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The stochastic switching behavior of magnetic tunnel junctions (MTJs) has been proven to be suitable
for low-power neuromorphic computing. In this work, we demonstrate that the microwave-modulated
stochastic switching behavior in a stochastic MTJ can be used to mimic sigmoid neurons in an artificial
neural network to recognize handwritten digits in the Mixed National Institute of Standards and Technol-
ogy database. The learning speed could be enhanced by the microwave and the flexibility of the neurons
could be modulated by the power of rf signal. By modulating the neurons, the training speed of the system
could be quicker than a conventional software-based sigmoid neural network, and the recognition accu-
racy reaches 87% within 30 epochs (while 80 epochs for the latter). Our work provides inspiration for
alternative spintronic neuromorphic computing systems.
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Introduction.—An artificial neural network proved to be
an accurate way for image classification, scene recogni-
tion, and natural language processing. The accuracy can be
improved by a deep neural network, but with the expense
of long training time. Many hardware-assisted solutions
have been proposed to accelerate training, such as dis-
tributed computing [1], graphics processing unit (GPU)
and field-programmable gate array (FPGA) based hard-
ware accelerator [2–4]. However, these methods require
high power consumption or complex hardware designs.
The spintronic device, which is based on the spin nature of
the electrons, has many functional advantages, such as low
levels of power consumption, high stability, high switch-
ing speed, and small size, making these devices promising
for serving as artificial neurons [5,6] and synapses [7–9].
Recently, the modulation of neurons, which as one kind
of parameter optimization, have been used as an efficient
way to enhance the training speed and flexibility of a
neural network [10–15], but the hardware-based neuron-
modulation accelerator is still lacking.
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A magnetic tunnel junction (MTJ) is a trilayer “sand-
wich” consisting of a free layer (FL) separated from a
reference layer (RL) by an ultrathin insulating tunneling
oxide. When the magnetic moment of the FL is oriented
antiparallel (or parallel) to the moment of the RL, the MTJ
device has a high (or low) resistance. When the energy bar-
rier caused by the tunneling oxide is close to the thermal
disturbance at room temperature, the FL magnetic moment
can stochastically switch between parallel and antiparallel
configurations without a writing current—a phenomenon
that holds great potential for achieving more power-
efficient neuromorphic computing [16–22]. For exam-
ple, recent theoretical works showed that a probabilistic
deep-spiking neural system based on the stochastic MTJ,
achieved high recognition accuracies (96.3% and 93.8%)
in a large number of complex data sets by an artificial neu-
ral network (ANN) to spiking neural net (SNN) conversion
scheme [20]. In recent years, microwave signals, dc volt-
age, and heat have been proposed as possible tools for
controlling magnetization switching [23–29] and stochas-
tic switching [17,19,22,30–41]. In particular, magnetiza-
tion switching with the assistance of microwave signals
has been proposed as a promising solution in magnetic
recording [31,32]. This method requires significantly less
energy to switch magnetization when the microwave signal
creates a microwave field (H rf) to reduce the coercive field
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of the FL, which provides an efficiency way to control the
magnetic switching behavior of stochastic MTJs.

In this work, we report a microwave-modulated stochas-
tic artificial neuron that is based on the MTJ. The stochastic
switching probability as a function of the external static
magnetic field is well fitted by a sigmoid function and
could be modulated by the power and frequency of the
applied microwave signal. This could be interpreted by
selective microwave absorption of the FL and be used
to mimic the activation function of artificial neurons.
The handwritten digit-recognition task is performed by
a three-layer ANN based on the microwave-modulated
MTJ neurons, with the recognition accuracy reaching 87%.
This work provides inspiration for the design of a power-
efficient spintronic neuromorphic computing system.

Methods.—Experiments. The layer structure used as the
bottom contact is interfaced with the active multiple lay-
ers to fabricate the MTJ device and is composed of
Ir-Mn(8)/Co-Fe(2.5)/Ru(0.85)/Co-Fe-B(2.5)/MgO(1)/

Co-Fe-B(2.5), while the top contact is created with
a Ta(5)/Cu(10)/Ru(7) stack (thickness in nanometers).
These films are deposited on a 200-nm thermally oxidized
silicon substrate by an ultrahigh vacuum magnetron sput-
tering system and are annealed at 300 °C for 2 h in a 1-T
magnetic field.

The deposited films are processed into GSG coplanar
waveguide. An electron-beam lithography system is used
to pattern elliptical nanopillars to define the MTJ junction
followed by Ar ion milling and SiO2 insulation. The device

in this study has nominal dimensions of 400 × 200 nm2.
The easy axis in the device is defined to be along the long
axis of the elliptical nanopillar. After the lift-off procedure,
Ti/Au electrodes are evaporated for measurements. The
photograph of the final MTJ and GSG probe are shown
in Fig. 1(b).

The setup for tunnel magnetoresistance, STFMR (spin-
transfer ferromagnetic resonance) and stochastic switching
as shown in Fig. 1(a). The applied current and voltage
are recorded to obtain the resistance of MTJ using the
equation: R = V/I. In the STFMR test, the microwave sig-
nal is injected on the MTJ through the bias tee, and the
rectified voltages are measured by lock-in amplifier. The
switching measurements are carried out with dc current
source and nanovolt meters under or in the absence of
microwave source. In order to simulate the ANN based
on the proposed stochastic switching, a simulation frame-
work written by Python is developed to evaluate the
performance.

Results and Discussion.—First, we measure the tunnel
magnetoresistance (TMR) of the device. The TMR of
the device is defined as TMR = (RAP− RP)/RP, where RAP
(RP) is the resistance when the magnetic moments of
the FL and RL are antiparallel (parallel) to each other.
Figure 1(c) displays the magnetoresistance as a function
of the in-plane magnetic field with a small bias current of
10 μA. When the external magnetic field increases from
−400 to 400 Oe along the easy axis, the resistance changes
sharply from 257 to 120 �, and the TMR ratio reaches

(a) (b)

(d)(c)

FIG. 1. Schematic of circuit
(a) and MTJ (b) used for
STFMR (I dc = 0) and stochas-
tic switching measurement
(I dc = 10 μA). Magnetore-
sistance as a function of the
external field applied along
the easy axis (c). Magnetore-
sistance as a function of the
external field applied along the
hard axis (d).
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114%, indicating clear in-plane magnetization of the FL.
In addition, the magnetoresistance demonstrates a slight
shift toward the positive-field direction due to the stray
field induced by the synthetic antiferromagnetic (SAF)
layer [42,43]. Figure 1(d) shows the resistance of the MTJ
as a function of the magnetic field along the hard axis,
indicating stochastic switching behavior. When we sweep
the magnetic field with �H = 1 Oe, telegraphic switching
appears between 18 and 32 Oe, and the two resistances are
184 and 238 �. The corresponding tilt angles θ between
the magnetic moments of the FL and RL are estimated to
be 107° and 141° according to the magnetoresistance rela-
tionship: R−1 (θ) = [

(1 + cos θ) R−1
P + (1 − cos θ) R−1

AP

]
.

Next, to further study the magnetization dynamics of
the device, STFMR measurements are carried out. Figure
2(a) shows the STFMR spectra under different magnetic
fields applied along the in-plane hard axis (28 to 32 Oe
with the incident rf power Prf = −15 dBm). The STFMR
curves show one primary peak under different magnetic
fields related to microwave absorption. The STFMR spec-
tra can be computed by fitting well with the symmetric and
antisymmetric Lorentzian approximation [44]:

Vdc = VA
4(fr−f )�f

4(fr−f )2+�f 2 + VS
�f 2

4(fr−f )2+�f 2 + VC (1)

where fr is the resonance frequency, �f is the full width at
half maximum, and VS and VA are the amplitudes of the
symmetric and antisymmetric Lorentzian parts. Accord-
ing to our previous work, the dominating mode (with
fr= 1890 MHz) comes from the quasiuniform mode at
lower frequency [45].

The microwave signal with a frequency equal to reso-
nance frequencies can compensate for the energy dissipa-
tion and lead to forced precession of the magnetic moments
as shown in Fig. 2(b). When the height of the energy bar-
rier moves into the thermal regime, the magnetic moment
of FL can be switched by thermal fluctuation alone, result-
ing the telegraphic switching behavior. Thus, with the
microwave having different power, the energy barrier can
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FIG. 2. STFMR spectra at different fields (H ext from 28 to
32 Oe, Prf=−15 dBm) applied along the in-plane hard axis (a).
Schematic of microwave-modulated stochastic switching barrier
between parallel and antiparallel magnetic configurations in the
device (b).

be small enough and the stochastic switching behavior can
be modulated by the rf power.

When the magnetic field ranges from 16 to 36 Oe, the
telegraphic switching appears. The stochastic switching
behavior under three magnetic fields (23, 25, and 28 Oe) in
the time domain is shown in Fig. 3(a). Figure 3(b) shows
the switching probability as a function of the external mag-
netic field without or with microwave signal (frequency
equal to 1890 MHz and the power changes from −40 to
−15 dBm). The switching probability (P) is defined as P =
τP/τP + τAP, where τAP and τ P represent the dwell time for
high-to-low and low-to-high states, respectively. Previous
studies have demonstrated that the switching probability in
an MTJ can be expressed as an exponential function [16]:

P = 1
1+exp[−4(E/kT)(H−Hs/Heff)] = 1

1+exp[−α(H−β)] , (2)

where E is the energy barrier and H eff is the effective
field consisting of the magnetic anisotropy field (H ani),
exchange field (H ex), shape anisotropy field (H sh), and
external magnetic field (H ext). When the external magnetic
field increases from 16 to 36 Oe, the switching probability
gradually increases from 0 to 1. The data points fit the sig-
moid function (f (x) = 1/(1 + e−α(x−β))), which is widely
used for nonlinear neurons in ANNs. The curve with the
rf signal has a larger slope than the microwave-free condi-
tion. This can be explained by selective microwave absorp-
tion under different magnetic fields according to Fig. 2(a).
Microwaves with the frequency equal to the resonance fre-
quency can be absorbed under magnetic fields. Then the
microwave energy compensates for the energy barrier and
enhances the switching probability under lower fields. In
addition, there is an offset when the rf signal is applied
on the device compared to the microwave-free condition,
resulting from the H rf of the rf signal [31].

Note that the coefficients of the neuron (α and β) in
Eq. (2) play a role during the learning and training pro-
cesses. The α is related to the energy barrier E, and the
larger α means a higher weight-updating rate and faster
obtainment of the optimal solution in an early stage of the
learning process, a smaller α would be more effective in
further enhancing the recognition accuracy [10–13,46,47].
In addition, the coefficient β (β = Hs, equal to the magnetic
field where the switching probability is 1/2) corresponds
to the bias value of the activation functions, which can
be used to enhance the flexibility of the neural network.
Neurons with a larger coefficient β have a lower activa-
tion threshold [14,15]. The microwave, which enables the
energy to be provided to compensate the energy barrier
and reduce the coercive field, provides an efficient way to
modulate the coefficients of neurons.

To further provide insight into the influence of the
microwave signal on the learning and training process, we
obtain the values of α (0.69 for microwave-free condition
and 1.5 for f in= 1890 MHz) and β by fitting the data
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probability versus magnetic
field under different microwave
powers (power range from
−15 to −40 dBm with f in =
1890 MHz) (a) and time-
domain stochastic switching
behavior of the device under
different magnetic fields
(H ext = 23, 25, and 28 Oe)
along the hard axis (b).
Parameters α of the sigmoid
neuron with and without
microwave (f in= 1890 MHz
and Prf= −25 dBm) (c),
and the β versus different rf
power (d).

with Eq. (1), as shown in Fig. 3(c). The α (∝�E/kTH eff)
changes twofold because of selective microwave absorp-
tion as we mention before. And the learning speed will
be enhanced by the microwave signal. Besides, there dis-
plays an offset along the field axis when the microwave
power increases as shown in Fig. 3(b), indicating the
higher stochastic switching probability behavior in higher
rf power. It is because the magnetic moment of the
FL obtained more energy from the microwave, result-
ing in an increase of the switching probability under the
same magnetic field. The corresponding β are shown
in Fig. 3(d). As the microwave power increases, the
β decreases from 27.8 to 22.6 Oe. It is because the
microwave signal provides a local magnetic field (H rf,
∝Prf) [48–51] that eliminates a part of Hs, resulting in a

(a) (b)

FIG. 4. Schematic diagram of the neural network (a) and
recognition accuracy curves obtained from the MTJ and a con-
ventional neural network (b).

prominent offset along the field axis. The range of external
magnetic field is from 16 to 34 Oe, with a regulation rate
reaches nearly 28.8% [(27.8− 22.6 Oe)/(34− 16 Oe)].

Finally, an ANN consisting of three layers is constructed
based on the stochastic neuron concept to perform the
handwritten digit recognition task. This neural network
includes an input layer, a hidden layer, and an output layer,
as shown in Fig. 4(a). Handwritten digit images are trans-
formed into 28 × 8 pixel values according to their pixels
and then fed into 784 sigmoid neurons. The input values
are processed by the 400 neurons and are output to the
ten terminal neurons. The gradient-descent algorithm is
used to enhance the identification performance of the net-
work, and the recognition accuracy reached 87%. In the
first 30 epochs, a neural network with two α values (1.5
and 0.69) is adjusted to enhance the recognition speed.
Also, as shown in the Supplemental Material [52], neurons
with higher α values have higher weight-updating speed.
As shown in Fig. 4(b), the MTJ neural network has similar
accuracy but is simultaneously quicker in the early stage
of the task than a conventional sigmoid neural network
would be.
Conclusions.—In conclusion, we investigate a microwave-
modulated stochastic spintronic neuron based on an MTJ.
The switching probability versus the external field is well
fitted by a sigmoid function, suggesting that this device
could be used as an artificial neuron in a neural network.
Furthermore, the stochastic switching behavior of the MTJ
could be modulated by the microwave and its power.
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Such a modulation mechanism comes from the selective
microwave absorption and the influence of rf power and
H rf on the coefficients of the neuron (α and β). Finally, a
neural network based on this microwave-modulated neu-
ron is constructed that achieved 87% recognition accu-
racy in handwritten digit-recognition tasks. Our work
offers an alternative solution for spintronic neuromorphic
computing.
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