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We present a flexible and efficient approach to modeling the magnetization dynamics in modern SOT-MRAM
cells, by coupling charge, spin, and magnetization dynamics in a three-dimensional framework. We expand on
existing literature, to obtain spin current boundary conditions for modeling the Rashba-Edelstein effect. We
compute the spin-orbit torques originating from both, the spin Hall and Rashba-Edelstein effect, and show that
our model can reproduce experimental results for the thickness dependence of the spin torques in an Ir/CoFeB

bilayer structure. Furthermore, we verify our approach by simulating magnetization reversal in field-free SOT-
MRAM cells, and show that with the inclusion of the interfacial Dzyaloshinskii-Moriya interaction, we obtain
domain wall motion similar to previously reported experimental results.

1. Introduction

Spin-orbit torque magnetoresistive random access memory (SOT-
MRAM) devices offer an attractive alternative to traditional memory
technology due to their non-volatility, low power consumption, high
switching speed, and long endurance. SOT-MRAM possesses a nearly
unlimited endurance compared to the well established spin-transfer
torque (STT) MRAM, due to the separation of the read and write
paths. In addition, it offers a roughly one order of magnitude faster
writing speeds, achieved by taking advantage of the spin—orbit coupling
(SOQ). As it is a three-terminal device, the large footprint limits the
applications to cache memories, where its sub-ns writing speeds and
long endurance make it a good potential non-volatile replacement for
current SRAM devices [1-3].

The basic SOT-MRAM cell consists of a magnetic tunnel junction
(MTJ), a three layer structure where two ferromagnetic (FM) layers
are separated by a tunneling barrier (TB), placed on a heavy metal
(HM) line as illustrated in Fig. 1. The upper and lower FM layers are
called the reference layer (RL) and the free layer (FL), respectively, as
the magnetization is fixed in the RL and can be changed in the FL.
The logical state of the cell is encoded in the relative orientation of
the magnetization of the two layers, which can be either parallel or
anti-parallel. Due to the tunnel magnetoresistance (TMR), the resistance
across the MTJ can be significantly higher, when the MTJ is in the
anti-parallel state compared to the parallel state, enabling easy reading
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of the state. The state of the cell is written electrically by applying
a current across the HM layer. The current passing through the HM
becomes spin-polarized through the spin Hall effect (SHE) [4]. The
resulting spin currents are perpendicular to the current direction and
are injected into the adjacent FL, where the spins quickly align with
the magnetization direction. Due to the conservation of angular mo-
mentum, the magnetization experiences a torque corresponding to the
absorbed transverse spin current, allowing for efficient manipulation
of the magnetization. Another source of spin torques is the HM/FM
interface, where the Rashba spin-orbit coupling (SOC) lifts the spin
degeneracy of the band structure, locking the spin to the in-plane
momentum. When an in-plane electric field is applied, the occupancy is
shifted and a non-equilibrium spin accumulation is generated through
the Rashba-Edelstein effect (REE) [5].

The symmetry of the SOTs originating from the SHE and the REE in-
troduces challenges for designing SOT-MRAM cells with perpendicular
magnetization orientation, which are required to achieve appropriate
densities for memory applications. As both effects generate SOTs which
act to bring the magnetization in-plane, out-of-plane switching of the
FL requires additional assistance. This has been typically achieved with
an external magnetic field along the current direction, however, as
this limits scaling and complicates the circuit architecture, so-called
field-free approaches have been favored instead. Several field-free so-
lutions have been proposed and demonstrated, some requiring built-in
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Fig. 1. An illustration of a typical SOT-MTJ. The RL, TB, FL, and HM are shown in
red, gray, blue, and yellow, respectively. The blue arrow shows the direction of the
read current, and the red arrow shows the direction of the write current.

magnetic fields [6], additional symmetry-breaking layers [7], or the
combination of SOT with STT [8].

To overcome the engineering challenges and to accelerate the de-
velopment and adoption of SOT-MRAM devices, there is a demand
for software capable of fast and accurate exploration of their design
space. We present results from a finite element micromagnetic simula-
tor, developed with the goal to simulate FL. magnetization reversal in
realistic multi-layer, multi-terminal SOT- and STT-MRAM devices. The
spin torques acting on the FL are calculated by solving coupled spin and
charge drift-diffusion equations with appropriate boundary conditions.
The HM/FL interface receives special attention to accurately model spin
torques originating from both the SHE and the REE.

This work goes beyond similar approaches by including all the rele-
vant physical effects, such as the SHE, REE, and interfacial Dzyaloshin-
skii-Moriya interaction (iDMI), in one unified model connecting spin,
charge, and magnetization dynamics. The equations are solved using
the finite element method (FEM), allowing for proper flexibility in mesh
geometries. We can compute the redistribution of the currents and
spin accumulation in realistic multi-layer structures in order to obtain
the spin torque acting on the local magnetization in the FM layers.
With unique boundary conditions for the tunneling spin current and
interfacial SOC we can model the local effects of MTJs during switching
and reproduce experimental measurements for the SOTs, respectively.

In the next section we combine and build on the semi-classical ap-
proaches presented in [9,10] to obtain proper models for the transverse
spin current and torque contributions generated through the interfacial
Rashba SOC. The expressions for interfacial spin and charge current
from [10] are generalized for any direction of the magnetization, and
analytical formulae for the interface scattering matrices are derived.
The resulting expressions come in the form of boundary conditions for
the drift-diffusion equations for spin. In Section 3 we present the drift-
diffusion model to compute the spin accumulation and spin torques
in SOT-MRAM. In Section 4, we present the micromagnetic model
employed to model the magnetization dynamics of the FL. In Section 5
we briefly explain the numerical implementation and combination
of the drift-diffusion and micromagnetic equations. In Section 6 we
reproduce the experimental thickness dependence of the torques in a
HM/FM bilayer structure using our model. In Section 7 we present the
magnitude and symmetry of the SOTs obtained with our approach. Fi-
nally, we prove the flexibility of our approach by presenting simulation
results for anti-parallel to parallel (APP) and parallel to anti-parallel
(PAP) switching of the FL for two different field-free SOT-MRAM cells,
in Sections 8 and 9.

2. Spin transport at interfaces with SOC

We consider a HM/FM interface in the x—y plane at z = 0, with
the HM below (z = 07) and FM above (z = 0%) the interface. The
scattering system is depicted in Fig. 2. We treat the interface as a
spin-dependent delta function potential and assume specular plane-
wave scattering of the electrons from the interface. For simplicity we
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Fig. 2. A schematic of the considered interface scattering system. An interface at z =0
separates a HM layer at z = 0~ from a FM layer at z = 0*. Localized at the interface
is a spin-dependent potential with an effective field u.y. The local basis is aligned
with the interface normal, while the spin basis is aligned with the effective field at the
interface.

assume a weak exchange splitting in the bulk of the FM compared to
the interface, and we describe the bulk on either side of the interface
as a spin-independent free electron gas with a spherical Fermi surface
in equilibrium. With these assumptions there is no explicit difference
between the HM and FM side of the interface.
The plane-wave solution 2 x 2 Hamiltonian describing the system
is then given by [10]:
h2k2 hlkp

H(I‘,k)= Wfba"‘ m

8(2) (g Iy + 0 - Uggp (K)) @

6 = (0,.0,,0,) is a vector of the Pauli matrices, u, is the dimen-
sionless magnitude of the spin-independent part of the potential, and
ug is a dimensionless effective magnetic field at the interface. 7 is the
reduced planck’s constant, m is the electron mass, and k is the wave
number of the incident plane waves. I,,, is the 2 x 2 identity matrix.
The factor A2k 6(z)/m converts the dimensionless potentials u, and g
into units of energy, where k. is the Fermi wave number.

We describe the effective field as a combination of an exchange
interaction and a Rashba SOC at the interface:

Uepp(K) = UM + ug2 X L3 (2)
kp

The dimensionless parameters u,, and up are the magnitudes of the

exchange and Rashba spin—orbit interactions, respectively, and m is the

magnetization direction at the interface. Other forms of interfacial SOC

such as a Dresselhaus type spin—orbit interaction can also be included

in uge [11].

We set the quantization axis along the effective field and consider a
plane wave spinor incident on the interface. The reflected and trans-
mitted spinors can then be related to the incident one through the
scattering matrices

_(n 0
r_<0 Q) ®

_(n 0
=5 1) @

for reflection and transmission, respectively. Using the boundary condi-
tions for the continuity of the wave function and the probability current
at z = 0, the following scattering amplitudes are obtained [12,13]:

/1

= )
ik [kp—uy,
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ik, /kp

thy=—2F 6
ik Jkp —uy ), ©®

uyyy = ugtugep, and k., is the out-of-plane component of the wave vector.

In order to obtain semi-classical boundary conditions for either
the drift-diffusion or Boltzmann equations, matrices describing the
scattering of an ensemble of spins with polarization s and charge ¢ are
required. Following the derivation in [9] one arrives at

ﬁaﬂ = %Tr [r%araﬂ] 7
and
ilﬁ = %Tr [t';"aataﬂ] s (8)

where @, f € {s,c}, (-)" denotes the conjugate transpose, and Tr denotes
the trace operator. o, are the Pauli matrices for s € {x’,)’,z’}, which
denotes the spin polarization along the Cartesian axes in a spin basis
with ' = uyy. o, is the 2 x 2 identity matrix, where ¢ denotes charge.
The bar above the matrices denotes that the spin polarization is defined
according to the spin basis.

R and T constitute 4 x 4 scattering matrices describing the prob-
ability of an incident ensemble of spins with polarization g, reflecting
and transmitting into polarization a, respectively. The matrices can be
used to obtain boundary conditions for the non-equilibrium distribution
function in the Boltzmann equation [10]. The resulting matrices from
computing the traces with the scattering amplitudes in Egs. (5), (6) are
given in detail in Appendix A.

We consider a non-equilibrium Boltzmann distribution function for
spin and charge g(ﬁ (0*,k¥), incident from above and below the surface
with the wave vector k* = (k,, k,, +k,). With the scattering matrices,
we can describe the total density functions on either side of the inter-
face in terms of the incident ones. Multiplying these density functions
with the velocity along z and integrating over the Fermi surface we ob-
tain boundary conditions for the spin and charge currents on either side
of the interface, which can be applied to the drift-diffusion equations.
In units of charge current density (A/m?), the out-of-plane spin-charge
four-vector currents above and below the interface are given by [10]:

Fe / dkﬁ
hQ2x)® Jrsein  kr

X [(Ipa = R(0) &' (0%, k) = T () &' (0%, )| ©

Jo(0%) =

e is the elementary charge, I,,, is the 4 x 4 identity matrix, and the
integration is performed over the incident part of the Fermi surface.
Here and from now on the tilde symbol above a quantity denotes a
four-dimensional vector. As the matrices were derived in a spin frame
with 2/ = u¢, an orthogonal transformation is necessary in order to
describe the spin currents in the local frame with z along the interface
normal. The orthogonal transformation

S(k) = O (k) S (k)O(k) (10

is performed on all scattering matrices to convert them from the spin
basis to the local basis, where O(k) is the coordinate transformation
matrix and OT(k) is its transpose. The form of O(k) is presented in
Appendix B.

We consider in-plane spin/charge currents driving out-of-plane
spin/charge current through the SOC. The interfacial SOC can also
generate in-plane spin and charge currents, however, these are as-
sumed to weakly affect the torques and are left for future work to
consider. Out-of-plane currents driven by spin/charge chemical po-
tentials V, at z = 0% can also be captured with (9) by considering
go’: (0%,k) ~ eV, (0%) [14]. Then, the integration can be performed over
the scattering matrices only, resulting in interface conductance tensors
for spin and charge, where the transverse directions contain computed
spin-mixing conductances. We instead choose to capture the potential-
driven transport through magnetoelectronic circuit theory [15], where
the dependence on the magnetization direction is simple and the
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interface conductances can be extracted from experiments or com-
puted from first-principles. We present the boundary conditions for
potential-driven interface transport in the next section.

For the case of in-plane spin/charge currents generating out-of-
plane current, we approximate the incoming spin/charge density func-
tions below and above the interface as [10]

k
gl 0%, k) = eéUFfiPaiEip, an

where without loss of generality an in-plane current along the x-
direction has been assumed. v is the Fermi velocity, * are momentum
relaxation times in the HM/FM, P¥ are dimensionless polarizations,
and Ej, is the in-plane electric field. We describe the polarization above
and below the interface as follows [9]

(6110 - ﬂcaasms)’ z=0*
) z=0",

P =

a

12)
ac?
where g, = (an —ot™My/ (UfM + ofM) is the current spin-polarization in-
side the FM, with aTF i being the bulk conductivity of majority/minority
carriers. We can then write the currents at the interface in terms of
conductivity tensors as

iz(o_) = 5-Eip

J.0" =7™E,,

13

where

2 k. k
§=— / dk ==
hQ2r)3 Jrsen K3

X [(Ijyg — RK)) 7P~ =T (k) ¥ P*]. 14
is the conductivity tensor, and

~FM - €2 / dk kzkx
1(27)3 Jrsein k?,

X [T (k)77 P~ = (Iyy — R(K)) 7 PH]. (€RS))

is the bulk torkivity tensor. In Eq. (13) j ,(07) = j ,(0"), ensuring the
continuity of the charge current. However, the spin components of the
currents are discontinuous across the interface, as a result of the spin-
flip scattering from the interface potential. The spin-flip scattering at
the interface can be interpreted as a precession of the phase-coherent
spin density around the effective field u,; in a zero-thickness region
at the interface. The precession around the exchange interaction part
of the field (u.,,m) describes a transfer of spin angular momentum to
the local magnetization, resulting in an interfacial spin torque. The
precession around the SOC part of the field (uzz x k), called spin—
orbit precession, describes a parasitic loss of spin angular momentum
to the lattice [9,10]. In the limit of zero interfacial SOC (ug — 0), this
interfacial torque and the tensors given by (14) and (15) vanish.

The spin torque arising from interfacial SOC can be separated into
two contributions, one acting on the magnetization at the interface
through the interfacial exchange interaction, and the other one acting
on the magnetization in the bulk. In the FM the transverse spins
become aligned with the magnetization through a precession and de-
phasing process, and the magnetization experiences a torque due to
the conservation of angular momentum. Assuming this process happens
over a short distance from the interface, we can describe the latter
contribution entirely with the transverse spin current on the FM side
of the interface stz (0*) [9,12]. The other contribution comes from the
phase-coherent spin density at z = 0 interacting with the interface mag-
netization through the exchange coupling. The spin torque originating
from the interfacial SOC acting on the magnetization at the interface is
described by [9]:

J
Ty = %so xmé(0) = yy *# E;,5(0) (16)

sy is the phase-coherent spin density at z = 0 and J,, is the exchange

energy at the interface. y§® is an interfacial torkivity tensor describing
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the torque from the interfacial exchange interaction. The subscript s
denotes the spin part of the four-dimensional vectors. The interfacial
torkivity tensor is given by [9]:

mag _ uexe2 ﬁ - 5- + P+ )
758 =mx <—h(2”)3 /FSEindkkFT(k) [t P~ + 7" PY] S 17)

Until now, we have assumed the interface normal n to be along
and the in-plane electric field E;, to be along %. In order to generalize
the expressions for the conductivity and torkivity tensors for any n
and E;,, additional orthogonal transformations are required between
the laboratory frame and the frame aligned with the interface normal
and the in-plane electric field. The details of this transformation are
presented in Appendix C.

3. Coupled spin & charge model

The charge current density J. in multi-layered structures consisting
of non-magnetic (NM), FM and HM layers can be expressed as [16,17]:

Je=0E+p,D, (VS m+ 8¢z D,V xS, (18)
KB KB

The first term is Ohm’s law, the second is the giant-magneto-resistance
contribution in FM layers, and the third is the inverse SHE contribution
in HM layers. o, fp, D,, and 6gy;, are the conductivity, diffusion polar-
ization, diffusion constant, and spin Hall angle, respectively. (VS);; =
dS;/0x; is the vector gradient of the spin accumulation S. The spin cur-
rent tensor (Jg),;, describing flow of spin polarization i along direction
Jj, is given by [16,17]:

Jg= —’%*ﬂam@»(aE)— DeVS—HSHAM?Be(aE) 19)

The first term describes the contribution from magnetization polarized
currents in FM layers, the second term describes the diffusion of spins,
and the last describes the SHE contribution in HM layers. ¢, is the
Levi-Civita tensor.

We rewrite the spin current as a function of the charge current
yielding

Jg= —”?Bﬂamg) (Jc - iﬁDDe (VS)Tm>
—D,VS — Oy LB el (20)
e

where we have omitted terms containing GgH Al
The spin accumulation S is obtained from solving the steady-state
continuity equation [12,18]

P S Sxm mx(Sxm)) @1

—=0=—VJS—De<—+
2 2 2
ot /15/, j'J /llﬂ

together with the spin current Eq. (20). 4,7, 4, and 4, are the spin-
flip, exchange, and dephasing lengths, respectively. As we are primarily
interested in the magnetization dynamics, which happen at timescales
three orders of magnitude slower compared to spin dynamics (typically
~ ns for the former and ~ ps for the latter [19]), we can assume that the
spin accumulation immediately relaxes to the change in magnetization.
This assumption was confirmed by [20] to be a valid approximation for
similar systems.

The charge current density is obtained by solving the Laplace equa-
tion

V-(cVV)=0 (22)
for the electrical potential V' together with the relation
Jo=-0VV. (23)

We model the TB as a poor conductor whose conductivity depends on
the relative orientation of the FL and RL magnetization [21]:

orp = 06¢ (1 + Pg Prymgy, - mgy,) 24)
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6 = (osp + op)/2 is the average over the conductivities in the parallel
and anti-parallel configuration. mg; g is the FL/RL magnetization. Py,
and Py, are Slonczewski polarization parameters related to the TMR
through Julliere’s formula [22]:

RAP — RP _ 2PFLPRL

TMR = =
Rp 1= Po Prp

(25)

R,p and R are the resistivities of the anti-parallel and parallel states,
respectively.

At the external boundaries not containing an electrode we used
the natural assumption of zero flux, i.e. Jc -m = 0,Jgn = 0. At
boundaries containing an electrode, constant electrical potentials are
applied as Dirichlet boundary conditions for the charge current. The
spin accumulation gradients normal to the electrodes are assumed to
be zero, i.e. (VS)n = 0, resulting in the following Neumann condition
for the spin current [23]:

Jgn|g = —M?Bﬁam (Jc-m) - GSHAM?B (nxJc) (26)

The NM contacts are kept long to ensure that the spin accumulation
normal to the electrode has sufficiently decayed to zero, sustaining the
validity of the no-flux condition.

The tunneling spin current is described by [21,24,25]:

Hp Jc-n

Jon|pp = LB
ST e 1+ Pgp Pepmgy, - Mgy,

X ameRLmRL + ameFLmFL

+ % (PrPg, — Pe Pl ) mpy, X myy, @7
a,, describes the effect of the interface spin-mixing conductance on
the transmitted in-plane spin current, and P;’L JRL is an out-of-plane
polarization parameter for the FL/RL.

At NM/FM interfaces we describe the charge and spin currents using
magnetoelectronic circuit theory [12,15]:

Jo-n=(G'+G") 4V - (G' - G') 4Vg-m (28)
Jgn = 2 [2Re [G"] mx (m x 4Vg)
+2Im [GY] mx AVg — (G + G*) AVg (29)

+(G"-G") 4Vm |

G} are the interface conductances for the majority/minority spins,
while G is the complex spin-mixing conductance. The interface con-
ductances relate the interface currents to the chemical potential drops
across the interface AV and AVg, where the spin chemical potential
Vg = i%s. The magnetoelectronic circuit theory assumes that the
transverse spin current is fully absorbed close to the interface at the FM
side [15]; without this assumption (29) needs several modifications in
order to get a more general circuit theory. Therefore, we enforce the
full absorption of transverse spin currents by keeping 4, short. At either
side of the HM/FM interfaces we include the spin current contribution
from the REE which was derived in the previous section:

M

JRnlgy = ?Ba:Eip (30)
2]

JRnjgy = ?nyEip (3D

E;, is the magnitude of the in-plane electric field, which we relate to
the charge current as follows:

_ e = e -n)n

o

ip (32)
The factor ug/e converts the spin current boundary conditions from
Section 2 into units of A/s. The terms containing the mixing-conduct-
ances should be modified by the interfacial SOC [9,14], however, this
modification is considered to be small and to weakly affect the SOTs.
It is therefore not treated in this work.
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4. Micromagnetic model

We model the magnetization dynamics with the Landau-Lifshitz—
Gilbert (LLG) equation for the time evolution of the normalized mag-
netization m = M/ Mg [26,27]:

1

om
=- X Hep + am X — + —T. 33
¥ Hom off +am or Tt S (33)

om
o
The first term describes the precession of the magnetization around
an effective field Hy, the second term describes the damping of the
magnetization towards this field, and the third term describes a spin
torque Ty acting on the magnetization. y is the gyromagnetic ratio, y,
is the vacuum permeability, « is the Gilbert damping constant, and Mg
is the saturation magnetization.

By considering the conservation of total spin angular momentum,
the spin torque acting on the magnetization obtained from (21) is

D, D,
Tg=-—mxS - —mx(mxS) (34)
2 A

for a steady state. The spin torques from interfacial SOC are included
in the first layer of elements on the FM side of the HM/FM interfaces
and are given by:

. Hp ;
Ty = S, (35)

d,, is the thickness of the elements.
We consider the following contributions to the effective field:

Hepr = Heyen + Hg + Hypiso + Hipvn (36)

H,.p is the exchange field, Hy is the demagnetizing field, H,;, is the
anisotropy field, and Hpy,y is the iDMI field. The exchange field models
the exchange interaction between the magnetic moments which favors
a parallel orientation and is given by [28]:

24, s
=—2V 37
exch Ho MS m ( )
A, is the exchange stiffness coefficient. The demagnetizing field is
described by the magnetic potential u through the relation [23]:

Hy =-Vu (38)
u is obtained by solving the Poisson equation
~Vu=-MgV-m (39)

together with the Neumann condition [(Vu) - n] = —Mg¢m - n on the
boundaries of the magnetic regions and the constraint of a O(1/|r|)
decay of u to zero outside the magnetic regions. [-] denotes the dis-
continuity across the boundary. The Anisotropy field describes the
contribution from interface anisotropy and is given by [28]:

2K,

Hapiso = MOJ\;‘; (m - ey)ey (40)

K, is the anisotropy coefficient. If K, ; > 0 then e, is the easy-axis, if
K,,; <0 then e, is normal to the easy-plane. The iDMI field models the
anti-symmetric exchange interaction in thin FM layers due the strong

SOC in adjacent HM layers. It is given by [23,29]:

2Dy
H, =-_a (v x X 41

iDMI oM (Vxep)xm (41)
The boundary condition is (Vm)n = —% (ep xn) x m, where Dy

is the Dzyaloshinskii-Moriya exchange constant and ep is the vector
orthogonal to the FM layer plane. In contrast to the exchange interac-
tion, the iDMI introduces a favoring of a perpendicular magnetization
orientation, which plays an important role for the stabilization of
domain walls of the Néel order.
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5. Method

We discretize time and compute the partial differential equations
(PDEs) using the FEM on a mesh of the problem geometry, with
an initial magnetization configuration m® at + = 0. First, we solve
the Laplace equation for the electric potential V' and current J, the
resulting current is then used to solve the continuity equation for the
spin accumulation S. From the spin accumulation we obtain the spin
torques T, entering the LLG. Then, the Possion equation is solved for
the magnetic potential, using a hybrid method combining FEM with the
boundary element method [30], in order to obtain the demagnetizing
field. We solve the LLG for the time derivative of the magnetization
v = om/ot on a sub-mesh containing only the magnetic layers. The
time derivative is used to compute the magnetization at the next time
iteration k + 1.

K+l _ mF 4 vkot

mt s ————
[lm* + vk6t||

(42)

6t is the time step. This process then repeats for as many iterations
as necessary. For the details of the FEM implementation we refer
the reader to [31]. The results were obtained using the open source
software ViennaSpinMag [32], extended to include the SHE, REE, and
iDMIL.

6. Thickness dependence of SOTs

To validate our approach for computing SOTs we compare our
results with an analytical derivation which is often employed to model
SOTs [12], and the experimental SOT measurements for a Ir/CoFeB
bilayer structure reported in [33]. We solve the drift-diffusion equa-
tions for the spin accumulation on a mesh of the bilayer structure, with
a constant charge current of 5 x 10'2A/m? along x and the interface
normal along z, and compute the average torque acting on the FM. In
order to directly compare our results with the experimental data we
convert the computed torques into effective spin torque conductivities,
defined as [33]:
of = %ﬂOMStFM% “3)
oSt = 2e HoM gt Hn

FL n 0" StFM E

Hp; and Hp are the strengths of the effective fields correspond-
ing to the damping-like and field-like torque, respectively. rgy; is the
thickness of the FM and E is the magnitude of the applied elec-
tric field. With the magnetization along %, the electric field along
%, and the HM/FM interface at z = 0, we have from (33) that
Hpyp = #TpLyp/ (Yo M), where Ty /g is the torque acting in the
damping-like/field-like direction averaged over the FM layer.

Fig. 3 shows the resulting dependence of the spin torque con-
ductivities on the Ir thickness 7, in a Ir(s,)/CoFeB(2.3nm) bilayer
structure together with the experimental data and a fit of the analytical
expressions. We use the material parameters given in [33] for Ir and
the parameters in Table 1 for CoFeB, for the Rashba spin current
computation we use the parameters from [12]. We treat Ogy,, Im[G™],
u,, and up as fitting parameters and we obtain a good fit with the
experimental data using gy, = 0.05, In[G™] = —0.4x10'%, u, = —0.028
and uyp = 0.028. The spin Hall angle of Ir has previously been estimated
to be Hé‘H A = 0.02 [34], however, such measurements also capture
several other contributions originating from the interface and defects,
which are difficult to separate from the measurement, therefore it is
reasonable to assume that the intrinsic spin Hall angle can vary from
the measured one.

Panel (a) shows the damping-like spin torque conductivity. The
damping-like component increases with the HM thickness until reach-
ing a saturation point which depends on the spin diffusion length. This
is a well known result from the literature [9,12]. In this case both
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Fig. 3. The dependence of the damping-like (a) and field-like (b) spin torque conduc-
tivities on the Ir thickness in a Ir(#;,)/CoFeB(2.3nm) bilayer structure with a current
along x.

the analytical model and our computations reproduce the experimental
data well.

Panel (b) shows the field-like spin torque conductivity. For several
HM/FM systems the field-like component has been known to not vanish
with decreasing HM thickness [33,35-37], which cannot be explained
by only considering the SHE. In this case the simple analytical model
fails to reproduce the experimental data as the damping-like component
vanishes with decreasing thickness. With the inclusion of the REE in our
model we are able to perfectly reproduce this behavior.

7. Magnitude & symmetry of SOTs

We consider a Pt(4 nm)/CoFeB(1.2nm) bilayer structure with a con-
stant charge current density of 5x 10'2 A/m? along x and the interface
normal along z. We express the magnetization in terms of the polar
and azimuthal angles ¢ and ¢, respectively, yielding the following
components m = (cos ¢ sin @, sin ¢ sin @, cos §). As the bilayer structure
we consider is symmetric across the plane spanned by the current and
the interface normal vector we compute the torques for 6 € [0°, 180°]
and ¢ € [0°, 180°] to obtain the angular dependence of the SOTs shown
in Fig. 4. The material parameters used for Pt and CoFeB are presented
in Table 1. The strength of the Rashba SOC is set to uz = 0.16, such
that the resulting SOTs are similar in magnitude to the ones obtained
from the SHE. The other parameters required for the computation of
the REE are again taken from [12]. The computed torques are averaged
over the FM and multiplied by a factor of 1/(y M) in order to obtain
the torques in units of T. We consider the case of vanishing REE or
SHE, and the combination of both effects. For all cases we observe
a vanishing torque, when m, = -1 (center of each panel), which
corresponds to the average spin polarization direction. In addition, the
x- and z-components change sign when the path of the magnetization
passes through m, = —1. This is consistent with the definition of the
damping-like and field-like directions the torque can be decomposed
into, which describe the damping towards and precession around the
spin polarization, respectively. We also observe a 90° rotation of the
sign symmetry of the x and z torque components attributed to each
effect. From Fig. 3 we know that the damping-like and field-like com-
ponents dominate for the SHE and REE torques, respectively. This

Physica B: Condensed Matter 676 (2024) 415612

Spin Torque [mT]
0

-140 -70 70 140
(d)
—
N
g
- up=0,z L 1Ts|
' (h)
=
ol
N
1S
Os1a =0,y IESHA =0,z Osa =0, |Ts|
(k) y
—
N
1S
Full, y y |Full, z Ts|
-1 0 1 0 1 0 1
my [1] my [1] myx [1] my [1]

Fig. 4. The angular dependence of the spin torques in a Pt(4.0nm)/CoFeB(1.2nm)
bilayer structure with a constant charge current density of 5 x 10'2A/m? along x.
m, = cos¢sing and m, = cos6, for the angles § € [0°,180°] and ¢ € [0°,180°]. The
center of each panel corresponds to a magnetization direction along —y. The torques
are averaged over the volume of the FM layer. Panels (a)-(d), (e)-(h) and (i)—(1), show
the SOTs obtained from the SHE, REE and from combining the effects, respectively.
The first, second and third column from the left, show the x-, y- and z-component of
the SOTSs, respectively, while the fourth column shows the magnitude of the torque.
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Fig. 5. A mesh of an out-of-plane SOT-MTJ stack Pt(4.0nm)/CoFeB(1.2nm)
/MgO(1.0nm)/CoFeB(1.0nm). The HM layer has a surface area of 100 x 50nm?, while
the MTJ has a diameter of 20 nm.

explains the sign symmetry as the two torque directions are orthogonal
to each other. When combining both effects, we observe a field-like sign
symmetry, as the field-like torque component dominates for our choice
of parameters.

8. Modeling hybrid SOT-STT-MRAM

We solve the drift-diffusion equations together with the LLG equa-
tion for the time evolution of the FL magnetization on a mesh of a
hybrid SOT-STT-MTJ for 1ns using a time step of 107*ns, the mesh
is depicted in Fig. 5. The mesh contains a perpendicular MTJ, with a
top contact placed on a HM SOT track. The RL magnetization is fixed
along —z. The initial FL magnetization is in an anti-parallel alignment,
i.e. along z. A voltage of 0.15V and 2.0V is applied at the SOT (lower
left) and STT (top) contact, respectively, while the lower right contact
is kept grounded. The SOT voltage is applied for the first 0.4 ns. The
material parameters used are presented in Table 1, which correspond
to Pt, MgO, and CoFeB for the HM, TB, and FM layers, respectively. A
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Fig. 6. The average z-component of the normalized magnetization m as a function of
time computed on the mesh depicted in Fig. 5. The upper and lower panels show APP
and PAP switching, respectively.

strong Rashba SOC (ug = 0.16) is used in order to magnify its influence
on the switching.

Fig. 6 shows the evolution of the z-component of the FL mag-
netization averaged over the FL during APP and PAP switching. We
also consider the cases of vanishing interfacial Rashba SOC and iDMI,
to better understand the role of these effects during the reversal of
the FL magnetization. The magnetization dynamics are similar in all
the considered scenarios, except for the case of vanishing iDMI and
strong Rashba SOC. During the first 0.4 ns the magnetization is quickly
brought in-plane by the SOTs, followed by the slower completion of
the switching with the STTs after the SOT current has been turned off.
The inclusion of REE contributes to bringing the magnetization in-plane
during the SOT phase for APP switching, as the total torque is stronger.
Furthermore, in the case of vanishing iDMI, the Rashba torque switches
the FL completely in the SOT-phase. However, for the PAP switching,
the Rashba torque works against the switching and for vanishing iDMI
the magnetization is not brought in-plane in the SOT-phase. After the
SOT pulse, the contribution from the REE effect vanishes as there are no
longer in-plane currents along the HM/FM interface. The inclusion of
the iDMI shows a large impact on the switching process, as it introduces
a favoring of a canted magnetization configuration. This assists the
magnetization in reaching the in-plane state, overcoming the strong
Rashba torques in PAP switching. However, it also makes reaching a
parallel (anti-parallel) final configuration more difficult, as the iDMI
works against the switching after the in-plane configuration has been
reached.

Fig. 7 shows several time snapshots of the FL magnetization during
APP switching. During the SOT phase a domain wall is nucleated at the
top (y = 40nm) side of the FL, which propagates towards the center,
bringing the average magnetization in-plane. This agrees well with the
observations reported in [38]. During the STT phase the domain wall
begins to precess around the edge of the FL while shrinking, until
the whole FL magnetization has switched. Without the inclusion of
the iDMI, no domain walls are observed, and instead a homogeneous
magnetization reversal occurs across the whole FL.

9. Modeling of SOT-MRAM with built-in in-plane field

We solve the system of equations on the mesh depicted in Fig. 8 for
I ns using a time step of 4 = 10~ ns. The additional FM underneath the
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Fig. 7. Evolution of the z-component of the FL magnetization during the APP switching
process.
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Fig. 8. A mesh of an out-of-plane SOT-MTJ stack Pt(4.0 nm)/CoFeB(1.2 nm)/MgO
(1.0 nm)/CoFeB(1.0 nm), with an additional FM(20.0nm) layer underneath the HM
with a fixed magnetization along —x. The HM layer has a surface area of 100 x 50 nm?,
while the MTJ has a diameter of 20 nm.

HM has a fixed in-plane magnetization along —x and generates a stray
field along x in the FL which breaks the symmetry of the SOTs, similarly
to an external field. In this case no voltage is applied at the top contact,
while a 0.15V bias is applied across the HM/IP-FM bilayer structure.
The material parameters are the same as in the previous section, except
for a x1.5 higher M in the additional in-plane FM layer to generate a
strong enough stray field to complete the switching.

The z-component of the FL magnetization averaged over the FL is
shown in Fig. 9 during APP and PAP switching.

We observe that in all cases the magnetization is reversed. However,
with the inclusion of iDMI and vanishing Rashba SOC, the switching
does not fully complete, and stabilizes at m, ~ 0.5, as the in-
plane favoring is strong enough to prevent full switching from being
achieved. As the spin torque also favors the in-plane configuration,
turning off the current should help the magnetization relax to a fully
switched orientation, otherwise, a stronger stray field might be required
to fully complete the switching.

With the inclusion of the REE the switching is improved, and the
stable intermediate state introduced by the iDMI is overcome and
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Fig. 10. Evolution of the z-component of the FL magnetization during the APP
switching process.

full switching is achieved. As the symmetry of the REE torques in
a bilayer structure should also favor the in-plane configuration, this
suggest that the REE spin currents generated at the HM/IP-FM interface
exert a torque on the FL magnetization which has an unconventional
symmetry.

Fig. 10 shows snapshots of the FL. magnetization during APP switch-
ing.

We observe a domain wall nucleating from the side of the FL at a
—45° angle with the current direction, which propagates across the FL.
As the stray field breaks the symmetry of the SOTs, the domain wall
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Table 1
Material parameters.

Parameter Value

LLG (CoFeB)

Gilbert damping, a 0.02
Saturation magnetization, Mg 0.81 x 105A m™!
Exchange stiffness, 4., 2x 107" m™!

Anisotropy energy density, K,,; 0.545x 107 m™3

DMI energy, Dy ~1.75% 1077 m™2
Drift-Diffusion (CoFeB & Pt & MgO)

Conductivity FM, ¢™ 4% 10°Sm™"
Conductivity NM, ¢"M 7% 109 Sm™!
Diffusion Coefficient FM, D™ 1072 m2s~!

Diffusion Coefficient NM, DYM 1.1 x 1073 m? s7!

Spin-flip length FM, /lfj‘,’[ 10nm
Spin-flip length NM, /llij 1.4nm

Spin exchange length, 4, 0.8nm

Spin dephasing length, 4, 0.4nm
Conductivity polarization, f, 0.52
Diffusion polarization, g, 0.7

Spin Hall angle, Ogy, 0.19

Tunnel magnetoresistance ratio 200 %
Resistance parallel, R, 14x10* Q
Resistance anti-parallel, R,, 42x10* Q
Majority spin conductance, G' 1.0 x 10'5 Sm™2
Minority spin conductance, G* 0.1 x 105 Sm™2
Spin-mixing conductance, Re{G'} 2.0x 105 Sm™2
Spin-mixing conductance, Im{G'} 0.7 x 10" Sm™2

continues to propagate and vanishes in the lower right corner at a 45°
angle from the center, completing the switching. Similar domain wall
propagations were also reported in [38], with the exception that the
domain walls were shown to propagate along a straight line. However,
a different structure was used, and an external field along the current
direction was used instead of a built-in one.

10. Conclusion

We have presented a new approach for modeling of the magnetiza-
tion dynamics in SOT-MRAM cells. We have generalized the expressions
from [10] for an arbitrary magnetization direction and derived an-
alytical expression for the scattering matrices, resulting in boundary
condition that can capture the complex REE effect at HM/FM interfaces.
Through the inclusion of spin-orbital effects into the coupled charge
and spin drift-diffusion equations, we can compute the spin torques
originating from the SHE and REE acting on the magnetic layers of
multi-layer structures. We show that in HM/FM bilayer structures we
can reproduce experimental results for the SOTs. We have shown that
including the torques in the LLG equation, together with important
effective field contributions such as the demagnetizing and iDMI field,
enables the modeling of the complex magnetization reversal of the FL.
We have demonstrated the flexibility of our approach by simulating two
different approaches for field-free SOT-pMTJs. Using relevant material
parameters we are able to reproduce the general behavior of these
devices.
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Appendix A. Scattering matrices

We compute the traces in Egs. (7) and (8) using the scattering
amplitudes for the spin-dependent interface potential in Egs. (5) and
(6), respectively. The resulting Boltzmann scattering matrices have the
following block-diagonal form:

a, b, 0 0
< |-b, a 0 O
- Al
S 0 0 ¢ dJ| A1
0 0 d ¢

v € {r,t} denotes the matrix element for reflection () or transmission
(). The elements in the lower right block are the same for both
matrices. The resulting matrix elements can be written as follows:

a, = cos (;(T ) ) cos (;(T) cos (Il) (A.2a)
b, = sin (){T Xl) cos ()(T) cos ()(l) (A.2b)
a, = cos (x; — z,) sin (i;) sin (1) (A.20)
b, = sin ()(T )(l) sin ()(T) sin ()(l) (A.2d)
+ si Si

o< k) s s ) s 1) oo
3= S} sin ) ~sin ) ) -
The angle y'/! is defined as:

k,/k

VI 774,73

x'/v =tan < i > (A.3)

Appendix B. Orthogonal transformation for the spin basis

With the interface normal along Z and the electric field along %, we
define the spin basis with the following set of orthogonal vectors:

£ (k) = Qgep(K) X (& X %) (B.1a)
¥/ (k) = dggp(k) X (gpp (k) X (2 X %)) (B.1b)
2/ (k) = O (k) (B.1c)

The orthogonal transformation matrix from the spin basis to the frame
aligned with the interface and current is then given by:

O,(k) = [§' (1) §' () 2' ()] (B.2)
The 4 x 4 transformation matrix is then given by:
oK) = <OS(§k) ?) (B.3)

In the limit of no SOC (uz — 0), &’ and §’ reduce to the damping-like
and field-like directions, respectively, while 2’ becomes aligned with m.

Physica B: Condensed Matter 676 (2024) 415612

Appendix C. Orthogonal transformation for generalized spin trans-
port

In order to generalize the REE spin current and torque contribution
calculations in Section 2 to any direction of the interface normal n and
in-plane electric field Elp, additional coordinate transformations are
required between the laboratory frame and the interface calculation
frame where n = Z and Eip = %. We define the interface calculation

basis with the following set of orthogonal vectors:

lnt - E - (E n)n = lp (C.la)
§i =nxE (C.1b)
B =1 €10

The orthogonal transformation from the laboratory frame to the inter-
face calculation frame is then given by:

Oint = [Xint Yint Zint | (C.2)

The magnetization used in the interface calculations m;, is then ob-
tained with

mint — Ointm (C3)

and the conductivity and torkivity tensors used in the drift-diffusion
equations are given by

T _int
=0 o} oin (C.49)
and
Omty{vm’ (C.5)
respectively.
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