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The probability switching characteristics in spin transfer torque magnetic tunnel junctions (STT-MTJs) are simulated
by considering thermal noise using a spin-circuit module. Thermal noise significantly affects the probability switching
for pulse durations exceeding 10 ns, while no probability switching properties are observed for pulses shorter than 1 ns
due to precessional switching. For pulse durations between 1 ns and 10 ns, the occurrence of mixed probability and
abrupt switching suggests that thermal noise partially influences the switching properties. These results demonstrate the
effectiveness of our simulation model in capturing the MTJ properties under the influence of thermal noise. The spin-circuit
module used in this study lays the groundwork for future circuit system designs utilizing MTJ devices, such as true random

number generators and neural network computing.

Keywords: thermal noise, probability switching, magnetic tunnel junction (MTJ), spin-circuit

PACS: 85.75.Dd
DOI: 10.1088/1674-1056/ae2ebe

1. Introduction

Spin-transfer torque magnetoresistive random access
memory (STT-MRAM) is emerging as a promising non-
volatile memory technology characterized by low power con-
sumption and high performance. The core structure of STT-
MRAM consists of magnetic tunnel junctions (MTJs), typi-
cally composed of two ferromagnetic (FM) layers separated
by a thin insulating barrier, as illustrated in Fig. 1(a). The fun-
damental operating principle of STT-MRAM relies on spin-
transfer torque (STT), which induces magnetization switching
in nanostructured magnetic materials through spin-polarized
currents.!!?l However, the practical performance of spintronic
devices, including MTJs, is significantly influenced by mag-
netization noise.’~ Particularly, under thermally activated
switching conditions, thermal noise becomes the dominant
factor due to its pronounced effect on modifying the effec-
tive temperature and lowering the energy barrier for magneti-
zation reversal.[” The crucial consequence of thermal noise is
the reduction of the energy barrier required for magnetization
switching. When the applied current pulse approaches the crit-
ical switching current of the MTJ, thermal noise enables prob-
abilistic magnetization switching. Such probabilistic behavior
of MTJs facilitates their application in probabilistic comput-
ing.

Thermal noise is thus not merely a disturbance but an
intrinsic physical mechanism that fundamentally governs the
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stochastic behavior of nanoscale magnetic systems. In contrast
to other extrinsic sources of randomness, such as structural im-
perfections or current fluctuations, thermal noise arises natu-
rally from temperature-dependent spin fluctuations and can be
accurately described within the stochastic Landau-Lifshitz—
Gilbert framework. This intrinsic origin makes thermal noise
both unavoidable and exploitable — it not only limits the de-
terministic reliability of magnetic switching but also provides
a controllable route to realize probabilistic switching near the
critical current threshold. Therefore, understanding the quanti-
tative influence of thermal noise on the switching probability is
essential for both improving the stability of spintronic memory
devices and harnessing stochasticity for probabilistic and neu-
romorphic computing. In this work, we systematically inves-
tigate thermal-noise-induced probabilistic switching in spin-
transfer torque magnetic tunnel junctions (STT-MTIJs) using
a physics-based spin-circuit simulation framework. The re-
sults reveal clear transitions between deterministic, mixed, and
thermal-noise-dominated regimes, offering new insights into
how intrinsic thermal fluctuations shape magnetization dy-
namics and device functionality.

2. Method

This work utilizes a physics-based simulation frame-
work implemented entirely in SPICE for hybrid spintronic
and conventional electronic circuits.®! To investigate proba-
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bilistic switching in MTJs induced by thermal noise, we de-
veloped a spin circuit comprising an MTJ module, two non-
ferromagnetic (NM) modules, and a Landau-Lifshitz—Gilbert
(LLG) module, as shown in Fig. 1(b). The MTJ block, struc-
tured as a nanopillar, is positioned between two NM mod-
ules, each with a radius of 75 nm. The magnetic free layer
within the MTJ has a thickness of 1.6 nm. All simulations
including thermal noise were performed at room temperature
(300 K). Additional room temperature parameters are listed in
Table 1. In this study, the magnetic free layer is modeled as
a single-layer ferromagnetic film with perpendicular magnetic
anisotropy (PMA), which is a standard and well-characterized
configuration in STT-MRAM devices. The present work fo-
cuses on the intrinsic effect of thermal noise on probabilis-
tic switching, and thus interfacial coupling effects are not in-
cluded in this simulation. The magnetization orientation of the
free layer is denoted by 6, representing the angle between the
+Z axis and the instantaneous magnetization direction 7. Fig-
ure 1(b) also illustrates a schematic diagram of the spin circuit
used to simulate spin current transport within the device. The

employed LLG equation can be expressed as follows:

1+ o\ dn
(;;K)d’?:—mxheﬁ—axmx(mxheﬁ)

—axmx (mxis)+omxi, (1)

where o is the damping coefficient, y is the gyromagnetic ra-
tio, /1 is the time-dependent magnetization (unitless), Ae is
the normalized effective field Hef /Hx, H.¢ = Hy +I:Ip + Hey,
including uniaxial and shape anisotropy as well as the exter-
nal magnetic field, and i is the normalized spin current I /Hx.
Iy = 2(;‘%, and [ is the spin-polarized charge current flowing
to the magnetic free layer. g is the value of the electron charge,

and V is the volume of the magnetic free layer.

Table 1. Parameters for the simulation.

Description Parameter Value
Saturation magnetization M 9% 10° A/m™!
Uniaxial anisotropy constant Hx 8 x 10* A/m!!
Damping coefficient a 0.031
Gyromagnetic ratio 1.76 x 10" rad(s - T) !
Radius of pillar r 75 x 1072 m!101
Resistivity of NM PNM 2.89%x 1078 Q-:m
Conductance of junction Gy 377x 1073 Q7!
Free layer spin polarization P 0.46
fixed layer pin polarization P, 0.46
Spin diffusion length of NM ANM 450 x 107° mltH
Spin diffusion length of FM ArMm 2x 1079 mM12!
Thickness of fixed layer EM 1.6x10% m
Thickness of NM INM 200 x 10~ m
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Fig. 1. (a) The schematic structure of the STT-MTJ consists of an MTJ
sandwiched between two non-ferromagnetic layers, and the 6 angle is
defined as the angle between the magnetization directions of the free and
fixed layers. (b) Spin-circuit model of the STT-MT]J. (c) The variation of
the 0 angle with the applied magnetic field. (d) The variation of the MTJ
resistance with the applied magnetic field.

3. Result and discussion

To validate the fundamental operation of the MTJ, simu-
lations were conducted on the magnetization switching of the
free layer by sweeping an external magnetic field along the
z-direction. Figures 1(c) and 1(d) plot the magnetization an-
gle 0 of the free layer and the MTJ resistance, respectively,
as functions of the external magnetic field. As the external
magnetic field magnitude decreases from positive values, the
magnetization of the free layer switches from the +z to the —z
direction, transitioning the MTJ from a parallel (P) to an an-
tiparallel (AP) state. Correspondingly, the MTJ resistance in-
creases from its initial value of approximately 220 Q to 340 Q,
as illustrated in Fig. 1(d). When sweeping the magnetic field
back from negative maximum values toward positive values,
the magnetization of the free layer returns to the +z direction
at a specific positive magnetic field, and the MTJ resistance
reverts to its initial lower value. The tunneling magnetore-
sistance (TMR) ratio calculated from these simulations is ap-
proximately 54.5%, given by TMR = (Rap — Rp)/Rp. The
MT]J conductance can be theoretically described by

G:G()[I‘FP]PQCOS(G)L 2)

where Gy is the baseline conductance of the junction, and Py
and P, represent the spin polarizations of the free and fixed
layers, respectively. It should be emphasized that a higher
spin polarization leads to an increased TMR ratio and a mod-
est reduction in the critical switching current density, but the
overall thermally induced probabilistic switching characteris-
tics remain unchanged.
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The STT-induced switching behavior was investigated
under varying pulse current densities without thermal noise.
The applied current pulses had a duration of 20 ns, with the
total simulation duration set to 100 ns. To better illustrate the
switching dynamics, Fig. 2(a) presents a color map of the mag-
netization angle 6 versus current density and time. At low cur-
rent densities, such as 3.42 x 10!l A / m?, the magnetization
fails to switch, as shown in Fig. 2(b). Prior to full magneti-
zation reversal, a narrow region with rapid precessional dy-
namics appears. With increasing current density, the reversal
time markedly decreases, reaching a minimum reversal time of
about 5 ns. These simulation results closely align with the dy-
namic characteristics observed experimentally in STT-MRAM
devices.
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Fig. 2. (a) The color map of 0 as a function of time and current density.
(b) The time dependence of 6 for the MTJ free layer at various current

densities.
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The influence of thermal noise on magnetization switch-
ing in MTJs was investigated by introducing thermal fluctu-
ations modeled as a white-noise effective magnetic field into
the LLG equation. The effective thermal noise field can be

expressed as follows: 4!

. 4KgT o f
T @

where Kp is the Boltzmann constant, 7 is the absolute temper-
ature, and f is the attempt frequency. It should be noted that
the resistive (current-induced) thermal noise was not treated
as an independent contribution, as its impact on the switching
statistics is minimal under our simulation conditions.

To assess the impact of thermal fluctuations, the tempo-
ral evolution of the magnetization angle under various cur-
rent densities at a pulse duration of 20 ns is presented in
Fig. 3(a). Notably, the applied current densities are signif-
icantly below the deterministic switching current density of
3.46 x 10" A/m?. However, probabilistic switching begins
to occur at a current density of 2.33 x 10! A/m?, with a 1%
switching probability, and achieves a 100% switching proba-
bility at a current density of 2.68 x 10'! A/m?. Conversely,
when the pulse duration is shortened to 0.2 ns, probabilistic
switching behavior is no longer observed, regardless of the in-
creased current density, as demonstrated in Fig. 3(b). This out-
come highlights that current density primarily governs mag-
netization reversal under short pulse durations, with thermal
noise exerting negligible influence.

b) 1.0¢ ' '
Pulse 0.2 ns, 7.054 x 10'2 A/m2
= Switching probability 0%
- 0.5} o
Y
0.0 , —— .
1.0¢ ) ! ]
Pulse 0.2 ns, 7.483 x 10'2 A/m2
™ Switching probability 0%
£ o5} 1
L
0.0 _}fﬁ#&m —— —
1.0¢ ! ! ]
Pulse 0.2 ns, 7.906 x 10'2 A/m2
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= 05} \ |
) { T ——
00— ! . A
1.0¢ r
o Pulse 0.2 ns, 8.373 x 102 A/jm2
— 0.5¢F | Switching probability 100% L
Y |
00— , .

Time (ns)

Fig. 3. (a) The time dependence of the magnetization angle under various current densities with a pulse duration of 20 ns, considering thermal
noise over 100 simulation runs. (b) The time dependence of the magnetization angle under various current densities with a pulse duration of

0.2 ns, considering thermal noise over 100 simulation runs.
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To elucidate the distinct mechanisms involved, Fig. 4(a)
provides a contour plot illustrating the switching probability
as a function of current density and pulse duration. For pulse
durations exceeding approximately 10 ns, a pronounced tran-
sitional region (white region) emerges between 0% and 100%
switching probabilities, clearly indicating the dominant role of
thermal noise in probabilistic magnetization reversal. We have
also performed additional simulations varying M, Hx, and «.
The probabilistic switching window remains qualitatively un-
changed, although the threshold current shifts. These results
confirm that the observed probabilistic switching is robust
against moderate parameter variations. In contrast, at pulse
durations shorter than 1 ns, the switching probability exhibits

For P>AP Probability(%)

Probability switching

5 54
Current density (10'! A/m?)

an abrupt transition directly from 0% to 100% with increasing
current density. This switching behavior aligns well with the-
oretical predictions of deterministic magnetization switching
processes in MTJs. Additionally, within intermediate pulse
durations (approximately 1-10 ns), the probability transition
from 0% to 100% is abrupt yet influenced by thermal fluc-
tuations, reflecting a combined effect of current density and
thermal noise. This also indicates that the mixed regime (1—
10 ns) can be interpreted as a partially thermally activated pro-
cess. Magnetization precession reduces the effective energy
barrier, allowing thermal fluctuations to assist switching with a
finite probability. This explanation aligns with Fokker—Planck

analyses. [&-13]

@ PAP = o
@ APP
|—— P-AP Fitting|

osl |——AP-P Fiting| |

b} oL

Pulse time 20 ns
06 | J ]

04 E

Probability

02 E

00 - E

1 1 1 1 1 1

-2 -1 0 1 2 3
Current density (10! A/m?)

Fig. 4. (a) The relationship between the switching probability of the magnetic moment in the MTJ free layer and the current density and pulse
duration under thermal noise. (b) The switching probability of the MTJ free layer under different current densities with a pulse duration of
20 ns. The red curve indicates that the initial state of the MTJ is an antiparallel state (AP), while the black curve indicates that the initial state
of the MT]J is a parallel state (P). The solid dots represent the simulation results. The solid lines represent the fitting results obtained using a

heuristic equation.

The switching probabilities at varying current densi-
ties for different initial magnetization states are depicted in
Fig. 4(b). When the MTJ is initially in a parallel state, the
switching probability begins to rise at a positive current den-
sity of 2.37 x 10'" A/m?, reaching 100% at approximately
2.44 x 10'" A/m?. Conversely, when the initial state is an-
tiparallel, magnetization switching initiated by a negative cur-
rent starts at a lower current density of 1.07 x 10'" A/m?,
achieving a 100% probability near 1.45 x 10'" A/m?. This
notable asymmetry in switching currents and transition widths
arises primarily from heat generation due to spin-current scat-
tering within the tunneling barrier.!'*! The calculated switch-
ing probability aligns well with the heuristic model described

by the following equation: 1313

P:1—exp{—%exp[—A(l—ISW/IC)]}, 4)

where ¢ represents the duration of the applied switching cur-
rent pulse (20 ns in our simulations), A denotes the magnetic
memory energy barrier, and 7 is the inverse of the attempt fre-
quency. The critical switching current Ic corresponds to the

minimum current required to switch the MTJ resistance within
the specified pulse width 7. To examine temperature effects,
we performed additional simulations at 250 K and 350 K. As
expected, higher temperatures broaden the sigmoidal transi-
tion window, while lower temperatures sharpen it. The general

trend agrees with thermally activated switching theory.

4. Conclusion

In this study, we analyzed how thermal noise affects prob-
abilistic switching in STT-MTJs using spin-circuit simula-
tions. Thermal noise strongly impacts switching for pulse du-
rations over 10 ns, resulting in probabilistic switching, while
pulses under 1 ns show deterministic switching with minimal
thermal effects. Pulses between 1-10 ns exhibit mixed behav-
iors, reflecting partial thermal influence. Our results confirm
the reliability of the simulation model and offer a foundation
for future MTJ applications, such as true random number gen-

erators and neuromorphic computing.
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