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Stochastic units based on magnetic tunnel junctions have shown a high energy-efficient pathway to
perform neuromorphic computing. We propose a voltage-controlled spintronic stochastic device based
on a magnetic tunnel junction by introducing perpendicular anisotropy into the free layer. We observe
a stochastic behavior at low bias and demonstrate that this behavior can be used to mimic the artificial
neurons of an artificial neural network to recognize the handwritten digits in the Mixed National Institute of
Standards and Technology (MNIST) database. Furthermore, the stochastic behavior can be modulated by a
bias voltage owing to the voltage-controlled magnetic anisotropy effect. The voltage-controlled stochastic
behavior is theoretically and experimentally studied, which indicates that it can be used to perform as
an adaptive neuron. These results provide a way for building energy-efficient spintronic neuromorphic
computing systems.
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I. INTRODUCTION

While the current computing schemes face severe chal-
lenges of data processing speed and scalability, the human
brain shows high efficiency and energy saving in perform-
ing cognitive and perception tasks. This ability relies on the
protocol of learning and storage implemented by synapses
and neurons in the brain. Recently, the utilization of hard-
ware to mimic the functionalities involved in the neurons
and synapses in the human brain has become an appealing
subject, referred to as neuromorphic computing. Neuro-
morphic computing algorithms can be roughly divided into
artificial neural networks (ANNs) and spiking neural net-
works (SNNs). Although the ANNs have already achieved
great success at complex recognition problems [1,2], the
computational costs are still much larger than that of the
human brain. Many research efforts have been made to
develop more biologically realistic SNN hardware systems
to build up more powerful and energy-efficient neuromor-
phic computing systems [3–5]. For example, in the popular
neuromorphic system, TrueNorth, built with one million
neurons and 256 million synapses, the power density is
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20 mW per cm2, compared with 50–100 W per cm2 of
a typical central processing unit (CPU) [5]. However, it
still consumes high energy and takes up a large area. In
order to reduce the energy and area requirements, sev-
eral post-CMOS technologies, which are able to offer a
compact and energy-efficient implementation for neural
and synaptic units, such as memristor [6–8], phase-change
memory [9], and spintronic devices [10,11], have been
proposed. Magnetic tunnel junctions (MTJs), the build-
ing blocks of spintronic devices [12–14], which possess
the advantages of high working speeds, high endurance,
low power consumption, and high integration capabil-
ity, have recently been proved for wide applications in
neuromorphic computing [15–18], such as mimicking mul-
tilevel synapses with a spin-torque memristor [17,19,20],
emulating biological neurons with a spin-torque oscillator
[18,21], and spiking neurons with spin-torque stochastic
switching [15,22–28]. It is worth noting that the stochastic-
switching MTJs have been able to act as artificial neurons
in ANNs, which not only possess the high recognition per-
formance of ANNs, but also consume low area and energy,
as do SNNs [23,29].

Recently, superparamagnetic tunnel junctions have been
proposed and show the capability of ultralow-energy
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neuromorphic computing [15,30]. The high energy effi-
ciency results from the thermal fluctuations-induced
stochastic magnetization switching at room temperature.
Thus, no write operations are required and only low-energy
readout operations are needed to output the random bits.
Although the superparamagnetic tunnel junctions have the
ability to compute with ultra-low-energy consumption, a
highly efficient way to control the stochastic behavior is
still lacking.

In this work, we report a voltage-controlled spintronic
stochastic neuron based on MJT by introducing perpendic-
ular magnetic anisotropy into the free layer through turning
the thickness of the free layer to lower the energy barrier.
We observe the stochastic switching under a low voltage
bias and demonstrate that the switching probability in dif-
ferent magnetic fields of the MTJ can be used to mimic
the activation function of an artificial neuron of ANNs. An
ANN using the obtained activation function is constructed
to recognize the handwritten digits in the Mixed National
Institute of Standards and Technology (MNIST) database
[31]. The activation function of the device shows control-
lability by the bias voltage, indicating a way to build up an
all-spintronic neural network.

II. EXPERIMENTS

The MTJ multilayers are deposited by magnetron sput-
tering with a layered structure of bottom electrode/Co20Fe60
B20 (1.62 nm)/MgO (0.8 nm)/Co40Fe40B20 (2.4 nm)/Ru
(0.85 nm)/CoFe (2.3 nm)/PtMn (15 nm)/top electrode
(thicknesses in nanometers) as illustrated in Fig. 1(a). The
films are annealed for 2.0 h at a temperature of 300 °C
in a magnetic field of 1 T. The interfacial perpendicu-
lar magnetic anisotropy (IPMA) is introduced by adjust-
ing the thickness of the Co40Fe40B20 free layer [12,32].
This IPMA has been successfully used for the design
of high-efficiency spintronic devices such as decreasing
the switching current of MTJs for storage applications
[33], enlarging the emitted power of the spin-torque nano-
oscillators (STNOs) [34], and increasing the sensibil-
ity of spin-torque diodes (STDs) [14,35]. Electron-beam

lithography and ion milling are used to fabricate the pillar-
shaped devices with an elliptical cross section. All data
in the present work are from one 210 × 60 nm2 device.
The transport characterizations are performed with a cur-
rent source (Keithley 2400), a nanovoltmeter (Keithley
2182), and an oscilloscope (Tektronix DPO73304D) at
room temperature.

III. RESULTS AND DISCUSSION

First, we measure the magnetoresistance of the device.
Figure 1(b) shows the resistance as a function of the in-
plane magnetic field applied parallel to the magnetic easy
axis of the nanopillar (H ||), at a bias current of I dc = 10 µA.
As the field increases from −650 to +650 Oe, the resis-
tance changes gradually from a low-resistance state to a
high-resistance state, indicating the free-layer magnetiza-
tion aligns antiparallel to the reference layer magnetiza-
tion. The gradual change in the resistance confirms that
the free layer is tilted out-of-plane from the easy axis. The
resistance curve scan as a function of the out-of-plane field
(H⊥) [inset of Fig. 1(b)] also indicates a perpendicular free
layer. At zero field, a small tilting angle (θ ) from the out-
of-plane configuration is estimated to be 9° through the
resistance vs magnetic field relationship [35,36] due to the
coupling between the free and reference layers.

Next, we study the low power stochastic behaviors of
the device. The device investigated is a bistable system
in which the two stable states are those characterized by
low- and high-resistance states. As shown in Fig. 2(a),
when we sweep the in-plane magnetic field with a small
step �H = 1 Oe at a dc voltage bias of 1 mV, telegraphic
switching appears near zero field, and the switching proba-
bility can be tuned by an in-plane magnetic field. A similar
phenomenon occurs under a perpendicular magnetic field,
as shown in Fig. 2(b). Since the reference layer has the
in-plane magnetization, and the applied in-plane magnetic
field will change the resistance of the device, we choose to
study the phenomenon that appears under the perpendic-
ular magnetic field. If we fix the magnetic field and read
the resistance of the device at 1 mV, we can obtain the

(a) (b) FIG. 1. (a) Schematic of the device
structure. (b) The magnetoresistance
curve of the MTJ device under in-plane
magnetic field (H ||) and perpendicu-
lar magnetic field (H⊥) for dc (I dc) of
10 µA. The resistance scan as a func-
tion of the out-of-plane field (inset of b)
clearly indicates the perpendicular free
layer. The black (red) arrow denotes the
magnetization direction of the reference
(free) layer.
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(a) (b)

(c) (d)

FIG. 2. Minor magnetoresis-
tance curve of the MTJ device
with step �H = 1 Oe at voltage
bias Vbias = 1 mV under (a)
in-plane magnetic field (H ||) and
(b) perpendicular magnetic field
(H⊥). (c) Time-domain stochastic
switching characteristic of the
MTJ device at Vbias = 1 mV in
the absence of bias magnetic
field. (d) Switching probability
under various external perpen-
dicular magnetic fields (H⊥) at
Vbias = 1 mV (blue dot). The data
is fitted by a sigmoid probability
density function (red line).

time-domain stochastic output of the device. Figure 2(c)
shows the stochastic output performance of the device
under zero magnetic field at 1 mV by sampling 1000 times
in 2 min. These stochastic behaviors may occur because
of the low energy barrier resulting from the introduction
of the perpendicular magnetic anisotropy to the free layer.
The energy barrier Eb of a tilted free layer can be expressed
as [33,36,37]

Eb(V = 0) = K0,effV∗

= (Kshape + K⊥ − Kd)V∗, (1)

where K0,eff is the effective energy density without volt-
age bias, K shape is the in-plane shape-induced anisotropy
energy density, K⊥ is the perpendicular anisotropy energy
density, and Kd is the out-of-plane demagnetizing energy
density. According to Eq. (1), the energy barrier is related
to the effective energy and the volume of the magnetic free
layer, V*. Thus, there are two ways to reduce the energy
barrier. One is to reduce the volume of the device, which
is unchangeable after the fabrication. The other is to lower
the effective energy. Since Kd � Kshape, increasing the per-
pendicular anisotropy is able to reduce the energy barrier.
Thus, with the introduction of an appropriate perpendicu-
lar anisotropy for the free layer that is able to compensate
the out-of-plane demagnetization field, we can make the
effective energy barrier as small as possible, leading to it
behaving superparamagnetically without scaling down the
device size.

If we define the low-resistance readout as the basic
state, the switching probability can be easily calculated
by P = N high/N total, where the N high is the number of the
high-resistance readout and N total is the total sample num-
ber. By changing the perpendicular magnetic field and
repeating the measurement, the switching probability of
the device under different perpendicular magnetic fields
can be obtained, as shown in Fig. 2(d). The switching
probability can be described as [38]

P(high|H⊥) = τhigh

τlow + τhigh
, (2)

where τhigh and τlow are the dwell times from the low-to-
high and high-to-low resistance states, respectively. Using
the Neel-Brown formula, the dwell times can be expressed
as [39]

τhigh = τ0 exp

[
Eb

kBT

(
1 + H⊥ − Hs

Hk,eff

)2
]

, (3)

τlow = τ0 exp

[
Eb

kBT

(
1 − H⊥ − Hs

Hk,eff

)2
]

, (4)

where τ0 is the inverse of the attempt frequency (assumed
to be 1 ns) and Hk,eff is the effective magnetic anisotropy
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field. Substitution of Eqs. (3) and (4) into Eq. (2) leads to

P(high|H⊥) = 1

1 + exp
(

−4
Eb

kBT
H⊥ − Hs

Hk,eff

) (5)

= 1
1 + exp[−w(H⊥ − Hs)]

,

where w is the weight depending on the energy barrier,
Eb. According to Eq. (5), the switching probability of the
device can be fitted with the sigmoid function [f (x) =
(1/1 + e−x)], which is a normal kind of the activation
function of the artificial neurons of ANNs, implying that
our device can be used to mimic the artificial neurons of
ANNs. When all signals input to a neuron, the neuron sums
up all the input signals with their weights to decide whether
or not to activate.

To explore the neuromorphic computing performance
of our device, we build up a simple three-layer neural
network with our devices as the stochastic spintronic neu-
rons to solve the MNIST handwriting digit reorganization
problem. The structure of the neural network is shown
in Fig. 3(a), including one input layer, one hidden layer,
and one output layer. All the images in the data set have
28 × 28 pixels, so the input layer has 784 neurons. The
input signals are the perpendicular magnetic fields applied
to each device, which is converted from the summed-up
signals with weights by a linear transformation. The out-
put voltage is converted to a current passing through a
wire to produce an Oersted field that is applied to the
next neurons. It can also apply the output voltage to a
ferroelectric substrate under the MTJ, which can tune the
effective field by modulating the strain from the ferroelec-
tric substrate. All the images represent the handwriting
digits from 0 to 9, and the output layer is set with 10
neurons. The hidden layer has 400 neurons. We use the
back-propagation algorithm to train the network for 100
training epochs. Figure 3(b) shows the recognition rate vs
training epochs of our stochastic SNN, together with the
results from the developed ANN as a comparison. It can

be seen that the spintronic neuron can work as well as
the artificial sigmoid neuron [23,40] at a hardware level.
At the beginning of the training process, the network with
spintronic neurons is training faster. This may result from
the linear transformation of the input signal, which is sim-
ilar to the normalization of the input data that is a widely
used technique to accelerate the network training [41]. The
lower recognition rate at the final state of the spintronic
ANN is given by the slight device variation in the switch-
ing probability for each neuron induced by the magnetic
noise. The results indicate the great potential of spin-
tronic stochastic neurons for neuromorphic computing. It
is worth noting that the stochastic output of the device is
under an ultralow bias (V = 1 mV), revealing the ultralow
energy performance of the devices.

Furthermore, Eq. (5) indicates that stochastic behaviors
of the device are tunable if we can modulate the energy
barrier. According to Eq. (1), the perpendicular magnetic
anisotropy energy can be controlled by voltage bias via
the well-known voltage-controlled magnetic anisotropy
(VCMA) effect along with the high-energy efficiency. By
adding the linear dependence of the first-order anisotropy
energy on voltage, Eq. (1) can be rewritten as

Eb =
(

Keff − HinMs + M 2
s

4Keff
H 2

in

)
V∗,

Keff = K0,eff − ξ

td

V
t

, (6)

where Hin is the in-plane exchange bias from the in-plane
reference layer, t is the thickness of the free layer, td
is the thickness of the MgO barrier, and ξ is the linear
VCMA magnetoelectric coefficient. According to Eq. (6),
we can tune the energy barrier of the device by the volt-
age bias to control the stochastic behavior. If there is no
in-plane exchange bias or the nonlinear term is negligi-
ble when M 2

s H 2
in/4Keff � Keff, the energy barrier can be

linearly tuned by the voltage bias. Thus, we study the
stochastic behaviors of the device under different voltage
biases. In Fig. 4(a), the voltage bias is swept from −200

(a) (b) FIG. 3. (a) The structure of the ANN
we construct to recognize the handwrit-
ing digits in the MNIST database (b)
The transition in the recognition rate
obtained from the neural network con-
structed with the MTJ (blue line) com-
pared to a conventional neural network
(red dash line).
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(a) (b)

(c)

FIG. 4. Minor magnetoresistance curve of the MTJ with step �H = 1 Oe at different voltage biases Vbias from −200 to 200 mV
under the perpendicular magnetic field (H⊥). (b) Switching probability under various external perpendicular magnetic fields (H⊥) at
different voltage biases (dot) fitted by the sigmoid probability density function (line). (c) The weight obtained from the fitting of the
sigmoid probability density function (blue dot). The data can be fitted by the relation between the energy barrier and the voltage bias
(red line).

to 200 mV under the perpendicular magnetic field. The
stochastic telegraphic switching regime vs magnetic field
is suppressed while increasing the voltage bias, and the
switching rate of the device is increased along with the
voltage bias. Similar to Fig. 2(d), we can obtain the weight
at different voltage biases by fitting the data from Fig. 4(a)
of Eq. (5), as shown in Fig. 4(b). The weight changing vs
the voltage bias is shown in Fig. 4(c), which can be well
fitted by Eq. (6), and shows a nonlinear relation between
the energy barrier and the voltage bias. Since the sigmoid
output characteristic of the device depends on the weight,
we can tune the relation between input and output signals
by the voltage bias. This performance indicates that we
can use the voltage-controlled devices to perform as the
adaptive neuron, which can further improve the neural net-
work. With the voltage-controlled spintronic neurons, we
can build up a spintronic hardware neural network, which
can perform neuromorphic computing with higher energy
efficiency and lower area consumption.

Finally, in order to verify the voltage-modulation
stochastic behavior result from the VCMA effect, we
perform the spin-torque ferromagnetic resonance (STFMR)

measurement [42]. Figure 5(a) shows the STFMR spectra
under different voltage biases. The resonant conditions can
be expressed as follows [42]:

fr = μ0γ

2π

√
f1f2,

f1 = Hext cos(θH − θM ) + HK1cos2(θM ) − HK2cos4(θM ),

f2 = Hext cos(θH − θM )+ HK1 cos(2θM )− 1
2

HK2[cos(2θM )

+ cos(4θM )], (7)

where fr is the resonant frequency, HK1 and HK2 are the
first and second orders of the effective magnetic anisotropy
field in the free layer, θM is the angle between the mag-
netization in the free layer and the normal to the film
plane, and θH is the angle between the external magnetic
field Hext and the normal to the film plane. The first- and
second-order anisotropy fields HK1 and HK2 as a function
of Vbias can be obtained from the fitting of Eq. (7), shown in
Fig. 5(b). The zero-voltage perpendicular anisotropy field
is μ0HK1 = 56 mT, consistent with previous reports [35].
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(a) (b) FIG. 5. (a) STFMR spectra under in-
plane magnetic field H || =−110 Oe
at bias voltages Vbias from −100 to
200 mV. Each data set is offset by 35 µV.
(b) First- and second-order anisotropy
fields HK1 and HK2 as a function of Vbias
obtained from the fitting of Eq. (7).

When we sweep the voltage bias from −100 to +200 mV,
the first-order anisotropy field HK 1 decreases while the
second-order anisotropy field HK 2 remains almost con-
stant with the applied voltage bias. The modulation ratio
of μ0HK1 is 34 mT/V, corresponding to a change in the
magnetic anisotropy energy per unit area per applied elec-
tric field of ξ = 26 fJ V−1 m−1, in good agreement with
previous reports for similar material structures [35,42,43].
According to Fig. 5(b), the is HK1 very small, which con-
firms the low barrier obtained by compensating for the
out-of-plane demagnetization field and the existence of the
VCMA effect is also proved.

IV. CONCLUSIONS

In this paper, we report a voltage-controlled spintronic
stochastic neuron based on a MJT. By introducing the per-
pendicular anisotropy into the free layer of an in-plane
MJT, the energy barrier is reduced and low-energy-cost
stochastic behavior is obtained. The device shows the
ability to mimic artificial neurons of an ANN to realize
the recognition of the handwritten digits in the MNIST
database, and the spintronic neuron can work as well as the
artificial sigmoid neuron at a hardware level with ultralow
energy consumption. Furthermore, the voltage-controlled
stochastic behavior is proved theoretically and experimen-
tally, which shows an adaptive neuron characteristic and
finally confirms the result from the VCMA effect. Our
results give a highly energy-efficient way to build up all
spintronic neuromorphic computing systems.
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