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A Survey on Circuit Modeling of Spin-Transfer-
Torque Magnetic Tunnel Junctions
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Abstract—Accurate modeling of magnetic tunnel junction
(MT)J) is critical for design of memories such as spin-transfer-
torque magnetoresistive random access memory (STT-MRAM)
and spin logic circuits such as spin flip flops. This paper reviews
several static and dynamic models for the MTJ and compares
them for their capabilities and limitations. Furthermore, a Ver-
ilog-A model is developed to predict dynamic characteristics of
the MTJ. These models are used in simulating a prototype circuit
to illustrate their strengths and weaknesses.

Index Terms—Magnetic tunnel junction (MTJ), magne-
toresistive random-access memory (MRAM), modeling,
spin-transfer-torque (STT).

I. INTRODUCTION

PINTRONICS is an emerging field of science and en-
S gineering that uses spin of electrons, in addition to their
charge, for the purpose of information storage and transport.
The goal in this field is to design new devices such as spin
transistors in order to improve the overall performance of
electronics.

Spin-Transfer-Torque Magnetoresistive Random Access
Memory (STT-MRAM), is an example of spintronic circuit,
which has made significant progress in the recent years [1],
[2]. STT-MRAM is a prime candidate for a universal memory
because among the non-volatile memory technologies, FLASH
memory (traditional non-volatile memory) suffers from low
number of write endurance (10°) as well as high write ac-
cess time (10° to 107 ns) [3]; others such as ferroelectric
memory (FERAM) and phase-change memory (PRAM) are
limited to 10° to 10" number of write endurance. In contrast,
STT-MRAM could accommodate a high endurance (in the
order of 10'%) and a low access time (in the order of nanosec-
onds) [3].

Fig. 1 shows an example spintronic circuit consisting of fer-
romagnetic elements (with conductances Ggy1 to Grags), and
non-magnetic elements (with conductances Gyn1 and Gxngz).
In general, each element is characterized by a 4 x 4 conduction
matrix which relates the element’s total spin current to its total
spin voltage, [I. Ly Ly L,]T = [Glaxa[Ve Vix Viy Vig|T. The
total spin current has four elements, namely, the charge current,
L., and the spin currents, with three Cartesian components spec-
ified by sx, sy, sz. Similarly, the total spin voltage consists of the
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Fig. 1. Example spintronic circuit.
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charge voltage (V. ), and the spin voltages of V4, Vsy,and Vg,
[4].

Authors in [5] present a theoretical formalism for analysis
and design of spintronic integrated circuits by discussing spin
conduction matrices, spin current/voltage and extending modi-
fied nodal analysis. However, in a subset of spintronic circuits,
such as in STT-MRAM, these conduction matrices are reduced
to single conductance parameters which can be calculated from
what is known as Julliere’s model (which will be discussed
in Section III-A). This is because the interconnect distance
between spin-related devices (magnetic tunnel junction (MTJ)
in the case of STT-MRAM) are larger than the spin diffusion
length, which is defined as propagation distance of non-equi-
librium spin population and it is in the order of 5-1000 nm [5].
As a result, the current becomes unpolarized once it leaves an
MT]J and hence can be treated as charge current only. It is for
this scenario that we discuss MTJ modeling in this paper.

An accurate model for the MTJ should be developed to pre-
dict the MTJ behavior in hybrid MTJ/CMOS circuits. In order to
address challenges of STT-MRAM design, such as reducing the
switching current [6] or dealing with process variation [7], [8]
and read-disturbance issue [3], a compact MTJ model compat-
ible with CMOS design tools such as SPICE [9] and SPECTRE
[10] is necessary. On the other hand, modeling the MTJ has its
own challenges such as accurately characterizing the static/dy-
namic behavior of the device as well as considering thermal ef-
fects, stochastic processes, and process variations.

This paper focuses on modeling the MTJ of STT-MRAM cell
and presents a survey as following. Section II includes the back-
ground for MRAM cell. Section III discusses the modeling ba-
sics, categorizing the models into two groups of static and dy-
namic models. Section IV reviews some of the existing static
models, and then in Section V these models are compared. Sim-
ilarly, in Section VI dynamic models including our developed
model are reviewed. Our implemented MTJ model is used for
comparison of dynamic models in Section VII. This is followed
by conclusion.
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Fig. 2. Conventional STT-MRAM cell and hysteresis behavior of MTIJ.

II. BACKGROUND

The conventional MRAM cell consists of an MTJ and an ac-
cess transistor, as shown in Fig. 2. An MTJ, as the main element
of the memory cell, consists of two ferromagnetic layers with
a thin insulating layer in between. It includes one fixed mag-
netized layer and one free layer, whose magnetization can be
changed by spin-polarized current in the process of writing to
the memory. Depending on the direction of the current, mag-
netization of the free layer will be aligned either in parallel or
anti-parallel to the pinned layer.

Slonczewski [11] stated that in magnetic multi-layers, spin-
polarized electrons of the magnetic layer will experience some
change in their angular momentum while passing from one mag-
netic layer to another with different magnetization vector. Be-
cause of angular momentum conservation, the difference in the
initial and final angular momentum will be absorbed by the two
magnetic layers, resulting in the torque applied on the magneti-
zation vectors. This is called spin-transfer-torque.

The read operation involves measuring the effective resis-
tance of the MTJ in two different states representing “0” and
“1”. The resistance between the pinned layer and the free layer
is higher when the layers are anti-parallel (R op ) than when they
are parallel (Rp). This difference is represented by an MTJ pa-
rameter called Tunneling Magnetoresistance Ratio (TMR) [3]
as defined by:

Rap— R,
1y

There are two types of models describing the behavior of
MT]J: static and dynamic models. Static models only describe
the static characteristics of MTJ, while the dynamic models cap-
ture the dynamic behavior as well as the static properties. Static
models are only concerned with whether the switching has oc-
curred and accordingly set the MTJ resistance. On the other
hand, dynamic models keep track of the magnetization vector
as a function of time. As the circuits operate at higher speed,
the need for dynamic models becomes inevitable.In addition,
thermal effects and stochastic processes also play a role in dy-
namic behavior of the devices and should be taken into account
for accurate modeling of the MTJ. More details on modeling
basics are provided in the next section.

TMR = 1)

III. MODELING BASICS

A. Static Modeling

Static models predict the switching based on critical current
and/or the switching time. After the decision is made on whether
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the switching has occurred, the resistance of the MTJ is set ac-
cordingly.

In this regard, static modeling deploys Julliere’s model as in
(2) to determine the MTJ conductance of its two stable states
[12].

G(6) = Go(1 4 p? cosh) )

in which G is the average conductance over ¢, p is the polariza-
tion factor, and # is the angle between the magnetization vectors
of the two layers. The two states are nominally associated with
f = 0° and § = 180°. Given (2), the equation for TMR can
be rewritten as TMR, = 2p?/(1 — p?). This clearly shows that
TMR is a direct function of p.

Based on the angle between the magnetization vectors, the
conductance of the MTJ is set according to (2). However, Jul-
liere’s model does not capture the effects of voltage variation
on conductance. Higher accuracy is attained by considering
voltage-dependency of Gy and p. Also, considering tempera-
ture-dependency of these parameters will further increase the
accuracy.

B. Dynamic Modeling

Dynamic behavior of the magnetization vector of the mag-
netic materials is described by Landau-Lifshitz-Gilbert (LLG)
equation as in (3) [13], [14].

OM VR
— =——"—Mx H.4¢(8) —
ot 1+a? 7(9)

yex -
—_— M
(1+ a2)M,

X (M X Heff(e)) 3)

Where + is the gyromagnetic ratio, « is the Gilbert damping
parameter, M, is the saturation magnetization, H, sy is the ef-
fective field, and § is the angle between the easy axis of the
magnet and the magnetization vector.

The first term in (3) represents the precession while the
second term represents the damping behavior of the magneti-
zation vector. According to LLG equation, the magnetization
vector precesses around the easy axis while it is pulled towards
it. In equilibrium, the magnetization is aligned with the easy
axis.

It was discovered in 1996 that in case of disturbance by a
spin polarized current, an additional torque term will affect the
dynamics of the magnetization vector [11]. The torque term,
which should be added to the right side of (3), is given by,

- 7n(0)h - - -
Topin = —%I. (M x (M x MPL)) )
where ¢ is the thickness of the free layer, A is the cross
sectional area, e is the electron charge, M, is the saturation
magnetization, Mpy is the magnetization vector of the pinned
layer, [ is the current going through the MTJ from the pinned
layer to the free layer, and # is the spin torque efficiency
factor. The equation then becomes the LLGS (Landau-Lif-
shitz-Gilbert-Slonczewski) equation. LLGS equation forms the
basis of several dynamic models that will be discussed later in
this paper.

Another approach to capture the dynamic behavior of
switching is to consider two switching regions based on the
amplitude of the current [15]. When the applied current is
lower than the critical current, switching occurs mainly due
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Fig. 3. Block diagram of MTJ macro-model [17].

to thermal fluctuations. In this case, Neel-Brown model [16]
calculates the switching time, 71, to be:

AFE 1 I 5)
TI=ToCxXp | —— -
LTS BT Tco

where T is the temperature, kp is the Boltzmann constant, 1 /7
is the attempt frequency, and A F is the energy barrier. When the
applied current is higher than the critical current, Sun’s model
predicts the switching time to be:
T
In{ — 6
n (2 90> (6)

apoyM, 1 = Ieo
where 6y is the initial angle of magnetization vector from the
easy axis, which is a random variable due to thermal fluctuation,
and pg is the permeability. This approach is an approximation
derived from analyzing LLG eq. for current pulses with con-
stant amplitude. Equations (5) and (6) form the basis for some
dynamic models discussed in Section VI.

Depending on the application and the required accu-
racy/speed of the simulation, either static models or dynamic
models can be used. Static modeling is fast in terms of run time,
but it does not provide the transient behavior nor the accuracy
of dynamic modeling. Among dynamic modeling approaches,
those utilizing (3), (4) are more accurate than those utilizing
(5), (6), but require larger run time and higher computational
cost due to solving LLGS differential equations. More details
on these methods and their comparison will be provided in the
following sections.

IV. REVIEW OF STATIC MODELS

A. Static Model 1(SM1) in SPICE

The SPICE macro-model developed by S. S. Mukherjee
et al. [17] is a static model based on the hysteresis behavior
of the MTJ. It consists of three modules: magnetic module,
storage module, and magnetoresistive module as shown in
Fig. 3. Each module is implemented using SPICE circuit com-
ponents; magnetic module converts the change in the current
to corresponding voltage value according to the hysteresis
characteristic of the MTJ. Storage module is a Schmitt trigger
block that generates the corresponding voltage for the magne-
toresistive module. Magnetoresistive module consists of two
parallel branches (one for the parallel state the other for the
anti-parallel one) of a voltage-controlled switch in series with
a resistor. Depending on whether the layers of the MTJ are in
parallel or anti-parallel configuration, the corresponding branch
is activated.
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Fig. 4. Simplified block diagram of MTJ macro-model [18].

These modules along with curve-fitted functions capture the
static behavior of the MTJ. However, the model is not capable
of characterizing the transient behavior. Furthermore, there are
no measurement results in [17] verifying the accuracy of the
model.

B. Static Model 2 (SM2) in SPICE

This is a SPICE macro-model implemented by J. D. Harms
et al. [18]. A simplified block diagram of the model is shown
in Fig. 4. As illustrated, this model includes a decision circuit
which, given a current pulse and its duration, decides whether
the MTJ switches. The switching time is calculated using (5) and
it is implemented exploiting the time required to charge a ca-
pacitor with a constant current. However, currents with shorter
pulsewidths require higher amplitudes as thermal activation is
not helpful in this case. To account for this, a fitting parameter
is added to (5).

The output of the decision block enters the next block which
is a bistable circuit. This circuit will provide either positive or
negative voltage at the output depending on the state of the
MT]J. Finally, the last block is the curve-fitting circuit which
uses Gaussian functions to model the voltage across the MTJ.
Some measurement results are provided in [18] to verify the ac-
curacy of modeling the switching characteristic of the MTJ.

C. Static Model 3 (SM3) in Verilog-A

This is a macro-model in Verilog-A proposed by W. Zhao et
al. [19]. Julliere’s model is used to determine the conductance
of different M T]J states. Furthermore, Brinkman’s model for tun-
neling conductance [20] is employed to consider the voltage-de-
pendency of the MTJ conductance. According to Brinkman’s
model, bias-dependent conductance is modeled as:

Go(V) = Go(1 + aV + gV?) (7

in which « and 3 are parameters dependent on constants such as
the electron mass, Plank’s constant, and the height of the barrier.
To this end, Go(V') replaces Gy in (2).

The voltage-dependence of TMR ratio from quantum me-
chanical point of view is described in [21] but it is too complex
for a compact model. Therefore, a fit function as in (8) is used
to characterize the bias-dependency of TMR [19]:

TMR(0
= % (8)

Vi?
where T'M R(0) is the TMR ratio for zero-bias and V% is the
bias voltage where TM R(0) is halved. Based on the physical
model of Slonczewski [11], [22], a measure of switching is the
critical current at zero temperature as in,
2eaMV(Hg + 27 M)

hn

TMR(V)

©)

in which « is the damping factor, M is the saturation mag-
netization, H is the anisotropy constant, and # is the torque

Ico =
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efficiency factor. At non zero temperatures, and for a given
pulsewidth, the critical current can be found as in [15]:

Ic = Ico (1_@111 (t_P>> (10)
E T0

where kp is the Boltzmann constant, T’ is the temperature, F
is the energy barrier, 1, is the current pulsewidth and 7¢ is the
relaxation time (switching time due to critical current at zero
temperature).

Contrary to the other two models, this model uses physical
equations for conductance of the MTJ rather than using curve-
fitted functions. Only the switching region due to thermal fluc-
tuation is considered. No measurement results are provided.

V. COMPARATIVE STUDY OF STATIC MODELS

Comparing the static models discussed in Section IV, SM1
and SM2 use SPICE components to model the MTJ behavior,
while SM3 employs Verilog-A. Using only SPICE components
limits the modeling capabilities. For example, using Schmitt
trigger block with high gain and positive feedback may result in
convergence problems. As a result, an isolated Schmitt trigger
block is used to avoid input and output fluctuations. On the other
hand, Verilog-A model provides possibilities to mimic varia-
tions and thermal fluctuations.

As for modeling the switching time, there are two regions
of switching: one due to thermal effects, the other due to spin-
transfer torque. SM1 considers one region only; timing is not
considered in SM1. It is assumed that the applied pulses with
amplitude greater than critical current (taken from hysteresis
curve of the MTJ) will flip the magnetization vector. Also for
SM3, there is no discussion on switching time but it is consid-
ered indirectly by using (10). It uses critical current of (9) to de-
cide if switching occurs and calculates the required switching
current according to the pulsewidth of the applied current using
(10). However, this approach does not consider switching be-
havior for currents greater than the critical current. On the other
hand, SM2 considers the switching time by using (5). It is de-
rived using the physics behind the MTJ. Then it adds a curve-
fitted term to (5) to account for longer switching times for pulses
with lower pulsewidths (as they require much higher amplitudes
to switch the MTJ). Therefore, both switching regions are con-
sidered by SM2.

As for modeling the voltage drop across the MTJ, SM1 uses a
nonlinear voltage dependent resistor and assigns a transfer func-
tion to it by using fitting functions similar to (7). In SM2, a
Gaussian curve-fitted function is assumed, and finally SM3 uses
Brinkman’s model following (7).

None of these static models deal with the effects of temper-
ature on TMR ratio or other parameters of the design. Further-
more, stochastic nature of the switching is not modeled. Most
importantly, all the models assume constant current amplitude,
which is not usually the case in 1T-1MTJ cells.

While all these models provide simulation results, [18] com-
pares the simulation results of SM2 with the measurement re-
sults provided in [23]. Table I summarizes the comparison of
the static models discussed in this section.

VI. REVIEW OF DYNAMIC MODELS

A. Dynamic Model 1 (DM1) in Verilog-A

The dynamic model developed by L. Faber ef al. [24] im-
proves the static model in [19] by augmenting it with the dy-
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TABLE I
COMPARISON OF STATIC MODELS
Models Implementation  Switching Vmmy Measurement
regions results
SM1 [17] SPICE One Curve-fitted No
SM2 [18] SPICE Two Curve-fitted Yes
SM3 [19] Verilog-A One Physical No

Fig. 5. Finite state machine of MTJ model [24].

namic behavior modeling. Furthermore, it incorporates heating
effects and accounts for stochastic behavior due to thermal fluc-
tuation.

Dynamic modeling is based on equations (5), (6), which
consider two switching regions. It follows four computational
steps starting with calculating the critical switching current
using Slonczewski’s model as in (9). Second step considers the
cases with applied current less than critical current and uses
(5) to calculate the required time for switching due to thermal
fluctuations. Switching probability is described by:

Pr(t) =1 — cxp(—#/m1) (11)

It should be noted that the dynamic behavior of STT-MRAM
is intrinsically stochastic and Monte-Carlo simulation cannot be
used as it is only good for static parameter variation. Therefore,
functions of random variables are combined with the model to
account for the stochastic behavior.

In the third step, for the cases with currents higher than crit-
ical current, Sun’s model is used as in (6). Finite state machine
describing these steps is shown in Fig. 5.

The last step is considering the heating effects on behavior of
STT-MRAM. Temperature rise and fall is calculated based on
the voltage across the MTJ, duration of the current pulses, and
thermal conductivity.

In summary, both switching regions are considered and
switching time is calculated accordingly using the corre-
sponding models and formulas. Also, thermal fluctuations are
included in the analysis.

B. Dynamic Model 2 (DM2) in VHDL-AMS

The next dynamic model is the model implemented by M.
Madec et al. [25]. It is developed using VHDL-AMS. In terms
of static modeling, like the model in [19], it uses the equations
for G(V) and TM R(V) (as in (7) and (8)) along with Julliere’s
model for conductance. Having the conductance, which is de-
pendent on both voltage and angle of magnetization with easy
axis (G(V, #)), integration over voltage gives the expression for
the current through the device.



2638

For dynamic modeling, LLGS equation is employed to solve
for magnetization vector at any moment. However, the coef-
ficient used for the torque term is considered to be constant
rather than #-dependent. In other words, #-dependency of the
spin torque efficiency factor is ignored. Due to this, DM2 over-
estimates the switching time by %5 to %10. It also lacks thermal
effect consideration and the stochastic nature of switching.

From the same group, there are two other papers published,
[26] and [27], which describe the modeling of MTJ from
magnetization and electrical aspects. [26] provides detailed
information on sources of energy in the magnet such as mag-
netostatic energy. It then uses this information to form the
H_¢y in (3). Modified LLG equation is discussed to consider
magnetic anisotropy and also coupling effects between ferro-
magnetic layers. It uses VHDL-AMS to capture the hysteresis
and dynamic aspects of the magnetization. On the other hand,
[27] provides details on static modeling and electrical behavior
of MTJ. Several conductance models are discussed and the
model uses a combination of some physics-based models such
as Brinkman’s model and Julliere’s model.

The model in [28] follows almost the same approach. It is
implemented in SPICE and follows Sun’s model to solve LLG
equation to derive the dynamic characteristic of an MTJ. For
static characterization, Simmons tunnel current [29] is used,
which deals with transmission and reflection probabilities as
well as Fermi functions.

C. Dynamic Model 3 (DM3)

The model developed by K. Ono et al. [30] uses sto-
chastic-LLG equation [31]. Voltage-dependent TMR is mod-
eled using an exponential function as in (12). It also takes into
account the temperature-dependency of TMR considering the
fitting function as in (13) to model the relationship between
polarization and temperature.

2
TMR(T,V) = %cxp(—%,ﬂﬂ) (12)
P(T) =P, (1 - UT%) (13)

Vi, Py, and a are fitting parameters. Furthermore, thermal fluc-
tuation is considered during the steps of the modeling.

This model is the most complete one among DM1 to DM3
as it uses LLG equation, which is more capable in capturing the
transient behavior. Furthermore, voltage-dependency and tem-
perature-dependency of parameters as well as stochastic nature
of switching are considered.

D. Dynamic Model 4 (DM4) in Verilog-A

Conventional MTJs have their magnetization in-plane of the
magnetic layer. Recently, new MTJs with magnetization per-
pendicular to the plane of magnetic layer have been developed.
It was shown in [33] that in this structure the critical current can
be reduced while maintaining high thermal stability.

While all the previous models target devices with in-plane
magnetization, the dynamic model in [32] is for devices with
perpendicular magnetization. It models the static behavior using
Brinkman’s model for conductance [20], as in [34], and employs
voltage-dependent TMR ratio as in (8). Dynamic behavior is
modeled according to the critical current calculation [35] along
with the switching time derivation [36]. Furthermore, to cap-
ture thermal fluctuation effects, temperature value is randomly
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Fig. 6. Verilog-A model flowchart.

drawn from a uniform distribution. In order to verify the model,
DC and transient simulations as well as statistical simulations
are performed.

E. Dynamic Model 5 (DM5) in Verilog-A

As having an accurate model for MTJ is the basis for both
device-level and circuit-level designs involving MTJ, we have
implemented a dynamic model (accessible at [37]), which we
describe in this section. We will use this model to compare and
verify the above-mentioned models.

The model is implemented using Verilog-A and it consists of
two components as done in DM2; MTJ resistance is used for
static modeling and LLGS equation is deployed for dynamic
characterization. However, unlike DM2, DMS5 incorporates
thermal fluctuation effects on switching.

Static behavior is predicted based on Julliere’s model for con-
ductance as in (2) along with voltage-dependent model of TMR
ratio as in (8).

In order to characterize the dynamic behavior of magnetiza-
tion vector, LLGS equation is implemented using 3 differen-
tial equations for x, y, and z components of the magnetization
vector. Unlike DM2, f-dependency of the coefficient of torque
term is considered (this eliminates %5 to %10 over-estimation
of switching time). The Verilog-A code follows the simplified
algorithm shown in Fig. 6.

This model uses physics-based equations. While voltage-de-
pendency of TMR is captured, voltage-dependency of G as in
(7) is not considered in this model to make it faster and less com-
plex. DM2 considers both and integrates the small-signal con-
ductance over voltage to get the current. Our model updates the
resistance value according to corresponding § and uses Ohm’s
law to get the voltage using the current and the resistance.

Employing the LLGS equation directly not only predicts the
magnetization vector at any moment, but also eliminates the ap-
proximations made in the approach based on (5) and (6). In addi-
tion, the approach based on LLGS does not require any assump-
tion on the amplitude of the current pulse. However, LLGS does
not capture the effects of thermal fluctuation. Thermal fluctua-
tion can affect the average precession motion as well as initial



VATANKHAHGHADIM et al.: CIRCUIT MODELING OF SPIN-TRANSFER-TORQUE MAGNETIC TUNNEL JUNCTIONS

2500

2639

1000

Mean=8°
Std deviation=7.5°

9 15 21 27 33
Initial angle (degrees)

Count

Mean=8.5ns |
Std deviation=>5ns

900}

10 15
Switching time (ns)

(b)

Fig. 7. (a) Distribution of initial angle of magnetization, (b) Distribution of switching time.

angle of magnetization, which is randomly distributed and plays
a role in switching time [38]. To account for this, we random-
ized the initial state of the magnetization vector (initial #). For
this, we chose a random Gaussian distribution [5] with a vari-
ance of

B kT
T M, VioHy

(#3)

in which T is the temperature, £; is the Boltzmann constant,
M, is the saturation magnetization, V' is the volume, p is the
permeability, and Hj, is the anisotropy constant. At room tem-
perature and with typical device parameters that we used (i.e.
M, = 1050, Hx = 250 Oc), standard deviation of ¢, is about
12°. As an example, Fig. 7(a) illustrates the distribution of ini-
tial angle for a set of 5000 data points. For this set, the mean is
8° and standard deviation is 7.5°. Fig. 7(b) shows the distribu-
tion of switching time when a random initial angle is used. The
mean of the switching time is 8.5 ns and its standard deviation
is 5 ns.

Note that the lower initial angles (0 to 6 degrees for example)
result in a wider span of switching time (more than 18 ns),
whereas the higher initial angles (such as 10 to 40 degrees) result
in a tighter span of switching time (less than 5 ns). Due to this
nonlinear relationship between the switching time and the initial
angle, a linear mapping of initial angle bins and the switching
time bins is not possible. For example, the last eleven bins of
switching time histogram (switching time between 7 ns and 25
ns) correspond to the first bin of initial angle histogram (angles
less than 6°).

Furthermore, H,.;;(#) is modified to model the effects of
temperature on switching. This is done by adding a H f1,.ctuation
term (dependent on temperature) to H.;;(€) of (3) [38].

For validation purposes, we compare in Fig. 8(a) the simu-
lated switching time versus the MTJ current as obtained by DM5
against the corresponding one obtained by using (6). The sim-
ulation results (which are shown for 8y = 17° as an example)
are consistent with those based on (6).

Furthermore, for a fixed applied current of I = 200 uA, the
switching time as a function of the initial angle of magnetization
in Fig. 8(b) are in agreement with the theoretical results based
on (6).

To confirm that DMS5 is accurately following (3) and (4)
during transient, we compare its transient response against
that of a straight-forward implementation in MATLAB. To
this end, we apply a current pulse with 0.5 ns time constant to
the MTJ, and predict both the trajectory of the magnetization

(14)
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Fig. 8. (a) Switching time vs. applied current through MTJ (for 8, = 17°), (b)

Switching time vs. initial angle of magnetization (for I = 200 u4).

Fig. 9. Switching pattern of magnetization vector from 4~ to —« direction,
solid black line is obtained using MATLAB, dashed blue line is by DMS.

vector and the magnetization as a function of time, using DM5
and MATLAB. While it takes two hours for MATLAB code
to solve (3) and (4), it takes less than a minute for SPECTRE
to run the Verilog-A code of DMS5. Fig. 9 shows the switching
trajectories as predicted by MATLAB (solid black line) and
DMS (dashed blue line), which are in close agreement. For
the magnetization vector to switch from +z direction to —x
direction, it moves up and down along ellipsoidal contours and
as soon as it passes the easy plane of x-y, it damps toward —
direction. Note that the initial state is (0, 0.3, sqrt(1 — 0.3%0.3)
rather than +z (0, 0, 1). This gives the initial magnetization
some deviation from parallel state and produces a non-zero
spin torque. In simulation, this is done by setting the initial
state to the corresponding value (which could be either a fixed
value or a random one). In reality, the tilt occurs due to thermal
fluctuation and the switching starts from a random initial angle.

Fig. 10 compares the z-component of magnetization vector as
a function of time, as predicted by MATLAB (solid black line)
and by DMS5 (blue dashed line). The two results are in close
agreement.
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Fig. 10. Z-component of magnetization for non-zero time constant current
pulse, obtained from MATLAB (solid black line) vs. DMS5 results (dashed blue
line).
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Fig. 12. System-level simulation of 1T-1MT]J structure.

In the remainder of this section, we employ DMS5 along with
SPECTRE for circuit simulations including MTJs. The hys-
teresis behavior of the MTJ resistance versus the applied cur-
rent is shown in Fig. 11. For fixed pulsewidths (i.e. 1.5 ns, 2
ns, 4 ns), the applied current is swept for different values and
switching is observed at corresponding switching currents (the
higher the pulsewidth, the lower the switching current). The re-
sistance value is calculated by dividing the voltage across the
MT]J by the applied current. Fig. 11 illustrates the constant par-
allel resistance and the voltage-dependent anti-parallel resis-
tance of MTJ. Also, note that the three sets of the switching
points are shown for three different pulsewidths of 1.5, 2, and 4
ns.

Fig. 12 shows a one-transistor, one MTJ (1T-1MTJ) cell
structure along with its bitline (BL) and wordline (WL) drivers.
We assume the parasitic capacitances of 250 fF, 250 fF, and 1
fF for WL, BL, and the storage node, respectively. While B L is
raised to VDD and S is set to GND, the W L signal is driven
to VDD to write to the MTJ.

Simulated waveforms, including BL, WL, Vas75, I, and the
z-component of the magnetization vector (i) are illustrated
in Fig. 13. During the time period that BL and WL are high
and the current passes through the transistor and the MTJ, the
magnetization vector switches from +z to —z direction (from
parallel to anti-parallel). Due to increase in resistance of the
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Fig. 13. 1T-1MT]J simulation results.
TABLE II
COMPARISON OF DYNAMIC MODELS
Models Implement. LLGS Thermal Simulation
fluctuations time

DM1 [24] Verilog-A No Yes Shorter

DM2 [25] VHDL-AMS Yes No Longer

DMs3 [30] Not specified Yes Yes Longer

DM4 [32] Verilog-A No Yes Shorter

DMS (This work) Verilog-A Yes Yes Longer

MTJ (from R, to Rap), the voltage across the MTJ increases,
while its current decreases.

VII. COMPARATIVE STUDY OF DYNAMIC MODELS

DMI1 to DMS, as discussed in Section VI, are compared in
Table II in terms of their methods of implementation, modeling
bases, simulation time, and whether or not they consider thermal
fluctuation effects.

As discussed in Section III-B, there are two approaches to
characterize the MTJ’s dynamic behavior. While DM2, DM3,
and DMS5 use (3) and (4) (by deploying LLGS equation), DM1
and DM4 follow (5) and (6) (by calculating the switching time).

The approach based on LLGS equation monitors the magne-
tization vector at any moment and fully captures its transient be-
havior. On the other hand, the second approach uses (5) and (6)
to predict the switching time. Even though these equations are
based on physics of MTJ and are derived using LLGS equation,
there are several approximations and assumptions involved to
simplify the analysis [39].

One of the assumptions is the small initial deviation of
magnetization vector from the easy axis (preferred direction
in steady state). However, there are situations, such as the one
depicted in Fig. 14, in which the initial angle at the transition
of the applied current is not small. For example, the initial
deviations at the second rising edges of the applied currents are
10° and 21°, respectively. These two different initial deviations
result in 1.7 ns and 0.83 ns of switching time. While pulse#1
gives enough time for the magnetization vector to relax and get
back to the easy plane, pulse#2 turns on again before reaching
the steady state. Note that due to the limited accuracy of the
simulations, even with zero x and y components, the z-com-
ponent may not settle on —» because of roundings that happen
during each step of solving the differential LLGS equations.
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Fig. 14. Z-component of magnetization vector (a) for pulse #1, (b) for pulse
#2.

This results in deviation of the magnitude of the magnetization
vector from unity.

The other assumption made is constant amplitude for the ap-
plied current pulse. This assumption is not valid in the presence
of any parasitic capacitance that gives rise to a non-zero time
constant. To show the difference in switching time, two current
pulses, one with a zero time constant and one with a non-zero
time constant, are applied through the MTJ and the results are
shown in Fig. 15. The zero time constant pulse makes the MTJ
switch about 1 ns faster than the other pulse. To account for
this, [40] suggests updating the switching time and the switching
probability at every time step. It uses NS-SPICE to implement
an algorithm to predict switching time.

Even though LLGS equation is more capable of predicting
the magnetization vector at any moment for any kind of input,
it is unable to model the effects of thermal fluctuation on
switching. Therefore, H.y should be modified accordingly
in order to account for thermal effects. The model in [41]
uses a stochastic LLG equation and adds a temperature-de-
pendent fluctuating term to the torque. Furthermore, it uses
heat diffusion equation to solve for temperature. Also, it uses
temperature-dependent MTJ resistance. All these are solved
self-consistently using SPICE components.

On the other hand, the second approach based on (5) and (6)
considers temperature, and the switching due to thermal fluctu-
ation (even when the current is more than critical current), but it
does not monitor the magnetization vector continuously and it
is based on assumptions, such as rectangular current pulse, and
approximations like small deviation from easy axis. Therefore,
the best dynamic modeling would be based on LLGS equation,
while incorporating thermal fluctuation effects and variations.
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Fig. 16. Switching time vs. time constant of applied current pulse.

The tradeoff for predicting the transient behavior and for
higher accuracy is longer simulation time and higher compu-
tational cost. Models based on LLGS equations take longer to
simulate while the models based on (5) and (6) are faster but
ignore the transient behavior. Fig. 16illustrates the predicted
switching time for applied current pulses with different time
constants. While the approach based on (3) and (4) predict a
linear increase in switching time as a function of time constant,
the approach based on (5) and (6) predicts a constant switching
time as it ignores the time constant. These simulation results
are obtained by using DMS5.

Alternative MTJ structures such as thermally assisted
switching MTJ or MTJ with perpendicular polarizer are mod-
eled in [42], [43] in similar ways as discussed above.

VIII. CONCLUSION

We classified the MTJ models as static and dynamic and com-
pared them against each other in terms of accuracy, implemen-
tation, and simulation time. Among the static models, SM3 is
the most accurate as it uses physical equations rather than curve
fitting to obtain results. Among the dynamic models, DM3 and
DMS5 (proposed in this paper) are based on LLGS equation and
as such avoid using any approximation in predicting the tran-
sient behavior of the MTJ. In addition, they include the effects
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of variations such as thermal fluctuations. We used DM5 in con-
junction with SPECTRE to study the transient behavior of an
MT]J in response to a current pulse with non-zero time constant.
For a range of 0 ns to 5 ns, we showed that the switching time
linearly increases with the time constant. These results are in
sharp contrast with those predicted by (5) and (6) where the time
constant is ignored in switching time predictions.
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