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Recently, it has been proposed that spin torque oscillators (STOs) and spin torque diodes could be used as artificial
neurons and synapses to directly process microwave signals, which could lower latency and power consumption greatly.
However, one critical challenge is to make the microwave emission frequency of the STO stay constant with a varying input
current. In this work, we study the microwave emission characteristics of STOs based on magnetic tunnel junction with
MgO cap layer. By applying a small magnetic field, we realize the invariability of the microwave emission frequency of the
STO, making it qualified to act as artificial neuron. Furthermore, we have simulated an artificial neural network using STO
neuron to recognize the handwritten digits in the Mixed National Institute of Standards and Technology database, and ob-
tained a high accuracy of 92.28%. Our work paves the way for the development of radio-frequency-oriented neuromorphic

computing systems.

Keywords: spin torque oscillators, artificial neuron, neuromorphic computing, magnetic tunnel junctions

PACS: 75.76.4j, 72.25.-b, 85.75.—-d

1. Introduction

By emulating a biological brain, neuromorphic comput-
ing is considered to be the future of artificial intelligence
(AT).121 In comparison with the traditional von Neumann
architecture, where the computing and memory components
are separated, neuromorphic computing implements a cen-
tralized strategy. The data are processed directly in or close
to memory, which will greatly reduce the power consump-
tion resulting from data movement, particularly when per-
forming complex cognitive tasks. Although the algorithms of
artificial neural networks (ANNs) have made great progress
in solving many problems,!! the lack of dedicated hardware
has hindered the further development of neuromorphic com-
puting. Thus, much effort has been committed to explor-
ing novel materials and structures for potential application in
neuromorphic computing. So far, many materials solutions
have been put forward, including phase change materials, !
ferroelectric materials,>®! spintronic materials,!”-3 resistive

11,12] Among

memory,>!% and two-dimensional materials.!
these, spintronic devices stand out due to their high speed, high
endurance, nanoscale size, lower power consumption and ex-
cellent CMOS compatibility.!!>!4! In particular, magnetic tun-

nel junctions (MTJs), the most representative spintronic de-
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vice, have recently been demonstrated to possess huge po-
tential in neuromorphic computing. Many inspiring works
have been reported, including multilevel synapses based on
spin torque memristors, neuromorphic computing based on the
synchronization of spin oscillators, artificial neurons of ANNs
based on spin torque stochastic switching and microwave de-
tection, and spiking neurons with superparamagnetic tunnel
junctions, etc.!15-19]

More recently, it has been proposed numerically and
proved experimentally that MTJ-based spin torque diodes
(STDs) can act as spintronic synapses and carry out
radio-frequency (RF) multiply-and-accumulate (MAC) op-
eration by rectifying the input microwave power into di-

5.120.211 Correspondingly, spin torque oscillators

rect voltage
(STOs) can be used as artificial neurons and perform nonlin-
ear activation through converting the direct current into mi-
crowave power.[>>23 Considering the wide application of RF
signals in information communication and the increasing de-
mand for wireless communication, it would be really appeal-
ing to develop such compact and energy efficient RF hardware
system for intelligent RF signals processing. However, there
exists one critical problem with STOs. It is required that the

microwave emission frequency does not change with varying
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current, while STOs typically have a dependence on input di-
rect current.

Here, we study the microwave emission properties of
STOs based on MTJs with MgO cap layer. By applying a spe-
cific magnetic field, the emission frequency of the STO can
stay unchanged with the increase of drive d.c. current, which
meets the requirement of an RF-oriented artificial neuron. Fur-
thermore, a neural network constructed with the STO neuron
is used to solve the Mixed National Institute of Standards and
Technology (MNIST) handwritten digits recognition problem.
A high accuracy of up to 92.28% is achieved.

2. Materials and methods

As depicted in Fig. 1, the MTJ stacks used in this
work consist of a bottom electrode, a core structure of
PtMn (15)/C070F€30 (2.3)/Rll (0.85)/CO4()FC40B20 (2.4)/Mg0
(1)/CoyoFegpB2p (2.0)/MgO (0.7) and a top electrode (thick-
nesses in nm). The MgO cap layer here is used to induce addi-
tional interfacial perpendicular magnetic anisotropy, lowering
the demagnetization field and damping factor.[>*?>] The thin
films were deposited on a thermally oxidized silicon substrate
using a magnetron sputtering system and annealed at 300 °C
for 2.0 h in an in-plane magnetic field of 1 T. The magnetiza-
tion direction of the pinned synthetic antiferromagnet (SAF)
of CozgFesp/Ru/Cog9Fes0Byg is magnetically hardened so that
it can serve as the reference layer (RL) while the direction
of magnetization of the Fe-rich CoyoFegoByg layer, called the
free layer (FL), is free to rotate. Using electron beam lithogra-
phy and Ar ion beam milling, the MTJ was defined and etched
into a 150 nmx70 nm elliptical nano-pillar with its long axis
parallel to the magnetic field for annealing. The microwave
emission is measured on a spectrum analyzer after 40 dB am-
plification. The background noise, quantified at zero bias cur-
rent, has been subtracted from the microwave emissions. All
the data were measured at room temperature.
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Fig. 1. The core structure of the device (numbers in the parentheses
indicate the thickness in nm) and the experimental measurement setup
used in this work.

3. Results and discussion

First, we characterize the static transport properties of
the device. Figure 2 shows the magnetoresistance as a func-

tion of the in-plane magnetic field applied along the magnetic
easy axis and hard axis at a bias current of 10 pA. It can be
seen that, as the field He,sy increases from negative to positive
values, the resistance abruptly changes from a low-resistance
state (Rp = 547 Q) to a high-resistance one (Rap = 1095 Q).
This indicates that the relative magnetization configuration be-
tween the free layer and pinned layer changes from a parallel
(P) to an antiparallel (AP) state. Correspondingly, the magne-
toresistance ratio, defined as (Rap — Rp)/Rp, is calculated to
be 100%, suggesting the good quality of our device. As for
the resistance in the hard axis, the resistance gradually satu-
rates with increasing field, indicating that the magnetization
rotates towards the hard axis at larger fields.

Next, we investigate the microwave emission characteris-
tic of the device with magnetic field applied along the in-plane
hard axis. Figure 2(b) presents the microwave emission spec-
tra under different driven currents at three magnetic fields. As
the field increases from —200 Oe to —400 Oe, the relationship
between microwave frequency and current changes from an
apparently negative one to a slightly positive one, with the fre-
quency remaining constant at —300 Oe. According to the non-

[22,26-28

linear auto-oscillator theory, ! the dependence of fre-

quency on drive current can be described as follows:

Fllae) = frnr + %P, (n)

where N is the nonlinearity factor and P is the normalized
power of the stationary precession. In our case, it is obvious
that we have successfully tuned the nonlinearity from a nega-
tive value to a positive one by changing the magnitude of the
magnetic field. Such field dependence is consistent with the
results reported before. [29-32] [ addition, it has been reported
that the nonlinearity can be reduced by compensating the de-
magnetization field.!**! In our device, the additional CoFeB—
MgO cap interface will induce IPMA, which acts against the
demagnetization field.!**?] Hence, the reduction of demagne-
tization field due to the MgO cap layer may also contribute to
the invariance of frequency. The reason why the dashed line
moves first to a low frequency and then moves back to high
frequency with increasing magnetic field may be due to the
influence of the synthetic antiferromagnet layers. 34!

To give a clearer view of the current dependence of mi-
crowave frequency, we have plotted some typical power den-
sity spectra under different currents in Fig. 3(a). By extract-
ing the experimental data, the frequency and total integrated
power of the oscillation as a function of || are shown in
Fig. 3(b). It is apparent that the emission frequency remains
constant at around 1.95 GHz with some slight deviation of less
than 0.02 GHz at low currents. The emission power exhibits
ReLU-like nonlinear output characteristics. Therefore, our de-
vice meets the requirement for carrying out Al computation
directly with a microwave signal.
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Fig. 2. (a) Magnetoresistances of the device versus magnetic field at a bias current of 10 pA. (b) Microwave emission spectra under different
driven currents with a magnetic field of (b) —200 Oe, (c) —300 Oe and (d) —400 Oe, respectively, where the dashed lines show the central

emission frequency of the device.
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Fig. 3. (a) The power density spectra measured at different bias currents
under a magnetic field of —300 Oe. The microwave (c) emission fre-
quencies and (b) total integrated output power of the STO as a function
of the driven currents at —300 Oe.

To demonstrate the potential of the STO artificial neu-
ron, a three-layer ANN is constructed using PyTorch software
to recognize the widely used MNIST database of handwrit-
ten digits.[3>! The database includes 60000 and 10000 images
for training and testing processes, respectively. Figure 4(a)
depicts the structure of the neural network, consisting of one
input layer, one hidden layer and one output layer with 784,
100 and 10 neurons, respectively. Each image in the database
has 28 x 28 pixels, corresponding to 784 input neurons, while
the 10 output neurons correspond to the ten digits from O to 9.
All the neurons are assumed to share the same characteristics
obtained from the experimental data, as shown in Fig. 3(b),
to speed up the training process. Before being fed into the
neural network, the images are randomly divided into multi-

ple batches with each batch containing 256 images. The back-
propagation algorithm and stochastic gradient descent are used
to minimize the cross-entropy loss with the learning rate being
0.01. It is noted that the experimental data cannot emulate any
known software activation function. So, the gradient is calcu-
lated numerically using the method described in Ref. [36]. It
should be stressed that neuron-to-neuron variability exists in
the real hardware implementation of STO-based artificial neu-
rons and further study on its impact is needed in the future.
By training the network 50 times and calculating the average,
we obtain the dependence of the recognition rate on training
epochs, as shown in Fig. 4. The recognition accuracy of the
STO-based ANN is up to 92.28%, which is comparable to the
accuracy of 94.72% acquired from an ANN having the same
structure but with ReLU as the activation function. The results
suggest the great potential of the proposed STO-based ANN
for RF-oriented neuromorphic computing.

The above results confirm that invariability of the mi-
crowave emission frequency can be realized by applying a
small magnetic field in the MTJ with a MgO cap layer. It is
also worth noting that the required magnetic field can be pro-
vided by a magnetic hard mask.?”) such as Co, which makes it
more practical for the real-world implementation of the device.
We emphasize that our study offers a universal path to solve
one of the key issues in utilizing STOs as artificial neurons to
directly process RF signals. As for the varied frequencies in
STO arrays, some methods should be adopted to intentionally
tune the emission frequency. For example, one can change the
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free layer by adding a memristive layer or ferroelectric layer

to the structure. 38391
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Fig. 4. (a) The structure of the ANN consisting of three layers, with 784, 100
and 10 neurons for the input layer, hidden layer and output layer, respectively.
(b) The recognition accuracy of the inference dataset versus training epochs
obtained from the ANN constructed with a STO, compared with a conven-
tional ANN with the ReLU activation function. Both results are averages
from 50 runs.

4. Conclusion

In this work, we have investigated the microwave emis-
sion properties of a STO based on an MTJ with a MgO cap
layer. We found that when a weak magnetic field is applied the
device can maintain an invariable emission frequency, making
it suitable for RF-oriented neuromorphic computing. Using
STO as artificial neuron, we have simulated a three-layer ANN
to recognize the handwritten digits in the MINST database.
A high accuracy of 92.28% is achieved, comparable to the
94.72% obtained with a conventional ANN constructed with
ReLU software neurons. Our work may provide inspiration
for the development of RF-oriented neuromorphic computing.
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