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Abstract—The development of MTJ-based systems necessitates
the development of efficient compact models. Despite the exis-
tence of numerous compact models, no model has been developed
that is both versatile and extendable to other spintronic devices
while maintaining a reasonable level of complexity to minimize
the simulation time. In this paper, we propose a tunable MTJ
model comprising ferromagnetic layers and electrical compact
models interconnected to facilitate reuse in the modeling of
numerous other spintronic devices. The model incorporates
phenomena such as the spin transfer torque, the spin orbit
torque, as well as magnetic and electrical noise. The model’s
behavior reflects that of actual MTJs, thereby enabling accurate
and efficient simulations of MTJ-based circuits.

Index Terms—Compact Model, Magnetometer, MRAM, MTJ,
SOT, spintronic, STT, Verilog-A

I. INTRODUCTION

Spintronic devices have a wide range of applications and
are increasingly used. Among the most extensively stud-
ied spintronic devices are the Magnetic Tunnel Junctions
(MTJs), which are frequently utilized as magnetic sensors or
as memory cells for non-volatile Magnetic Random-Access
Memories (MRAM) [1], [2]. MTJs have also been utilized in
configurable or low-power circuits [3], [4] and neuromorphic
computing systems [5]. To study the behavior of such circuits,
micromagnetic simulators are often employed, though these
simulations can be time- and resource-consuming. In recent
years, there has been a focus on developing compact models
for MTJs to streamline and simplify the simulation of MTJ-
based circuits. One of the earliest compact models, which took
into account the dynamic behavior of the magnetizations of the
ferromagnetic (FM) layers as well as the electrical behavior of
the MTJ, was developed in VHDL-AMS several years ago [6]–
[8]. This model incorporates numerous MTJ phenomena, in-
cluding layer magnetization, spin-dependent tunneling, mag-
netic coupling, and demagnetizing fields. Subsequent studies
have proposed a multitude of models, incorporating either
the spin transfer torque (STT) [1] or the spin orbit torque
(SOT) effects [9]. The majority of the proposed simulation
models have focused on magnetic RAMs. To the best of our

knowledge, no model implementing both STT and SOT effects
has been developed thus far. To address the aforementioned
limitations, we have developed a compact MTJ model that
incorporates both STT and SOT effects, and noise. Notably,
the model incorporates magnetic noise, which is known to
induce stochastic behavior in the magnetization reversal of
the FM layers. The model has been fully written in Verilog-
A, a language that is compatible with most SPICE-like sim-
ulators. The first section is dedicated to the presentation of
the fundamentals of MTJs. The subsequent section provides
a comprehensive overview of the equations employed in our
compact model. The design of the full Verilog-A model is
then presented in section III. In the last section, simulation
results of the behavior of the MTJ as well as simulations of a
MTJ-based magnetometer are presented before the conclusion.

II. STT-MTJ MODEL

A. Basics on MTJs

Magnetic tunnel junctions (MTJs) consist of two ferro-
magnetic (FM) layers separated by a thin layer of insulating
and non-magnetic material. The insulating layer allows the
transfer of electrons between the two FM layers through the
tunnel effect. The transmission rate is influenced by the relative
orientation of the magnetizations of both layers. Consequently,
a high MTJ resistance is observed when the magnetizations of
both layers are in opposite directions, and a low resistance is
measured when they are parallel. The magnetic reversal can
be induced by several mechanisms, including the application
of a magnetic field, STT, or SOT.

B. Global model architecture

Our MTJ model consists of two compact magnetization
models to describe the behaviors of the two FM layers and an
electrical model to evaluate the conductance of the junction.
Our magnetization model is based on a slightly modified
Landau-Lifshitz-Gilbert (LLG) equation with a continuous
control of the norm of the magnetization vector as explained



in [6], [7]. The electrical part of our MTJ model is inspired
by this work [8].

In the following subsections, we highlight the additional
parts of the equation that model the STT and SOT effects.
The magnetic and electrical noises have also been added to
model the stochastic behavior of actual MTJs and to accurately
describe the effect of noise on the behavior of the MTJ.

C. Electrical model

The electrical model of the MTJ used in this work is based
on a simplified version of the free electron model [7], [8].
The conductance G of the MTJ changes according to the
conductances of the antiparallel and parallel states, GAP and
GP respectively. Since the actual conductance of the MTJ
depends on the relative orientation of both magnetization
vectors, it is evaluated thanks to the scalar product of the
normalized magnetizations of both FM layers [8]:

G =
(GP +GAP ) + (GP −GAP )(m⃗ · m⃗′)

2
(1)

where m⃗ and m⃗′ are the normalized magnetization vectors of
both FM layers. Based on the conductance, the total current
flowing through the MTJ can be calculated. More details are
given in [8].

D. Magnetization model

We started with a modified LLG equation. In addition to
the Zeeman and damping terms, this modified LLG equation
includes a term responsible for the gyroscopic motion of the
magnetization around the easy axis of the modeled FM layer
and a correction term compensating for the accumulation of
numerical errors induced by the integration algorithm used in
circuit simulators [6]:

dM⃗

dt
=− γ · µ0 · M⃗ × H⃗eff

+
α

Ms
· M⃗ × dM⃗

dt

− γ · 2 ·K
M2

s

· (M⃗ · u⃗ea) · (M⃗ × u⃗ea)

+
1

τ
· (1− ∥m⃗∥) · M⃗

(2)

where γ = g · (q/2 ·me) with g the Landé factor depending
on the material, me the mass of the electron, q the elemen-
tary charge, µ0 the vacuum permeability, K the anisotropic
constant which depends on the material, Ms the saturation
magnetization of the material, α the damping factor, τ the
time constant of the norm control term and u⃗ua a unity vector
defining the direction of the easy axis. H⃗eff is the effective
field seen by the considered FM layer:

H⃗eff = H⃗ + H⃗D + Cp · M⃗ ′ (3)

where H⃗ is the external magnetic field, H⃗D is the demagne-
tizing field equals to −GD · M⃗ with GD the demagnetizing
tensor depending on the geometry of the considered layer [6].
Cp is the magnetic coupling coefficient, and M⃗ ′ represents the
magnetization vector of the other layer.

E. STT and SOT effects

STT effect allows the switching of the magnetization vector
by the injection of a strong enough spin polarized current. To
model this phenomenon, we added a term to the dM⃗

dt dynamic
magnetization model described earlier in the paper:

d ⃗MSTT

dt
= aj · J · M⃗ × (M⃗ × M⃗ ′) (4)

where aj is the STT coefficient, J the current density flowing
through the junction, and M⃗ and M⃗ ′ are the magnetization
vectors of the modeled layer and the other layer respectively.

The SOT phenomenon does not manifest in STT-MTJs.
However, the objective was to ensure the FM layer model’s
generalizability to facilitate its use in other spintronic device
models. To this end, we incorporated a second term into our
dynamic magnetization model to account for the SOT:

dM⃗SOT

dt
= bj · J · (M⃗ × M⃗ ′) (5)

where bj is the SOT coefficient. Finally, these two last terms
are added to equation (2) to determine the derivative over time
of the magnetization vector which is numerically integrated by
the simulator.

F. Noise

1) Magnetic noise: In order to obtain a more realistic
model, we incorporated magnetic noise, which is responsible
for the stochastic behavior of the magnetization reversal.
This stochasticity is of major importance since it directly
determines the switching probability of a FM layer versus the
voltage applied across the MTJ. This probability is critical in
determining the minimum voltage required to ensure correct
bit writing in a STT-MTJ MRAM cell, as well as the resolution
of a MTJ-based magnetometer.

First, we took into consideration the thermal and 1
f magnetic

noises defined by their noise spectral power densities [10]:

SM =
4 · kB · T · µ0 · α

Ω · γ ·MS
+

2 ·Bsat · βf

Ω · f
(6)

where Ω is the volume of the considered ferromagnetic layer of
the MTJ, T is the temperature, kB is the Boltzmann constant,
Bsat is the saturation field of the free layer and βf an empirical
parameter which can be extracted from the measured noise
spectrum of the MTJ. The random signal induced by that
noise spectral density is added to the effective field Heff of
equation (2).

2) Electrical noise: The electrical noise, composed of ther-
mal noise, shot noise, and flicker noise [10], is also included
in this model. Thermal and shot noises SVt were represented
by the following equation:

SVt
=F · 2 · e · I ·R2 · coth

(
e · V

2 · kB · T

)
+ (1− F ) · 4 · kB · T ·R

(7)

where V is the voltage across the MTJ junction, F is the Fano
factor described in [11]. If the MTJ experience a full shot noise



Fig. 1. Ferromagnetic and electrical models connected together to form the
full STT-MTJ model. H⃗ is the external magnetic field represented as a 3D
vector. J is the current density flowing through the MTJ. M⃗ and M⃗ ′ are the
magnetization layer of the soft and hard ferromagnetic layers respectively. A
and B are the terminals of the MTJ. Only A, B and H⃗ represent the external
terminals of the model.

then F = 1. R = 1
G is the resistance, I is the current flowing

through the junction, and e is the electronic charge.
Finally, the 1

f electronic noise SVf
was implemented using

the following equation:

SVf
=

αH · V 2

S · fβ
(8)

where S is the area of the MTJ, αH is the Hooge parameter
that depends on several parameters such as the material type,
its quality, or the temperature. It is an empirical parameter that
can be measured as described in the following papers [12]. β
is a fitting parameter that can fluctuates between 0.6 and 2.0.

3) Full STT-MTJ model: The complete STT-MTJ model is
obtained by coupling two FM layer models and one electrical
model, as illustrated in Fig.1. It has three terminals, of which
two represent the electrical terminals, which in turn represent
the electrodes of the MTJ. The third terminal is used to set
the external magnetic field.

The STT-MTJ model has 32 parameters, i.e. 10 parameters
for each FM layer model and 12 for the electrical model. The
parameters of a FM layer model are the anisotropy constant
K, the saturation magnetization Ms, the damping factor α, the
demagnetizing tensor, the easy axis orientation, the STT and
SOT coefficients aj and bj , the magnetic coupling factor, and
the magnetic noise parameters. The parameters of the electrical
part are the area of the junction, the surfacic capacitance,
two times three polynomial coefficients to describe the non-
linear current versus voltage of the junction in both parallel
and antiparallel configurations [8], and the electrical noise
parameters.

III. SIMULATION RESULTS

All simulations were conducted within the Cadence® envi-
ronment using the Spectre® simulator. To validate the model,
the simulations were divided into three sections, each with a
specific objective. 1) validate the STT-MTJ model and demon-
strate that the simulated behavior is correct and conforms to
the results given in the papers we most inspired from [6]–[8];
2) validate the implementations of the noises; 3) demonstrate
the versatility of the that model by simulating the behavior of
an actual MTJ-based magnetometer [13]. In the absence of the

Fig. 2. A: Normalized easy-axis component of the magnetization versus
applied potential. B: Trajectory of the normalized magnetization of the soft
FM layer during a reversal.

Fig. 3. Stochasticity induced by the magnetic noise. The magnetization vector
is normalized.

SOT effect in the STT-MTJ, this effect has been removed by
setting the parameter bj to zero.

A. STT-MTJ behavior

The simulations made to evaluate and validate our model
were conducted with a ±1 V sinusoidal voltage at 100 kHz
applied across a STT-MTJ with a diameter of 64 nm. Given
the predominantly linear nature of the current versus voltage
characteristic at low bias voltage, the tunnel magnetoresistance
bias voltage dependence was not considered. The parallel
and antiparallel resistances were set to 5 kΩ and 10 kΩ
respectively. The coupling coefficient was set to 0.1.

As illustrated in Fig.2-A, the hysteretic behavior of the
magnetization in the soft layer is evident. Furthermore, Fig.2-
B illustrates the trajectory of the normalized magnetization
vector during a magnetization reversal, thereby demonstrating
its conformity with the LLG model.

B. Magnetic noise induces stochasticity

In a subsequent series of simulations, it was demonstrated
that magnetic noise models introduce stochasticity into the
switching of the magnetization vector, as illustrated in Fig.3.
Consequently, the switching voltages of the modeled STT-MTJ
can fluctuate by up to ±50 mV around their nominal values.

C. STT-MTJ integrated into a circuit

In addition, an evaluation of the model was conducted by
utilizing it for the simulation of the behavior of a STT-MTJ-
based magnetometer. The circuit depicted in Fig.4 enables
the detection of resistance fluctuations in a MTJ driven by



Fig. 4. Circuit allowing the detection of switching events used in [13].

Fig. 5. Simulation results of the circuit used to detect the reversals of the
magnetization vector depending on the intensity of the magnetic field on the
out-of-plane axis (Hx). On top the voltage accross the MTJ (V1) is shown.
The output voltage is shown on the bottom part.

a sine wave, utilizing the four left operational amplifiers.
The signal subsequently passes through a Sallen-Key high-
pass filter, which generates a pulse at each magnetic rever-
sal [13]. We performed simulations for different magnetic
fields (-12.56 mT, 0 mT, 12.56 mT) to evaluate the sensitivity
of this magnetometer. As illustrated in Fig.5, the magnetic
field exerts an influence on the timing of the switching events,
thereby affecting the instants at which the pulses appear in
the output signal. Consistent with the actual prototype, the
time shift of the pulses is measured to be near 90 ns/mT.
Additionally, it was observed that the standard deviation of the
distribution of the switching events contributes to a noise level
of 2.89 µT/

√
Hz. These results align closely with experimental

data obtained on an actual STT-MTJ utilized as a sensing
element in a fluxgate-like magnetometer [13].

IV. CONCLUSION

A versatile and tunable Verilog-A MTJ model has been
presented in this paper. The magnetization model used to
model the FM layers is inspired from previous works [6]–
[8] using a modified LLG equation, augmented to encompass
additional phenomena such as STT, SOT, and noise. The new
obtained model allows to accurately simulate the precession
of the magnetization vector, the impact of the magnetic
noise on the switching behavior, and the STT phenomenon.
In particular, the stochasticity in the magnetization reversal,
which is a key aspect in MTJ-based system simulations, is well
described. It overall shows consistent results when linked to a
circuit compared to results obtained from an actual MTJ-based
magnetometer [13]. Specifically, the simulated signal-to-noise
ratio is in perfect agreement with the one measured on the
actual prototype. This model has the potential to simulate the

behavior of a MRAM cell or any other MTJ-based system.
Even if in the STT-MTJ model presented in this paper the
parameter bj which defines the strength of the SOT effect has
been set to zero, this effect has been included in the FM layer
model. Consequently, this FM layer model can be utilized to
develop numerous other spintronic devices, including GMR
and SOT-based devices.
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