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Abstract—We fully couple magnetization, charge, spin, and
temperature dynamics to study the switching of the combined
spin-orbit torque (SOT) - spin-transfer torque (STT) magne-
toresistive random access memory (MRAM). To account for the
increased temperature, the material parameters are scaled. In
comparison to the constant temperature model, our full model
shows an incubation period due to the rising temperature, in
agreement with experimental data. Furthermore, we demonstrate
field-free switching of the SOT-STT MRAM cell and show that
the incubation time can be minimized, when sufficiently high
voltages are applied.
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I. INTRODUCTION

SOT-MRAM has recently gained a lot of attention for its
superior switching speeds compared to the widely used STT-
MRAM [1], [2]. Another advantage of the SOT-MRAM is
related to the three-terminal design separating the read and
write currents, which results in much lower voltages across the
MgO layer in the magnetic tunnel junction (MTJ), therefore
preventing the occurrence of dielectric breakdown [3], [4].
During the switching process, however, strong currents flow
through the heavy metal underneath the MTJ, heating up the
structure, and affecting the switching behavior [1]. To fully
understand the switching dynamics of the SOT-MRAM, a
rigorous multi-physics model must be utilized. We present
a model coupling charge, magnetization, spin, and tempera-
ture dynamics in order to study self-heating effects on the
combined SOT-STT field-free switching [5], [6], [7] of a
perpendicular MRAM cell.

II. METHODS

In our model, the magnetization dynamics is governed by the
Landau-Lifschitz-Gilbert equation, augmented by the addition
of spin torques Tg.
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m stands for the normalized magnetization, ¢ for time, -,
po and « are the gyromagnetic ratio, vacuum permeability,
and the phenomenological Gilbert damping, respectively, and
Mg is the saturation magnetization. The effective field Heg
includes the anisotropy field H, ;.. the exchange field Hexch,

and the demagnetization field Hgemag. As we consider the
field-free switching, no external field is included. We assume
a uniaxial magnetic anisotropy field of the free layer (FL)
along the z-axis normal to the FL plane.
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K, is the anisotropy energy density and z is the unit vector in

z-direction. The exchange field is proportional to the Laplacian
of the normalized magnetization.

(z-m)z (2)

Haniso =

Hexch = 7V2m, (3)

Aexen is the exchange stiffness. Hgemag is solved by the hybrid
finite element-boundary element method [8]. To account for
the temperature 7', we scale the saturation magnetization Mg,
the anisotropy energy density K,, and the exchange stiffness
Aex [11, [9].
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Mg, Ko, and Ay are the corresponding quantities extrap-
olated to 0K, T¢ is the Curie temperature. b, p, and g are
the scaling parameters. We model the temperature with the
continuous heat flow equation.
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¢y, Pm» and k stand for the heat capacity, the material density
and the heat conductivity, respectively. We consider resistive
heating gy = JZ /o due to the charge current density J¢ in
the material with the electric conductivity o.
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The spin torques are evaluated from the spin accumulation
S obtained from solving the coupled spin and charge drift-
diffusion equations [10], [11].
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D, is the diffusion coefficient, while Asr, Ay, and A, are
the spin-flip, exchange, and dephasing lengths, respectively.
up is the Bohr magneton, e is the elementary charge, /3, is
the charge polarization, Sp is the diffusion polarization, and
Osua is the spin Hall angle. ® denotes the outer product,
()T denotes the matrix transpose, and ¢ is the Levi-Civita
tensor. Equation (8) is solved for a steady state, since the spin
dynamics is considered to be three orders of magnitude faster
than magnetization dynamics.

The charge current density J¢ is obtained from solving the
Laplace equation for the potential V.
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(10)
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Inside the MTJ the conductivity varies with the relative angle
of the FL. and RL magnetizations [11].

At external boundaries we impose zero flux boundary con-
ditions Jgn = 0 and J¢ - n = 0, where n is the interface
normal. At the contacts the potential is fixed with Dirichlet
conditions for the applied voltage, while the spin-current and
accumulations are assumed to be zero [10]. The spin and
charge currents are kept continuous across internal boundaries,
except for the spin current across the MTJ and HM/FM
interfaces. The spin-currents across the MTJ are the same
as in [12]. At the HM/FM interfaces, only the longitudinal
spin-currents are kept continuous, while the transverse spin-
currents J§ are described by magnetoelectronic circuit theory
[13], where it is assumed to be fully absorbed at the FM side
of the interface.

En = Q'MTB [Re{G™}m x (m x Vg)
+Im{G™"}m x Vg] (12)

G™ is the complex spin-mixing conductivity, and Vg =
(e/up)(D./c)S 1s the spin chemical potential on the HM
side of the interface. The absorption is enforced across the
first layer of elements on the FM side of the interface.

The spin torques at the HM/FM interface are given by

Ts = 22 [Re{G™Im x (m x Vs)
dhe

+Im{GM™}m x Vg], (13)

where d), is the thickness of the interface layer. The spin
torques from any other transverse spin currents are given by:
m x S m x (m x S)

_De e
A X

(14)

The equations are solved in three-dimensional space with
the finite element method, using an extended version of our
open-source solver [14].
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Fig. 1. The simulated structure. The separated STT and SOT current paths,
and different parts of the structure are indicated.

With the described model, we simulate a realistic SOT-
MRAM cell, shown in Fig. 1. A MTJ with 40 nm diameter,
consisting of a 1.2 nm thick FL (red), a 1 nm thick MgO layer
(blue), and a 1 nm thick reference layer (RL, green), is placed
on top of a 3.7x50x 220 nm? heavy metal 3-W sheet (yellow).
The left side of the HM is connected to a SOT current line
and the other end is contacted through a 50 nm thick via to
the substrate (orange), representing an underlaying transistor
and a silicon buffer. The diameter of the via is also 40 nm. On
top of the MTJ, another 50 nm thick contact is placed and is
connected to a STT current line (gray). The whole structure
is encapsulated into SiO9 (white, semi-transparent). We apply
Dirichlet boundary conditions (constant 300 K) on the bottom
of the substrate and at the ends of the current lines, and we
make sure that the boundaries are far enough away in order
not to significantly affect the temperature development in our
simulation window. We list the most relevant parameters in
Tab. I and Tab. II. The values are mostly taken from [15]. We
note that fgpya=-0.3 [16].

III. RESULTS

The field-free switching of the SOT-STT-MRAM is performed
in two steps: i) Both the SOT current Igor in the HM and the
STT current Igpr through the MTJ are present. ii) The Isor
is turned off and Igpr finishes the switching.

Firstly, we study the impacts of the Igor only. Fig. 2
shows a temperature profile of the simulated MRAM cell.
The temperature increase is the highest around the MTJ due
to heat conduction to the contacts. We remark that the heat
transfer through the MgO layer is minimal due to its low
thermal conductivity. In Fig. 3, a comparison between the
magnetization dynamics for our full model (lower panel) and
a constant-temperature model (300 K, upper panel) is shown.
The constant temperature model has a sharp transition between
the SOT voltages needed to flip the FL. magnetization into
the plane and those which fail. On the other hand, the full
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TABLE I

MAGNETIZATION- AND CHARGE- AND SPIN-RELEVANT PARAMETERS.

Parameter

Value

MT]J Parameters

Tunnel magnetoresistance

Gyromagnetic ratio, ~y

Saturation magnetization (300K), Mg
Exchange stiffness (300K), Acgzcn
Anisotropy energy density (300K), K,
Spin-exchange length, A,
Spin-dephasing length, A ;

Diffusion coefficient, D,

Curie temperature, T

Scaling parameters, b, p, and ¢

Spin mixing conductivity, GT+

ratio (TMR) 200 %
Resistance parallel 1.4-10%*Q
Resistance anti-parallel 4.2-10%Q
Current spin polarization, S 0.7
Diffusion spin polarization, Sp 1.0
FeCoB Parameters
Gilbert damping, o 0.02

1.76 - 10~ rad - s~ 1T
0.81-105 Am—1
2.10~ 11 Jm—1t

0.539 - 106 Jm—3

0.4nm

0.8 nm

1-1073m?2s~1

750K [17]

1.7, 3, and 1.7 [1], [17]
2+ 0.7i

TABLE II
TEMPERATURE- AND SPIN- RELEVANT PARAMETERS.

Mat. | / Par. — o Pm cy K Asf
[Qm] kem™®] | [Jkg'K7Y | Wm'K™!] | [nm]
FeCoB 4.10° 8800 612 36 10
MgO - 3580 877 0.4 18] -
B-W 0.6-10° 19300 174 134 24
Contacts 7-10° 8800 420 122 14
SiO9 0 2200 730 1.4 -
Substrate 1-10° 2330 710 150 -

model shows that much lower voltages are able to set the mag-
netization to m,=0. Moreover, an incubation time is clearly
visible, in agreement with experimental data [1]. In Fig. 4 (top
panel), an average FL temperature for different SOT voltages is
displayed. A sharp initial temperature increase is followed by
a slower increase due to the heating of the surrounding oxide,
substrate, and contacts. Due to the increased temperature,
Mg, Aexo, and Ko are reduced (lower panels), with K,
contributing the most to the change of the magnetization
dynamics because of the reduced energy barrier.

Secondly, we investigate the full field-free switching. Fig. 5
shows switching for different SOT voltages, while the STT
voltage is kept at 1 V. The SOT voltage is turned off after
2ns. The lower voltages show an incubation phase. For the
higher voltages, the incubation phase is strongly reduced. This
relatively wide time span allows for further energy and reli-
ability optimization, and cannot be captured by the constant-
temperature model. In Fig. 4, the non-trivial FL temperature
behavior and parameter change for a SOT voltage of 0.3V
are shown, which fully embraces the necessity for a full
temperature model inclusion.

Lastly, in Fig. 6, simulations with changing STT voltage are
shown, while the SOT voltage is kept at 0.4V. For the lower
STT voltages, an initial oscillation and a longer switching

Fig. 2. Temperature of the simulated SOT-STT MRAM cell at 1ns. The
temperature is significantly increased near the MTJ.
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Fig. 3. FL magnetization out-of-plane to in-plane flip due to the SOT. When
only a constant temperature (no thermal model included, upper plot), much
higher SOT voltages are needed to bring the FL magnetization in-plane, in
comparison to the full temperature model (lower plot). An incubation time
similar to the one given in [1] is observed for the full temperature model.

completion phase are observed, while on the contrary, it
is diminished for the higher voltages due to the increased
STTs and the increased temperature. The switching at 0V
STT and SOT voltages is only possible due to H,;s, and
Hgemag Which make the magnetization relax towards the
parallel orientation. We note that this switching completion
is only possible for anti-parallel (AP) to parallel (P) magnetic
orientation, while for P to AP a finite STT voltage is needed.

IV. CONCLUSION

We have fully coupled charge, spin, magnetization, and tem-
perature dynamics to study combined SOT-STT-MRAM field-
free switching. For lower voltages, our full model shows
an incubation phase in the SOT-STT switching due to the
increasing temperature and corresponding parameter change,
in agreement with experimental data. The voltages required
for the initialization of the switching (and hence the cur-
rent densities) are significantly lower than for the constant-
temperature model. The complex temperature development
during the switching further underlines the necessity for the
full temperature model in MRAM modeling.
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Fig. 4. Average FL temperature and parameter scaling for different SOT and
STT voltages. The solid lines show simulations with only SOT voltage applied
(see Fig. 3). The dashed gray lines correspond to full switching simulations
with the SOT voltage applied only during the first two nanoseconds (see
Fig. 5). Due to the raised temperature, the saturation magnetization, anisotropy
energy density, and exchange stiffness are reduced.
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Fig. 5. Field-free STT-SOT switching for different SOT voltages. The SOT
voltage is turned off after 2ns to enable the switching to finish. The STT
voltage is kept at constant 1.0 V. The lower voltages show longer incubation
times. For the higher voltages, the incubation time is strongly reduced.
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