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Abstract—Spintronic devices, especially those based on
motion of a domain wall (DW) through a ferromagnetic track,
have received a significant amount of interest in the field of
neuromorphic computing because of their non-volatility and
intrinsic current integration capabilities. Many spintronic
neurons using this technology have already been proposed, but
they also require external circuitry or additional device layers to
implement other important neuronal behaviors. Therefore, they
result in an increase in fabrication complexity and/or energy
consumption. In this work, we discuss three neurons that
implement these functions without the use of additional circuitry
or material layers.
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I. INTRODUCTION

Modern von Neumann computers are able to efficiently
solve problems of staggering proportions assuming a well-
structured input, but are considerably less efficient at solving
real-world problems with unstructured data sets. In fact, the
human brain can significantly outperform classical computers
in terms of both speed and efficiency when solving such
unstructured problems [1]-[3]. Therefore, a considerable
amount of effort has been devoted to replicating the human
brain in the form of a circuit.

According to neuroscientists, the human brain consists of
two primary components — neurons and synapses. Neurons are
comprised of axons (cell bodies), which originate electrical
signals depending on inputs from other neurons, and dendrites,
which allow the signals from the axons to propagate to other
neurons. Synapses, on the other hand, are electrically
conductive components that bridge the gap between the
dendrites of one neuron and the axon of others. To replicate
these components, researchers have developed artificial neuron
and synapse analogs. Synapses have already been implemented
using an assortment of technologies, including, but not limited
to, memristors [4], magnetic skyrmion devices [5], three-
terminal magnetic tunnel junctions (3T-MTJs) [6], [7], and
even organic devices [8]. However, owing to the complexity of
neurons, fewer spintronic neurons have been developed [9],
[10]. To resolve this issue, we have developed three neurons
based on the 3T-MTJ [11]-[13], which are discussed in this

978-1-7281-3320-1/20/$31.00 ©2020 IEEE

work. Section II provides a brief background in the subjects of
spintronics and neuromorphic computing. Sections -V
provide details on the aforementioned neurons, followed by
conclusions in Section VI.

II. BACKGROUND

A. Neural Network Crossbar Array

An NxM neural network crossbar array consists of N input
neurons and M output neurons. By convention, the input
neurons are connected to inputs of the horizontal wires (word
lines), and the output neurons are connected to the outputs of
the vertical wires (bit lines). The synapses connect the word
and bit lines and provide the weighting between the input and
output neurons [14].

B. Leaky Integrate-and-Fire Neuron

Initially, researchers developed what is known as an
integrate-and-fire (IF) neuron. Recently, however, an
improvement on the IF neuron known as the leaky integrate-
and-fire (LIF) neuron emerged. This neuron performs three
primary functionalities — integrating, where the neuron accepts
a current input and increases the stored energy accordingly;
leaking, where no input is applied and the stored energy
gradually decreases; and firing, where the neuron quickly
releases the stored energy as an output spike and resets itself.
The state of the neuron can be represented as a voltage stored
on a capacitor or the position of a domain wall (DW) within a
ferromagnetic track.

C. Three Terminal Magnetic Tunnel Junction

A typical magnetic tunnel junction (MTJ) is comprised of a
free ferromagnetic layer whose magnetization can be switched
using external stimuli, generally a current, magnetic field, or a
combination of the two. This free layer is separated from
another fixed layer whose magnetization state cannot be
switched by a thin insulating tunnel barrier. When a current is
passed through the free layer, it is polarized in the same
direction of the free layer’s magnetization. As the current then
flows through the fixed layer, the fixed layer will re-polarize
the current in its own direction, thereby inhibiting the current
flow if the two states are not parallel to each other. Therefore,
by altering the magnetization of the free layer, it is possible to
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Fig. 1. 3T-MTJ with fixed ferromagnet underneath. The magnetic field
applied by the fixed ferromagnet on the bottom will cause the DW
(shown in red) to move from right to left.

change the resistance between the low resistance state (LRS)
when the magnetizations are parallel and the high resistance
state (HRS) when the magnetizations are antiparallel.

A 3T-MTJ is a modification of the MTJ where the free
layer is stretched and contains two antiparallel magnetic
domains instead of just one. A DW provides a smooth
transition between the two domains. If electron flow is passed
through one domain into the other, the current is polarized in
the same direction as the initial domain it passes through.
When it reaches the second domain, the electron flow is
inhibited by the same effect described above. However, since
both domains exist in the free layer, the current also has an
effect on the second domain and gradually polarizes the second
domain in the same direction as the first. This causes the first
domain to expand and the second to shrink, thereby shifting the
DW [15], [16]. This mechanism is called spin transfer torque
(STT). By shifting the DW from one side of the track to the
other, the magnetization state under the fixed layer can be
switched between being parallel and antiparallel to that of the
fixed layer, thereby facilitating changes in the resistance state
of the device. Due to the fact that, without any external
excitation, DWs can remain in one position for long periods of
time, they have garnered significant interest in a number of
fields where non-volatility is highly desirable, particularly
neuromorphic computing [16]-[18].

III. INTRINSICALLY LEAKING 3T-MTJ DEVICE WITH DIPOLAR
COUPLING FIELD

One of the methods we proposed to implement intrinsic
leaking uses a dipolar coupling field produced by an
electrically isolated ferromagnet underneath the DW track. As
discussed in this section, this will cause the DW to leak from
one side of the track to the other without any external
excitation.

A. Device Structure

The device is virtually identical to the 3T-MTJ structure
described above. However, it contains an electrically isolated
ferromagnet situated beneath the DW track, which is used to
apply a dipolar coupling field to the track. The structure is
displayed in Figure 1.

The functionality of the device was verified using MuMax3
[19], which is a micromagnetic simulator. The DW track was
600 nm long, 32 nm wide, and 1 nm thick. In MuMax3, the
track was comprised of 1x1x1 nm? cells. To prevent the DW
from annihilating itself on the ends of the track, two 30-nm-
wide antiferromagnets were placed on top of the DW track, one
on each side. This effectively pinned the magnetization states,
and provided the DW with a 540 nm range of motion along the
DW track. The magnetic saturation Mg, was 1 T, the exchange
stiffness Aex was 1.3*10°!'! J/m, the perpendicular anisotropy
constant ky is 4*10° J/m’, the nonadiabaticity factor & is 0.9,
the Landau-Lifshitz-Gilbert damping constant a is 0.015, and
the polarization of spin transfer torque is 1.

B. Leaking with Dipolar Coupling Field

When a magnetic field parallel to one of the domains in a
DW track is applied to the track, the domain parallel to the
field will tend to expand and the domain antiparallel to the
field will tend to shrink. Using this mechanism, it is possible to
create an effective energy landscape more favorable to the DW
existing on one side of the track than the other. This causes the
DW to shift along the track from right to left.

C. Combined Integrating and Leaking with Dipolar Coupling
Field

However, when a current is applied from right to left
through the track, the resulting electron flow will cause the
DW to shift from left to right through the track using STT. Due
to the energy landscape produced by the magnetic field,
shifting the DW to a higher energy state using a current
effectively stores energy in the form of the DW’s position
along the track. Figure 2 demonstrates the combined
integrating and leaking functionalities. A pulse train consisting
of three 2 ns pulses is applied to the track. Each pulse is
followed by a 30 ns leaking period, where the DW is allowed
to leak in the absence of an excitation current.

D. Firing through Magnetoresistance Switching

Assuming the neuron fires whenever the DW passes
underneath the MTJ, switching the device from HRS to LRS,
the device will produce an output current spike and reset the
DW to the original position. Additionally, the device will not
integrate any input current pulses for a brief period — called the
refractory period — after firing.

IV. INTRINSICALLY LEAKING 3T-MTJ DEVICE WITH GRADED
ANISOTROPY

This section discusses the use of an anisotropy gradient,
which can be implemented using either Ga* ion irradiation of
the DW track or the fabrication of a TaOx wedge on top of the
track. Again, this will cause the DW to leak without the use of
any external circuitry.
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Fig. 2. (a) DW position and current density vs time demonstrating
combined integrating and leaking functionalities. Each 2 ns integration
period is followed by a 30 ns leaking period where no input is applied
resulting in a 96 ns total runtime. (b) Average DW velocity vs current
density. As the current density increases, the integration speed increases
as well. (c) Snapshots of the micromagnetic simulation for time t =0 ns, t
=2ns,t=32ns,t=34ns,t=64ns, t =66 ns, and t = 96 ns. Note that
the DW magnetization state rotates — this is evidence of DW precession.

As with the previous neuron, the device structure is
virtually identical to a normal 3T-MTJ device. Instead of using
a dipolar coupling field to implement the leaking, the device
uses a linear anisotropy gradient. The DW track is 250 nm
long, 32 nm wide, and 1.5 nm thick, and the MuMax3 cell size
is 1x1x1.5 nm®. Additionally, the antiferromagnets on either
end of the track are 10 nm wide, allowing for a 230 nm range
of motion for the DW. The exchange stiffness Aex is 1.3*10!
J/m, the Landau-Lifshitz-Gilbert damping constant a is 0.02,
the nonadiabiticity of spin transfer torque & is 0.2, and the
magnetic saturation Mgy is 800*103 A/m, or approximately 1 T.
The lower magnetocrystalline anisotropy value anis; is 5*10°
J/m?, and the upper magnetocrystalline anisotropy value anisy
is 5*10° J/m?. Since no external excitation is applied, the
magnetic field Bex is 0 T.

B. Leaking with Graded Anisotropy

In general, a DW tends to have a lower energy when it
exists in a low anisotropy ferromagnet and a higher energy
when it exists in a high anisotropy ferromagnet. As such, a
linearly graded anisotropy will provide an energy landscape
that is more favorable to the DW existing in the lower
anisotropy regions of the track than in the higher anisotropy
regions of the track. This allows the DW to shift along the
track without the use of any external excitation.

C. Combined Integrating and Leaking with Graded
Anisotropy

Similar to the neuron with a dipolar coupling field, the
energy landscape produced by the graded anisotropy allows for
energy accumulation by using STT to shift the DW to the
higher-anisotropy regions of the track. The combined
integrating and leaking functionalities of the device are
demonstrated in Figure 3. A current pulse train with 2 ns wide
current pulses is applied to the input of the device; however,
each pulse is followed by a 50 ns leaking period instead of a 30
ns leaking period.

D. Firing through Magnetoresistance Switching

Again, this neuron fires when the DW passes underneath
the fixed layer and the device state switches from the HRS to
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Fig. 3. DW position and current density vs time demonstrating the
combined leaking and integrating functionalities of a 3T-MTJ neuron
with graded anisotropy. Each 2 ns-wide current pulse is followed by a 50
ns leaking period. resulting in a 156 ns runtime.
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Fig. 4. (a) Side view of the device. (b) Top view of the device,
demonstrating the trapezoidal x-y cross-section.

the LRS. The neuron then resets itself and enforces a brief
refractory period.

V. INTRINSICALLY LEAKING 3T-MTJ DEVICE WITH SHAPE-
BASED DW DRIFT

Finally, in this section, we discuss the use of shape
variations of the DW track to implement intrinsic leaking.
Although the mechanism behind this phenomenon, known as
shape-based domain wall drift (SDD), is different than the
mechanisms behind the other two leaking methods, this device
is still fully capable of leaking without any external excitations.

A. Device Structure

Unlike the previous two neurons, this neuron does not
maintain the rectangular x-y cross-section of the 3T-MTJ.
Instead, it exhibits a trapezoidal x-y cross-section, as illustrated
in Figure 4.

The DW track is 250 nm long and 1.5 nm thick. At its
narrowest, the DW track is 25 nm wide, and at its widest, the
DW track is 100 nm wide. As with the neuron with graded
anisotropy, the antiferromagnets on either end of the track are
10 nm wide and the DW has a 230 nm range of motion. The
material parameters of the track represent CoFeB [20], where
the exchange stiffness Ae is 1.3 * 107! J/m, the Landau-
Lifshitz-Gilbert damping constant a is 0.02, the nonadiabaticity
of spin-transfer torque & is 0.2, and the magnetic saturation My
is1T.

B. Leaking with Shape-Based DW Drift

A DW tends to exist in a lower energy state in a narrower
track than in a wider track. Similar to the previous two
neurons, the aforementioned shape variation will result in an
energy landscape more favorable to the DW existing in one

region of the track than in others. If a current is used to shift
the DW to a wider region of the track, the DW will
consequently shift to the narrower regions of the track when
the current is removed.

C. Firing through Magnetoresistance Switching

As with the previous two neurons, the device fires once the
DW has passed underneath the fixed ferromagnet. The DW is
reset to the original position, and the device exhibits a brief
refractory period where no input currents are provided to the
neuron.

VI. CONCLUSIONS

Three neurons able to intrinsically provide the leaking,
integrating, and firing capabilities required of LIF neurons are
discussed in this work. These devices were implemented using
dipolar coupling fields, anisotropy gradients, or cross-sectional
variations — all of which are modifications of common 3T-MT]J
devices. These novel neurons can reduce the external circuitry
required to implement neural networks, which, in turn, can
reduce the fabrication complexity and power consumption of
this powerful computing paradigm. As a result, the neurons
discussed in this work could be significant in the development
of future neural network systems.
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