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Spin currents and torques in
ferromagnetic systems with strong
interfacial spin-orbit coupling

Nils Petter Jorstad>*“, Bernhard Pruckner?, Wolfgang Goes?, Siegfried Selberherr? &
Viktor Sverdlov'2

A three-dimensional description of spin-dependent current transport across nonmagnetic/
ferromagnetic interfaces with strong interfacial spin-orbit coupling is presented. The resulting
current-induced torques acting on the magnetization of the ferromagnetic layer are addressed. By
considering both magnetic exchange and Rashba spin-orbit interactions at the interface, the angular
dependence of the spin-orbit torques in Pt/Co and Ta/CoFeB systems is reproduced. In line with two-
dimensional Rashba models, the Rashba-Edelstein effect drives the strong field-like torque, with the
unconventional angular dependence being most pronounced, when magnetic exchange and spin-orbit
interaction strengths are comparable. Furthermore, the spin currents generated through spin-orbit
precession and filtering are shown to produce all three spin-polarization components, depending on
the magnetization direction. Utilizing these mechanisms in current-in-plane trilayers could potentially
enable field-free perpendicular and type-x switching, which is crucial for advancing the miniaturization
of spintronic devices.

Keywords Spin-orbit coupling, Spin-orbit torque, Rashba-Edelstein effect, Spin currents, Ferromagnetic
trilayers

In systems lacking inversion symmetry, such as zinc-blende crystals, two-dimensional materials, and interfaces,
the spin degeneracy in electronic energy bands is lifted by the spin-orbit coupling (SOC)'. Under an applied
electric field, the occupation of the bands is biased, resulting in a nonequilibrium spin accumulation?. A similar
mechanism in bulk materials with SOC allows for an unpolarized current to be converted to a pure spin current.
These effects are respectively known as the Rashba-Edelstein effect (REE) and the spin Hall effect (SHE), and are
considered to be the primary phenomena responsible for the torque acting on the magnetization in current-in-
plane (CIP) nonmagnetic (NM)/ferromagnetic (FM) bilayers, which are collectively known as spin-orbit torques
(SOTs) due to their shared SOC origin=°.

In the bulk of the NM layer, the SHE generates a spin current impinging on the FM layer. Concurrently, at the
interface, the REE generates a net spin accumulation. The spin accumulation in the FM layer, resulting from both
effects, has an in-plane polarization along (E X £), where E is the electric field and the 2 is perpendicular to the
interface. A sketch of the system is depicted in Fig. 1. In the FM layer, angular momentum is transferred from
the spin accumulation to the magnetization through the spin-transfer mechanism, which the magnetization
experiences as a current-induced torque, enabling efficient manipulation of the magnetic state. These torques
can be decomposed into a field-like (FL) component describing the precession of the magnetization around the
direction of the spin accumulation: 7y = 7ym x (E x £), and a damping-like (DL) component describing the
damping towards it: Tq¢ = Tam X [m X (E x £)], where m is the magnetization direction, and 7 and 74 are
the magnitudes of the torque components. The FL torque is predominantly attributed to the REE, while the DL
torque is primarily attributed to the SHE. Yet, both effects can contribute to both components of the torque*.

The discovery of SOTs has enabled efficient and scalable control of magnetic states using applied currents,
leading to the development of several SOT-based devices® !°. For instance, spin Hall nano-oscillators (SHNOs)
use SOTs to drive an oscillating magnetization in a FM layer, producing an oscillating electric voltage. SHNOs
can convert direct current inputs into alternating current signals over a wide frequency range, making them
promising candidates for applications in wireless communication and neuromorphic computing!'"'2. Another
promising application is using SOTs for writing in nonvolatile magnetoresistive random access memory
(MRAM). In MRAM, logical states are stored based on the relative magnetization orientation of two FM layers
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Fig. 1. A sketch depicting the spin accumulation generation in CIP NM/FM bilayers through the REE (a)
and the SHE (b). In both cases, an electric field E along « drives a spin-polarized current. The generated

nonequilibrium spin accumulation is polarized along ' x Z. The field-like and damping-like torques are

attributed to the REE and SHE, respectively.

in a magnetic tunneling junction (MT]). Typically, spin-transfer torques (STT) are used to write the state in
MRAM, which requires a considerable current perpendicular to the plane, degrading the MT]J. In contrast, SOT-
MRAM features an in-plane write path below the MT], significantly increasing endurance, albeit at the cost of
having three terminals instead of two. MRAM offers several advantages over conventional memory technologies,
primarily eliminating the need for a standby current, which promises considerable improvements in energy
efficiency. However, advancing SOT-MRAM to the point where it can replace standard memory technologies
presents numerous challenges®!>!4. This necessitates the development of computationally efficient models that
can accurately capture the key physical phenomena driving SOTs.

Most descriptions of SOT in CIP bilayers only account for the conventional DL and FL torques. However,
symmetry allows for a more complicated dependence on the magnetization direction, which has been confirmed
by experiments and ab initio calculations'>~7. Previous models based on the REE effect in two-dimensional
ferromagnetic systems have accounted for the strong dependence on the magnetization direction'®!, showing
that the angular dependence appears, when the SOC and exchange coupling are comparable in strength.
However, NM/FM bilayers require a three-dimensional description to capture the spin and charge currents
generated in the bulk of each layer and their interaction with the interface. One proposed approach treats the
SOC as a perturbation localized at the interface with perturbation theory®, which is limited to a weak SOC
compared to the exchange coupling and thus cannot account for the reported angular dependence. Another
approach treats the interface with a spin- and momentum-dependent delta function potential barrier?!, which
allows for the investigation of the strong SOC regime.

In this work, we present boundary conditions obtained by considering the latter approach. In the spirit
of the magnetoelectronic circuit theory (MCT), we describe the interface currents in terms of reflected and
transmitted distribution functions?*?}, which results in momentum-averaged interface conductance and
conductivity tensors. To account for the interaction of the out-of-plane currents from the bulk with the interface,
we employ drift-diffusion equations and use the expressions for the currents as boundary conditions. The
inclusion of a momentum-dependent field at the interface gives rise to spin-generating mechanisms unique
to the three-dimensional approach and a generalization of the REE accounting for both the in-plane charge
and spin currents?*. We describe the torques acting on the magnetization at the interface and identify the
new contributions arising from the interfacial SOC. We compare our results with the experimental literature
and investigate the dependence of the torque on the interfacial exchange and Rashba spin-orbit interactions.
Furthermore, we investigate the role of the contributions arising from the SOC and the modification of the
torques from the MCT. Finally, we investigate using the interface-generated currents in FM/NM/FM trilayers
for deterministic field-free switching.

Interface model

We consider an interface at z = 0 separating a FM layer (z > 0) from a NM layer (z < 0), with an effective
magnetic field B located at the interface. For simplicity, we assume that the exchange splitting in the bulk of the
FM layer is weak relative to that at the interface. Therefore, we characterize the bulk on both interface sides as a
spin-independent free electron gas. The interface is described with a delta function potential barrier containing
a spin-independent and spin-dependent part. The scattering system is depicted in Fig. 2. The Hamiltonian
describing this system is given by*!

hZ

H=—
2Me

V2 +6(2) (Vol + Jex& - b) (1)

where %, me, and V are the reduced PlancK’s constant, electron mass, and Nabla operator, respectively. Hat @)
denotes a 2 X 2 matrix in spin-space, 0(z) is the Dirac delta function, and & is the vector of the Pauli matrices.
The spin-independent potential energy is Vo = W2 kruo /Me, while Jox = hsz’U,ez/ me is the effective
interfacial exchange energy, where w0 and uex are the dimensionless magnitudes of each potential and kr is the
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Fig. 2. (a) A schematic of the interface model. The carriers experience different potential barriers

Uttt = Vo F Jex at the interface depending on their spin. In the zero-thickness interface region, the carriers
are split into majority and minority bands, depending on their spin being antiparallel or parallel to the field at
the interface, respectively. (b) A schematic of the scattering process. A wave function incident on an interface
splits into a reflected and transmitted part. The effective interface field comprises an interfacial magnetization
exchange field and a momentum-dependent spin-orbit field.

fermi wave number. The vector b = B/ B is the direction of the effective magnetic field at the interface. To be
consistent with other models the majority (1) and minority (]) electrons have a spin antiparallel (¢ = —1) and
parallel (o = +1) to the magnetic field, respectively. There is no explicit difference between either side of the
interface in the Hamiltonian; the difference is instead captured by the nonequilibrium distribution functions at
either side of the interface.

By considering plane-wave solutions of the time-independent Schrodinger equation and in-plane-
momentum-conserving scattering, the reflection and transmission coeflicients for majority/minority carriers
read?

S ul/t and (/4 = __ Uks/kF) 2
k i(ks/kp) —ut/d’ k i(k./kp) —ut/d’

respectively, where u'/* = 1o F ey is the dimensionless magnitude of the potential barrier for majority/

minority carriers. The scattering matrices in Pauli spin space are then given by

szzﬁ Tk, and tk:Zﬁ tk (3)
s s

for s € {1, 1}, where p'/* = (1 F & - b)/2 is the spin projection matrix for majority/minority carriers.
Without affecting the results up to this point, we assume that the effective magnetic field at the interface is

momentum-dependent, i.e., b — by, and consequently ul/t - ug/ i, ﬁT/ L ﬁl/ + Furthermore, we assume

that it can be split into two contributions: a momentum-independent interfacial exchange interaction between
the electron’s spin and the magnetization at the interface with energy J,, = B2k rum /M, and a spin-orbit field
along bso,x with the exchange energy Jso = Wkruso /me, where u,, and uso are the respective dimensionless
interaction magnitudes. Thus, the direction of the effective field is given by by, = (Jmm + Jsobso,k)/ Jex,
with Jex = ||Jmm + Jsobso,k||. In principle, any spin-orbit field can be incorporated into the effective field at
the interface, such as the Dresselhaus or Rashba spin-orbit fields.

Out-of-plane charge and spin currents

The expressions derived in this and the following section are analogous to the generalized circuit theory
formulated by Amin & Stiles using a Boltzmann equation approach to describe the NM/FM interface?>%,
therefore, we adopt their terminology and notation to some extent to draw attention to the similarities. The
main difference is that our approach allows to separate the currents into the individual contributions arising
from the out-of-plane and in-plane charge and spin currents, facilitating the identification of mechanisms and
modifications introduced by the interfacial SOC, which is crucial for our analysis.

The out-of-plane current densities on the NM (07) and FM (Ot) sides of the interface can be described
in terms of local distribution functions in the NM and FM layer fi¥ and f{', respectively. Similarly to the
Landauer-Biittiker formalism, the currents are then determined by the incident, reflected, and transmitted
distribution functions, where the latter two are described by the reflection and transmission matrices from the
previous section, respectively. The energy resolved out-of-plane current densities at either side of the interface
can be expressed as?>??
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A4 = F/N F/NAT 2 N/FT
0% 0= 2 [ - -]
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where A is the surface area of the interface and €, is the energy of a state with momentum k.

In equilibrium, the reduced density matrix is diagonal in spin space, i.e., fk NIE g f N/E

N/F |
k.0q > Where fkﬁgq is

the Fermi-Dirac distribution. In the linear response regime, the out—of—equlhbrlum distributions are given by

sN/F
j-‘N/F _ rN/F + 8fk,eq gN/F (5)
k,eq 8€k k ’

/F

where f],iv is the nonequilibrium distribution function. Because of the unitarity relation of the scattering

matrices:1 — fk(fk)T =1 (fk)T, only the nonequilibrium part of the distribution function contributes to the
current.
The total current densities are obtained by mtegratmg over the energies: J, (0F) = [dej.(0%,¢). In the

zero temperature limit, we can approximate 0 fk g " /8ex, ~ 16(ex — €r), where ex = h2k2 /2m. is the Fermi

energy. After evaluating the integral over the energy and expressing the scattering matrices in terms of the spin
projection matrices, we obtain

— > [ol Bl agu] + Gt ok gl = 0l olak ok + 61 prak ol = T Loy
k| EFS (6)

* A N/F A
F(TYY pean’ pl}v

where Agy = aF - g . Here, we have mtrodgced the momentum resolved spin-de 2pendent conductances
Gy’ =Go[l —ri(rp )*] and 77% = Goltp(t, )], for s,s’ € {1,1}, where Go = e*/(2nh). The majority
and minority conductances G, and G;~, respectively, describe the collinear transport, whlle the spin-mixing
conductances gk and T descrlbe the noncollinear transport of spins with momentum k. The summation
over the in-plane wave vectors is limited to the Fermi sphere, such that k = /k% — k2.

The nonequilibrium distribution function can be separated into an isotropic nonequilibrium chemical
potential and an anisotropic "drift” term describing the deformation of the Fermi-surface by the applied field*>?”:

The anisotropic term is often ignored, as it vanishes when averaging the distribution over the Fermi surface;
however, this is not the case when the effective magnetic field is momentum-dependent. The shift of the Fermi-
surface by an applied electric field along x in the FM and NM layer can be expressed as

kz A~ kz 2
’3/5 = ”FiTFEx (1 — O - mP) , and ﬁ/é\f == UFiTNEJ)l» (8)
kr krp

respectively, where 7F/N is the momentum relaxation time of each layer, vp = hkp /me is the Fermi velocity,
and P is the polarlzatlon of the current in the FM layer. The chemical potential can also be expanded in Pauli
matrices such that eft = elpc + €6 - s, where pe and g, are the net charge and spin accumulations in units
of voltage, respectively. R

The charge and spm current densities in real space are given by J..(0F) = Tr,[J.(0%)] and
J..(0%) = Tr[O'J (0 )] respectively, where Tt[ | is the trace over the spin components. Inserting Eq. (7) into
Eq. (6), and performing the traces, the momentum dependence can be factorized, yielding momentum-averaged
conductance and conductivity tensors. Following these steps, the charge and spin currents at the interface read

Jzc(0 ) GiApe — G_ - Apg+ Ao E, + P(e¥ -m)E,, (9a)
J.s(07) = GiApy — G_Apc — Groplf +Typu — Ao_E, — P(5Y — 6, )mE,, and (9b)
J-5(07) = G4 Ape — G_Apc + Grpl =T pl — Ao_E, — P(6Y — 41, )mE., (90)

where Ape = (uf — ) and Ap, = (uF s — grare the charge and spin accumulation drops across the
interface, respectively. Similarly, Aoy = (¢ — o) and Ao_ = (6F — o) are the differences in the
interface conductivities. A tilde above a quantity denotes that it is a 3 x 3 matrix. The details of the momentum-
averaged conductances and conductivities are presented in the appendix. The spin current is given here in units
of A/m? and can be converted into angular momentum current density units by multiplication with /i/2e.

The first two terms in Eq. (9a), and the first four terms in Eqs. (9b) and (9¢c), describe the out-of-plane charge
and spin currents due to the charge and spin accumulation drops across the interface. These terms capture the
interaction between the out-of-plane bulk currents in the NM and FM layers with the interface. In the limit of
vanishing SOC, they are analogous to the interface currents described by the MCT, except for the fourth term
in Egs. (9b) and (9¢), which is the transverse spin current transmitted across the interface. The fifth and sixth
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terms in Eqs. (9b) and (9¢) describe spin currents generated by the in-plane charge and spin currents, which
originate from the spin-orbit filtering (SOF) and spin-orbit precession (SOP) mechanisms®*, respectively. SOF
results from the SOC at the interface acting as a spin- and momentum-dependent filter, such that an unpolarized
stream of electrons becomes spin-polarized through the scattering process at the interface. SOP occurs when an
incident spin-polarized stream of electrons changes its polarization direction by precessing around the SOC field
throughout the scattering process. The third and fourth terms in Eq. (9a) describe the reciprocal process, where
the in-plane charge and spin currents generate out-of-plane charge currents. The transmitted polarized electron
streams from the SOF and SOP mechanisms both generate a non-equilibrium spin-density at the interface,
which is analogous to the REE in this model when the SOC is of the Rashba form. Figure 3 illustrates the spin
currents and spin densities generated by the in-plane currents interacting with the interfacial SOC in the case of
a Rashba SOC and u, = 0. The polarization of the SOF-generated spin density is along E X z, consistent with
conventional 2D REE models; we therefore identify this contribution as the REE. By contrast, the SOP-induced
spin density is polarized along (E X z) x m. Because this contribution has a distinct polarization direction
and originates from the in-plane spin current in the FM layer, we refer to it as the spin Rashba-Edelstein effect
(SREE), distinguishing it from the conventional REE driven by in-plane charge currents.

We employ drift-diffusion equations for spin and charge to describe the bulk currents and accumulations.
For simplicity, we assume that the width and length of the system are significantly larger than the thicknesses
of the layers and that the system is homogeneous in the xy plane. Thus, we will only consider the out-of-plane
currents. Moreover, we assume that a constant in-plane electric field E||& is applied across all the layers and
consider the polarization of the currents in the FM layers and the spin Hall effect in the NM layers. The out-of-
plane spin and charge currents in the NM and FM can then be expressed as?!°

J.s(2) = —00.ps(2) + Pomd,pc(z) + asuocE x 2 (10a)
Jec(2) = =002 pc(2) + Pom - O, ps(2), (10b)

where o is the electrical conductivity, and asn is the spin Hall angle. In the NM and FM layer, P = 0 and
asu = 0, respectively.
The steady-state continuity equations for the spin and charge currents read*"*

s(z s(z)xm  mXx (us(z) xm
0.0 24(2) = —0 ”v(f)Jr“(A)QJ + (”Aé) )|, (11a)

0. Jz0(2) = 0, (11b)

where Ag¢, Ay, and Ay are the spin-flip, exchange, and dephasing lengths, respectively. The spin-flip length
is the characteristic distance over which the electron’s spin loses its original orientation due to bulk spin-flip
scattering. The spin-exchange and dephasing lengths characterize the distance over which the transverse spin
accumulation is transferred to the local magnetic moments due to the bulk exchange interaction and dephasing
process, respectively.

The spin current generated by the SHE in the bulk is influenced by the interfacial SOC in several ways.
First, the SOP and SOF spin currents produced on the NM side of the interface can interfere constructively or
destructively with the SHE spin current, effectively modifying the spin Hall angle. Second, the interaction of
the SHE spin current with the NM/FM interface, typically described by the complex mixing conductance that
captures the rotation of the spin around the magnetization, is altered by the presence of SOC. The interfacial
SOC causes an additional rotation of the spin around the interfacial spin-orbit field, leading to a loss of spin
angular momentum to the spin-orbit field, referred to as spin memory loss.

(@) SOF REE (b) SOP SREE
Jc Js '
I's$ * FM js* 4‘ FM
z=0] sO00] | S>>
4 e l's¢ * NM is_t ‘t NM

y X

Fig. 3. A schematic illustration of the SOF, SOP, REE, and SREE mechanisms in CIP NM/FM bilayers for the
case of Rashba-type SOC at the interface and a magnetization direction along the z axis. (a) In-plane charge
currents (yellow arrows) on either side of the interface couple to the interfacial SOC, producing out-of-plane
spin currents (blue arrows) via the SOF and an interfacial spin density (purple arrows) via the REE. The black
arrows show the polarization direction of the spin currents. (b) In-plane spin currents in the FM layer give rise
to out-of-plane spin currents through SOP and generate an interfacial spin density via the SREE.
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Interfacial and bulk spin torques

Equation (9) describes the charge current as continuous across the interface, ensuring that the flux of particles
is conserved. However, the spin current is discontinuous, as the interface scattering causes a portion of the spin
angular momentum to be transferred to the effective field. This angular momentum transfer can be described
in terms of the nonequilibrium spin density generated at the interface from the incident out-of-plane and in-
plane currents, which couples to the effective field through the effective exchange interaction. Since the total
angular momentum must be conserved, the effective field at the interface experiences a torque. At z = 0, only
the transmitted parts of the distributions are present; thus, the ensemble-averaged spin density reads

—Me 1 N RN LF\ . N AF\ N AFY\
(s) =—7 = Tr[6 (T b (90 + 9 ) Bl + T i (90 + i) i + T B (9% + 9¢) i
k) €FS z (12)

T pE (a8 + 68) bh) ] -

Assuming the effective field consists of both the magnetization and a spin-orbit field, the interfacial torque can be
separated into two contributions describing the torque acting on each. The torque exerted on the magnetization

is given by?>2¢
mag __ 2J’m __ (T'mag mmag) — mag, F mag,N ~mag,F ~mag,F
T _—T<s>><7n_(lﬂr - )us—(’y_ e Al )E‘;U—P('y+ -7 )me, (13)

where 5 = pF s + pV ;. The first term describes the torque from the transmitted out-of-plane spin currents.
The second term accounts for the REE spin density contribution produced by in-plane charge currents at the
interface, while the third term describes the SREE contribution from the in-plane spin currents. The torque
on the spin-orbit part of the effective field describes a transfer of angular momentum from the spin current to
the crystal lattice mediated through the spin-orbit and Coulomb interactions?. The crystal lattice acts like an
infinite reservoir of angular momentum, thus, this torque can be considered a parasitic loss of spin current.

In addition to the interfacial torques, the magnetization in the bulk of the FM experiences torque due
to the transverse spin current. The transverse spin currents in the FM transfer their angular momentum to
the magnetization, resulting in ST'Ts. Assuming the transverse spin currents fully decay in the bulk, the total
spin torque acting on the magnetization in the bulk is given by the transverse spin current on the FM side
of the interface: 7™ = (I — m ® m)j.5(07), where the operator (I — m ® m) removes the components
longitudinal to the magnetization. Suppose the FM layer is thin, and the transverse spin currents do not fully
decay. In that case, the bulk torque is obtained from the loss of transverse spin currents across the layer

FM _ _U/‘dF dz |:Hs(2) X m n m x (us(z) x m) (14)

Ts - )\3 )\i )

o+
where dr is the thickness of the FM layer.
In a NM/FM bilayer the total torque can be split up into five different contributions:
Tt = TfL/ICT + T50F 4 790F 4 FREE | 2OREE The first contribution 7MCT is the torque arising from the
spin accumulation, which is the torque from the MCT modified by the interfacial SOC:

T = (TP — TP s + (I — m @ m) (G Aps — G- Ape + Gryp —Trypy) (15)

The spin accumulation depends on the out-of-plane currents in the bulk. Therefore, Eq. (15) captures the
contribution to the torque from the bulk currents which are injected into the FM, such as the SHE current. The
remaining four contributions originate from the in-plane charge and spin currents at either side of the interface.
The first two are the transverse spin currents at the FM side of the interface generated through SOF and SOP,
which are given by

% = -m@m)(-Ac_E,), and 7% = (I —m®m)-P(G; —5f,)mE,], (16)

respectively. The latter two are the contributions to the spin density at the interface from the REE and SREE,
given by

7_%EE — _ (Pyr:mg,F + pyri)ag,N) EZBy and TSREEE —_p (;?ilag,F _ ,_—?;nlag,F) mEx, (17)

respectively.

Current-induced torques in CIP NM/FM bilayers

We consider a NM/FM bilayer with an in-plane electric field E. At the interface, an exchange and Rashba
spin-orbit field contribute to the effective field. The direction of the effective field at the interface is then
given by b(k)) = (umm + urk X 2)/||umm + urk x 2|/, where ur is the dimensionless magnitude
of the Rashba SOC. The dimensionless majority/minority potential barrier magnitude is then given by
u'/ Y(ky) = uo F ||umm + urk x 2|. The parameters u,, and ur represent the strengths of the interfacial
exchange interaction and Rashba spin-orbit coupling, respectively, with their ratio un,/ur reflecting the
balance between exchange- and SOC-dominated interfacial scattering. Although these quantities cannot be
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Fig. 4. The angular dependence of the SOTs in NM/FM bilayers. The system geometry considered is depicted
in (e), where the polar () and azimuthal angle (¢) describe the magnetization direction. (a,c) Show the FL
torque for ¢ = 90°, while (b, d) show the DL torque for ¢ = 0°. (a,b) and (c,d) show computed torques fitted
to experimental data for a Pt(3 nm)/Co (0.6 nm) and Ta(3 nm)/CoFeB(0.9 nm) bilayer, respectively. The
experimental data are taken from'?, the bulk and interface parameters used are presented in Table 1a and b,

respectively.

a b

Parameter | Pt Ta Co CoFeB | Units Parameter | Pt/Co | Ta/CoFeB | Units
- 7% 0.5% 531 3.3%2 MSm~! | ug 0.06 | 0.07 1
asu 0.19%® | —0.15% 1 U 028 | 1.56 1

p 0363 0562 |1 uR 022 | —1.18 1

Ast 147 | 1.9% 383! 12332 | nm kr 16 15 m !
A 1.2 1.23 nm F 1.28 | 1.04 fs

Ao 1.8343% 12,0 nm N 1.80 | 1.56 fs

Table 1. Parameters for the bulk (a) and for the interface (b). Bulk material parameters were taken from
reported values in the literature or extracted from experimental or ab initio data. The momentum relaxation
times were computed from the conductivities and Fermi wave numbers using the Drude model.

directly obtained from experiments or ab initio calculations due to the idealized delta function model, they can
be treated as fitting parameters to gain physical insight into the role of these interactions. We solve the continuity
equations for the currents (11) with Eq. (10) using Eq. (9) as boundary condition for the currents at either side
of the NM/FM interface and compute the torques acting on the magnetization. At external interfaces we assume
zero spin and charge currents.

Figure 4e depicts the geometry of the system considered, where the magnetization is described by the
polar and azimuthal angles 6 and ¢, respectively, such that m = [cos(¢)sin(#),sin(¢) sin(d), cos(8)].
When ¢ = 0°, the DL torque simplifies to 74(m) = 74(m)g, and when ¢ = 90°, the FL torque simplifies to
T¢(m) = 7¢(m) cos(0)&. Varying the polar angle in each plane allows to investigate the angular dependence
of the DL and FL torque magnitudes 74(m) and 77 (m), respectively. We choose parameters corresponding to
Pt and Co for the NM and FM layers, shown in Table la. To determine proper parameters for the interface, we
fit the computed torques to reported experimental data'®, for a Pt(3 nm )/Co(0.6 nm)/AlO;(1.6 nm) system.
The resistivity of the entire three layer system was reported to be 36 €2 /cm, and the width of the sample was
1 pwm with a 1.136 mA current, using Ohm’s law the applied electric field is estimated to be 7.86 MV /cm. The
torques are computed using the estimated electric field with the bulk conductivities of Pt and Co from Table 1a.
To directly compare the data we convert the computed torques from units of current density to units of magnetic
flux density by multiplying with —p 5 /(eyMsdr), where 7 is the gyromagnetic ratio, 15 is the Bohr magneton,
M, is the saturation magnetization, and dr is the thickness of the FM layer. For Pt/Co, a Co saturation
magnetization of M & 600 kA/m was reported?®.

Figure 4a,b show thebest fitachieved by setting kr = 16 nm™ ! and using uo, Um and ur asfitting parameters.
The fitted values were obtained using the nonlinear least squares method, and are presented in Table 1b. The FL
and DL torque magnitude fit agrees exceptionally well with the experimental data, demonstrating that the model
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accounts for the strong FL torque and the higher-order torques reported in the literature. Depending on the
angle, the FL torque magnitude exhibits a strong angular dependence, while the angular dependence of the DL
torque magnitude is less pronounced.

Experimental data for a Ta (3.0 nm )/CoFeB(0.9 nm) bilayer with an MgO(2.0 nm) capping layer were also
reported'®. With a resistivity of 184 u{2cm, a current of 500 pA, and sample width of 1 pm, the applied in-
plane electric field is approximately 15.7 MV /cm. Figure 4c,d show the best fit achieved with the bulk and
interface parameters presented in Table 1a and 1b, respectively, with a reported CoFeB saturation magnetization
of M, =~ 810 kA/m*. The fit agrees well with the reported experimental data, except for the DL torque for small
and large polar angles. This system’s FL torque dominates and has a strong angular dependence. In contrast with
the previous system, the signs of the torques are reversed, which is consistent with the negative sign of the Ta
spin Hall angle and Rashba SOC.

For both the Pt/Co and Ta/CoFeB systems, we have ignored the interfaces introduced by the insulating
capping layer and substrate used in the experimental setup (SiO2). The choice of substrate for the bilayer has
been shown to significantly affect the current-induced torques, when the NM layer is thin®’, suggesting that this
interface can also be an additional spin current source. Furthermore, the interface between the FM and capping
oxide layers can also generate spin currents®. Both of these interfaces could contribute to the experimental
results from!’, which could explain the discrepancies in the fit for the Ta/CoFeB system. Furthermore, the
interface model assumes perfectly sharp and flat interfaces, thereby neglecting the effects of interfacial roughness
and intermixing. Roughness can increase incoherent spin scattering and introduce spatial variations in the
Rashba spin-orbit field, which can in turn reduce interface transparency and diminish the overall spin-torque
efficiency. However, scattering due to interface roughness could potentially generate weak spin currents similarly
to the SHE due to impurity scattering in the bulk®. Intermixing, by contrast, gives rise to a finite-thickness
interfacial layer whose transport properties differ from those of the adjacent bulk layers. Such a mixed layer can
enhance the interfacial SOC, thereby increasing both the SOTs and the spin-memory loss***!. A comparatively
thick intermixing interface region has been reported for the Ta/CoFeB interface*?, which is in clear conflict with
the assumptions of the idealized interface model. Strain at the interfaces could also introduce unaccounted-
for modifications to the SOC and SOTs; for instance, the bulk Dresselhaus SOC in materials with zinc-blende
structure changes its form when strain is introduced at the interface®*.

Although interface disorder and strain can potentially strongly influence the SOTs, their impact on the angular
dependence remains unclear, as experimental studies on this aspect are relatively scarce. However, annealing
can modify both the magnitude and angular dependence of the torques. In Ta/CoFeB bilayers, a pronounced
increase in the angular dependence of the damping-like torque was observed once the annealing temperature
exceeded 270°C*. Since higher annealing temperatures have been demonstrated to broaden the intermixing
region at the Ta/CoFeB interface®, this strongly suggests that a thick intermixing interface region may explain
the discrepancy between the fitted and measured angular dependence of the damping-like torque in the Ta/
CoFeB system, as the experimental data were obtained using an annealing temperature of 300°C. Modeling
the interface as a finite-thickness potential barrier in the Hamiltonian could, in principle, capture the effects of
such intermixing, but this lies beyond the scope of the present work and is left for future studies. Nonetheless,
the good agreement of the fits with the experimental data provides a strong evidence for the presence of an
interfacial Rashba SOC at the Pt/Co and Ta/CoFeB interfaces.

Modification of SOTs by interfacial Rashba interaction

To investigate the role of the Rashba SOC and magnetic exchange interaction at the interface, we compute the
torques for various values of ur and un, using the parameters for Co/Pt; the resulting torque magnitudes are
shown in Fig. 5.

The FL and DL torques strongly depend on the interaction strengths. The angular dependence and the
magnitude of the field/like torque are most pronounced, when the interfacial SOC and magnetic exchange
interactions are equal. The angular dependence is less pronounced for higher or lower interaction strengths,
and the magnitude is reduced. The DL torque shows a similar dependence, except that the DL torque is most
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Fig. 5. The angular dependence of the spin torque for different strengths of the: Rashba SOC ur (a,b),
magnetic exchange interaction ., (c,d). The calculations were performed for the Pt/Co system from the
previous section using the parameters presented in Table 1.
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pronounced for u;, > ur. The angular dependence of the FL and the DL torques disappears, when either
ur = 0 or uy, = 0.

Similar results were obtained using two-dimensional free electron and tight binding models with Rashba
and magnetic exchange interactions!®. The angular dependence was attributed to the deformation of the Fermi
surface spin texture, when the Rashba and magnetic exchange interactions were comparable in strength. An
intrinsic contribution from the Fermi sea to the DL torque was also identified. The three-dimensional scattering
model presented in this work differs significantly from two-dimensional models as it considers just the electrons
incident on the interface interacting with the effective field and the resulting outbound currents. In contrast,
two-dimensional models treat the interface as the entire system. Consequently, only the electrons inside the
interface are considered, and there is no scattering at the interface. In the scattering model, the contribution
from the deformation of the Fermi sea is captured through the stror%g momentum dependence of the majority/

minority potential barriers ul/ * and spin-projection operators py, ¥, when ug and u,, are comparable in

magnitude. However, the Fermi sea contribution is not captured as it originates in the modification of the
wavefunction by the electric field, which is not considered here. Nonetheless, the scattering approach accounts
for the additional effects arising from the in-plane and out-of-plane spin and charge currents on either side of
the interface interacting with the SOC.

Figure 6a,b show the different contributions to the total spin torque captured by the three-dimensional
scattering model as a function of the Rashba interaction strength ur. As expected, within the limit of vanishing
SOC, the additional contributions arising from the in-plane currents vanish, and only the MCT contribution
from the SHE through the accumulations remains. However, in contrast to typical two-dimensional models of
the REE, the contributions from the in-plane currents do not have a linear dependence on the Rashba interaction
strength. Instead, we observe that most of these contributions reach a maximum when ur & um, with the
exception of the SOP, followed by a decaying ma%nitude with increasing u r. The loss of spin angular momentum
to the lattice appears in the SHE contribution 7,,"“" to the field-like torque, which decreases with increasing ur
due to enhanced spin-memory loss of the bulk SHE spin current at the interface. In contrast, the SOC-driven
contributions initially grow with increasing ur as the in-plane currents are more efficiently converted to out-of-
plane current. These contributions peak near ur = um, where interfacial precession around the magnetization
most effectively generates transverse spin components. At larger ug, transmission rapidly decreases while
reflection increases, causing the SOP contribution, which relies only on spin-dependent reflections, to become
the dominant contribution to the field-like torque for ur > wm, reaching a maximum near ur ~ 1.5u,. The
SOF only contributes to the DL torque, while the SOP contributes to both. Both the SOF and SOP torques oppose
the other contributions. Consistent with two-dimensional models, the REE contributes only to the FL torque;
however, the SREE contributes to both and constitutes the most significant contribution to the DL torque apart
from the MCT torque. Figure 6c,d show the angular dependence of the different torque terms, which exhibit
the same angular dependence to varying degrees. We observe that the REE is predominantly responsible for the
strong angular dependence of the FL torque magnitude. The MCT torque also obtains an angular dependence as
it becomes modified by the SOC.

Interface generated spin currents in CIP FM/NM/FM trilayers

We consider FM/NM/FM trilayers with an in-plane electric field and investigate the spin currents generated
by the additional FM/NM interface. At the NM/FM bottom interface, the SOF and SOP generate out-of-
plane spin currents which propagate through the NM layer. Figure 7 shows the angular dependence of the
spin currents generated at the Pt side of a Co/Pt interface with a 10° Vm ™! in-plane electric field. In general,
the interface-generated spin currents exhibit a strong dependence on the magnetization, and depending on
the magnetization direction, all spin polarization components can be generated with comparable magnitude.
As different polarization components dominate in various directions the polarization of the currents can be
controlled with the magnetization direction. A magnetization along +z generates spin currents with a strong
polarization component along Fx. Conversely, a magnetization along the current direction £ yields a strong
component along Fz. Moreover, a magnetization along +y yields a predominantly —y polarized spin current.
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Fig. 6. The different contributions to the total torque as a function of: the Rashba SOC ur (a,b), the polar
angle of the magnetization direction 6 (c,d). For (a,b), the magnetization points out of the plane, and the
dashed line marks where ur = . The calculations were performed for the Pt/Co system from the previous
section using the parameters presented in Table 1.
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Fig. 7. Out-of-plane spin current generated at the Pt side of a Co/Pt interface as a function of the
magnetization direction. (a-c) Show the x, y, and z polarization components, respectively, while (d) shows
the total spin current magnitude. The calculations were performed using the Co/Pt parameters presented in
Table 1.
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Fig. 8. (a) The distribution of the spin current density generated at the lower Co/Pt interface in a CIP Co/Pt/
Co trilayer. (b) The spin current density at the Pt/Co interface (z = 0) for a Co/Pt/Co trilayer. (c) The same
as (b) for a CoFeB/Ta/CoFeB trilayer. Both FM layer magnetizations are along &. When P = 0, only the SOF
current is generated at the bottom interface. The calculations were performed using the Co/Pt and Ta/CoFeB
parameters presented in Table 1.

Figure 8a shows the spin currents generated at the bottom Co/Pt interface for different thicknesses of the Pt
layer. The spin currents are generated at the lower interface and decay across the bulk of the NM layer due to
bulk spin-flip processes. By reducing the Pt thickness, more of the spin current reaches the upper Pt/Co layer
interface. For P = 0, the interface-generated spin currents are drastically diminished, demonstrating that SOP
is mainly responsible for the interface currents generated at the Co/Pt interface. The remaining contribution
arises from the SOF spin current, which is independent of the in-plane spin currents and instead scales with the
difference in momentum relaxation times across the interface. Consequently, a strong conductivity mismatch
can significantly enhance the SOF contribution, providing a plausible explanation for the pronounced interface-
generated spin currents reported in Pt/W*°. Figure 8b and ¢ show the spin current at the upper interface for a Co/
Pt/Co and CoFeB/Ta/CoFeB trilayer as a function of the Pt and Ta thicknesses, respectively. For both systems,
the zand y polarized currents are comparable in magnitude and increase with decreasing spacer thickness. In the
Co/Pt/Co system, the z-component is the most pronounced one of all components. For the CoFeB/Ta/CoFeB
system at thicknesses above Ay, the y and z-components are comparable in magnitude, while at thicknesses
below A, the y-component is the most pronounced one. Maximizing the contribution to the torque from
these currents necessitates a NM spacer thickness below A ¢, opposite to what is required to maximize the
contribution from the SHE.

For miniaturization of SOT-MRAM, the switching of x and z states is desirable as they do not require widening
of the stack to pin the magnetization reliably. The shape anisotropy of the SOT track can pin a magnetization
state along x, while a z-state can take advantage of the perpendicular interface anisotropy. The interface-
generated currents can potentially enable field-free switching for sufficiently thin NM spacer thicknesses. A
x-type MT] would then require the bottom FM layer magnetization to be oriented along +z, while a z-type
would require a magnetization along +x. Reliable field-free switching of a perpendicular magnetization state in
an FM/NM/FM trilayer was demonstrated by Baek et al.*’, where the magnetization of the bottom FM layer was
along the current direction, and the perpendicular switching was attributed to SOF and SOP. Later, Ryu et al.
demonstrated that the efficiency can be improved by using a tilted bottom layer magnetization, thus exploiting
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all three components of the polarization?®. Recently, it was also demonstrated using micromagnetic simulations
that CIP-trilayer-generated out-of-plane polarized spin currents can be utilized to induce large-amplitude
GHz oscillations in SHNOs without requiring a bias field*. The oscillations were shown to be self-sustained
with a ratio of z- to y-polarized currents as low as 4%. The applications are promising; however, experimental
confirmations of such oscillations are still lacking.

In addition to FM/NM/FM trilayers, several bilayer systems using materials beyond conventional heavy
metals for spin current generation have been reported to exhibit large unconventional torques with both
bulk and interfacial origins. For example, Weyl semimetals such as TalrTes*’, and collinear and non-collinear
antiferromagnets such as epitaxial FeSn and Mn3Sn>2, respectively, can generate out-of-plane polarized
spin currents in their bulk, which induce unconventional torques in adjacent ferromagnetic layers. Similarly,
the interfaces between Py and the insulator EuS*, or the non-collinear antiferromagnet v-IrMns**, have also
been shown to produce large out-of-plane spin-polarized currents and unconventional torques. The spin drift-
diffusion model can be extended to capture such bulk contributions by modifying the spin Hall conductivity
tensor to include z-polarized spin currents; the resulting torques have been shown to enable field-free switching™.
Accounting for the reported interfacial contributions would require an x-polarized in-plane spin current in
the NM layer, which could generate unconventional torques through SOP and the SREE, or involve a form of
interfacial spin-orbit coupling other than the Rashba SOC considered in this work.

Conclusions

A description of the spin and charge currents at NM/FM interfaces with strong interfacial exchange and SOC
relative to bulk splitting has been presented. The model is derived from considering a three-dimensional delta
function potential barrier and treats interfacial SOC nonperturbatively, enabling the exploration of strong
SOC regimes. By using expressions for the currents as boundary conditions for the drift-diffusion equations,
the interactions between bulk currents and the interface, and between multiple NM/FM layers and interfaces
are treated. Additionally, the SOTs acting on the magnetization of the FM layers can be evaluated, capturing
contributions arising from the spin accumulation generated by in-plane currents through the SOC. Using
the Rashba form of interfacial SOC, we demonstrate that the experimentally measured angular dependence
of SOTs in Co/Pt and Ta/CoFeB bilayers can be reproduced by fitting the interface parameters introduced by
the model. The strong angular dependence is most pronounced, when the interfacial exchange and spin-orbit
interaction strengths are comparable. Moreover, the REE is mainly responsible for the substantial magnitude
and angular dependence of the FL torque, which is consistent with two-dimensional Rashba models. Unlike
two-dimensional models, the three-dimensional description accounts for out-of-plane currents generated by
in-plane currents through scattering from the interfacial spin-orbit field. The interface-generated currents can
be transported through the NM layer, reaching other adjacent FM layers. In FM/NM/FM trilayers with a pinned
bottom layer magnetization, if the NM thickness is thinner or comparable to the spin-flip length, the interface-
generated currents can switch the upper layer deterministically. For an in-plane current along the x-axis, spin
currents with polarization along x and z are generated, when the bottom layer magnetization is oriented along
the z- or x-axis, respectively.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

Appendix: Interface conductance and conductivity tensors
The conductance tensors are given by the following Fermi surface integrals:

GQ—/(dkg (ki) [G7T (ky) + G (Ry)] (182)

G- —/ oy ( ) (G (k) — G (k)] b(ky) (18b)

e = dk” ( ) (G (Rey) + G+ (Rey))] b(Ry) ® b(Ky), (18¢)
Gt~ [ (,’%;)l k)]« (2Relg™ (k)] (]« — 21mIG™ () (18)
= [ L (£ oth] (2RelT ™ Gloth] — 21m(7™ () (150

The vector operations are defined as (v ® v);; = v;v;, and ([v]x )ij = €ik;Vk, for a vector v, where &, is the
Levi-Civita symbol. The superscript ! denotes if the conductance contains a k; /kr factor due to the shift of the
Fermi surface (I = 1) or not (I = 0). We define the interface conductivity tensors as follows:

F/

oF N _ GivFTF/N7 N — gt wprF/N _F/N F/N  sF/N F/N

~1 ~1
- _ , Oy = G+’UF7' y Opp = GT¢'UF’7' s "/Ti = FTJUFT (19)

The interface torque conductances (torkances) and conductivities (torkivities) read:
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