sion in the magnetic device, 50-ms-long Vg pulses of
−10 V are subsequently applied on the device and it
is observed that the RAHE value or the synaptic weight
reduces after each pulse. The negative Vg pulses drive the
O2− from GdOx into the Co [Fig. 1(c)], thereby reducing its

saturation magnetization (Ms) by means of oxidation.
The synaptic weight can thus be programmed back to
its initial value by applying about 30 negative pulses. It
should be noted that for our device the synaptic depres-
sion is more efficient as it requires around 30 pulses,
which is half the number of pulses required (60 pulses)
for synaptic potentiation. This is possibly because of the
enhancement in the back migration of O2− into Co by
an additional process of diffusion, which favors move-
ment of O2− from GdOx into Co than the other way
around. The fast depression and slow potentiation behav-
ior in our device is similar to the functioning of a human
brain where synapse strengthening or memory formation
requires a longer time and stronger stimulation in an
untrained brain. It should also be noted that due to the
stochastic nature of our device, a different number of Vg
pulses is required in different potentiation and depression
cycles, in order to attain a particular device state. This
stochastic behavior is primarily due to the random activa-
tion of new oxidation and reduction pathways during each
cycle [9].

B. Spike-magnitude dependence

Another feature of the biological synapse is that its
strengthening rate is proportional to the magnitude of the
applied stimulation. A stimulation of larger magnitude
would produce a larger change in synaptic weight com-
pared to a stimulation of smaller magnitude [2,4,6,31].
When our magnetic synapse is stimulated with Vg pulses
of various magnitudes, the percentage change in synaptic
weight is found to be proportional to the pulse amplitude.
For instance, 30 sequential Vg pulses of +10 V magnitude
result in only a 24% increase in the synaptic weight com-
pared to a much larger change of 53% induced by +14 V
Vg pulses, as shown in Fig. 2(b). Furthermore, a reduction

(a) (b)

FIG. 2. (a) Potentiation and depression of the magnetic synapse using positive and negative gate-voltage pulses. Magnetic hysteresis
loops for the magnetic state with minimum and maximum magnetic weights are also shown. The Co magnetization is switched between
the up and down state to emulate positive and negative synaptic weight. (b) Dependence of the anomalous Hall resistance (RAHE) or
the synaptic weight on the magnitude of the Vg pulse.
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in the Vg pulse magnitude to +8 V results in a meager
modulation of 5%. The spike-magnitude dependence of the
magnetic synaptic weight is due to proportionality between
the O2− migration rate and the applied electric field.

C. Spike-timing dependence

The synaptic plasticity depends not only on the mag-
nitude and polarity of the action potential that it receives
but on the temporal relation between the action potentials
[29,30]. A biological synapse that is stimulated frequently
shows a larger modulation in its weight compared to a
synapse that is not simulated often [2,4,29,30]. This behav-
ior is referred to as the spike-rate-dependent plasticity.
In order to test the spike-rate-dependent plasticity of our
magnetic synapse, trains of Vg pulses of fixed magnitude
(+5 V) but variable delay time are applied on the device.
Before application of each Vg pulse train, the synaptic
weight is set to its minimum value and then the evolu-
tion of synaptic weight is monitored while the pulses are
applied. The synaptic weight is monitored after every 20
pulse-application events. As shown in Fig. 3(a), for a larger
time delay between subsequent pulses, the synaptic weight
increases by a smaller amount compared to the case for
which the time delay is shorter. For example, a train of
1400 Vg pulses of magnitude +5 V and a time delay of
10 ms results in a 55% modulation of synaptic weight. This
modulation is around four times higher compared to the
case when a pulse train of similar magnitude and duration
but with a time delay of 400 ms is applied on the device.

Another temporal relation between the different stimu-
lations that affects a synaptic plasticity is a spike-timing-
dependent plasticity (STDP) [29,30,32]. STDP results in a
weight modulation whose magnitude depends on the rel-
ative arrival of pre and postsynaptic spikes, �tpre−post. If
the presynaptic spike is followed by the postsynaptic spike
(�tpre−post > 0), the synaptic weight increases signifying

stronger causality. On the other hand, if the presynaptic
spike occurs after the postsynaptic spike (�tpre−post < 0),
the resultant synaptic weight decreases indicating weaker
causality. Furthermore, if the time difference between the
pre and postsynaptic spike is large, the weight modulation
is small and conversely a smaller time difference results in
a larger weight modulation. In previous works, the input
signals used for demonstrating the STDP behavior were
implemented using a variety of methods. These meth-
ods included the use of overlapping pre and postsynaptic
waveforms [33,34], nonoverlapping pre and postsynap-
tic waveforms [4,7], overlapping asymmetric waveforms
[35], single equivalent waveform [6], and conversion
of pulse-timing information to pulse-width information
[2,36].

In our work, we use the method of converting pulse-
timing (�tpre−post) information into pulse-width (�wpulse)
information and the resultant pulses are applied to the
magnetic synapse. The exponential relationship between
the pulse timing and pulse width (evaluated in Ref.
[2]) is used to map the two timing pieces of informa-
tion. Specifically, using the transfer function �wpulse =
Ae−�tpre-post/t0 , the �tpre−post is converted into �wpulse.
The values of constants A and t0 are chosen such that
�wpulse is greater than 10 ms. Subsequently, potentiat-
ing and depressing voltage pulses of a magnitude of
+10 V and −10 V, respectively, are applied in order to
change the synaptic weight, �RAHE. The duration and
width of the pulses (�wpulse) is selected from the �wpulse
versus �tpre−post mapping. Figure 3(b) shows �RAHE
(%) obtained using the expression �RAHE(%) = 100 ×
(Rfinal

AHE − Rinitial
AHE )/Rinitial

AHE , as a function of �tpre−post. Prior
to the individual potentiating or depressing pulse appli-
cation, Rinitial

AHE is set to the minimum or maximum value
of RAHE, respectively. It is observed that a smaller value
of �tpre−post results in a larger modulation of �RAHE in
comparison to a larger value of �tpre−post. As shown in

pre–post

(a) (b)

FIG. 3. (a) Evolution of the anomalous Hall resistance or the weight of the magnetic synapse under the application of consecutive
gate-voltage pulse of +5 V magnitude and 50 ms duration. Various curves represent the device evolution for the different values of
time delay between each pulse. Readings are taken after every 20 pulse-application events. (b) Dependence of the synaptic weight
modulation on the relative timing of the pre and postsynaptic pulses. Solid lines represent an exponential fit.
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Fig. 3(b), the resulting curve of �RAHE versus �tpre−post
follows an exponential waveform, which is similar to
the STDP behavior of a biological synapse. Qualitatively
similar results are obtained when the STDP behavior is
emulated by applying an equivalent combination of the pre
and postsynaptic waveform.

D. Learning and forgetting behavior

In general, a memory can be categorized into a short-
term or long-term memory depending on the time scale
of retention of the synaptic weight [37–40]. The behav-
ior of the synapse to retain the potentiated state for a very
short time is STP. In order to evaluate STP of our magnetic
synapse, 100-ms-long Vg pulses of +10 V magnitude are
first applied on the magnetic synapse until it is potentiated
to the maximum RAHE or weight. Subsequently, the state
of the device is monitored after setting Vg to 0 V and it
is observed that the RAHE slowly decreases [see Fig. 4(a)].
The retention of the potentiated state for a short amount
of time indicates the STP of the magnetic synapse, which
occurs because the fully potentiated state (100% RAHE) is
metastable. Once the electric field is removed after driving
the device in the maximum RAHE or weight state, the O2−
starts diffusing back from GdOx into Co thereby reducing
the synaptic weight.

Furthermore, the potentiation of the device is performed
several times and the pulse stimulation is stopped when
the weight reaches its maximum value. After each cycle of
potentiation, the reproducible STP of the magnetic synapse
is observed, as shown in Fig. 4(b). The decaying RAHE
curves represent the forgetting behavior of the brain and
are fitted with the customized Kohlrausch equation, which
simulates the forgetting function [40]

RAHE(t) = RAHE(t∞) + Ce−t/τ , (1)

where C is the exponential constant and τ is the relaxation
time constant that signifies the forgetting or relaxation rate.
After fitting the forgetting curves in Fig. 4(b) with Eq. (1),
we obtain an average τ of 210 s for the magnetic synapse.
The exponential decay curve of the synaptic weight
resembles the solution of the one-dimensional diffusion
equation for microparticles that also follows an expo-
nential law. This similarity confirms that the STP in our
magnetic synapse is due to the back diffusion of O2− from
GdOx.

E. STP to LTP

When a potentiated synaptic weight is retained for a
relatively longer time, it is referred to as a LTP. In the
brain, the STP of a synapse is converted into an LTP by
repeated training. For our magnetic device the repeated
training is emulated by applying Vg pulses (+10 V, width
of 100 ms) after 100% potentiation is achieved. Interest-
ingly, it is found that the relaxation time of maximum
potentiation increases on increasing the number of train-
ing pulses, N . Here, N refers to the number of pulses
applied after the device reaches its maximum weight. Fig-
ures 5(a)–5(d) show the forgetting or relaxation curve for
the device after applying an increasing number of train-
ing pulses. For the cases without any training [Fig. 4(b)]
or with a minimum amount of training [Fig. 5(a)], the
synapse displays predominantly STP with a faster relax-
ing rate. On the other hand, when the number of training
pulses increases, the relaxation rate keeps on decreasing
[Figs. 5(a)–5(d)] because of the reduction in the back dif-
fusion of O2−. The value of τ is extracted by fitting the
relaxation curves with Eq. (1) and it increases with the rep-
etition number of the training pulses, as shown in Fig. 5(e).
The increasing trend of τ with respect to N suggests the
feasibility of the magnetic synapse to transit from a STP
to LTP. This memory retention behavior by the magnetic

(a) (b)

FIG. 4. (a) Learning and forgetting curve of the magnetic synapse. Gate voltage is set to 0 V while measuring the anomalous Hall
resistance during the forgetting or relaxation process. (b) Forgetting or relaxation process after consecutive learning events that do not
include any training step. Solid lines represent fits using Eq. (1).
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(a) (b)

(c)

(e)

(d)

FIG. 5. (a)–(d) Forgetting or relax-
ation curve of the magnetic synapse after
applying a different number (N ) of train-
ing pulses. Training pulses are applied
after setting the magnetic synapse to its
maximum weight. Solid lines represent
the fits using Eq. (1). (e) Relaxation time
as a function of the number of training
pulses.

device closely resembles the functioning of the human
brain.

III. CONCLUSION AND SUMMARY

In comparison to the two-terminal memristor-based
synapses, which are being actively pursued [9,41], the
three-terminal magnetic synapse offers the advantage of a
separate low-energy write path. The advantage of a sepa-
rate write path is the minimum disturbance of the synaptic
weight during the read operation, which is unavoidable
in the two-terminal configuration. Another advantage of
three-terminal operation is the low-energy consumption
during weight programming. Since the weight of magnetic
synapse is modulated from the top gate oxide, which has
nominal resistance value in the range of G�, the result-
ing writing current is very low (nA range). Consequently,
there is low power consumption during the potentiation

and depression of weight. In contrast, the memristive
synapses typically have a resistance in the range of k� to
M� [41], with an even lower base value when operating
at maximum weight. This results in comparatively larger
power consumption during their write operation.

The state-of-the-art memristive synapses can be written
with pulse duration ranging from tens of ns [41,42] to hun-
dreds of µs [41,43]. The future work on magnetic synapse
should involve reduction in the writing pulse width, which
is in the range of ms for the reported device. This can be
achieved by engineering the gate oxide material and its
thickness. It has been already shown that by engineering
the morphology and thickness of the gate oxide and gate
electrode, magnetic modulation can be achieved using µs
pulses for a Co/GdOx heterostructure [22]. The magnetic
synapse also needs to be improved in terms of the dynamic
range of the programmable weight, which for the various
memristor synapses is in between 2 and 105 (the ratio of
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the maximum to minimum weight) [44,45]. Selecting a
magnetic material with a large value of RAHE would help
to bring this improvement.

In summary, we demonstrate a Pt/Co/GdOx-based
nanometer-sized magnetic synapse. The magnetic synapse
has separation of the read and write path. The weight of
the synapse can take both positive and negative values to
generate both excitatory and inhibitory synaptic potential.
The weight of the synapse is potentiated or depressed in
an energy-efficient way by electric fields through GdOx,
which results in the migration of oxygen ion between
the GdOx and Co layer. Fundamental synaptic functions
like potentiation, depression, spike magnitude, rate, and
timing-dependent plasticity are demonstrated. Repeated
training of the synapse results in transition from short-
term plasticity to long-term plasticity, which is one of
the fundamental feature of biological memory. Magnetic
synapse is a conjunction of two fields, namely the spintron-
ics and neuromorphic computing, enabling brain-inspired
computing.
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