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The spin-transfer-torque (STT) magnetic tunneling junction (MTJ) device is one of the prominent candidates for spin-
tronic logic circuit and neuromorphic computing. Therefore, building a simulation framework of hybrid STT-MTJ/CMOS
(complementary metal-oxide—semiconductor) circuits is of great value for designing a new kind of computing paradigm
based on the spintronic devices. In this work, we develop a simulation framework of hybrid STT-MTJ/CMOS circuits based
on MATLAB/Simulink, which is mainly composed of a physics-based STT-MTJ model, a controlled resistor, and a cur-
rent sensor. In the proposed framework, the STT-MTJ model, based on the Landau-Lifshitz—Gilbert—Slonczewsk (LLGS)
equation, is implemented using the MATLAB script. The proposed simulation framework is modularized design, with
the advantage of simple-to-use and easy-to-expand. To prove the effectiveness of the proposed framework, the STT-MTJ
model is benchmarked with experimental results. Furthermore, the pre-charge sense amplifier (PCSA) circuit consisting
of two STT-MT]J devices is validated and the electrical coupling of two spin-torque oscillators is simulated. The results
demonstrate the effectiveness of our simulation framework.

Keywords: magnetic tunneling junction (MTJ) model, spin-transfer-torque (STT), circuit simulation, MAT-

LAB/Simulink
PACS: 85.75.—-d, 75.47.—m,75.70.—, 75.75.—

1. Introduction

With the development of big data and internet of things
(IoT), the problems of “memory wall” and “energy wall”
caused by the von Neumann bottleneck are becoming increas-
ingly prominent. Recently, spintronics has been regarded as
one of the most important technologies to break the bottle-
neck, due to the advantage of non-volatile, low power, high
speed, and compatibility with the traditional complementary

s.[1=4 The spin-

metal-oxide—semiconductor (CMOS) device
transfer-torque (STT) magnetic tunneling junction (MTJ) is
one of the most important elements of spintronic technology,
which can be used as magnetic memory, magnetic sensors, mi-
crowave transmitting and receiving devices.>™) The unique
multiple functions from sensing, processing to communicat-
ing, open the way for the design of new types of comput-
ing in sensing devices and paradigms.['”) For example, the
spin transfer nano-oscillators (STNOs) have been utilized for
the development of new neuromorphic devices and computing
paradigms.[!'=13] And typically, the hybrid STT-MTJ/CMOS
circuits need to be considered in the design process to make
full use of advantages of MTJ technology and CMOS technol-
ogy. Hence, a simulation model that captures the quasi-static
and dynamic behaviors of STT-MTJ devices and a hybrid sim-
ulation framework of STT-MTJ/CMOS is urgently needed. 4]

Up to now, several hybrid STT-MTJ/CMOS models have

fCorresponding author. E-mail: Ipsen@nudt.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd
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been proposed, and most of them are programmed with
the SPICE-based circuit simulators or Verilog-A compact
model.['*23] Tn 2012, Zhang et al. reported an compact per-
pendicular magnetic anisotropy (PMA) STT-MTJ model. "]
This model was programmed with the Verilog-A language.
The tunnel resistance effect, the STT switching, and the
Though this
model provides an effective strategy for constructing mem-

stochastic behaviors were taken into account.

ory and logic chips, it is personalized for the PMA MTJ
devices and the precessional motion is discarded, which is
one of the most important characteristics for the design of
new generation of neuromorphic devices and oscillator-based
computing.?#?3! For the simulation of in-plane magnetic
anisotropy (IMA) STT-MT]J, in 2012, Yang et al. proposed
a modified nodal analysis model with identified internal state
variables in SPICE-like simulator,'®! which can deal with the
dynamic behavior of devices under arbitrary driving condition,
however the model parameters are not directly correspond-
ing to the actual device parameters. Therefore, a timely and
comprehensive STT-MTJ model is needed, which can easily
adapt to different MTJ parameters and process technologies.
Hence, In 2013, Panagopoulos et al. developed a physics-
based SPICE compact hybrid MTJ/CMOS simulator.'”! The
model of MTJ is implemented by using the only inbuilt com-
ponents (voltage-dependent current sources, capacitors, and
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resistors), the dynamic behavior of MTJ was calculated by
Kirchhoff’s law. This model provides the ability to pre-
dict the real magnet dynamic behaviors of IMA device and
PMA STT-MT]J device. Similarly, Kazemi et al. reported an
adaptive compact MTJ model!'®! in 2014, which includes not
only the STT effect, but also the voltage controlled magnetic
anisotropy (VCMA) effect. This model can also be adapted to
IMA and PMA MT]J. Both the models can predict devices’ per-
formances from material to circuit level. However, the SPICE-
based model using the inbuilt components generally consists
of many circuit components or electrical nodes, which are rel-
atively complex.

Simulink provides an interactive graphical model envi-
ronment and covers the most commonly used SPICE com-
patible models, which enables rapid construction of a sim-
ulation model to explore the design concepts from device
to system level. Therefore, in this work, we propose an
MATLAB/Simulink based framework for simulating hybrid
STT-MTJ/CMOS circuits. The proposed model consists of
a physics-based macrospin model of the STT-MTJ device, a
controlled resistor, and a current sensor. The STT-MTJ model
is edited using the MATLAB script, and the output of the
script adjusts the resistance of the controlled resistor, while
the current flowing through the controlled resistor will be fed
back to STT-MTJ device. Benefited from the modular de-
sign of Simulink, the model can be easily expanded by cre-
ating a new physical module. Compared with the conven-
tional SPICE-based physics hybrid STT-MTJ/CMOS method,
the model presented in this paper is simple, very flexible, and
easy to comprehend.

The remainder of this paper is organized as follows. In
Section 2 the basic theory and key physics are described, and
then the simulation framework based on MATLAB/Simulink
is discussed. In Section 3 our proposed model is verified by
using experiment results, and the simulation results including
the hybrid STT-MTJ/CMOS circuit and the coupling of two
devices are also shown. Finally, some conclusions are drawn
in Section 4.

2. The simulation framework: Theory and key
physics
2.1. MT]J construction and basics

MT]J is a magnetic device consisting of an ultra-thin bar-
rier layer and two ferromagnetic (FM) layers: one has a fixed
magnetic orientation (fixed layer), whereas the other (free
layer) can change its magnetic orientation. The device struc-
ture of MTJ is shown in Fig. 1. The magnetization vector of
the free layer and fixed layer are indicated by my and m,,
respectively. As is well known, the conductance (G) of the
MT]J depends on the angle (0) between the two magnetization

vectors, can be calculated from. 201

Gap—G
%(1%%6), (1

where Gp and Gap are the conductance of the MTJ device

G=Gp+

when the magnetic orientations of the two ferromagnetic lay-
ers are parallel (P) and antiparallel (AP) to each other, respec-
tively. When the free layer is parallel to the fixed layer, the
resistance of MTJ is in the minimum (Rp = 1/Gp) state, while
the device is in the high resistance state (Rap = 1/Gap) when
the relative magnetic orientations are antiparallel. The TMR
ratio can be represented by the following equation, which de-

creases with the bias voltage Vi, increasing: (7]
TMR Rap —R
TMR = (0) 7= APR P )
1+ (Vbias/Vh) P

where TMR is the measured real value, TMR(0) is the TMR
value when the bias voltage is close to zero, and V;, is the cor-
responding bias voltage when TMR = 0.5 x TMR(0).

>
Free layer 3
Barrier

Fixed layer

Fig. 1. Basic schematic diagram of MTJ structure consisting of a free
layer, a barrier layer, and a fixed layer.

2.2. Theories of magnetization dynamics

The free layer magnetization is macrospin approximately
in our model.”?®! The magnetization precession motion can
be explained by the Landau-Lifshitz—Gilbert (LLG) equation

[16,29,30

with the additional Slonczewski’s term, I and the equa-

tion is shown as follows:

dm dm
Tf:_|7|meHeff+O‘meTf
+ |7l oy x (g x my) — 7] Bymg x
h|J
ﬁ =\ s
Hoe | tM;
B PA?
8= (A2+1)+ (A2 1) (mg-my)
o5 =g, and B;=Pe. 3)

Here, my and m,, are the reduced magnetization vectors of the
free layer and unit polarization direction of fixed layer, respec-
tively, v is the gyromagnetic ratio, H is the effective field,
a is the Gilbert damping factor, oy is the STT coefficient, and
By is the field-like torque coefficient. In the definition of 3, J
is the current density, and it is assumed to be uniformly dis-
tributed on the surface. In this work, positive J is defined as
electrons flowing from the fixed layer to free layer, % is the
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reduced Planck constant, y is the vacuum permeability, e is
the electronic charge, Mj is the saturation magnetization, and
t is the thickness of the free layer. The polarization function g
is dependent on the angle between my and m,,, P is the spin
polarization factor, A is the torque asymmetry parameter, and
€ is the secondary spin transfer term. The effective field H
can be expressed as the sum of several different fields, includ-
ing the applied external magnetic field (Hey), the effective
uniaxial anisotropy field (Hy), the demagnetization field (Hy)
and the thermal noise field (H,)BY as follows:

Hp = Hex + Hy + Hy + Hy,, “4)
2K,

= Mg My ) My, 5

k I-‘,'OMS ( f P) Y )

Hy=—(N-mg) M, (6)

Physical parameters (Hex, ™, mp, [, w, t)

Internal parameters (Ms, a, P, Ky, T...)

&L

Ho. — o 2kgT
h =X\ TF a2 VUMV &,

where K, is the effective uniaxial anisotropy coefficient; IN

@)

is the demagnetizing factor, which depends on the shape and

r;1321 x is a three-dimensional Gaussian

size of the free laye
distribution with a zero mean and standard deviation, kg is the
Boltzmann constant, 7 is the temperature, V is the volume of

the computational cell, and & is the simulation time step.

2.3. MATLAB/Simulink implementation

The proposed hybrid simulation framework can be di-
vided into two main modules: the first is the simulation of the
physics-based STT-MTJ model and the second is the analysis
of the controlled resistance and peripheral circuit as shown in
Fig. 2.

Electrial parameters (R, I, V)

Rp
o .| Macrospin models mye _ R
off 3 of STT (LLGS) » TMR
Iin RAP
Simulink-PS
PS-simulink
MATLAB SIMULINK

Fig. 2. Proposed hybrid MTJ-STT/CMOS modeling framework.

For the simplicity of simulation hybrid STT-MTJ/CMOS
circuit, a MATLAB function block is used and the physics-
based STT-MTJ model is edited using the MATLAB script.
First, the external magnetic field Hey; should be offered, the
initial magnetization states of free layer (1), the fixed layer
magnetization vector (1) and physical size of the device (I:
length, w: width, and ¢: thickness) are input. The magnetic
internal parameters mentioned above (M, o, P, Ky, T,...)
are preset. And the effective field mentioned above (Egs. (4)—
(7)) are considered in the simulation of the physics model. The
LLGS equation is solved by using the improved Euler method.
Therefore, the free layer magnetization vector (1) can be ob-
tained and the resistance (R) of the device can be calculated
from Egs. (1)-(3), as shown in the green part of Fig. 2. The
calculated resistance value R is converted into a physical sig-
nal by using the Simulink-PS converter block. Therefore, the
calculated value R that can control the resistance of the physi-
cally controlled resistor, changes from Rp to Rap. The electri-
cal ports of the controlled resistor can be connected with other
semiconductor devices and electrical sources. Furthermore,
the current sensor is used to obtain the current in the electric

circuit. Then, the PS-Simulink converter block converts the
physical current into the Simulink signal f;;,, which is used as
an input current of the physics-based STT-MTJ model.

3. Simulation results
3.1. Physics-based STT-MTJ model

In this subsection, the proposed physics-based STT-
The
devices studied here have the following stack bottom
electrode/PtMn(15)/CoygFe3(2.3)/Ru(0.85)/Cog9Feq0B2o(2.4)/
MgO(0.8)/CoroFegnB20(2.0)/top
bracket denotes the thickness in unit nm), and then the stacks

MT]J model is verified with the experimental result.

electrode (numbers in
are fabricated into pillar shaped device with the cross-section
area of 100 nmx 120 nmxx/4. The schematic diagram of
the STT-MT]J device stacks is illustrated in Fig. 3(a). And the
measured typical resistance curve scan as a function of [ is
shown in Fig. 3(b) (the black curve).

The simulation is conducted by sweeping the current /
in steps of 8. And under each current, the LLGS model
is solved with a fixed time step of &. After each time step,
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the instantaneous resistance R(¢) is calculated. Based on this,

the time-averaged resistance is used to evaluate the resistance

for each I. The red curve shown in Fig. 3(b) represents the

device’s switching characteristics calculated by using the pa-

rameters in the third column of Table 1 (switching behavior

simulation values), and the values of Rp and Rap are 1 kQ

and 2 kQ, respectively. The results show that our proposed

model can capture the dynamic switching characteristics ac-

curately. Figures 3(c) and 3(d) show the time-domain tran-

sient resistance values and the magnetization precession three-

(a)

Top el ctrode

Free layer
Barrier
Fixed layer

Pinned layer

AF pining layer

Bottom electrode

COQOFE}G[)BQ()(Q O)
MgO(0.8)
CoyoFeq0Bao(2.4)
Ru(0.85)
CO70F€30(2 3)
PtMn(15)

b

(c) '
2000

1600

1200

800

Fig. 3. (a) Schematic illustration of STT-MT]J device, (b) measured and simulated variation of resistance with current of STT-MTJ, with H ey
equaling 0 Oe (the unit 1 Oe=79.5775 A-m™!), (c) time-dependent resistances, and (d) free layer precession 3D trajectories of the STT-MTJ
device at different input currents.

0 15.00

30.00 45.00

t (ns)

60.00

dimensional (3D) trajectories of the device at different bias
currents. It can be observed that at / = 0.3 mA, the resistance
is equal to Rp, and the precession of the free layer is around
As the current decreases to —0.54 mA, the STT-MTJ

switches from Rp to Rap. The my precesses around the m,

myp.

initially, and finally stabilizes in the antiparallel direction. The
resistance in antiparallel state is affected by the voltage, and
the resistance is about 1800 Q at / = 0.06 mA. As the current

reaches 0.08 mA, the resistance drops from Rap to Rp.

(b) —s— Experiment
2000 f—e— Simulation
__ 1600
e
= 1200 F
800 . . .
—1.0 —0.5 0 0.5 1.0
I (mA)
(d)
0.30 mA
—0.10 _—— —0.54 mA
4 —— 0.06 mA
—0.05 ——0.08 mA
g 0
0.05
0.10

Table 1. Parameters for simulating STT-MTJ switching and oscillation behaviors.

Variables

Parameters

Switching behavior
simulation values

Oscillation behavior
simulation values

[ (nm)
w (nm)

t (nm)
Mg (A-m™")
P
o

T (K)

K, Jm™3)

A
€

S (s)
mp

TMR(0)
Vh

free layer length
free layer width
free layer thickness
saturation magnetization
spin polarization factor
Gilbert damping factor

temperature

uniaxial anisotropy coefficient

torque asymmetry parameter
secondary spin transfer parameter

simulation time update step

direction of fixed layer

TMR value (bias voltage is zero)

bias voltage

100 150
120 75
2.0 1.6
1060x 10 1100x 10
0.57 0.57
0.008 0.01
300 0 K without noise
300 K with noise
3.4x10° 7.2x10°
in plane out of plane
2.25 2.25
-1 -1
3x10712 5x10712
¢=10/180x 7 ¢=10/180x
(cos(¢). sin(9),0) (cos(¢). sin(),0)
100%
0.6
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The STT-MTJ model used for analyzing the microwave
oscillation characteristics is based on the experimental data
presented by Zeng et al.!’3! For the large interfacial perpen-
dicular anisotropy, the stable oscillation can be achieved with-
out an external magnetic field. The parameters used to match
the sustained oscillations are listed in the last column in Ta-
ble 1 (oscillation behavior simulation values) and the interfa-
cial perpendicular anisotropy is included in the effective uni-
axial anisotropy. Figure 4(a) shows the time-dependent tran-
sient resistance with the input current / = —0.2 mA (the to-
tal simulation time is 60 ns, to observe the change of resis-
tance clearly, only the results within 10 ns are shown here).
Figure 4(b) shows the FFT result of the transient resistance.
As can be seen from the figure, the fundamental frequency
is 1.01 GHz. The 3D trajectory of the m; magnetization is
shown in Fig. 4(c), which is initially circular and gradually
evolves into stable out-of-plane precession orbits. Figure 4(d)
shows the microwave oscillation fundamental frequency as a
function of bias current. The black curve is the experiment

33] the red cir-

result reproduced from Zeng et al’s work,
cles and blue triangles show the simulation results based on
our framework without and with the thermal noise, respec-
tively. Note that the simulation results are consistent with the
experimental results, and the oscillation frequency decreases
with the increase of absolute current value at a rate of about
1.78 GHz/mA, demonstrating the validity of our proposed

physics-based STT-MTJ model.

2100 . - - & 400 .
(a) TN (b)
1800 | Z 300 1
S g
< 1500 £ 200
1200 £ 100
k]
£ L
900 . & A "
0 250 500 750 10.00 & Y 1 2 3 4 5
f (GHz)
1.4
—a—Experiment (d)

—e— Simulation
1.2+ without noise 54
—A—Simulation 7 a
with noise
1.0} >
/
0.8}
m, —04 -03 -02 —-01 0
I (mA)

f (GHz)

Fig. 4. (a) Resistance, (b) resistance spectrum, and (c) free layer precession
3D trajectory of STNO device when the input current is —0.2 mA. (d) STNO
oscillation fundamental frequency as a function of / with and without ther-
mal noise with Hey; equaling 0 Oe, the point marked in pentagram indicat-
ing that the corresponding frequency is 1.01 GHz when the input current is
—0.2 mA.

3.2. Devices level simulation

For the hybrid simulation of STT-MTJ/CMOS circuits,
our proposed framework is used to simulate the pre-charge
sense amplifier (PCSA) circuit proposed by Zhao et al.!**! The
circuit is composed of two STT-MTIJ devices, three NMOS

transistors and four PMOS transistors. The circuit can sense
the magnetic configuration of the MTJ at a high speed. Fig-
ure 5(a) shows the schematic of the proposed circuits, where
Rp and Rap of the STT-MT]J device are 4.7 kQ and 11.7 kQ,
respectively, and the remaining magnetic parameters are the
same as the switching behavior simulation values. More-
over the parameters of the transistors are based on the 90-nm
BSIM4 model.!33! The control signals and the corresponding
simulation results are shown in Fig. 5(b). It is observed that
when “SEN” is set to zero, the polarization voltages of the
two MTJs, O and QO par are both equal to Vygg. And when
“SEN” changes to a high level, both two voltages begin to de-
crease due to MTJs discharging. The resistance of MTJ1 is set
to Rap, whereas the resistance of MTJO is Rp. Therefore, the
discharge speed in the MTJO branch is faster than that in the
MTIJ1 branch. When the difference between Qy, and O par
is less than the threshold voltage of P1, the P1 will be open
and O, Bar Will be charged to Vyq, while Oy, will continue dis-
charge to zero potential. The simulation result is consistent
with the result in Ref. [34].

(a) Vaa
1
P3 d J\:”Dﬂ m({ P2
Qm,bar Qm
N1 —[vo
MTJ1 MTJO
SEN
L\ ST
— GND
(b)
1.50
S 1.00f — SEN
Z0.50F
O 1 1 1
1.26
< - Qm,bar
Z 125
> ]
1.24 L L L
—~ 1.50
Z 1.00f — Qnm
> 0.50[
oL L ) )
0.2 0.4 0.6 0.8 1.0
t (ns)

Fig. 5. (a) PCSA circuit consisting of STT-MTJ devices, three NMOS
transistors and four PMOS transistors, (b) control single (SEN) and the
simulated voltage results of Op, and O bar-

The coupling of the STNOs is a promising component for
neuromorphic computing and associative memory.[!3l And our
proposed framework can emulate the coupling characteristics
of the STNO conveniently. Figure 6(a) shows the electrical
coupling simulation method of two STNOs.!*! The simulation
parameters are the same as the ones listed in Table 1 (oscil-
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lator behavior simulation values). The independent bias cur-
rents (Ihias1 and Iyias2) and external magnetic fields (Hyi,g; and
Hyas2) are applied to STNOs. By appropriately controlling
the bias current and external magnetic field, the microwave
signal can be generated, and the devices are coupled with each
other. The Iy;0adcast ON the feedback branch is calculated from
the following equation:

1
Toroadcast i = 5 (Clmxl + Clmx2) y (8)

where C| and C, are the coupling constants, which are de-
termined by the coupling circuit; m,; and m,, are free layer
magnetization x-direction components. The currents flowing
through the STNO are fiypu1 and fippup, respectively. There-
fore, the input current is the combination of the bias current
and feedback current

Iinput i = Ivias i T Toroadcast i- )

Based on the proposed electrical coupling simulation
method, in order to analyze the coupling behavior, the bias
current and external magnetic field are changed independently.
First, the bias currents of both STNOs are kept at —0.2 mA.
The external magnetic field, perpendicular to plane free layer,
of STNO?2 is constant at a zero magnetic field, while the mag-
netic field sensed by STNOI changes from —3 mT to 3 mT.
For a non-zero coupling coefficient (C; = C; = 0.01), the fre-
quency of the two STNOs is locked in a suitable magnetic
field range from —0.6 mT to 0.6 mT. The simulation results
are shown in Fig. 6(b). In addition, the external magnetic field
of the two STNOs is set to O mT, the s is set to —0.2 mA,
while the ki, is varying. The coupling coefficients remain
unchanged. The oscillation frequencies of the two STNOs are
shown in Fig. 6(c), which demonstrate the same rules as uni-
laterally changing Hyyg -

(a)
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Thias1 S

Tinputt ——

Troadcastt = s = Ibroadcast2
l () |
B2
b c
1.2 (b) 1.2 (©)
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Fig. 6. (a) Schematic diagram of two STNOs with electrical coupling, STNO
oscillation frequencies as a function of (b) magnetic field applied perpendicu-
lar to the plane of free layer and (c) bias current under constant zero magnetic
field (T =0 K).

4. Conclusions

This work presents a hybrid STT-MTJ/CMOS model
framework based on MATLAB/Simulink, which is mainly
composed of a physics-based STT-MTJ model, a controlled
resistor, and a current sensor. The physics model developed
under the single domain approximation is benchmarked with
experimental results. Based on the proposed hybrid STT-
MTIJ/CMOS model framework, the PCSA circuit consisting
of two STT-MT]J devices and the coupling of two STNOs are
simulated. The simulation results are consistent with the pub-
lished results. It is pointed out that the model is applicable
to both IMA device and PMA STT-MTJ device by presetting
the direction of fixed layer and uniaxial anisotropy parame-
ter. Our proposed model paves the way for the hybrid STT-
MTIJ/CMOS simulation of device, circuit, and system archi-
tecture, including not only the design of spin-based logic and
memory devices, but also the development of the neuromor-
phic devices and oscillation-based computing framework.
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