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Voltage-controlled magnetic skyrmions have attracted special attention because they satisfy the requirements for well-
controlled high-efficiency and energy saving for future skyrmion-based neuron device applications. In this work, we pro-
pose a compact leaky-integrate-fire (LIF) spiking neuron device by using the voltage-driven skyrmion dynamics in a multi-
ferroic nanodisk structure. The skyrmion dynamics is controlled by well tailoring voltage-induced piezostrains, where the
skyrmion radius can be effectively modulated by applying the piezostrain pulses. Like the biological neuron, the proposed
skyrmionic neuron will accumulate a membrane potential as skyrmion radius is varied by inputting the continuous piezos-
train spikes, and the skyrmion radius will return to the initial state in the absence of piezostrain. Therefore, this skyrmion
radius-based membrane potential will reach a definite threshold value by the strain stimuli and then reset by removing the
stimuli. Such the LIF neuronal functionality and the behaviors of the proposed skyrmionic neuron device are elucidated
through the micromagnetic simulation studies. Our results may benefit the utilization of skyrmionic neuron for constructing
the future energy-efficient and voltage-tunable spiking neural networks.

Keywords: magnetic skyrmion, leaky-integrate-fire, multiferroic heterostructure, artificial neuron

PACS: 85.75.—d, 84.35.+, 75.70.Kw, 75.78.Cd

1. Introduction

Neuromorphic computing paradigm aiming to mimic
brain-like behaviors through the implementation of artificial
neural networks has achieved rapid development in the field of

e.l1#l Hardware implementation of such

artificial intelligenc
a paradigm can be used for complex pattern recognition, im-
age processing, data classification, and other massive-parallel
tasks with ultra-low energy consumption. The primary ob-
jective in emulating neurobiological behavior within an arti-
ficial system is to efficiently replicate the neuron and synapse
functionalities.[>) A simple abstract model consisting of arti-
ficial neurons and synapses can be implemented in a conven-
tional CMOS hardware, but these Si-based circuits are burden-
some due to their high power consumption and area overhead.
Therefore, it is crucial to find potential device structures to
change the CMOS hardware by directly implementing neural
and synaptic operations. [®-®!

The spintronic devices have been considered as promis-
ing candidates for future artificial neural networks by mim-
icking the functionality of biological neurons with nonvolatile
control, which enables the effective reduction of energy con-
sumption and heat generation during the information process-

9-11

ing and transmission."”~'!) Among them, magnetic skyrmions

have attracted special attention because of their topological na-
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ture, nanoscale size and ultra-low driving current density com-
pared with other counterparts such as domain walls and mag-
netic bubbles.!!>13] Most recently, several theoretical reports
have used skyrmions in artificial neurons and synapse to de-
sign neural network.!'"*-11 Li ¢ al.['7] and Chen et al.!'® have
used the current-driven skyrmion motion dynamics in the nan-
otracks to mimic the neuronal activity of a biologic neuron,
in which the leaky-integrate-fire (LIF) functionality can be
achieved through an electrical driving current, with the mov-
ing distance of the skyrmion indicating the membrane poten-
tial of biological neurons. Liang et al.!'”! have also proposed
an injected current modulated motion radius of skyrmion in
a nanodisk to effectively implement the LIF operation. This
electric current driven mechanism will bring high energy loss
due to the Joule heating, and will not satisfy the requirements
for well-controlled, high efficiency, and energy saving for fu-
ture skyrmion-based neuron device applications.

A much more desirable option is to use voltage rather
than current to drive skyrmion dynamics for artificial neuron
design. Fortunately, voltage-controlled skyrmions dynamics
with interfacial Dzyaloshinskii—-Moriya interaction (i-DMI)
has been revealed in the multiferroic heterostructures.!?%-!]
Although a general equation to describe the relationship be-
tween DMI constant and strain has not been established, many
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experimental researches together with micromagnetic simu-
lations have tried to clarify the respective roles of strain-
induced changes in both perpendicular magnetic anisotropy
(PMA) and i-DMI in the electric field-induced spin dynam-
ics process.[?>23] The voltage-controlled skyrmion memristor
based on a multiferroic heterostructure has also established
a relationship between the magneto-resistance and skyrmion
size, which shows a potential application in the neuromor-
phic computing.[*#?3] In the present work, we propose a com-
pact LIF spiking neuron device by using the voltage-driven
skyrmion dynamics in a multiferroic nanostructure. The
mechanism and behavior of skyrmion radius variation with
the voltage induced piezostrain are investigated firstly. Then,
this mechanism is used to realize an LIF neuronal behavior
by controlling the skyrmion size variation that behaves like
the membrane potential of a biological neuron. The LIF neu-
ronal functionality and behaviors of the proposed skyrmionic
neuron device are revealed through comprehensive micromag-
netic simulation studies.

2. Device structure and simulation method

The skyrmionic neuron device based on a multifer-
roic heterostructure consisting of ferroelectric (FE) sub-
strate/heavy metal (HM)/ferromagnetic (FM) layers is illus-
trated in Fig. 1. The “leaky-integrate” and “fire” neuronal be-
havior can be realized through the voltage control of skyrmion
size on a nanodisk. Firstly, a Néel-type skyrmion is initiated in
the center of the FM layer that is strongly spin-orbit coupled
with the HM layer, and this coupling can provide an interfacial
perpendicular magnetic anisotropy (PMA) and DMI to stabi-

[17.26] Then, a voltage-induced piezostrain

lize the skyrmion.
is generated in the FE substrate and further transferred to the
coupled FM layer, which makes skyrmion size vary. There-
fore, to mimic the neuronal behavior, by inputting the con-
tinuous piezostrain spikes the skyrmion radius will vary like
a membrane potential accumulation, and it can return to the
initial state in the absence of strain input. The skyrmion size
based membrane potential can reach a definite threshold value
by the strain stimuli and then reset by removing the stimuli.
Finally, a magnetic tunnel junction (MTJ) detection layer is
used to read out the electrical signal with magnetoresistance
(MR) effect, by sensing the skyrmion size variation, which
makes it possible that the skyrmionic neuron can fire an out-
put resistance spike when the skyrmion size reaches a definite
threshold by continuous strain spikes.

Micromagnetic simulations are carried out by using the
GPU-based software package Mumax>, including the magne-
toelastic contribution resulting from the piezostrain by apply-
ing a voltage to the FE substrate and the i-DMI contribution in-
duced at the interface between the FM layer and the HM layer.
The time-dependent magnetization dynamics is governed by

the Landau-Lifshitz—Gilbert (LLG) equations containing the

effective magnetic field Hg (>
am (9m
(%:—‘Ll,o’)/(mXHeff)—F(X(mX (9t> ) (D

where ™ = M /M represents the spatial distribution of re-
duced local magnetization vector, M denotes the saturation
magnetization ¢ is the Gilbert damping parameter, 7y is the

gyromagnetic ratio, and Ly is the vacuum permeability. The
1 9dFq

7.“0Ms am’
total energy that contains all the interactions of the system,

effective field is given by Hg = where Fiy is the
including the DMI energy, anisotropy energy, exchange cou-
pling energy, demagnetizing field energy, and magneto-elastic
energy. The magnetic anisotropy energy and the exchange
coupling energy lead to the FM single domain state, while
the DMI energy induces the helical magnetic structures.>!]
Thus, the magnetic domain structure varies in the competition
among these energies. The i-DMI energy contribution to Hg

is given by(?8]

2D
.UOM S

HDMI = [(Vm) ez—sz] 5 (2)
where m; is the z component of magnetization and D repre-
sents the effective i-DMI constant. For the numerical calcu-
lation of the magnetoelastic field Hy,, it is convenient to use

the following relation: ]

1 d 1
H,.=——-——-—/!B 2__
" HoM 3m{ ! { <mx 3) o
1 1
+ (mi — 3) 8”7 + (m? — 3) 8ZZ:|
+2B; (&qymyimy+€ymym;+€;cm my) }, 3)

where By and B, are the magnetoelastic coupling constants
and g&; are the spatial distributions of the strain field. By nu-
merically solving the LLG equation along with the effective
field above, one can obtain the evolution of local spin dis-
tribution with time and then determine the skyrmion radius
size. In our simulations, the radius of CoygFegnBog nano-
disk is fixed at r = 250 nm and the thickness is t = 1 nm.
In order to investigate the strain manipulation of skyrmion
size, the mesh cell dimension of 0.5 nm X 0.5 nm X 1 nm is
used to discretize the model. The magnetic material param-

20301 a5 follows: the

eters are adopted from previous reports!
saturation magnetization M = 1.0 x 10° A/m, exchange stiff-
ness Aex = 1.9 x 1071 J/m, i-DMI constant D = 1.9 mJ/m?2,
PMA constant K, = 7.85 x 103 J/m® and the damping coeffi-
cient « = 0.1. The elastic constants C;; = 2.8 X 10" N/m?2
and Cj2 = 1.4 x 10'! N/m?, magnetostriction parameter A, =
3.1 x 1073, and the magnetoelastic coupling constant can be

calculated from B; = —3A,00(C11 — C12) /2.
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The LIF neuronal behavior can be analogously charac-
terized with a skyrmion-based device through the strain con-
trolled skyrmion radius variation, and a similar membrane po-

tential equation can be given as follows:[!”)

F(wi()

where Y (f) represents the time-dependent spike event of

(t)+Ro), 4)

the proposed skyrmion-based artificial neuron related to

Fire

Resistance

U ,

the strain-induced skyrmion radius (R;) variation, in which
skyrmion radius is defined as half of the diameter of the m, =0
contour,®!! and Ry denotes the initial skyrmion radius. Then
the LIF functionality can be realized with skyrmion radius R;
varying, and the process is described in Fig. 1. The detailed
modulation of skyrmion radius and the creation of LIF behav-
iors in the proposed skyrmionic neuron will be expounded be-

low.

ec“°“

Strain

Injector .

Time

Ready Time

Manipulator
Threshold

Radius

Skyrmion radius control

Fig. 1. Schematics of proposed spiking neuron and demonstration of LIF behaviors of skyrmion-based artificial neuron, with right panel showing

Néel-type skyrmion and the time evolution of its radius.

3. Results and discussion

Figure 2 shows the effect of the out-of-plane piezostrain
on the dynamic behaviors of skyrmion in the multiferroic het-
erostructure. The initial skyrmion with a radius of 41.5 nm is
generated in the center of the nanodisk by minimizing the to-
tal energy. With different time-varying strain fields exerted
on the nanostructure, the variations of skyrmion radius are
calculated and shown in Fig. 2(a). With a critical time T,
the skyrmion radius can be enlarged to a maximum value of
Rmax by the sustained strain contribution, and after this criti-
cal time the skyrmion radius will keep constant. The detailed
strain dependent maximum radius Rp,ax and critical time T; is
shown in Fig. 2(b). It is found that the Ry,ax is proportional to
the applied strain. However, there is a local maximum value
of the threshold time 7. when the negative strain increases
to about —2000 ppm as shown in Fig. 2(b). When the neg-
ative strain |e| < 2000 ppm, the critical time T; increases as
the strain value rises, showing an opposite trend for the strain
|€| > 2000 ppm. In fact, the skyrmion is confined in the nan-
odisk, and its radius variation is a result of the competition
between the driving force and the repulsive force from the
boundary. When the driving strain is small, the boundary force
may take the major role to prevent the skyrmion from enlarg-
ing, leading the critical time to extend. By increasing the driv-

ing strain enough to exceed the boundary repulsive force, the
total effective driving force will increase and the critical time
will shorten.

The time-dependent strain pulse is given in Fig. 3(a), and
the time dependence of total energy and the skyrmion radius
are presented in Figs. 3(b) and 3(c). During the exerting a
—2000 ppm strain on the nanodisk, the skyrmion radius in-
creases to a maximum value in a critical time, with the applied
strain driven, as discussed above. By removing the strain,
the skyrmion radius will gradually return to the initial state
as a result of the boundary repulsive force effect. In this dy-
namic process, the total energy of the system will decrease
with the skyrmion approaching to the initial state. Therefore,
the skyrmion radius will return back to the initial value without
applying the strain. Such an expanding and shrinking dynamic
behavior of skyrmion radius driven by the strain can be used
to perform the neuronal LIF spiking operation. Considering
the skyrmion radius as the membrane potential, the skyrmion
radius becomes larger with the inputting of the spike strain,
exhibiting a “integrate” behavior; besides, the skyrmion will
return to its original state by removing the strain, showing a
“leaky” behavior. These “integrate” and “leaky” behaviors can
be further controlled to realize the artificial neuron activity by

continuously injecting the spike strain as discussed below.
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Fig. 2. (a) Micromagnetic simulation of the skyrmion radius variations with
time for different strains exerted on nanodisk and (b) maximal radius of
skyrmion Rmax and critical time 7; versus applied out-of-plane strain.
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ing with time, with inset showing snapshots of the simulations, where the
component of magnetization is color coded.

To further verify the feasibility of the design of
skyrmionic neuron device based on the multiferroic het-
erostructure, different spike strains are used to simulate the
response of the skyrmion. Figure 4 shows the micromagnetic
simulation results of the skyrmion-based artificial neuron un-
der two kinds of input strain signals, i.e., periodic homoge-
neous square wave and inhomogeneous square wave. It is ob-

vious that the LIF operation can be realized in the proposed
skyrmionic neuron device with all types of input strain signals.
With the changing of the amplitude of each strain pulse, the in-
tensity of “integration” will increase for a pulse with stronger
amplitude, which makes the threshold value for the artificial
neuron easily defined. On the other hand, we can also con-
trol the amount of “integration” by modulating the action time
of each strain pulse (not shown here) and realize a quick fire
response in the skyrmion based neuron device.

a
( )72000
= —1500f —
A :
2 G
% —1000¢t E
3 E
© =500t ~
1 2 3 4 5 6 7
Time (ns)
80
j —Strain {70 ~
- Radius g
G
160 2
=
3
{50 &~
s P

1 2 3 4 5 6 7 8
Time (ns)

Fig. 4. Skyrmion radius varying with time under the strain pulses for (a) ho-
mogeneous square wave and (b) inhomogeneous square wave with frequency
of 1.09 GHz.

In practice, two important factors should be taken into
consideration in designing the artificial neuron device: one is
the stochastic input spikes and the other is the fast reset op-
eration. The LIF processes with respect to the time for both
skyrmion radius variations under homogeneous and inhomo-
geneous input strain spikes are exhibited in Fig. 4. To in-
vestigate the totally stochastic input spike strain effect on the
skyrmion radius, a train of strain pulses with random ampli-
tudes and frequencies is used to drive the dynamic variation
of skyrmion radius, and an obvious LIF behavior can also be
observed in Fig. 5(a). It is worth noting that a reset strain with
a reverse direction to that of the input spike strain is explored
to pursue a fast reset operation, as shown in Fig. 5(b). Just
with 1000-ppm positive strain pulse acting on the reset pro-
cess, the reset time can be shortened from 3.79 ns to 1.74 ns,
more than half time being reduced in comparison with the nat-
ural reset process shown in Fig. 5(a). In addition, this sin-
gle device implementation of artificial neuron can be realized
in a reverse skyrmion dynamics by controlling positive strain
spikes to dwindle the radius, which may enhance the possibil-
ities for utilizing the skyrmionic neuron device.
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Fig. 5. Creation of LIF functionality of the skyrmionic neuron device un-
der different strategies: (a) skyrmion radius enlargement driven by stochastic
input strain signal with natural reset process, and (b) skyrmion radius enlarge-
ment driven by the stochastic input strain signal through applying a positive
strain pulse during the reset process.

4. Conclusions

In this work, a compact LIF spiking neuron device by us-
ing the voltage-driven skyrmion dynamics in a multiferroic
nanodisk structure is proposed. The voltage-induced piezos-
trains are used to modulate the skyrmion radius variation, and
an expanding and shrinking dynamic behavior of skyrmion ra-
dius can be realized with different types of input strain sig-
nals. The detailed LIF neuronal functionality and behaviors of
the proposed skyrmionic neuron device are well expounded
through the comprehensive micromagnetic simulation stud-
ies. Our results provide a new route for realizing voltage-
controllable skyrmionic neuron in future energy-efficient and
tunable neuromorphic computing hardware.
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