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Back hopping or telegraphic switching describes stochastic bistate oscillation in magnetic tunnel
junctions (MTJ) at high bias, which significantly increases the write error rate of memory storage. Nev-
ertheless, this unfavorable stochastic switching could be utilized to construct extremely compact spiking
neuron circuits, where both the spike frequency and duty cycle are proportional to the applied bias voltage.
This MTJ neuron is the fundamental building block of future all-spin neural networks. This paper analyzes
the mechanism of stochastic switching in the MTJ neuron in detail. The self-heating effect at high bias is
identified to induce thermal perturbation through a reduced energy barrier of a weakened perpendicular
magnetic anisotropy. The high spike frequency is measured up to 10 MHz, which is mainly limited by
the transition time between states and the multistate switching when approaching the Curie temperature
of the ferromagnetic phase. Finally, to quantitatively describe the stochastic switching phenomenon, we
establish a bias-dependent Néel-Arrhenius compact model, which calibrates well with experimental data.
Based on this model, the potential and design guideline for realizing MTJ neurons with a spike frequency
toward the gigahertz range are also discussed.
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I. INTRODUCTION

The spiking neural network (SNN) inspired by the bio-
logical brain is known as the third-generation neural work
for its potential for extremely high energy efficiency [1].
Compared with the prevalent deep neural network (DNN)
that relies on high-precision data transmission and process-
ing, the SNN transmits information through simple binary
pulse trains in the time domain by using algorithms such
as rate coding or rank order [2]. This brings two major
advantages to hardware implementation using the emerg-
ing in-memory computing (IMC) architecture [3,4]. First,
although IMC is praised for its minimal data movement to
accelerate DNNs with low latency and energy consump-
tion, the substantial energy and area overhead of essential
peripheral circuits to support high-precision IMC opera-
tions, including high-precision analog-to-digital converters
(ADC) and digital-to-analog converters (DAC), presents
daunting challenges [5]. The requirement of processing
only binary input and output information greatly reduces
the complexity of peripheral circuits in SNN hardware.
Second, time-series encoding is naturally more suitable
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for processing real-world time-series information, such as
real-time object detection in video streaming, than steady-
state DNNs. The spike neuron circuit is the fundamental
building block of SNNs [6]. In the IMC architecture, the
neuron integrates the time-varied weighted-sum current
from the synaptic array of the previous neural layer and
generates binary pulse trains as the output. Popular neuron
types include the integrate-and-fire (I&F) neuron [7], leaky
I&F neuron [7], and Poisson neuron [8]. Ideally, this out-
put could be directly transmitted to the next neural layer
as the input. Therefore, the neuron replaces the ADC and
DAC circuits and the activation function in conventional
DNNs. Furthermore, it simplifies unnecessary data con-
version back and forward between the analog and digital
domains to save energy and reduce latency.

Spike frequency, energy consumption per spike, and
circuit area are key parameters of neuron circuits for imple-
menting SNNs with low latency, high energy efficiency,
and high density. The conventional CMOS neuron cir-
cuit is mature and has a high spike frequency, but its
large area, including the integration capacitor, compara-
tor, and reset circuit, makes it difficult to support highly
parallel high-density IMC architectures. As a result, many
studies have focused on emerging neuron circuits based
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FIG. 1. Benchmark of CMOS-based and device-based neuron circuits implemented using 65-nm technology [16]. The spike fre-
quency considers both the integration and firing periods. The area considers the complete neuron circuit including the necessary bias
circuit, comparator, capacitor, and reset circuit.

on intrinsic device properties in ferroelectric memory
[9–11], threshold-switching device (TS device) [12–14],
magnetic random-access memory (MRAM), etc. [8,15].
A previous study quantitatively compared various neuron
circuits implemented using 65-nm technology [16]. The
spike frequency and circuit area of the respective technolo-
gies are summarized in Fig. 1 [8,9,12,17]. Among them,
the MRAM neuron based on the magnetic tunnel junc-
tion (MTJ) structure shows stochastic oscillation between
the low-resistance parallel (P) state and the high-resistance
antiparallel (AP) state at high bias. The oscillation gener-
ates spike or pulse frequency and duty cycle depending on
the voltage bias applied to the MRAM. Therefore, a sin-
gle MRAM device acts as an extremely compact neuron
circuit with no need for an additional integration capacitor,
comparator, and reset circuit, presenting at least an order of
magnitude area reduction compared with the conventional
CMOS neuron. This MRAM neuron is different from the
stochastic superparamagnetic tunnel junction (SMTJ) [18–
20], which is intentionally designed with a low thermal
stability factor, thus easily switched between the AP and
P states by thermal fluctuation even at room temperature
and low voltage bias. Although the SMTJ could poten-
tially be utilized as a neuron, too, it could not be used to
store the nonvolatile synaptic weight information in SNNs.
The proposed MRAM device is designed with a standard

high thermal stability factor for memory storage. It is ther-
mally stable at normal read and retention conditions. The
same device could be utilized as both the neuron (at high
bias voltage) and synapse (at low bias voltage) for the easy
integration of an all-spin SNN architecture [8]. Moreover,
the proposed device is based on the commercially available
perpendicular spin-transfer torque (STT) MRAM technol-
ogy that has been successfully scaled down to 16 nm
[21,22] and has reached a high density of 1 Gbit [23]. Its
excellent scalability, compact area, and ease of large-scale
integration make it extremely attractive for future SNN
hardware.

The bistate oscillation of standard STT MRAM at high
bias, also known as back hopping [24–29] or telegraphic
switching [30,31], is not included in the typical design
space for memory storage applications because it sig-
nificantly increases the write error rate. In general, the
oscillation can be understood as the thermal perturbation
on the reduced energy barrier of a weakened perpendicular
magnetic anisotropy (PMA) at high bias [8], but the rela-
tion between oscillation and spike frequency is truly vague.
Additionally, although the spike frequency of MRAM neu-
rons has been reported up to 100 kHz [15], which is among
the highest in device-based compact neurons, it is slower
than that of the CMOS neuron with gigahertz spike fre-
quency by orders of magnitude, as shown in Fig. 1. A high
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spike frequency is beneficial for SNN applications because
it accelerates computing and reduces processing latency.
It also suppresses the energy consumption per spike by
reducing the dc energy dissipation of the weighted-sum
current flowing from the synaptic array into the neuron
circuit [16]. Moreover, since the MRAM neuron is based
on nonvolatile memory technology with finite endurance,
a higher spike frequency also reduces the total stress time
(tstress) applied to the device for a given amount of pro-
cessing load, thus improving the system reliability. The
MRAM neuron operated at a frequency of 100 kHz con-
sumes approximately 20 000 times more energy than the
CMOS neuron operated at a frequency of 2 GHz [16].
Therefore, achieving high spike frequency in the MRAM
neuron is critical for energy-efficient SNN applications.

In this paper, the comprehensive measurement and
mechanism of telegraphic switching in the MRAM neu-
rons at high bias voltage and high frequency are dis-
cussed in detail. An increased high spike frequency up
to 10 MHz is demonstrated. We also successfully model
the self-heating effect in MRAM neurons quantitatively
using a bias-dependent Néel-Arrhenius model. This well-
calibrated model allows us to explore the design guideline
for realizing a highly competitive MRAM neuron with a
high spike frequency toward the gigahertz range and the
wide detection range required for future SNN applications.
This article is organized as follows: In Sec. II, we describe
the fabrication process of the proposed MRAM device.
In Sec. III, we briefly review the operation principles of
the MRAM-based I&F neuron [15] and Poisson neuron
[8], which provide a general perspective connecting the
device and the application. In Sec. IV, the comprehen-
sive measurement of telegraphic switching and its relation
with the strong self-heating effect are discussed. In Sec.
V, the potential of high spike frequency in the MRAM
neuron is discussed through both the experiment and a
bias-dependent Néel-Arrhenius model.

II. FABRICATION PROCESS

A perpendicular magnetic tunnel junction (PMTJ), con-
sisting of a Ta seed layer, a [Co/Pt]4/Co/Ru/[Co/Pt]2/Co
synthetic antiferromagnet (SAF) layer, a Co-Fe-B pinned
layer, a MgO barrier layer, a Co-Fe-B/Ta/Co-Fe-B free
layer, a MgO capping layer for enhancing PMA, and a Ta
capping layer (from bottom to top), is prepared. All the
ferromagnetic layers are deposited on the thermally oxi-
dized silicon substrate at room temperature in an ultrahigh
vacuum magnetron sputtering system and then annealed
at 300 °C with an in-plane 1 T magnetic field for 2 h.
The MgO barrier and capping layers are deposited using
rf sputtering in an argon atmosphere. PMTJs are patterned
using electron-beam lithography and reactive ion etching
to complete a step etch-stop structure [32]. The diameter

of the circular PMTJs is 80 nm. This fabrication pro-
cess is identical to that for the standard PMTJ used for
memory storage applications [32,33]. The device can be
switched between the AP and P states by using bipo-
lar write voltage/current pulses, and both the AP and P
states are thermally stable at the read and retention con-
ditions, unlike SMTJs with a low thermal stability factor
[18–20]. Furthermore, the conventional PMTJ for memory
storage applications is not intentionally designed to exhibit
telegraphic switching without an external magnetic field.
Two different PMTJ devices are fabricated with different
SAF layer configurations to show both field-free and field-
assisted telegraphic switching. The thickness of the Ru
layer is 8 Å and 4.1 Å for the field-free and field-assisted
samples, respectively, due to the difference in the stray field
of the SAF layer. The conductance oscillation of the MTJ
devices is measured using the Keysight B1530A wave-
form generator/fast measurement unit at different biases.
For field-assisted switching, the external magnetic field is
applied perpendicularly to the device through a custom
electromagnet.

III. MTJ-BASED SPIKE NEURON AND ITS
APPLICATION

Conventional CMOS-based I&F spike neurons consist
of at least one integration capacitor, one comparator, and
one reset circuit, as shown in Fig. 2(a). The operation is
divided into the integration phase and the firing phase.
In the integration phase, the membrane potential (Vm)
increases when the weighted-sum current generated from
a synaptic array accumulates in the integration capacitor.
In the firing phase, the comparator generates a spike at
the output potential (Vout) once Vm exceeds the preset and
fixed threshold voltage (Vth). Then, the reset circuit resets
the stored capacitive charges and initializes a new inte-
gration phase. As a result, the spike frequency increases
proportionally with the weighted-sum current. The pro-
posed compact MTJ neuron in the study overcomes the
large circuit area of CMOS neurons by using the native
stochastic switching characteristics of the MTJ at high
bias voltage (Vb). On applying the weighted-sum current
from synaptic arrays on the MTJ, the voltage drops on the
low-resistance-state (LRS) MTJ, i.e., the P state, trigger-
ing finite switching probability. The cumulative switching
probability (Psw) increases with time, which is equiva-
lent to the accumulation of Vm in the CMOS neuron, as
shown in Fig. 2(b). With the increase of integration time,
the MTJ eventually switches to a high resistance state
(HRS), i.e., the AP state, and Psw returns to zero. Sim-
ilarly, Psw starts to accumulate in the HRS MTJ at the
same bias current, and the MTJ again switches back to
the LRS with the increase of Psw. Vout is larger at the
HRS than that at the LRS, and, therefore, the consecu-
tive MTJ switching processes generate repeated voltage
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(a) (b)

FIG. 2. Schematics of (a) the CMOS neuron and (b) the MTJ neuron. Vm of the CMOS neuron increases linearly as the weighted-sum
current (I in) accumulates on the integration capacitor and resets when Vm exceeds Vth. Psw, the MTJ cumulative switching probability,
also increases as I in accumulates on the MTJ, but Psw increases nonlinearly and the switching is stochastic between the AP and P states
without the assistance of an external reset circuit.

spikes at Vout in a telegraphic switching process. Unlike
the CMOS neuron where every spike is generated at a
precise time only determined by the predesigned capaci-
tance value and Vth for a given weighted-sum current, the
MTJ spiking is stochastic. However, when the weighted-
sum current increases, the overall spike frequency of MTJ
neurons still increases as a result of a faster accumula-
tion of Psw, thus is suitable for various SNN applications.
In our measurement, the MTJ spike frequency is propor-
tional to Vb without applying an external magnetic field
when designed properly, as shown in Fig. 3. Based on
its I&F neuron characteristics, we demonstrated that the
MTJ neuron could be used as a 4-bit time-domain ADC
[15]. Utilizing a binary MTJ synapse together with the
proposed MTJ neuron, the simulation of an all-spin neural
network achieved 82% accuracy for the CIFAR-10 dataset
in a challenging online training task by using only binary
MTJ devices [15]. Although the relatively low accuracy is
mainly limited by the nonideal gradient accumulation on
the binary MTJ synapse, but not the MTJ neuron [4], this
is a successful demonstration of an online-trained all-spin
neural network.

In addition to the I&F neuron, the Poisson neuron trans-
forms analog information into temporal signals by rate
coding, for example, a Poisson spike train with a tun-
able duty cycle. The SNN with Poisson neurons allows all
information to be processed in the analog domain without

any energy-expensive analog-digital signal conversion. In
our measurement, not only the spike frequency but also
the duty cycle of the MTJ neuron is proportional to Vb, as
shown in Fig. 3. Therefore, it could be used as both an I&F
neuron and a Poisson neuron. We simulate the inference
of the MNIST handwritten digit database using a SNN
model converted from a DNN. The SNN inference consid-
ering the MTJ Poisson neuron achieves a high accuracy of
98.4% without converting information back and forward
between the analog and digital domains. Interested read-
ers could refer to [8] for the details on the algorithm and
architecture of the all-spin SNN.

IV. STOCHASTIC SWITCHING MECHANISM OF
THE MTJ NEURON

In this section, the physical mechanism behind the
stochastic spiking or telegraphic switching characteris-
tics of the MTJ neuron is discussed in detail using both
electrical and magnetic measurements. The conductance-
magnetic field (G-H ) loop is measured at different Vb in
Fig. 4(a). The switching magnetic field H sw to the AP and
P states at different Vb is extracted from the G-H loops and
plotted in Fig. 4(b). H sw is known to be dependent on STT,
self-heating, and voltage-controlled magnetic anisotropy
(VCMA) effects [34]. To decouple these effects, the offset
field Hoffset = (H AP→P

sw + H P→AP
sw )/2 and the coercive field

FIG. 3. Sampled MTJ conductance at different bias voltages without applying an external magnetic field. Both the duty cycle and
spike frequency are proportional to the bias voltage.
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(a) (b)

(c)

(d)

FIG. 4. (a) G-H loop at different Vb from −0.36 V to +0.36 V with a constant step, and extracted (b) H sw, (c) H offset, and (d) HC
values from (a).

HC = (H P→AP
sw − H AP→P

sw )/2 are extracted in Figs. 4(c) and
4(d), respectively. H offset, which is dominated by the STT
effect and the stray magnetic field of the device, is linearly
proportional to Vb. HC, which is dominated by the self-
heating and VCMA effects, is a quadratic function of Vb.
The reduced HC at both bias polarities is mainly attributed
to the self-heating effect induced by Joule heating when
currents flow through the MgO barrier layer. The ther-
mal energy is then directed to the free layer and weakens
the PMA. The VCMA effect originates from the spin-orbit
coupling effect when the charge accumulates at the free
layer/MgO interface. The positive (negative) charges at
the interface enhance (weaken) the PMA of the free layer
and enlarge (shrink) HC. Considering HC is reduced at
both polarities, the effect of self-heating is much stronger
than that of VCMA, which only positively shifts the HC
vertex by 0.1 V in our device. To further analyze the
self-heating effect, we apply various voltage biases with
external magnetic fields and monitor the conductance of
the same MTJ device, as shown in Figs. 5(a)–5(c). The
external magnetic field is applied to compensate for the
effect of nonzero H offset at high Vb, which is induced by

the stray magnetic field of the device and the STT effect.
The nonzero H offset leads to a preferred magnetization state
in MTJ and suppresses oscillation at zero external mag-
netic field even though HC is small enough due to the
self-heating. If the magnitude of the external magnetic
field is much larger than H offset, magnetization follows
the direction of the external magnetic field. Only when
the external magnetic field is close to H offset and the self-
heating effect is strong does the unstable magnetization
start to oscillate between the AP and P states. A duty cycle
of 50% extracted from the telegraphic switching indicates
that the applied external field compensates for the effect
of nonzero H offset exactly, and the switching is completely
random depending on thermal perturbation [35]. For the
MTJ neuron application, there are two favorable require-
ments. First, it is desired that the telegraphic switching
occurs at zero external magnetic field. Thus, no external
magnetic field is needed for neuron operations. This would
require the opposite effects from the stray field and bias-
dependent STT to cancel each other out. Therefore, the
telegraphic switching always occurs at one instead of both
polarities without an external field because the STT effect
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(a) (b)

(c) (d)

FIG. 5. (a)–(c) Sampled conductance of the same MTJ device at different bias voltages and different external magnetic fields. The
red lines represent the conditions where the duty cycle is close to 50%. (d) Psw vs tstress to both the AP and P states extracted from the
conditions with the duty cycle of 50% in (a)–(c). Psw agrees well with the CDF of an exponential distribution statistically. The total
sampling time is fixed at 1 ms for all conditions. The relatively poor fitting of the −180 Oe, −0.45 V condition with long switching
times is likely due to the insufficient sampling points statistically.

is polarity-dependent [8]. The required stray field could be
provided through the engineering of the SAF layer [36].
For example, two different samples measured in Fig. 3
(field-free) and Figs. 4 and 5 (field-assisted) have differ-
ent SAF configurations. Both field-free and field-assisted
telegraphic switching are possible. Second, the oscilla-
tion frequency of telegraphic switching should depend
on Vb. Self-heating plays two important roles in tele-
graphic switching. It suppresses the PMA, thus lowering
the energy barriers between the AP and P states. It also
provides sufficient thermal energy for the magnetization
to flip to the opposite state in a stochastic process. With
the increase of Vb and self-heating, the frequency of tele-
graphic switching increases with the decrease of the PMA
and the increase of thermal energy. Each switching time to
the AP and P states in Figs. 5(a)–5(c) is extracted and Psw
to the AP and P states is plotted in Fig. 5(d), which follows
a cumulative distribution function (CDF) of an exponential
distribution [37] as,

Psw = 1 − exp
(

− tstress

τsw

)
, (1)

where τ sw is the mean switching time to the AP and P
states. The measurement result fits well with the CDF and
suggests that the switching is random due to the thermal
perturbation through a low energy barrier of a weakened
PMA. The stochastic telegraphic switching of the MTJ is
utilized to replace the integration capacitor, comparator,
and reset circuit in the conventional CMOS neurons.

V. SPIKE FREQUENCY AND BIAS-DEPENDENT
NÉEL-ARRHENIUS MODEL

To understand the dynamic of telegraphic switching in
the MTJ, aiming for the potential of achieving high spike
frequency, we extract the relation of τ sw vs Vb in Fig. 6(a)
and analyze the telegraphic switching process at three Vb
in Fig. 6(b) by using high-speed (10 ns) and consecu-
tive conductance readout. τ sw could be further divided
into the mean dwell time (τ dw) and the mean transition
time (τ tr) [38]. During τ dw, the MTJ conductance fluctu-
ates at its respective LRS and HRS values. During τ tr, the
MTJ conductance is changed from one state to the other.
τ dw defines the incubation period when the magnetization
direction vibrates due to thermal energy before flipping to
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(a) (b)

FIG. 6. (a) τ sw, τ tr, and τ dw extracted from the sampling measurement in Fig. 5. (b) Enlarged waveforms of the sampling measure-
ment and the definition of τ tr and τ dw. The switching in the bias regimes of (i),(ii) are bistate while that in the (iii) regime shows
multistate conductance change.

the opposite state. The exact time of this incubation period
in every switching event is random, but τ dw is lowered as
Vb increases. τ tr defines the transition period of the magne-
tization flipping. The result shows that τ tr is constant at dif-
ferent Vb, suggesting that τ tr is dominated by the intrinsic
damping of the free layer instead of the self-heating effect
[39]. The damping constant is a material parameter related

to the free layer interface [40,41]. Note that the MTJ spike
frequency cannot keep increasing by simply increasing Vb.
Although much faster than the previously reported value
of 100 kHz [15], the measured spike frequency in our
device saturates at approximately 10 MHz due to two rea-
sons. First, the constant τ tr of 80 ns eventually dominates
τ sw and limits the spike frequency. Second, the strong

(a) (b)

(c) (d)

FIG. 7. Fitting of the bias-dependent Néel-Arrhenius model. (a) Linear fitting of HC vs T, where T is the environmental temperature.
The G-H curve is measured at Vb of 0.1 V to avoid Joule heating. (b) Fitting of HC vs Vb at room temperature according to Eq. (5).
HC is affected by Vb through the VCMA and thermal effects. The contributions of these two effects are also simulated. (c) Fitting of
T vs Vb according to Eq. (4). The implicit relation between T and Vb is obtained from HC vs T and HC vs Vb. (d) Fitting of τ sw vs Vb
according to Eqs. (2) and (3), and the T vs Vb relation in (c). A good agreement is obtained between the measurement and fitting. ξ = 3
and Ku0VF= 1.98 eV are fitting parameters.
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(a) (c)

(d)

(e)

(b)

FIG. 8. τ sw vs Vb simulated using the bias-dependent Néel-Arrhenius model by tuning (a) τ tr and τ dw0, (b) kV, (c) TC, and (d) �. kV,
TC, and � obtained from the experimental fitting in Fig. 7 are used as default values while both τ tr and τ dw0 of 1 ns are used as default
values to explore the high-frequency capability toward the gigahertz range. When tuning one parameter, the other parameters are fixed
at default values. (e) Sensing margin of Vb, i.e., |V10ns− V2ns|, vs V2ns are extracted from (b)–(d). Large |V10ns− V2ns| and small V2ns
are favorable for a wider detection range and robust reliability.

self-heating effect as Vb increases transforms the ferromag-
netic phase of the free layer into the paramagnetic phase.
Therefore, the MTJ starts to show multistate conductance
change, for example, at Vb = −0.62 V in Fig. 6(b), instead
of bistate telegraphic switching, thus is not suitable for
spike neuron applications.

We establish an analytical compact model to explain
the MTJ telegraphic switching quantitatively. We adopt
the thermal Néel-Arrhenius model and calibrate it with
the telegraphic switching measurement under voltage bias.
The H offset shifting due to the stray field and STT effects
are compensated by an external magnetic field so that the
thermal model is applicable to MTJ. τ sw of MTJ following
the Néel-Arrhenius law is expressed as [37]

τsw = τtr + τdw0 exp
(

EB

kBT

)
= τtr + τdw0 exp

(
KuVF

kBT

)
,

(2)

where τ dw0 is the attempt period of incubation, EB is the
energy barrier of the PMA, kB is the Boltzmann con-
stant, T is the temperature, Ku is the energy density of the
PMA, and VF is the volume of the free layer. Ku includes
the contribution from the perpendicular anisotropic field
and saturation magnetization and is disturbed by the self-
heating effect. By combining the Callen-Callen law and the
Bloch law, Ku can be expressed as [42]

Ku = Ku0

[
1 −

(
T
TC

)η]ξ

, (3)

where Ku0 is the Ku value at 0 K, TC is the Curie tem-
perature of the free layer, η is a fitting parameter obtained
from the temperature-dependent measurement of satura-
tion magnetization, and ξ is a power-law parameter fitted
from Eqs. (2) and (3) [43]. The values of TC of 1120 K and

η of 1.64 are adopted from [44]. T is affected by the envi-
ronmental temperature and the self-heating effect induced
by Joule heating at the barrier layer when applying Vb.
T follows the first law of thermodynamics and is simply
described as [34]

T = T0 + kVV2
b, (4)

where kV is a fitting parameter related to the MTJ
resistance-area product (RA) value and the thermal capaci-
tor. To extract kV, we measure the relations of HC vs T0 and
HC vs Vb to obtain the implicit relation between T and Vb
[45]. T0 is varied by heating up the wafer substrate using a
thermal chuck. First, the G-H loops are measured at 300 to
390 K using a small Vb of 0.1 V, and the HC vs T relation
is extracted in Fig. 7(a). Second, the G-H loops are mea-
sured at different Vb at room temperature, and then the HC
vs Vb relation is extracted in Fig. 7(b). The HC vs Vb rela-
tion is affected by both the self-heating and VCMA effects
and follows:

HC = HC0 + kVCMAVb + kthV2
b, (5)

where HC0 is HC at room temperature without Vb, kVCMA
is the VCMA coefficient, and kth is the thermal coefficient.
The extracted kVCMA is 901 Oe/V and kth is 5505 Oe/V2 in
Fig. 7(b). kth is much larger than kVCMA, which is consis-
tent with the telegraphic switching being mainly induced
by self-heating instead of VCMA. Third, from the T vs Vb
relation in Fig. 7(c), we extract kV of 1841 K/V2 by using
Eq. (4). Note that TC reported in the literature [44,46,47]
is in the range of 800 to 1200 K, which corresponds to T
at Vb of less than −0.5 V. In our measurement, the MTJ
telegraphic switching transforms from bistate into multi-
state at Vb =−0.62 V, which corresponds to T = 1000 K.
The results agree that the free layer is transformed from
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the ferromagnetic phase into the paramagnetic phase, i.e.,
EB close to zero, above TC. Finally, the measured τ sw vs
Vb is fit using the bias-dependent Néel-Arrhenius model
from Eqs. (2)–(4), as shown in Fig. 7(d). When EB is
close to zero at large Vb, τ sw is saturated to τ tr+ τ dw0. The
extracted τ tr and τ dw0 of 80 and 100 ns limit the saturated
spike frequency. Furthermore, it is worth noting that tele-
graphic switching is triggered by thermal fluctuation and
thus the spike frequency is sensitive to T0 [48]. A tem-
perature compensation design that is commonly used in
other analog circuits would be required for ensuring reli-
able operations. Because this compensation circuit could
be used for multiple neurons across the chip, it will not
significantly increase the area and power overhead.

To understand the design space and optimization direc-
tion of the MTJ neuron, the calibrated bias-dependent
Néel-Arrhenius model obtained from the fitting of Fig. 7 is
useful to predict the spike frequency and sensing margin of
Vb as the functions of τ tr, τ dw0, kV, TC, and �(= KuVF /kBT0
at room temperature). τ sw of 2 to 10 ns is targeted for the
desired high spike frequency, and the corresponding Vb
is referred to as V2ns and V10ns for τ sw of 2 and 10 ns,
respectively. Because the Vb drop on the neuron device
depends on the weight-summing current from the synap-
tic array, a larger sensing margin of Vb, i.e., |V10ns− V2ns|,
allows a wider detection range of the weighted-sum cur-
rent from synaptic arrays within a fixed neuron sensing
time, e.g., 10 ns. If only a small range of synaptic current
is detectable by the neuron, the functionality and accuracy
of the SNN could be severely compromised. Therefore, the
sensing margin is another important consideration for neu-
ron applications. Some of the key findings are listed here.
First, the saturation of τ sw in Fig. 8(a) is determined by
τ tr and τ dw0 according to Eq. (2), which could be low-
ered by increasing the MTJ damping constant and adopting
in-plane anisotropy MTJ [38,39]. A recent study demon-
strated the feasibility of reducing τ tr and τ dw0 down to
8 ns [47], highlighting the potential of the MTJ neuron
for achieving gigahertz oscillation frequency. Second, kV
would affect T and EB while TC would affect EB. The sens-
ing margin of Vb increases by lowering kV or increasing TC,
as shown in Figs. 8(b) and 8(c), respectively. However, the
absolute values of Vb also increase. The upper bound of Vb
is limited by the breakdown voltage of the MTJ, and thus it
cannot be excessively high. In general, kV is tunable by the
MTJ RA value in a range of 200–1900 K/V2 [34,45,49],
while TC is tunable by the thickness of the free layer in
a range of 800−1200 K [44,46,47]. Finally, lowering �

increases the sensing margin of Vb without increasing the
absolute value of Vb, as shown in Fig. 8(d). � could be
reduced by appropriately scaling VF or tuning the interfa-
cial anisotropy of the free layer. However, the lower bound
of � is set by the retention criterion if the same device is
also used as a synapse. Figure 8(e) summarizes the effect
of kV, TC, and � on the sensing margin of Vb. Overall,

lowering τ tr, τ dw0, and � are most effective to increase the
spike frequency and the sensing margin of Vb for achieving
desired MTJ neuron properties.

VI. CONCLUSION

The MTJ neuron could be used as compact I&F and
Poisson neurons for SNN applications with no need for
additional integration capacitor, comparator, and reset cir-
cuit. Its telegraphic switching originates from the strong
self-heating effect under external bias and achieves a high
spike frequency of 10 MHz, one of the highest measured
among the device-based spiking neurons. Moreover, a
bias-dependent Néel-Arrhenius model is proposed and cal-
ibrated with the measured τ sw vs Vb relation to quantitively
describe the telegraphic switching. To further increase the
spike frequency, aiming at lower latency, lower power
consumption, and robust reliability, the design space for
realizing an MTJ neuron with a CMOS neuron-compatible
gigahertz spike frequency is explored by using the pro-
posed model. For realizing compact and energy-efficient
SNN hardware with high accuracy, future research should
further address system-level concerns such as device and
temperature variations in a large-scale SNN with numerous
MTJ neurons, which is not discussed in this work. The off-
set cancelation and temperature compensation techniques
that are commonly implemented in conventional CMOS-
based analog circuits should be explored in designing a
robust MTJ neuron.
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