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A neural-network computation scheme is proposed based on a perceptron model having processing units
that consist of spin-wave-coupled spin-torque oscillators. This is an oscillatory neural network, where
the relative phase of the oscillators is controlled by tuning the Dzylaoshinshkii-Moriya interaction and
applying an oscillating magnetic field. Each processing unit receives an input signal that is an oscillating
magnetic field and transmits alternating current. The alternating current is a function of the relative phase
and generates an oscillating magnetic (Oersted) field around the wire through which the current flows. The
generated Oersted field then becomes an input signal to the next processing unit. By solving the Landau-
Lifshitz-Gilbert equation, we obtain an activation function of the processing unit. Finally, an artificial
neural network is constructed using the obtained activation function to recognize the handwritten digits in
the Modified National Institute of Standards and Technology database.
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L. INTRODUCTION

An artificial neural network (ANN) is a neuromorphic
computational construct designed to mimic the neural net-
work in the brain [1]. Recently, much attention has been
focused on information processing using ANNSs, such as
for object detection and recognition [2,3], and in other
fields of business application [4]. Because of the rapid
progress in the machine power of computers, in terms of
operation speed, memory capacity, etc., software applica-
tions using ANNs can be used in practical applications.
However, the energy consumption of computers is much
larger than that of the brain.

Software applications are typically developed on the
central processing unit (CPU) or the graphics processing
unit (GPU) of computer machines, which are so-called
von Neumann architectures. In order to further improve
the performance of the ANN, including its energy con-
sumption, the building of a non-von Neumann architec-
ture is intriguing and very attractive [5]. Neuromorphic
architecture has adopted the TrueNorth chip, which is
fabricated using complementary metal-oxide semiconduc-
tor (CMOS) technology [2]. Not only the conventional
devices in CMOS technology [2,6] but also the newer
functional devices are candidates for elements of the ANN,
such as the atomic switch [7], the memristor [8—11], the
coupled-phase oscillator [12,13], and spintronics devices
[14-25].
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Spintronics devices are easily fabricated on CMOS
devices because the technology for manufacturing spin-
tronics devices is similar to that for manufacturing CMOS
devices, which is a great advantage in developing an ANN
operating with a CPU. Also, they can typically be fab-
ricated in nanosize scale, which is another advantage in
reducing the spatial dimensions of the ANN system as a
whole. Among various spintronics devices, the spin-torque
oscillator (STO) is one of the suitable candidates for the
ANN. This is because neurons in the brain show peri-
odic spiking behavior and the STO has been found to
essentially have the same oscillation property as a biologi-
cal neuron [26]. The STO provides additional advantages.
For example, the GHz-band precession of the STO pro-
vides high-speed operation. Also, the thermal tolerance

and radiation resistance will be beneficial for easing the
limits of the operational conditions in various environ-
ment. So far, various neuromorphic applications using the
STO operating principle have been reported, such as asso-
ciative memories [18-20], pattern matching [22—24], and
spoken-digit recognition [25]. Most of these studies have
been performed by focusing on the synchronization prop-
erty, i.e., whether or not the STOs are locked. In other
words, the artificial neuron is implicitly assumed to pos-
sess the activation function of a step function. However,
artificial neurons in ANN software applications allow other
activation functions, such as the sigmoid function and
the rectified linear unit (ReLU) function [3]. Because the
performance of the ANN can be improved by using these
nonlinear functions, it is therefore interesting to construct
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an artificial neuron that incorporates a STO having the
activation function other than the step function.

In this paper, a neural-network computation scheme
using a spin-wave-coupled spin-torque oscillator is pro-
posed. Especially, the basic concept and working princi-
ples are brought into focus. The activation function of the
processing unit is obtained by solving the Landau-Lifshitz-
Gilbert equation. Then, an ANN using the obtained activa-
tion function is constructed to recognize the handwritten
digits in the MNIST database [27].

II. RESULTS AND DISCUSSION
A. The single unit

Figure 1 shows a schematic illustration of the process-
ing unit consisting of spin-wave-coupled STOs, which is a
laterally long magnetic resistant device with double point
contacts. The magnetization directions of the free layers of
the left and the right STOs are represented by the unit vec-
tors m; and my, respectively. The direct current is applied
to the STOs through each point contact to induce the oscil-
lation dynamics of magnetizations underneath the point
contacts, the dynamics of which are coupled with each
other by spin waves in the free layer. The coupling is
assumed to comprise the Heisenberg interaction (HI) and
the Dzyaloshinskii-Moriya interaction (DMI). On the one
hand, the HI prefers the collinear magnetic structure and,
on the other, the DMI prefers the noncollinear magnetic
structure. By tuning the ratio of the strength of the DMI
to that of the HI, one can control the relative phase of the
oscillations of m; and my.

By summing up the alternating current from the bias tees
(BTs) at each point contact using a combiner, we obtain
the total alternating current, /,., which is a function of the
relative phase. This comes from the fact that the oscillat-
ing component of the resistance of each STO is inversely
proportional to the inner product my ) - p, where p is
the direction of magnetization in the reference layer. The
amplitude of 7. for in-phase oscillation is larger than that
for out-of-phase oscillation. The relative phase can also be
controlled by applying an oscillating magnetic field, which
exerts a torque on my and my, resulting in the in-phase
oscillation. If the spatial separation of the STOs and the
strength of the DMI are designed such that the out-of-phase
oscillation is induced at H,, = 0, the output signal, I,
increases with an increase in the input signal, H,.. The out-
put signal of the processing unit is the oscillating magnetic
(Oersted) field generated around the wire through which 7,
flows. The function representing the relation between the
input and output signals of the processing unit is called the
activation function and it plays an important role in ANNS.

The activation function of spin-wave-coupled STOs is
obtained by solving the Landau-Lifshitz-Gilbert equation
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FIG. 1. A schematic illustration of the processing unit consist-

ing of spin-wave-coupled STOs. The magnetization directions
of the free layers of the left and the right STOs are represented
by the unit vectors m; and mg, respectively. The direct current
is applied to the STOs through each point contact. The oscillat-
ing magnetic field, H,., generated by the alternating current is
also applied. The alternating current, /., which is the sum of
the ac from the bias tees (BTs) at each point contact, generates
the oscillating magnetic (Oersted) field, H ., around the wire
through which the current flows, as indicated by the dotted cir-
cles. The generated Oersted field becomes an input signal to the
next processing unit. The Cartesian coordinates are also shown.
The direction of the magnetization of the reference layer, p, is
fixed to the positive x direction.

having the Sloczewski spin-torque term under an oscillat-
ing magnetic field:

dm dm
E—_V(mXHeﬁ”)‘FUmX (m Xp)+a<mx 5)’
(D
where y is the gyromagnetic ratio and « is the Gilbert
damping constant. Here, m = m(r, ) represents the mag-
netization unit vector at position r and at time ¢. The
arguments r and ¢ are omitted for convenience. The effec-
tive field H . is given by the sum of the HI field, the DMI
field, and the oscillating external magnetic field. The HI

field is given by

H 24 v? )
HI = m,
/’LOMX‘

where 4 is the stiffness constant, u is the magnetic perme-
ability of a vacuum, and M; is the saturation magnetization.
The DMI field is given by

2D om, 0om, Jdm, Om
(— == ————y), (3)
MOMS

Hp\p =

where D is the DMI constant, which ranges from 0.05 to
1.0 mJ/m?, depending on the materials [28]. Throughout
this paper, we assume that the free layer is designed in such
a way that the magnetic anisotropy field cancels with the
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demagnetization field. The oscillating external magnetic
field is given by

H,. = H, sin(Znﬁ)ey, 4)
where e, is the unit vector pointing in the positive y
direction and f* is the oscillation frequency. The second
term on the right-hand side in Eq. (1) represents the spin-

torque term, where p is fixed to the positive x direction,
p = (1,0,0). The coefficient v is defined as follows:

_ gupJP
2le|Md(1 + P2m-p)’

)

where g is the Landé g factor of the electron spin, w3 is the
Bohr magneton, J is current density through a region of the
point contact, P is the spin polarization, e is the electron
charge, and d is the thickness of the free layer.

The shape of the free layer is assumed as 2 nm wide,
40 nm long, and 1 nm thick. The free layer is modeled by
a one-dimensional magnetization chain and is divided into
cells with a size of 2 x 2 x 1 (nm?). The simulations are
performed by using the MUMAX? code [29]. The STOs are
represented by the cells at the left and right ends, m; and
mpg, where the direct bias current is applied. The positive
current is defined as the electrons flowing from the free
layer to the reference layer.

The material parameters for the free layer are assumed
as follows: M, = 8 x 10° (A/m), P = 0.5, ¢ = 0.01, 4 =
7 x 1072 (J/m), and D = 8 x 10~* (J/m?). The density
of the direct bias current is J = 6 x 10'' (A/m?), and the
initial state is m = (0, 0, 1) for all calculations.

B. The activation function

The processing unit is carefully designed to show an
antiphase oscillation at H,. = 0, as mentioned earlier. The
specific result is shown in Fig. 2(a), where the blue and
red curves represent the x component of m; and my as
a function of time, respectively. The application of an
oscillating magnetic field drastically changes the relative
phase of m; and my. Figure 2(b) shows the results under
the oscillating magnetic field, H,. = 300 (Oe) with f = 4
(GHz), which is the oscillation frequency at H,. = 0. The
initial antiphase oscillation shown in Fig. 2(c) becomes
nearly inphase after a few nanoseconds and the in-phase
oscillation is stabilized after just 25 ns, as shown in
Fig. 2(d).

The oscillating and nonoscillating components of the
current from the STOs are first separated by the bias tee.
Then the oscillating components are summed up by a com-
biner (hatched box) to produce /,., as shown in Fig. 1. The
alternating current /,., and therefore the magnetic field H,,
generated by 7, are proportional to the sum of the oscil-
lating components of m; and mp, which is denoted by m2°
and is shown in Fig. 2(e).
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FIG. 2. (a) The time evolution of the x component of m; and

mp at H,, = 0 is plotted by the blue and red curves, respectively.
(b) The same plot at H,. = 300 (Oe). (c) An enlarged view of
(b) for t = 0-0.6 (nsec). (d) An enlarged view of (b) for t =
24-25 (nsec). (e) The time evolution of m3® for H,. = 300 (Oe).

We introduce the activation function F, defined as

H(out) CF[H(m)] (6)
where H™ is the external oscillating magnetic field
applied to the processing unit and Héﬁ“” is the oscillat-
ing magnetic field generated by the processing unit. The
coefficient ¢ is a constant, the value of which is deter-
mined so that the activation function ranges from 0 to 1.
The F value at each Hg') is obtained by analyzing m2°® as
shown in Fig. 3, where the amplitude of m?° is averaged
for t = 40-50 (nsec). It increases with an increase in Héén)
below 600 Oe because the precession cone angle increases
with an increase in Héin) . It shows a hump at around 300 Oe
because the mode of the spin wave changes. It also shows a
jump at Héén) = 600 (Oe), above which my precesses with
m, < 0.

C. The artificial neural network

Since the activation function obtained, shown in Fig. 3,
indicates a shifted sigmoidlike function, one can expect
that the spin-wave-coupled STOs work as nodes of an
ANN. We construct an ANN using the obtained activation
function to recognize the handwritten digits in the MNIST
database [27]. As shown in Fig. 4(a), the ANN consists of
three layers: the input layer, the hidden layer, and the out-
put layer. The input layer has 784 nodes, receiving input

024040-3



H. ARAI and H. IMAMURA

PHYS. REV. APPLIED 10, 024040 (2018)

1.0

0.8r

1 | 1 | 1 | 1 |
0 200 400 600 800
Hacim [Oe]

FIG. 3.
Hy.

The value of the activation function /' obtained at each

signals from normalized grayscaled pictures with 28 x
28 pixels. The hidden layer has 50 nodes. The output layer
has ten nodes, corresponding to the digits from 0 to 9.

We briefly note the hardware implementation of the
weights. As mentioned above, the input and output sig-
nals are the oscillating magnetic field, so that the weights
should modify the amplitude and the phase if the weight
is negative. These operations can be performed by using
a device such as an analog multiplier. In addition, the
product-sum operations between the output signals from
nodes and weights are performed as a superposition of
the waves. However, in this study, we simply perform
the product-sum operations by summing the values as
mentioned below. A

Introducing the variable x(()’r)1 , ranging from 0 to 1, to
represent the grayscale of the ith pixel, the input signal
of the ith processing unit is set as Hzf:,li) = 900xf)’2i . From
Eq. (6), the input-output relation of the ith processing unit
is given by

H(out) _ CF[H(m)], (7)

ac,i ac,i

where the coefficient ¢ is set as 90 Oe. The output signal
from the STO in the input layer is multiplied by the value
of weight W,. The input signal to the node j in the hidden
layer is given by

784
HE =" H W, (3)
i=1

ac,/ ac,i

where Wy ; is the weight.
The output signal from the j th node in the hidden layer
is given by

HY = cFIHW. )

ac,) ac,/
Likewise, the input signal to the kth node in the output
layer is given by
50
H(in) _ ZH(out) Wka,

ack — ac,j

(10)

j=1

where W, is the weight between the hidden and output
layers. Finally, the output signal from the kth node in the
output layer is obtained as

Hyey = cFIH). (11)
The node with the largest value indicates the digit pre-
dicted by the ANN. A learning process is required to
update the value of the weights to obtain an accurate pre-
diction from the ANN and this is performed by the back
propagation method. For simplicity, in back propagation,
we replace the activation function with the analytic sig-
moid function as F(x) = 1/{1 + exp[—a(x — x¢)]}, with
a gain a = 0.02 and a shift xo = 600, which has a simi-
lar shape to that shown in Fig. 3. The cross-entropy error
function is used for estimation of the error between the
prediction by the ANN and the correct answer given by
the MNIST database. Sixty thousand images are used for
training (learning) and a further 10 000 images are used for
testing. Figure 4(b) shows the accuracy of the recognition
as a function of epochs. The conventional ANN consists of
nodes with an activation function of the typical sigmoid
function given by F(x) = 1/{1 + exp(x)}. The conven-
tional ANN produces 95% accuracy on average from the
same structure as shown in Fig. 4(a). The accuracy of
the STO-based ANN is 75%, which is less than that of
the conventional ANN. We note that the lower accuracy
results from the shape of the activation function. One may
consider that the reason for the lower accuracy is dishar-
mony of the shape between the activation functions for

®) 10
Conventional
_ 08} ]
This Work
g 06} 75%
804}
<02
q
0.0 —
0 2 4 6 8 10 12 14 16
Epochs
FIG. 4. (a) A schematic illustration of the ANN that we con-

struct to recognize the handwriting digit in the MNIST database.
Figures in brackets indicate the numbers of processing units. The
output signal from each layer is multiplied by the weight, W},
and then the total amount of the signals is fed to the next layer.
(b) The transition in accuracy for the recognition obtained from
a conventional neural network (open circles) and by this work
(filled circles).
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the forward and backward calculations during the training
process. However, even when the shifted sigmoid func-
tion is used for both the forward and backward processes,
the recognition accuracy remains around 75%. In order to
increase the accuracy, one should rather tune the hyperpa-
rameters, such as the number of nodes in the hidden layer,
the number of hidden layers, and the learning rate.

ITII. CONCLUSIONS

In summary, a neural-network computation is proposed
based on a perceptron model having processing units that
consist of spin-wave-coupled spin-torque oscillators. The
activation function of the processing unit is obtained by
solving the Landau-Lifshitz-Gilbert equation, incorporat-
ing the Slonczewski term. The artificial neural network
is constructed using the activation function obtained from
the study. The recognition of the handwritten digits in
the MNIST database is demonstrated, with an accuracy
of 75%.
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