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We use a perturbative approach to study the effects of interfacial spin-orbit coupling in magnetic multilayers
by treating the two-dimensional Rashba model in a fully three-dimensional description of electron transport
near an interface. This formalism provides a compact analytic expression for current-induced spin-orbit torques
in terms of unperturbed scattering coefficients, allowing computation of spin-orbit torques for various contexts,
by simply substituting scattering coefficients into the formulas. It applies to calculations of spin-orbit torques
for magnetic bilayers with bulk magnetism, those with interface magnetism, a normal metal/ferromagnetic
insulator junction, and a topological insulator/ferromagnet junction. It predicts a dampinglike component of
spin-orbit torque that is distinct from any intrinsic contribution or those that arise from particular spin relaxation
mechanisms. We discuss the effects of proximity-induced magnetism and insertion of an additional layer and
provide formulas for in-plane current, which is induced by a perpendicular bias, anisotropic magnetoresistance,

and spin memory loss in the same formalism.

I. INTRODUCTION

Broken inversion symmetry in magnetic multilayers allows
for physics that is forbidden in symmetric systems, enrich-
ing the range of their physical properties and their relevance
to spintronic device applications. Spin-orbit coupling com-
bined with inversion symmetry breaking is a core ingredient of
emergent phenomena, such as the intrinsic spin Hall effect [1-
6], spin-orbit torques [7—17], Dzyaloshinskii-Moriya interac-
tions [18-24], chiral spin motive forces [25, 26], perpendicu-
lar magnetic anisotropy [27-29], and anisotropic magnetore-
sistance [16, 30-34]. The contributions from an interface are
frequently modeled by a two-dimensional Rashba model [35]
while those from bulk are modeled by incorporating the spin
Hall effect [6] into a drift-diffusion formalism [36] in three
dimensions. Both interface and bulk contributions have the
same symmetry since they originate from equivalent symme-
try breaking making it difficult to distinguish mechanisms,
particularly when different mechanisms are treated by differ-
ent models.

Recent theoretical studies generalize the two-dimensional
Rashba model in order to take into account three-dimensional
transport of electrons near an interface. The two-dimensional
Rashba model assumes electrons near the interface behave
like a two-dimensional electron gas, thus allows only for in-
plane electronic transport. Haney et al. [37] generalize this
model to three-dimensions by including a delta-function-like
Rashba interaction at the interface and compute interfacial
contributions to in-plane-current-driven spin-orbit torques.
They show that some results are qualitatively different from
those of the two-dimensional model. Chen and Zhang [38]
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treat spin pumping with this model using a Green function
approach. Studies of spin-orbit torques [39] and anisotropic
magnetoresistance [40] in magnetic tunnel junctions under
perpendicular bias give contributions that are at least second
order in the spin-orbit coupling strength due to in-plane sym-
metry. Refs. [28] and [33] calculate respectively magnetic
anisotropy and anisotropic magnetoresistance from the three-
dimensional Rashba model in particular contexts. Refs. [41]
and [42] incorporate interfacial spin-orbit coupling effects into
the drift-diffusion formalism by modifying the boundary con-
ditions. Doing so treats both interfacial and bulk spin-orbit
coupling in a unified picture. Ref. [43] reports the solution
of the drift-diffusion equation in the non-magnetic layer to
capture the spin Hall effect coupled to a quantum mechani-
cal solution in the ferromagnetic layer to capture the effects of
interfacial spin-orbit coupling.

The results of each of these theories are model specific.
Studying physical consequences for a variety of systems re-
quires recomputing them for each system, such as metallic
ferromagnets in contact with heavy metals, those with insulat-
ing ferromagnets, and topological insulators in contact with a
magnetic layer. Even for a single system, a work function dif-
ference between the two layers forming the interface and pos-
sible existence of proximity-induced magnetism [44] at the
interface may complicate the analysis. General analytic ex-
pressions that are applicable for a variety of interfaces would
make it easier to understand trends within systems and differ-
ences between systems.

In this paper, we develop analytic expressions for interface
contributions to current-induced spin-orbit torques by treating
the interfacial spin-orbit coupling as a perturbation. The form
of the analytic expression is independent of the details of the
interface [Eq. (16)], written in terms of the scattering ampli-
tudes of the interface. All details unrelated to spin-orbit cou-
pling are captured by those scattering amplitudes, similarly to



magnetoelectric circuit theory [45, 46]. This approach allows
for the computation of spin-orbit torques either by computing
scattering amplitudes for a given interface or using the scat-
tering amplitudes as fitting parameters. It is possible to com-
pute the scattering amplitudes through first-principles calcu-
lations or by solving the Schrodinger equation for toy models.
Adopting the latter approach allows us to compute spin-orbit
torques for various types of interfaces. We use the same for-
malism to find expressions for in-plane current, which is in-
duced by perpendicular bias (like inverse spin Hall effect [47—
49]), anisotropic magnetoresistance (like spin Hall magne-
toresistance [50-55]), and spin memory loss [56] in terms of
scattering amplitudes. These are presented in Appendix A.

The three-dimensional model for interfacial spin-orbit cou-
pling reveals effects which are absent in the two-dimensional
electron gas model. In the two-dimensional model, Rashba
spin-orbit coupling generates mostly fieldlike component of
spin-orbit torque [11, 12], while the dampinglike component
becomes noticeable only when one considers an extremely re-
sistive [13-16] system or a non-quadratic dispersion [17]. In
contrast, the three-dimensional model of interfacial spin-orbit
coupling reveals that in metallic magnetic bilayers a current
flowing in the normal metal generates fieldlike and damp-
inglike components of spin-orbit torque of the same order of
magnitude, and in some parameter regimes the dampinglike
component can even be larger than the fieldlike component.
The dampinglike contribution that we obtain here is distinct
from those due to previously suggested mechanisms. For in-
stance, an intrinsic mechanism is independent of the scattering
time and vanishes for a quadratic dispersion [4, 5], while our
result is proportional to the scattering time (thus the conduc-
tivity) and survives even for a quadratic dispersion. A detailed
discussion of the distinctions is presented in Sec. VI A.

Another result is a generalization of previous approaches
to systems with different-Fermi-surfaces, for example, a finite
exchange interaction. Previous theories [33, 37, 41, 42], as-
sume that all band structures are the same so that the wave
vectors in the normal metal and the ferromagnet are identi-
cal, significantly simplifying the computation. However, even
in the simplest model of bulk ferromagnetism, the exchange
splitting Jo - m introduces three different wave vectors; one
defined in the normal metal and one each for the majority and
minority bands in the ferromagnet. In this work, we carefully
take into account the different Fermi surfaces and all the re-
sulting evanescent modes, and demonstrate that proper treat-
ment of the evanescent modes is crucial for accurate calcula-
tion of spin-orbit torques. Indeed, they can yield significant
contributions since the amplitudes of reflected states are large
at the interface and their velocities are slow where the energy
is close to the barrier. This makes the interaction time for these
electrons quite long so they can be more strongly affected by
interfacial fields. We indeed demonstrate a significant contri-
bution to spin-orbit torque from the evanescent modes with a
toy model [See Fig. 4, Eq. (21), and related discussions]. In
the previous theories, some of effects like the anisotropic mag-
netoresistance [33] originate from a difference between the
relaxation times in majority and minority electrons in the fer-
romagnet, but we show that existence of the bulk magnetism

by itself can also cause such effects.

We compute the current-induced contribution to the spin-
orbit torque, in distinction to the electric-field-induced con-
tribution. The former is proportional to the scattering time,
thus is extrinsic. A recent paper [17] reports the existence of
intrinsic spin-orbit torque from the Berry phase, which is per-
pendicular to the extrinsic component. This contribution can
be an explanation for dampinglike spin-orbit torque for junc-
tions with a ferromagnetic insulator or topological insulator
(See Sec. V D). We leave the calculation of intrinsic spin-orbit
torque (induced by the Berry phase) in the same formalism for
future work.

This paper is organized as follows. In Sec. II, we summa-
rize the core results. In Sec. III, we develop a general per-
turbation theory of scattering matrices. First we define scat-
tering matrices (Sec. II A) and calculate them (Sec. IIIB).
Then we derive expressions for modified scattering matrices
due to interfacial spin-orbit coupling in a perturbative regime
(Sec. IIC). The resulting scattering matrices allow us to
write down electronic eigenstates. In Sec. IV, we derive an
expression for spin-orbit torque from these eigenstates, by
calculating the angular momentum transfer (spin current) to
the ferromagnet. We assume that an in-plane electrical cur-
rent is applied along the x direction. Since the expression
is written in terms of unperturbed scattering matrices, it al-
lows us to compute spin-orbit torque by calculating unper-
turbed scattering matrices for a given interface. Therefore,
in Sec. V, we apply our theory to various types of interfaces
and various situations, such as magnetic bilayers with bulk
magnetism, those with interface magnetism, a normal metal
in contact with a ferromagnetic insulator, and topological in-
sulator in contact with a metallic ferromagnet. Calculating
unperturbed scattering matrices is straightforward by solving
the one-dimensional Schrodinger equation. We plot fieldlike
and dampinglike components of spin-orbit torque with vary-
ing parameters and discuss the results in each subsection. In
Sec. VI, we make some general remarks on our theory. We
compare our theory with the two-dimensional Rashba model.
We also discuss how our result can be generalized when mul-
tilayer structures are considered. We discuss how proximity-
induced magnetization can be considered in our theory. In
Sec. VII, we summarize our results. Appendices include sup-
plementary calculations that are not necessary for the main
results.

II. SUMMARY OF THE RESULTS

The purpose of this section is to summarize the behavior of
the spin-orbit torques presented in Sec. V A to Sec. VD, be-
fore showing the general perturbation theory. Here we focus
on the existence and relative magnitudes of spin-orbit torques
generated by interfacial spin-orbit coupling saving detailed
discussions for later sections. The systems under consider-
ation are normal metal/ferromagnetic metal junctions, normal
metal/ferromagnetic insulator junctions, and topological insu-
lator/ferromagnet junctions. Throughout this paper, we refer
to these as magnetic bilayers, ferromagnetic insulators, and



topological insulators in short, respectively. We describe the
results below and summarize them in Table L.

When an in-plane current is applied to a bilayer junction,
two components of spin-orbit torque can act on the magne-
tization m. Both are perpendicular to magnetization. When
a torque is odd (even) in m, it is called fieldlike (damping-
like) [57]. For instance, for a constant vector y, m Xy is field-
like and mx (y xm) is dampinglike.! The names can be under-
stood by their behaviors under time reversal: Fieldlike contri-
butions are conservative while dampinglike contributions are
dissipative. In fact, a dampinglike spin torque can act as an
anti-dampinglike source, thus the terminology ‘dampinglike’
does not mean an energy loss but originates from irreversibil-
ity.

In contrast to the two-dimensional Rashba model, we show
that magnetic bilayers show both fieldlike and dampinglike
components even without the Berry phase [17] contribution
and a spin relaxation mechanism [13-16]. The relative mag-
nitude depends on the details of the system. We first consider
a magnetic bilayer where the magnetism is dominated by an
exchange splitting in the ferromagnetic bulk (not at the inter-
face). In experiments, people usually apply a current in the
normal metal side. We show that a current flowing in the nor-
mal metal (jn) generates dampinglike and fieldlike spin-orbit
torques that are of the same order of magnitude. The current
also flows in the ferromagnet (jg), generating a large field-
like spin-orbit torque that can be the dominant contribution.
Therefore, if jn > jg, the dampinglike and fieldlike compo-
nents are on the same order of magnitude. But if jx = jg, the
fieldlike component tends to dominate.

If magnetism at the interface plays a more important role
than the bulk magnetism considered above, both components
have similar orders of magnitude. As for the bulk magnetism
case, there are two sources of spin-orbit torque, jn and jg.
We demonstrate in Sec. V B that the dampinglike contribu-
tions are mostly subtractive and the fieldlike contributions are
mostly additive. Therefore, the current in the ferromagnet
tends not to change the total fieldlike spin-orbit torque, but
tends to reduce the dampinglike spin-orbit torque.

For systems with a ferromagnetic insulator or a topological
insulator, the dampinglike component is found to be absent.

III. PERTURBATION OF SCATTERING AMPLITUDES
A. Definition of the scattering matrices

We consider a nonmagnet (z < 0)/ferromagnet (z > 0) in-
terface at z = O where z is the interface normal direction. Ei-
ther materials could be insulating. We define scattering am-
plitudes by Fig. 1. The scattering of electronic states incident
from the normal metal define reflection and transmission am-
plitudes r and ¢. Those incident from the ferromagnet define

! These are indeed the directions of spin-orbit torque induced by an applied
current along x. [See Eq. (16)]

System |Source | FLT | DLT| Magnitude
2D Rashba model JE v | x
Magnetic bilayer JN v | v |FLT < DLT
(bulk magnetism) JE v | v |FLT > DLT
Magnetic bilayer JN v | v |FLT > DLT
(interface magnetism) JE v | v |FLT 2 DLT
Ferromagnetic insulator| jx v | x
Topological insulator JF v | X

TABLE I. Behaviors of in-plane-current-induced spin-orbit torques
for various systems. FLT and DLT refer to fieldlike torque and damp-
inglike torque respectively, and v/ (X) refers to their existence (ab-
sence). Our analytic calculation allows for the separation of con-
tributions from a pure charge current (jx) and a pure spin current
(jr) separately. A magnetic bilayer is a normal metal/ferromagnetic
metal junction. Bulk magnetism originates from an exchange split-
ting in the ferromagnetic bulk and interface magnetism originates
from a spin-dependent scattering at the interface. A ferromagnetic
(topological) insulator is assumed to be attached to a normal (fer-
romagnetic) metal where the applied current flows. For all cases,
interfacial spin-orbit coupling is present right at the interface. We
present the behavior of the two-dimensional (2D) Rashba model as a
reference. Since the intrinsic contribution to spin-orbit torque is not
taken into account in our theory, the dampinglike component in 2D
Rashba model is not considered here.

r" and ¢'. In the ferromagnet, there is an exchange splitting
energy J > 0. At the interface, we assume an interface po-
tential H; = (5%/2m,)Rd(z), where & is a 2 X 2 matrix in spin
space. The delta-function-like potential describes physics on a
length scale shorter than the mean free path. The effects of lat-
tice mismatch, interface magnetism [44], and interfacial spin-
orbit coupling are examples. In our perturbative approach,
we first ignore any interfacial spin-orbit coupling. After solv-
ing a boundary matching problem of the Schrédinger equa-
tion at z = 0, we obtain the scattering matrices in terms of
the interface potential k [Eq. (6)]. We then add a Rashba-type
interfacial spin-orbit coupling potential Ak = hgd - (k X z)
to obtain a perturbative expansion of the scattering matrices,
such as 7x = ?g + A7y, where 7 is the 2 X 2 reflection ma-
trix in spin space’ for momentum k, ?ﬁ is the unperturbed re-
flection matrix (without interfacial spin-orbit coupling), and
Afy is its correction due to interfacial spin-orbit coupling
[Eq. (10)]. Then, the electronic eigenstates are computable
analytically and play a crucial role in computing spin-orbit
torque in Sec. IV.

We now mathematically write down electronic states as def-
initions of scattering amplitudes illustrated in Fig. 1. The
wave incident from the nonmagnet having the momentum
k = (ky, ky, k;) and spin o~ is (1/ \/V)eik'rfg where V is the vol-
ume of the system, r = (x, y, 7) is the position vector, and & is
the spinor for the spin o state. The spin quantization axis we
use here is the direction of magnetization in the ferromagnet

2 Throughout this paper, we denote any matrix in spin space by a symbol
with a hat, *.
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FIG. 1. Scattering matrices at the interface of a nonmagnet(z < 0,
denoted by N)/ferromagnet (z > 0, denoted by F) structure. The
interface is at z = 0. r and ¢ refer to reflection and transmission
matrices when the electronic state is incident from the normal metal
layer. v’ and ¢’ are those when the electronic state is incident from the
ferromagnetic layer. When the transverse mode is conserved, these
are 2 X 2 matrices in spin space. In our model, the interfacial spin-
orbit coupling (ISOC) is present only at z = 0 being delta-function-
like, although the thickness of the region drawn with finite thickness
for illustration.

and o = %1 corresponds to the minority/majority bands (with
the higher/lower exchange energy). When the plane wave hits
the interface at z = 0, it scatters out. For simplicity, we as-
sume translational symmetry over the xy plane. Then, the
transverse momentum is conserved, thus the scattering matri-
ces are diagonal in transverse modes. The reflected wave has
the momentum k = (k, ky,—k;). Here we denote the reflec-
tion amplitude "7 by the amplitude of the scattering process
(k, o)x — (Kk, 0’)n, where the Roman subscript/superscript N
refers to the nonmagnet. The scattering state in the nonmagnet
is

Ypr(z < 0) = \/_"“&r «sz (1a)

The transmission matrix is defined in a similar way. Given
the energy of the electronic state, the momentum k; in the fer-
romagnet is different from that in the nonmagnet due to the
exchange splitting J. We denote k¢ for the corresponding mo-
mentum for spin o band. For instance, if the kinetic energy
is given by 7%|k|>/2m, and the exchange interaction is given
by J6 - m where m is the unit vector along the magnetiza-
tion, 72k2/2m, = W*(k?)?/2m, + J = B*(k;)*/2m, — J defines
the relation between k; and k. Then we denote the transmis-
sion amplitude 77 "7 by the amplitude of the scattering process
k,o)N — (k”’, 0’)r, where the roman subscript/superscript
F refers to the ferromagnet. Therefore, the scattering state in

the ferromagnet is

1 kel e v
Un (2>0)= — T (1b)
. Vv ; Kk

Here the prefactor +/|k,|/|k¢"| is introduced, in order to make
the conservation of electrical charge equivalent to the unitar-
ity of the scattering amplitudes [58]. The absolute value is
introduced for cases where kg' is imaginary so that the trans-
mitted wave function is evanescent. Since evanescent waves
do not contribute to unitarity, this convention is arbitrary, but
the choice should not affect the final expressions for physical
quantities.

Now we introduce a compact matrix notation. Since
the scattering amplitudes have two indices (07, o), they are
2 X 2 matrices in spin space. We define the matrix 7 =

Yooty o’ ‘Tfm and similarly 7 with t‘T 7. The wave functions
in this notatlon are
N ik x+ikyy on k.
U (2 < 0) = ——=—(e"*1k + e "“F)és, (2a)
k \/‘—/
N eik).erikyy - £ on
Yo (2> 0) = A Ik e e, (2b)

where K, = kfu, + kZu_ is a diagonal 2 x 2 matrix consist-
ing of momenta in the ferromagnet for each spin band and

- = &€ is the projection matrix to the spin o band. Equa-
tion (2) defines the electronic state depicted in Fig. 1(a). 1k
is essentially the identity matrix, but slightly different, as we
explain in the next paragraph. In a similar way, the scatter-
ing states derived from waves incident from the ferromagnet

define 7, and . matrices in Fig. 1(b).
F eikxx+ikvy iken -
lpka—(z <0)= 7 2, |kz|_1e ' Zztk |K- &, (3a)
ik x+ikyy ~ N -
Vo2 > 0) = IR e+ @) VIR o

Vv
(3b)

The matrices 1y and i{ are the projection matrices to the
Hilbert space. These matrices are introduced to prevent un-
physical states (not in the Hilbert space) from contributing to
any physical quantities that we compute. 1y and 1' are the
identity matrices (the scalar 1) in the Hilbert space, but are
zero, out of the Hilbert space. An electronic state is out of
the Hilbert space when the incident wave is evanescent. For
instance, an electronic state written as Eq. (2a) with an imag-
inary k, is not in the Hilbert space in the scattering theory, so
it should not contribute to any physical quantity. Thus, we
define Ty by the following projection operator:

=g el (4
0 if k; is imaginary.

In this paper, we define 7 = fx = 0 if the electronic state is
out of the Hilbert space. Then, one can see that 7 = 71k and



i = flx. In a similar way, il’( is defined by,

1 if both k¥ are real,
I =< u_ if only & is real, (4b)
0 if both kT are imaginary.

if( = 1 if both majority and minority bands are propagating,
if( = u_ (projection to the majority band) if only majority
band is propagating, and Tl’( = 0 if both bands are evanescent.
Similarly, # = # 1} and £ =7 1;.

Defining the projection matrices is crucial when we con-
sider the continuity of the wave functions at z = 0. If the
Hilbert space is not properly considered, matching Eqgs. (2a)

and (2b) at z = O gives 1 + A = +/|k:||K.|"'7. However, it
does not hold when k, is imaginary so 7 = fx = 0. When we
project this equation to the Hilbert space by multiplying 1y,

ik + Mg = \HkZIIIA{ZI‘lfk is the correct continuity condition. In
a similar way, the continuity at z = 0 of Egs. (3a) and (3b)

is given by il’( +7 = ‘HIA{ZIIkZI‘lfl’(. Therefore, with the pro-
jection matrices, we can write down a single equation which
holds regardless of the reality of the perpendicular momenta.

Another place where the projection matrices are crucial is
the unitarity relation of the scattering amplitudes. It holds
only for physical states in the Hilbert space. Therefore, the
unitarity relation in our notation can be subtle. We derive the
unitarity relation for the scattering amplitudes in Appendix B.

B. Relation to the interface potential and introduction of
extended scattering matrices

In this section, we derive explicit expressions for scattering
matrices for a given interface potential. This allows defin-
ing extended scattering matrices (P ex, fk.exs Pheexs ff(,ex) which
even satisfy the continuity relation without projection. The ex-
tended scattering matrices remove the singularity of the scat-
tering matrices,” which is a main obstacle of our perturbation
theory.

The explicit expressions for the scattering matrices are
given by the interface potential. We start from the following
interface potential at z = 0

2

H, =
! 2m,

k(2), 3)

where k is a 2X2 matrix in spin space and has the dimension of
the inverse of length. Solving the Schrodinger equation gives
the scattering matrices in terms of k. The boundary condition
for the delta-function-like potential is given by the derivative
mismatching condition, &/,=0 = 0.4,=10—0p.=—o. After some

3 Note that, for some momenta, the scattering matrices are zero or propor-
tional to u_, thus are not invertible matrices.

algebra, we obtain the scattering matrices as

ficex = 2ik; \IK:NIk 1 GK, + ik, = )7, (6a)
fl,(,ex = (lf(Z + ikz - R)_lzif(z V |kz||f<z|71’ (6b)
Prex = (K, + ik, — R)'(ik, — ik, + &), (6¢)

Pleex = VIKAGR, + ik, — &7 G, — ik, + D) AJIKIY, (6d)

where we call the matrices with the subscript ‘ex’ the extended
matrices, discuss their meaning below. The expressions in
Eq. (6) are nonzero even when the incident wave is evanes-
cent. (For instance, fil =iy, # 0.) In our convention, the scat-
tering matrices are zero if the electronic state is evanescent
because the scattering matrices capture the asymptotic behav-
ior of the scattering process. Therefore, the scattering matri-
ces are obtained from the extended matrices by projecting the
latter to the Hilbert space.

Pk = Prexlks Bk = fex ks
VANV VA A A
Mk = Peex lio Tk = Tex Lk (7

Now the expressions satisfy 7x = ?kik and similar relations
for the others.

The introduction of the extended matrices is purely mathe-
matical. As far as physical quantities are concerned, the parts
of the extended matrices out of the Hilbert space are com-
pletely arbitrary and cannot affect any physical quantity. In
this paper, there are three reasons why we choose the conven-
tion in Eq. (6). First, it provides a natural way to write down
analytic expressions valid for any momenta (even imaginary).
Equation (6) is the result from boundary matching at z = 0 of
the Schrédinger equation whether or not all wave vectors are
real. Second, it satisfies the generalized continuity relations

I+ ;’k,ex =N |kz||Kz|_ltAk,ex and 1 + ?f(,ex = \/|Kz”kz|_lfl,(,ex

even out of the Hilbert space. This supports the idea that
Eq. (6) is the most natural way to define the extended matri-
ces. Third and most importantly, the extended matrices have
well-defined inverses. The singularity of 1) and il’( for some
momenta complicates the development of a perturbation the-
ory, and the extended matrices give one way to resolve this
difficulty.

Three remarks are in order. First, although we claim that
Eq. (6) is the most natural form to extend out of the Hilbert
space, this form depends on the normalization convention in
Egs. (2) and (3) for evanescent states. But we again em-
phasize that the mathematical convention cannot affect cal-
culation of physical quantities. Second, the four matrices in
Eq. (6) are not independent since they are defined by a single
matrix k. There are three relationships between the matrices.
Two of them are the generalized continuity relations presented
above. Another relationship that is derived from Eq. (6) is

(1 + Peedky! = JIKII + 7 ) VIKIKS!. Third, if & is

a spin-conserving Hamiltonian, k and K, commute with each

other. For instance, \/|IA(|Z and ,HIA{|;1 in 7, cancel so that

the expression becomes simpler. The last constraint becomes



simpler (1+#x ex)k; ! = (147, )K", These features are useful
for simplifying unperturbed contributions, which we consider
spin conserving in the next section.

C. Perturbation of scattering matrices

To focus on the effects of interfacial spin-orbit coupling, we
use a perturbative approach. Let the interface potential be

kK =Ko+ hgo - (kxz), ¢))

where the first term is the unperturbed interface potential
and the second term is the interface Rashba interaction only
present at z = 0. Here 6 is the vector of the spin Pauli ma-
trices, z is the unit vector along the interface normal direction
z, and hg, is the dimensionless Rashba parameter. We treat hg
perturbatively. Ref. [37] shows that the numerically computed
spin-orbit torques are mostly linear in /g, supporting this per-
turbative approach. We also assume that &y is spin conserv-
ing in the sense that it is diagonal in spin space. Therefore,
[ko, us] = [ko,f{z] = 0. Examples of spin-conserving poten-
tials are spin-independent barriers and interface exchange po-
tentials in the form of u,,6-- m. One interpretation of interface
magnetism (u,,) is proximity-induced magnetism [44], which
is discussed in Sec. VIC in more detail. The success of the
conventional magnetoelectric circuit theory [45, 46] implies
that assuming a spin conserving interface potential is reason-
able.

To develop a perturbation theory, we denote unperturbed
scattering matrices by a superscript 0. For instance from

Eq. (6), 7y . = 2ik: VIRV GR, + ik, — ko)™ Tt is straight-
forward after some algebra to show that the exact scattering
matrix in the presence of Ag is related to the unperturbed scat-
tering matrix as follows; ( kex) Mex = 1+ (hg/2ik,)0 - (K X

2)(1 + Py ex).* By multiplying 7) . on both sides,

6 (kX 2) k] IK | Hexs  (9)

2 20
Ikex = tk,ex 2 k

which allows a perturbative expansion with respect to hg in
an iterative way. For instance, replacing fi ¢ in the right-hand
side by kex Sives the first order perturbation result for T ex-
From f ¢, the three constraints mentioned in the previous sec-
tion give the rest of the extended matrices immediately. Then,
projecting to the Hilbert space by multiplying by 1y and ii(

4 Note that the invertibility of extended matrices is crucial for deducing this.

gives our central result for the scattering matrices.

. h .
b=+ 280 - kxz)(ix+), (10a)
2ik,
> _ 0 hg
=8+ —(1 + 7y )0 - (K X 2)E, (10b)
Fo= 7O+ 2 k 0 kxz)(Ii +7Y), (10c)
=y ik G- (kX 2)fy (10d)
k — k 2i k

With Eq. (10) in combination with Egs. (2) and (3), one can
write down the electronic wave functions for nonzero hg.
Then, physical quantities can be written in terms of unper-
turbed scattering matrices, as we present in the next section
and Appendix A. These expressions in terms of reflection and
transmission coefficients can be used for general interfaces
with spin-nonconserving Hamiltonians of the Rashba type. >
By computing the unperturbed scattering matrices with first-
principles calculations or toy models, our theory enables com-
puting interfacial spin-orbit coupling contributions for various
types of interfaces. This approach is similar to the way that
one computes the spin mixing conductance [45, 46] in mag-
netoelectric circuit theory.

Three remarks are in order. First, one may notice that
Eq. (10) includes 1/2ik. factors only, but there is no 1/2iK.
factor in 7 and 7. The absence of 1/2iK. seems asymmet-
ric since we consider all the waves incident from the normal
metal and the ferromagnet. This is simply because we used
the constraint (1 + fi )’k = (1 + ?{(YCX)OIA{Z‘ ! to convert all

1/2iK. to 1/2ik, for simplicity. Therefore, our result does not
break the symmetry in the expressions. Second, in the pres-
ence of interfacial spin-orbit coupling, a bound state that does
not correspond to any unperturbed state could arise. In Ap-
pendix C, we demonstrate that a bound state is not present
in the perturbative regime that we consider here. Third, the
presence of the extended matrices in Eq. (10) is purely math-
ematical. This is similar to the Born approximation in scatter-
ing theory. In the Born approximation, the mathematical ex-
pression of scattering states contains virtual transitions which
are not allowed due to the conservation of energy. However,
such a treatment allows us to calculate the scattering states
in a perturbative regime. Similarly, the presence of the ex-
tended matrices does not mean a physical transition but a
mathematical artifact of the perturbative approach. Physical
quantities do not depends on the extended space. The relation
(1+ 7 Dkt = (1 +#2, )K" is helpful for this purpose. For

instance, when we need to project 7 ex by if( to compute a
physical quantity, the relation allows expressing 7 ¢x in terms

of ?;(,ex’ so the projection by i;{ is given by the natural relation
’ T o
Meex Ik = T

5 Even if the perturbing Hamiltonian is not in the Rashba type, our approach
is still valid when one replaces hgro - (k X z) by the perturbing Hamiltonian.



IV. EXPRESSION OF SPIN-ORBIT TORQUE

We consider a situation that an external current is applied.
In the absence of spin-orbit coupling, angular momentum con-
servation suggests that the total angular momentum injected
into the ferromagnet is equal to the spin current at the inter-
face. However, in the presence of interfacial spin-orbit cou-
pling, the spin current at z = +0 is not equal to the spin-orbit
torque, because some of the angular momentum is transferred
to the lattice. Thus, it requires a careful separation of the an-
gular momentum flow [41, 42] (See Fig. 2).

To develop an expression for the torque, we first ignore
magnetism at the interface and restore it later. Then, the total
spin-orbit torque is computed by the spin current right at the
interface in the ferromagnet, z = +0. For illustration, we first
compute the spin current at 7 = —0 and how much angular mo-
mentum changes at the interface due to interfacial spin-orbit
coupling. We compute the charge and spin current density at
z=-0by

Jo(r) = —e Ty Re[pd(xop — T)V.], (11)

where Re[A] = (A + A")/2 refers to the real part of the
given matrix A, Trk is the partial trace over k only (the re-
sult is 2 X 2 matrix in spin space), j. = Je+6-30/2,j;
is the spin current flowing along z with the direction of the
vector denoting the direction of spin, j¢ is the charge cur-
rent along z, v, = (hi/m,i)d, is the velocity operator, p =
Skooraen/F [y o ko a)(ko; al is the density matrix, fos
is the reduced density matrix for a given K, rp is the po-
sition operator, and r is a c-number indicating the position
at which the current density is evaluated. Here |ko; N/F)
refers to a scattering state incident from the nonmagnet (fer-
romagnet) that has momentum k in the nonmagnet and spin
o, that is, Yy _(r) = (rlko;a). The current is written by
§:(1) = (=€/2) Shoramn/p [ (kO alfvz, (rop—1))G k0™ @),
and similarly for the charge current. Since we know the elec-
tronic wave functions Eqgs. (2a) and (3a), we can calculate this
analytically. The delta function enables computing the ma-
trix element without performing any integration. After some
algebra,

A el ANA  a ANaF v Fpia
o = —W; f dEY T~ A fi - /57 . (12)

Here, 1\]/ F= Yoo Eé l,:ﬂfj; is the matrix representation of
the reduced density matrix, L is the thickness of the system
along z direction, & = 2n7 is the Planck constant, the sum-
mation over k, refers to the summation over all transverse
momenta, and E is the energy of the electron. In order to
compute the contribution from ff, we assume that f;l: is diag-
onal in o, so that the electrons in the ferromagnet has no spin
component perpendicular to the magnetization, as assumed in
the magnetoelectric circuit theory. In order to convert Y to
Yk, [dE, weuse Yy = Yy, ¥y and Yy = (L/27) [dk. =
(m.L/2nh?) [ dE/k.. We use 1xfN1 = fN and 1} fF1" = fF

by their definition.® These relations play a role in projecting
the extended matrices in Eq. (10) when computing physical
quantities.

Equation (12) has the same form as the core result of
the conventional magnetoelectric circuit theory [45, 46]. An
evanescent contribution from a wave incident from the ferro-
magnet with & = —1 cannot contribute to J.|.-_o (see addi-
tional 1y factor in the last term). But in Appendix A, we show
that an evanescent contribution plays an important role in an
in-plane current flow in the presence of interfacial spin-orbit
coupling.

Applying an external field shifts the distribution function.
In linear response regime, we approximate the Fermi sur-
face contribution by defining chemical potentials A ?/ F =
eAPNYS(E — Er) where Ep is the Fermi level. The delta func-
tion allows us to perform integration over E in Eq. (12) by
taking £ = Er. In the presence of an electrical (charge) cur-
rent along x direction, it shifts the electron distribution func-
tion with a finite momentum relaxation time 7~ in the non-
magnet, 7'/} in the ferromagnet. Here T and | refer to the
majority (0 = —1) and minority (o = 1) bands. That is,
AN = (Eo/mohkeN 1y and AT = (E./m. )ik, 71} where
E, is the applied electric field, and #¥ = tlu, +tTu_isa2x2
matrix of the relaxation times in the ferromagnet. Then the
nonequilibrium current is

2
A __eL ANT s AANAf _ mA Foii
Jelz=—0 = AT ; [Aﬂ Ix — AR 7y — A 1 lk]E:EF

e’LE, o Net 1 oy aFatt
= Sy ; kPt + ki 277 lk]E:Ep .13

L

Since the expression is given by quantities at the Fermi level,
we from now on omit [---]|z=g, and implicitly assume that
the nonequilibrium current is evaluated at the Fermi level.
The simple formula Eq. (13) gives the nonequilibrum spin and
charge currents right at the interface in the nonmagnet. With-
out spin-orbit coupling, the system has the rotational symme-
try around z, so 7 is an even function of k, and k,. Therefore,
Eq. (13) vanishes identically after summing up over all trans-
verse modes. Thus, we reproduce the well-known result that
there is no conventional spin-transfer torque induced by an
in-plane charge current.

However, the existence of interfacial spin-orbit coupling
changes the situation drastically. Since Eq. (10) includes a
term which is odd in k, Eq. (13) gives rise to a finite contribu-
tion. Putting Eq. (10) into Eq. (13), we obtain

2 2

A e’LE k5 o~ -

Jieemo = ~hp g dm Y 22 (hi+ 6y R~ ORT,
k, F

4mm,V
(14)
where Tm[A] = (A — A")/2i refers to the imaginary part of the

given matrix A and k, = /k2 + k2. Here we use the unitarity

6 There is no incident electron out of the Hilbert space.
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relation 7; = 1x which is derived in Appendix B.
In addition, we perform an angular average of the summand:
For any unit vectoru, 3 (k-w)d-(kxz) = Yy, (ki/Z)é’- (ux
z) after taking average of contributions from all directions of
k, = k,x+ k,y with the same magnitude. Taking u = x yields
g, in Eq. (14).
Now we compute the discontinuity at the interface. The

derivative mismatch condition hRO' (k X 2= = O W—r0 —

A.—_o, allows us to compute AJ. = J.|.—40 — J-|-=—o in terms
of the wave function at z = 0. From Eq. (11), j_|.=+0—Jj.lz=—0 =
—hg(efi/m,) Try Im[pd(ry, — r)6°6 - (K X z)], and similarly for
the charge current. Here r is the position at the interface, so it
does not have a z-component. Since the expression is already
proportional to sz, we can replace 7k in the wave function by
?ﬁ. After some algebra,

@ LE 70 AF A
Aj. = Zlkl [N Qi) +2087401],

15)
The physical meaning of Eq. (15) is the angular momentum
absorption or emission at the interface due to spin-orbit cou-
pling. Therefore, Eq. (15) amounts to how much angular mo-
mentum is transferred from the lattice at the interface.

The expression for the spin-orbit torque is given by the
Pauli components of J.|.—,o perpendicular to the magnetiza-
tion m, and }Z|Z=+0 is given by the sum of Egs. (14) and
(15). Explicitly, Tz = —(V/2eL) Tty[0°, J-|-=+0], Where
0, = 6 — m(F - m) is the transverse part of the Pauli ma-
trix vector to m and Tr, is the trace over the 2 X 2 spin space.
After some algebra,

Tr = Im[T]m X (y X m) + Re[Tz]m X y, (16a)
Tr=Tx +Tx, (16b)
heE. T K2
=h a e P (I o 16
R RSme%]kz( =R (160)
hekE k
F_ _p ANV N AR )
Ty = Smekzkun Pt — P
heE k2
hp—— L TP - 1 Ph, 16d
e Z P e, a6d)
Kk, k2<0
1 T 7l "

where we expanded #) = ryuy +nu_and 70 = 17 u, + 1 u_ as
done in magnetoelectric circuit theory. Here T is assigned for
o = —1 since o = —1 is majority in our model. Equation (16)
is the central result of this paper. The terms in Eq. (16) are the
dampinglike spin-orbit torque and fieldlike spin-orbit torque
respectively.

‘le is the contribution from a current flowing in the non-
magnet. By the Drude model, the applied current is written
as nne?E1/m, where ny is the electron density in the non-
magnet. Therefore, T multiplied by E, is proportional to the
applied current. Similarly, 7, 15 is the contribution from the
current ﬂowing in the ferromagnet. Especially, the second
term in 7 is an evanescent contribution in the nonmagnet
(see k2 < O) Although the wave function in the nonmagnet is
evanescent incident waves from the ferromagnet can be prop-
agating, giving rise to a finite amount of spin-orbit torque.

bulk )
F magnteotizgtion (3) /ma;on::tts;f:gs @
Fzx44424444444044440400040004
incoming -\\\30 lattice (2)
N angular momentum (1) BN z
X

Angular momentum conservation (boundary condition)

(1)-(2) = (3)+(4)

FIG. 2. (color online) Illustration of conservation of angular momen-
tum at the interface. The incoming angular momentum (1) splits into
three drains; to the lattice by interfacial spin-orbit coupling (2), to the
bulk magnetism (3), and to the interface magnetism (4). The conser-
vation of angular momentum implies that (1)=(2)+(3)+(4), which
is captured by the boundary condition of the Schrodinger equation.
Equation (16) is computed by (1)—(2), which is, by the conservation
of angular momentum, (3)+(4), the total spin-orbit torque to magne-
tization.

Such a contribution is crucial for topological insulators where
the nonmagnet is insulating. We also demonstrate in Sec. V A
that this contribution can also be the dominant contribution in
magnetic bilayers.

In the case of torques due to the spin Hall effect in the
interior of the layer, the spin Hall current proportional to
OsyE, creates a spin current into the ferromagnet, where 6sy
is the spin Hall angle. For this mechanism, the real part of
the spin mixing conductance G™ contributes to the damping-
like torque and the imaginary part contributes to the fieldlike
torque [45, 46]. Comparing this result to Eq. (16) suggests
that sy E,G™ in the spin Hall effect contribution corresponds
to i7 r in the interfacial spin-orbit coupling contribution (up to
a constant factor).

Now we restore the possibility of interface magnetism at
the interface and argue that Eq. (16) is unchanged. When we
add interfacial magnetism u,,6- - m, the boundary condition
changes to 1,0 my,—o+hgG - (KXZ)W =0 = O .=10— 0 ,=—p.
This is nothing but the angular momentum conservation re-
lation at the interface. The terms in the left-hand side cor-
respond to the angular momenta transferred from the inter-
face magnetization and the lattice. The terms in the right-
hand side correspond to the incoming and outgoing angu-
lar momenta. The first term in the left-hand side and the
first term in the right-hand side correspond to the (negative
of) spin-transfer torque to the interfacial magnetism and the
spin-transfer torque to the bulk. Therefore, the total spin-
transfer torque is computed by the sum of the interfacial spin-
transfer torque and the bulk spin-transfer torque, which cor-
responds to 0.,=+¢o — U0 - my.—. This is the same as
O ,=—o+hgro - (KXZ),—, which is exactly what we express in
Eq. (16). Conservation of angular momentum is summarized
in Fig. 2.



V. SPIN-ORBIT TORQUE FOR VARIOUS TYPES OF
INTERFACES

In this section, we use Eq. (16) to compute spin-orbit
torques for various types of interfaces. Examples includes
magnetic bilayers, ferromagnetic insulators, and topological
insulators as presented in Table I.

A. Magnetic bilayers - Bulk magnetism

We start from the following unperturbed Hamiltonian.

2

i
H=-

V2 + Jé - mO(7), (17)
2m,

where ©(z) is the Heaviside step function representing that the
bulk ferromagnetism J is present only in z > 0. The potential
energy profile is presented in Fig. 3. Here we assume Ep > 0,
otherwise the normal metal is insulating.

Since we have no interface potential other than spin-orbit
coupling, we use Eq. (6) by putting k = 0.

ke — kI f & is real
Al =y vk DR (18a)
0 if k, is imaginary,
2i \JkZ k.
I —Z|f| if k7 is real,
= e (18b)
0 if k7 is imaginary,

When we define k2 = 2m,Ep/h* and A*> = 2m,J/?, each
momentum has the following relations: k3 +k? = k> and k% +
(kzi)2 + A2 = k%. There always are evanescent contributions
from any scattered wave regardless of Er and J, since k, can
be arbitrarily close to kr.

The total spin-orbit torque is given by the sum of Eq. (16c)
and Eq. (16d). Putting Eq. (18a) into Eq. (16¢) gives spin-orbit

Potential profile

Er
Minority
band
0 2J
Majority
band

z=0 z

N F

FIG. 3. (color online) The potential profile (blue lines) for the model
Eq. (17). The energy profile is spin-independent for z < 0 while it has
a 2J gap between the majority and minority bands for z > 0. Here the
red line denotes the Fermi level. The figure shows a typical situation
where Er > J so that the spin polarization at the ferromagnet is
incomplete, but the theory covers the whole range of positive Er.

torque generated by a current flowing in the normal metal.

heE,T (k2)* — kI
Re[TY] = ~hg—— Kk z <19
TR = e A Pk R (192)
L F
fieE, T 2k Im[k}]
Im[T ] = —hg—~—— K k - = , (19b
TR = R e k; ok ke PP
L F

where Zki<kg refers to the summation over all transverse

mode satisfying k3 < k7% thus making k. real. Here, k, and
k_ are real and positive. The evanescent contribution Im[k} ]
is crucial for the dampinglike component Im[7, 11{\1 ]. We re-
mark that the real and imaginary parts of Eq. (19) have the
same sign. This implies that the dampinglike and the fieldlike
component of Eq. (16c) in this model have the same sign.

Putting Eq. (18b) into Eq. (16d) gives spin-orbit torque gen-
erated by a current flowing in the ferromagnet. Although the
situation is slightly more complicated than above, the explicit
expressions are similar:

heE 1! K2 — k2
Re[TH] = —hg—— ik — :
Tkl = ~hr = kg; il + e Pl + k2
L F
5 heE, 24 k; —k;
2, 12+ A2 <k T (ke + KDk, + K
heE, ! kikz_
e > oo (20a)
K2<k3 <k2+N?
heE, 7! 2k, Im[k}
Im[T] = hg 2e ! Z Kk Ik ] (20b)
T,

T (ke + k) + KEP

Kr<k

Here, terms proportional to 7! and 7! are contributions from
majority and minority electron flows respectively. We remark
that evanescent modes are crucial for the existence of damp-
inglike components. The first two terms of the real part are
majority and minority counterparts of Re[7, 11{\1 ]. The imagi-
nary part has also the same form as Im[7, 11{\1 ], but only majority
electrons contribute because minority electrons do not make
any transition to an evanescent state in this model. The last
term in the real part has no counterpart in Eq. (19) since it
originates from the imbalance between majority and minority
states due to a nonzero J. This term originates from transition
of majority electrons in the ferromagnet to evanescent states
in the normal metal. We show below that this contribution
is very large and can dominate the other contributions mak-
ing the consideration of a finite J and the resulting evanescent
modes very important.

Converting the summations in Egs. (19) and (20) to integra-
tions allows us to compute the spin-orbit torque as a function

of Er/J. To do this, we convert Zki<k} to (A/4n) Lk% d(k,)?,
where A = V/L is the are of the interface, and similarly for the
other summations. To express all momenta in terms of k, , we
use k2 = k% — k3 and (k¥)* = k% ¥ A? — k3. There are two
regimes. For Er < J, kI is imaginary for the whole interval
of the integration 0 < ki < k%. On the other hand, for Er > J,
it is necessary to consider the intervals 0 < k3 < k% — A% and
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FIG. 4. (color online) Spin-orbit torque (SOT) to the bulk magnetism
in magnetic bilayer described by Eq. (17). The red lines are contri-
butions from a current flowing in the normal metal, and the other
lines are those from a current flowing in the ferromagnet. Among
these, the blue lines are contributions from majority electrons flow
and the cyan line represents contributions from minority electron
flow. The dashed and dot-dashed lines are the real part, thus repre-
senting fieldlike torque (FLT), while the solid lines are the imaginary
part, thus representing dampinglike torque (DLT). The dot-dashed
line represents the third term in Re[Tlf ] in Eq. (20), which originates
from a nonzero value of J and transitions to resulting the evanescent
states. The spin-orbit torque from electrons in normal metal, majority
electrons, and minority electrons are divided by 2theEXTAk} /nm,,
2hgheE, 7' Ak} [nm,, and 2hgheE Tt Ak} /mm,, respectively, and the
results are dimensionless. Thus, the total spin-orbit torque is given
by the weighted sum of all the contributions with the weighting fac-
tors (1,77, ).

k%—A? < k% < k7. separately, since k7 is imaginary for the for-
mer and is real for the latter. Thus, it has different properties
when taking the absolute value. In both cases, k7 is always
real, and k. is imaginary only when k% < k3 < k% + A%. The
integration can be performed fully analytically, however, we
present only numerical results due to complexity of the ex-
pressions.

Figure 4 presents (normalized) contributions of spin-orbit
torques as a function of Er/J. The values are divided by fac-
tors proportional to E, 7, E.7', and E, 7} for electrons in nor-
mal metal, majority electrons in the ferromagnet, and minority
electrons in the ferromagnet, respectively. In most experimen-
tal situations, people apply an electrical current mainly in the
normal metal. Thus we discuss the spin-orbit torque originat-
ing from a current in the normal metal first and consider the
effects of a current leaking to the ferromagnet.

Red lines in Fig. 4 represent fieldlike (dashed line) and
dampinglike (solid line) components of spin-orbit torque in-
duced by a current flowing in the normal metal. Unlike
the two-dimensional Rashba model [11, 12], the damping-
like component has the same order of magnitude as the field-
like component and even larger for wide range of Er. As
we remark above, each component has the same sign. If
the current leaking to the ferromagnet is sufficiently small or
the ferromagnet is more resistive than the normal metal, we
can consider the current to flow mainly in the normal metal.
In this case, the dampinglike torque is comparable or even
larger than fieldlike torque implying that experimental results
for the dampinglike spin-orbit torque due to the spin Hall ef-
fect [8-10, 59-61] should be carefully analyzed due to the
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possibility of the contributions from interfacial spin-orbit cou-
pling [62, 63].

Now we consider the contributions from the current flow-
ing in the ferromagnet. Neglecting the unconventional term
from a finite J (dot-dashed line in Fig. 4), the dampinglike
component (solid blue line) has the opposite sign of the nor-
mal metal contribution because the dampinglike component
is generated by angular momentum carried by a spin current,
which has opposite directions for these two contributions. On
the other hand, since the fieldlike component originates from
the current-induced spin-orbit field, the contributions from
currents in both sides can act additively. Thus, the dashed
blue line and the cyan line have the same sign as the dashed
red line in wide range of Er/J.

One remarkable result of this calculation is that the third
term in Re[7, 15 ] in Eq. (20) is larger than the other contribu-
tions. It is around five times larger than the dampinglike com-
ponents (solid lines) at Er =~ J (not shown). The origin of this
term is the finite magnitude of J and the resulting evanescent
states. If 77 has the same order of magnitude as 7, this term
can be the dominant contribution, illustrating the importance
of accounting for the different Fermi surface. If the current
flowing in the ferromagnet is at least comparable to that in
the normal metal, the total spin torque is approximated by the
third term in Re[‘TIf ]. The summation is performed in a simple
analytic form:

Ik,
= -

heE, 7!
2mm,

E. 7 AA
he S 22 (SR 1 20).

Tk~ e 157k

KL<k? <k2+N?
21
Since the number of electrons in the majority band remains
finite when Er — 0, the contribution does not vanish in this
limit, unlike the other contributions in Fig. 4.8

B. Magnetic bilayers - Interface magnetism

We start from the following unperturbed Hamiltonian.

hZ VZ . h2

H=-
2m, 2m,

(uo + Um0 - M)§(2), (22)

where up and u, are parameters for spin-independent and
spin-dependent interface potentials. The former refers to an
interface barrier and the latter refers to an interface mag-
netism. The interface magnetism is a possible simple model
for the proximity-induced magnetism at the interface [44].
Since all the Fermi wave vectors are the same, there are no
evanescent waves. The potential energy profile is presented

7 This argument is only valid when the propagating contributions are domi-
nant. If Er is close to J, this argument is not guaranteed as shown in Fig. 4
(blue and cyan dashed lines). We consider a model not containing any
evanescent mode in Sec. V B, giving a clearer example of this conclusion.

8 In Fig. 4, the dot-dashed line seems divergent when Er — 0. However,
this is a result of the normalizing factor ~ k;. Figure 4 does not present the
dependence on Er, but Er/J.
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FIG. 5. (color online) The potential profile (blue lines) for the model
Eq. (22). Here the spin-independent potential u, and spin-dependent
potential u,, are present at z = 0. The red line denotes the Fermi level.
In this figure, a delta functions is represented as a square function
with a finite height and a finite width for illustration.

in Fig. 5. Each side around z = 0 is symmetric, so there is
no explicit difference between the normal metal and the fer-
romagnet. Here we model the ferromagnet by assigning dif-
ferent 7" and 7! values and assuming that angular momentum
right at z = +0 are absorbed into the ferromagnet and make a
contribution to spin-orbit torque. In other words, we implic-
itly assume a vanishingly small magnitude of magnetism in
the ferromagnetic bulk.

We use Eq. (6) by putting K. = k. and & = ug + u,,é - m, to
obtain

L uyg + Uy

Tl Tl
= Y =1+r". 23
" T2k (o Fuy) K "k (23)

Putting this into Eq. (16),

heE, 2uguy, (T + 75) + u2+u,2n I
RG[TR] ZhR e Z 0 ( F) ( 0 ) F

, (24a)
me £ o Dy (uo, )
fieE, 2uo(t — 78) — 2u,,T}
Im[Tk] = —he— > k. ; L (4b)
m, Dy (ug, up,)
K2 <k2.

where Dy (uo, Un) = [4k% + (1o — un)?1[4k2 + (o + )1/ K2 k.
¥ = (¢ + 71)/2 amounts to charge/spin current flowing in
the ferromagnet.

We observe the following features. First, considering only
charge current contributions, the fieldlike component is addi-
tive [t + 71 in Eq. (24a)] and the dampinglike component is
subtractive [r — 71 in Eq. (24b)]. This observation is consis-
tent with the discussion in Sec. V A. We can observe it here
more clearly since there are no evanescent contributions in this
model. Second, the charge current contributions are all zero
when ug = 0. This means that, if an applied current is mostly
flowing in the normal metal, interfacial spin-orbit torque in-
duced by the current is proportional to the spin-independent
barrier at the interface. Third, the spin-orbit torque does not
vanish even when there is no magnetism; u,, = 0. The spin-
orbit torque contribution without magnetism is attributed to
our assumption that there is a vanishingly small magnetism
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FIG. 6. Magnitude of spin-orbit torque in the presence of interface
magnetism. We plot spin-orbit torque as a function of uy/kr and
un/kr. To compare magnitude clearly, we plot absolute values, dis-
carding the signs. The upper two panels represent fieldlike com-
ponents [Eq. (24a)] and the lower two panels represent damping-
like components [Eq. (24b)]. The left two panels represent charge-
current-induced contributions (proportional to 7 + 7f). The right two
panels represent spin-current-induced contributions (proportional to
7). The values are divided by hgfieE A /24xm, ky for all panels, and
additionally divided by 7 + 7{, for the charge-current-induced con-
tributions (+ for FLT and — for DLT) and 7}, for the spin-current-
induced contributions. The resulting values are dimensionless. The
black lines near uy = 0 or u,, = 0 are regions where spin-orbit torque
is not computed due to numerical instability.

in the ferromagnetic bulk. When angular momentum is trans-
ferred from the lattice through interfacial spin-orbit coupling,
a finite amount of spin current at z = +0 is generated. In our
approach, we assume, even when exchange in the bulk is not
explicitly included, that dephasing transfers the spin angular
momentum from the spin current to the bulk magnetism, giv-
ing rise to a torque. The size of the spin-orbit torque to the
bulk is then determined by the conservation of angular mo-
mentum, so that the total spin torque absorbed into the fer-
romagnet is determined by the spin current at z = +0, no
matter how small the bulk exchange coupling strength is in
the model. In conclusion, the contributions proportional to i,
are spin-orbit torque to the interface magnetism u,,, while the
other contributions are spin-orbit torque to the ferromagnetic
bulk.

To compare the relative magnitude of the fieldlike and
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FIG. 7. (color online) The potential profile (blue lines) for the model
Eq. (25). In the ferromagnet, there is a spin-independent barrier U
that makes the ferromagnet insulating. The Fermi level (red line) is
less than U—J, thus both majority and minority bands are evanescent.

dampinglike components, we convert the summations in
Eq. (24) to integrations as in Sec. V A. We plot the absolute
values of each contribution in Fig. 6. Normalization factors,
o Ex(t £ 7}) or oc E, 7, are introduced. The total spin-orbit
torque is given by the weighted sum of each panel. We ob-
serve that the fieldlike and dampinglike components are on
the similar order of magnitude, but the fieldlike component is
in general larger than dampinglike component in wide range
of parameters. The spin-current-induced fieldlike contribution
is the largest. The same model has been studied by Haney et
al. [37] without a perturbative approach. They show that the
fieldlike component is in general larger than the dampinglike
component, which is consistent with our approach.

C. Ferromagnetic insulators

We start from the following unperturbed Hamiltonian.

2

H=- zh V2 + (U + Jé - m)O(2), (25)

where U is a spin-independent potential that makes the fer-
romagnet (z > 0) insulating. Thus, the Fermi level should
be below U — J. Without loss of generality, we can assume
U > J, otherwise there are no occupied electronic states. The
potential energy profile is presented in Fig. 7.

Since the ferromagnet is insulating, kT are all imaginary.
We define g7 = —ik?, which is real and positive. The reflec-
tion amplitudes are given by the same formula as in Sec. V A.

ik, + g7
rlT(l = - z qi- (26)
ik, — g}

Since all the other momenta are imaginary, there is no contri-
bution from ‘T; . Thus, we only need to compute Eq. (16c¢):

= Z K2k, 27)

K2 <kZ

ReE,T

Tk =h
R R 2 mm? U2

Since 7 is real, only fieldlike spin-orbit torques can survive.
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FIG. 8. Fieldlike spin-orbit torque in ferromagnetic insulators di-
vided by 8/r V2m.eEtA/ 1501 X [Er /(U = )12/ U2, The result
is dimensionless.

We now perform the summation in the same way described
in Sec. V A. After some algebra,

8 V2m.eE TA JE}SF/2

157202 U2 -J?
The spin-orbit torque vanishes at Er = 0 since there are no
occupied states. It increases as Er increases. Equation (28)
has a singularity at J/ = U, but it does not diverges at J =
U because as J approaches U, Er approaches to zero since
Er < U —J. The maximum of Eq. (28) occurs at Ep = U — J;
Tx o« J(U-J)Y/?/(U*~J?%), which has a maximumat J = U/3.
Therefore,

Tr=hg (28)

<h 8 \m.eETA U3

, (29)
* 45 VB2

which is finite.

To see the numerical behavior of 7%, we parameterize Er,
U, and J with two parameters. Since U > J and 0 < Ef <
U-J,weputJ =aU and Er = B(U — J) with dimensionless
parameters « and S satisfying 0 < @, 8 < 1. Then,

8V2meeEtA B a(l —a)?
e R 1+a
The first factor is an overall factor proportional to the applied
current. The second factor shows a simple dependence of spin
torque as a function of 8 and U. We plot the last factor in
Fig. 8. As we discuss above the maximum occurs at J/U =
1/3. This plot confirms again that the spin-orbit torque is finite

even when J approaches U.

We add the interface potential (up + u,,0 - m)d(z) atz = 0
and briefly see how results change. The reflection amplitudes
change to

Tr=hg

(30)

1 ke + (g + uo F um)

(€19

k ™ ik, — (gF + uo F up)
The spin-orbit torque is then
T = e PEST D kik(qz + gt +2u0)(q; — g2 - Q)
2nm, & Di(ug, )
(32)
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FIG. 9. (color online) The potential profile (blue lines) for the model
Eq. (33). Here the spin-independent potential u, and spin-dependent
potential u,, are present at z = 0. The Fermi level (red line) is below
the barrier U.

where Dx(uo, Up) = [kzz + (QZ +up— Mm)z][kz2 + (q; +up+ um)z]-
T r is still real. It is consistent with the observationin Sec. V A
that evanescent waves in the nonmagnet are crucial to get a
dampinglike component. In this model, since the ferromagnet
is insulating, there are no evanescent waves in the nonmagnet,
thus only the fieldlike component can survive, regardless of
an additional interface potential.

D. Topological insulators in contact with a ferromagnet

For the case of topological insulators in contact with a fer-
romagnet, the nonmagnet is insulating. Thus a current flows
along the ferromagnet only and the Rashba-type interaction at
the interface z = 0 gives rise to spin-orbit torque. Thus, we
start from the following unperturbed Hamiltonian [64, 65]. °

2

H= —zh—v2 + UO(-2) + Jo - mO(2). (33)
Here the barrier U(> Ef) makes the nonmagnetic layer insu-
lating. Without loss of generality, we can assume that U > J
and Er > —J, otherwise there are no occupied states. The
potential profile of Eq. (33) is presented in Fig. 9. In the non-
magnet, the wave vector is imaginary, so we define g, = —ik;.
Then, qg + (kzi)2 = 2m,(U ¥ J)/K%. From Eq. (6), the trans-
mission amplitude is given by

o 2iyRelE g

he' = —. (34)
ik —q.

Since the normal metal is insulating, Eq. (16d) gives spin-

orbit torque. Since there is no incident wave in normal metal,

rt =0, so the second term in Eq. (16d) contributes only.

After some algebra,

3 Re[k;] , Relk!
TthRheE*Zki( el e[z]‘rl). (35)

dnmg 4 U+J Uu-1J

9 The model can be an oversimplication of topological surface states, but we
present this model for pedagogical reasons.
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Here k7 is real since majority waves should be propagating.
But &} can be imaginary depending on k; .

To perform the summation, we convert it to an integration
as in Sec. V A. After some algebra,

p— hg \2m,eE, A (Ep + )20 (Ep - Jy?7
R T 52 U+J U—J

(36)
Here taking the real part (Re) eliminates contribution from
states out of the Hilbert space. Explicitly, Re[(Er — J)*/?] =
(Ep—J)?O(Er —J), thus the second term does not contribute
when Er < J.

Equation (36) shows that spin-orbit torques exist even when
7! = 7t. A similar observation is made in Appendix A that an
anisotropic magnetoresistance can arise even without differ-
ence between 7! and 7!, unlike Ref. [33]. This is because, in
our theory, k}. # k7. Since we break a symmetry, we obtain a
torque originating from the asymmetry. As a passing remark,
similarly to Sec. VC, U — J in the denominator in the second
term in Eq. (36) does not yield any singularity at J = U. This
is because Er < U. When J approaches to U, there must be
a point where J becomes equal or larger than Er at which the
second term does not contribute.

Since Eq. (36) is real, only a fieldlike component can sur-
vive. This is not an artifact of the particular Hamiltonian that
we choose [Eq. (33)]. We remark that the second term in
Eq. (16d) is always real, regardless of any detail of a model.
On the other hand, recent experiments [66—68] report siz-
able dampinglike spin-orbit torques in topological insulators
in contact with a ferromagnetic layer, contrary to our results.
One possible cause of the dampinglike torque is that in real
materials, the location of topological surface states is shifted
on a nanometer scale when attached to a ferromagnet [69—
71]. This displacement can be a cause of a finite dampinglike
torque. Another possible cause is intrinsic spin-orbit torque.
In our theory, we only consider extrinsic contributions that
are proportional to scattering times. However, in the two-
dimensional Rashba model, the intrinsic spin-orbit torque is
perpendicular to extrinsic spin-orbit torque [17]. If similar
contributions exist in our three-dimensional model, they could
cause a dampinglike component.

VI. DISCUSSION
A. Comparison to the two-dimensional Rashba model

Magnetic bilayers with bulk magnetism can behave quite
differently from two-dimensional Rashba models. The two-
dimensional Rashba model shows only fieldlike compo-
nents [11, 12] unless one takes into account intrinsic spin-orbit
torque from the Berry phase [17] or a spin relaxation mecha-
nism [13-16]. However, in our approach, a dampinglike spin-
orbit torque with a similar order of magnitude arises if the cur-
rent mostly flows in the normal metal layer. If a current flow-
ing in the ferromagnet has a similar order of magnitude to that
in the normal metal, the result shows mostly fieldlike contri-
butions, dominated by the dot-dashed line in Fig. 4. However,



the behavior is still very different from the two-dimensional
model. The contribution only comes from the majority elec-
trons in the ferromagnet and thus is proportional to 77 only.
On the other hand, the fieldlike spin-orbit torque derived by
the two-dimensional Rashba model is proportional to the spin
polarization o (77 = 71)/(77 + 7}). Therefore, the dominant
contribution is not the counterpart of the fieldlike spin-orbit
torque from the two-dimensional Rashba model.

Magnetic bilayers with interface magnetism behave simi-
larly to the two-dimensional Rashba model. As in Fig. 6, the
fieldlike spin-orbit torque from spin current is the largest. In
the two-dimensional Rashba model, the imbalance between
the numbers of electrons in majority and minority is the pri-
mary source of spin-orbit field and the resulting fieldlike spin-
orbit torque. In our model, it is modeled by 77 # 7! since we
do not have a finite exchange splitting explicitly. Therefore,
the upper right panel in Fig. 6 corresponds to the traditional
contribution from the two-dimensional Rashba model. How-
ever, the spin-orbit torque contributions driven by pure charge
currents 7y (left panels in Fig. 6) is a unique feature of the
three-dimensional model.

Systems with a ferromagnetic insulator or a topological in-
sulator show only fieldlike spin-orbit torques. This is simi-
lar to the two-dimensional Rashba model. We observe that
a current flowing at z = 0 (where the Rashba interaction ex-
ists) results in fieldlike spin-orbit torque while a current across
z = 0O results in dampinglike spin-orbit torque. If one of the
layers is insulating, there is no propagating wave from one
to another. The situation is the same as the two-dimensional
Rashba model. In the two-dimensional model, the Rashba in-
teraction is present over the whole sample, and only in-plane
electron transport is allowed. Hence, there is no possibility for
electrons to cross a Rashba region, eliminating the possibility
of a dampinglike contribution.

We do not consider intrinsic contributions from the Berry
phase [17]. In general, spin torques have two different con-
tributions; extrinsic and intrinsic. The former is proportional
to scattering times, while the latter is independent of scatter-
ing times. In this sense, the latter is an electric-field-induced
spin torque, not a current-induced one. Ref. [72] highlights
the subtle difference between them. The origin of an extrin-
sic spin torque is the change of distribution functions in the
presence of an applied electric field. On the other hand, the
origin of an intrinsic spin torque is the change of electronic
wave functions due to an applied electric field. In the two-
dimensional Rashba model, intrinsic spin torque was found to
be larger than the extrinsic one in some contexts. But, it was
also shown that intrinsic contributions are completely can-
celed out by vertex corrections [4, 5] in metallic systems with
an ideal quadratic dispersion. Therefore, the relative mag-
nitude of the extrinsic and intrinsic spin torques depends on
the situation. Similar studies would be possible in the three-
dimensional model, but is beyond the scope of this paper. We
defer this question for future work.
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B. Multilayer generalization

The starting point of our approach is a normal metal(z <
0)/ferromagnet(z < 0) bilayer. In metallic systems consist-
ing of layers of thicknesses larger than the mean free path,
one can describe each interface separately and solve the bulk
property by the spin drift-diffusion equation. Therefore, a bi-
layer model is sufficient to describe a multilayer system. How-
ever, if any of the layers has a thickness not much greater than
the mean free path, or the system includes an insulating in-
sertion layer at which the spin drift-diffusion equation cannot
be written down, one needs to consider a multilayer situation
quantum mechanically. The results of our theory will change
depending on the situation. However, we here show that when
we consider a normal metal (z < 0)/any underlying structure
(0 < z < L) with a Rashba interaction at z = 0, the reflection
matrix 7 is independent of the details of the structure under-
neath.

We start from the interface Hamiltonian Eq. (5) with ¢ =
Ro + hgo - (kX Z). Since we do not know any details for z > 0,
we use the transfer matrix formalism to focus on the interface
at z = 0 only. We write the wave function near z = 0 by

zk x+ikyy

V<0 = Z(e””Rf + e alg,),  (37a)
zk +iky

V> 0) = }Z< e, + e NBLE,), (3Th)

\/_

where R and L refer to right-going and left-going states re-
spectively. Here and from now on we neglect subscripts ko
indicating electronic states for simplicity. We define column
vectors af/L = (a®'*, a®'™)T and BR/IL = (BRE, BREYT. Ap-
plying the boundary conditions at z = 0 given by ¥°(+0) =
¥°(=0) and ¥’ (+0) — " (=0) = (2m*)Hpy"(0), we obtain
the following linear relation between b®/L and a®/L:

bR aR
G)ufz)
M = 1(m+m k%—@—q' (38)
O T 2ik, \ ik, — ik, + & ik, +iK, + &

Here the physical meaning of M is the transfer matrix atz = 0
(from z = —0to z = +0). We now express the wave function at
z = L+0 by the matrices ¢®/" with a suitable basis determined
by the structure in z < L. By solving the Schrodinger equa-
tion, we can also write down the following transfer matrix.

AR l’;R
(;)=MOAL(BL). (39)

Here My_,; is the transfer matrix fromz = Otoz = L + 0 of
which the detailed form is unnecessary here.

We consider a situation that a wave i; is incident from z < 0
and it splits up to reflected (iJ,) and transmitted (iJ;) parts. In
the language of the transfer matrices,

Z b
= Mo_.Mo| &7 |. 40
(§)- ()



Inverting this,
Ji | _ 1 ik + iR~k ik, —iK -~k e
0, ) 2ik, ik, —iK, + % ik, +iK, +& ) °°F
1
ik,

where 71, are 2 X 2 matrices. Now the reflection matrix is
given by 7oy = —rit, ;1.
(0)

o s

|

)l//r, (41)

To expand 7, = 7, +m(1) we split k = ko +kg. Here kg is

essentially the Rashba Hamlftoman, but written in the * space
where the magnetization direction is along z. Explicitly,

[ o kxné, &6 kxni
KR é_‘

To-(kx2)é, €0 (kx)E ) )

n%(p) _ ik, +iK, — &y ik, —iK. — ko M- 1
w® )"\ ik, + iR~ ko ik, — iR, %) Pl 0)

(43a)
A (1)
m; (11 4 (1
o=k M .
(ﬁiil)) R(l 1) ‘“L(o)
A (1)

Equation (43) allows us to compute 7z . in terms of un-
perturbed quantities. A typical way would be expressing

Mg (1, 0)T in terms of rh(.o) by inverting the matrix in front

(43b)

of it. Putting this into Eq. (43b) will give 7 ¢ /) in terms of m(?)
However, the matrix inversion is very complicated. Instead, it
is useful to observe from Eq. (43a) that

1 -1 m‘o)) (11) 1(1)
2ik, M, . 44
(1 —1)(m‘°> 11) 0 “
Comparing with Eq. (43b), we obtain

1
" =) = - —kp(” — M), (45)
! 21kz

Note that this expression is not perturbative since we have not
assumed a small /g up to this point.

From Eq. (45), we calculate 7ex = n%,ﬁfl First, we per-
turbatively expand 7ex by 7ex = ?éf,? + f’é,l‘) + f’g) -+, where r( ™)
is the n-th order Rashba contribution. After some algebra, we

obtain

= 2k, G(RrG)", (462)
L1 0
G = +70 46b
2ikz( ) (46b)
Here we used ;' = (™)™ — (@")'ml"m")!
(m(o)) l~(1)(~(0)) 15 )(~(0)) +oen aHdKRG - _ ?1)(’,;1(0)) 1

actively. Taking n = 1 gives the same result as Eq. (10c).
Since we do not assume anything about the underlying struc-
ture in z > 0, our result on the reflection matrix holds for
arbitrary underlying structures.
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Three remarks are in order. First, although the same ex-
pression holds only for the reflection matrix, it is very useful
for some situations. If one looks into a response of the nor-
mal metal induced by a current flow in the normal metal, the
expression only includes 7. The anisotropic magnetoresis-
tance calculated in Appendix A is an example. Second, this
derivation is a mathematical result, so the results holds in the
extended space. Projecting Eq. (46a) by 1 does indeed give
Eq. (10c). Third, the derivation by the transfer matrix is some-
what more abstract than the scattering formalism in Sec. III,
but it allows easily generalizing our result up to any higher
order contributions from /g. The second order term is used in
Appendix A.

C. Effects of proximity-induced magnetism

We model proximity-induced magnetism as magnetism
right at the interface in Sec. VB and V C. In this section,
we present how one can treat effects of interface magnetism
more generally.

We first consider a situation without interface magnetism,
and then treat u,, separately. Let 7<% be the reflection ma-
trix in the absence of interface magnetism. Then, it would be
valuable to see how the scattering coefficients change in the
presence of u,,. The transfer matrix formalism in Sec. VIB
allows calculating the contributions from u,, perturbatively.
When we replace kg in Eq. (46a) by u,,6,, we obtain 7ex =
po=0 4 fD 5D 4 where A = —2ik,G(un6.G)" and
G = (-1/2ik)(1+ ?Z;y‘o) Here we use the fact that any two di-
agonal matrices commute with each other. The result is given
by the sum of a geometric series. After some algebra,

1+ p=0
Fox = =0 — . (47)

o ik 16 (1 + P4=0)1 4+ 1

This expression is of course consistent with Egs. (23) and
(31). The other scattering matrices are given by the con-

straints 1 + foy = JIKIR|oxs 1+ 7, = ~JIK.Ilk|" 7, and

(1 + POkt = (1 + FLOKSL

Equation (47) allows for the exploration of interface mag-
netism effects up to any higher order in u,, or 1/u,,. By focus-
ing on consequences of second term in Eq. (47), one can look
into the effects of proximity-induced magnetism on a given
expression.

VII. CONCLUSION

In summary, we develop a perturbation theory for scatter-
ing matrices to compute interfacial spin-orbit coupling effects
in magnetic bilayers. We extend the two-dimensional Rashba
model by embedding it in three-dimensional transport of elec-
trons. We explicitly show that spin or charge current can be
generated perpendicularly to an applied bias. Using this fact,
we calculate current-induced (extrinsic) spin-orbit torque in
terms of scattering amplitudes. For a given spin-orbit cou-
pling Hamiltonian (like the Rashba form in our study), the



resulting expressions from our theory are independent of de-
tails of the interface, so they are easily applicable for wide
range of contexts. As demonstrations, we apply our formulas
to various types of interfaces such as magnetic bilayers with
bulk magnetism, those with interface magnetism, ferromag-
netic insulators in contact with a nonmagnet, and topological
insulators in contact with a ferromagnet.

For magnetic bilayers, we show that a dampinglike com-
ponent can be on the same order of or larger than a fieldlike
component, even without taking into account the Berry phase
contribution and spin relaxation mechanisms. For the systems
with insulating layers, we found that only a fieldlike com-
ponent can arise, since a dampinglike component originates
from a current across the interface. We also demonstrate that
for finite bulk exchange coupling, the evanescent states that
become important for the mismatched Fermi surfaces can give
rise to the dominant contribution to spin-orbit torque.

Although we express the systems by analytic toy models,
combining with first-principles calculations would enrich the
implications of our theory significantly. We provide some re-
marks on possible generalization of our theory and future di-
rections. Furthermore, we present other spin-orbit coupling
phenomena, such as an in-plane current generation by a per-
pendicular bias (similar to the inverse spin Hall effect), a spin
memory loss at the interface, and an anisotropic magnetore-
sistance (similar to the spin Hall magnetoresistance) in the
appendices below. Our theory helps to characterize features
of spin-orbit coupling phenomena for a given interface and
further it provides insight on separating the roles of multiple
sources of spin-orbit coupling effects such as spin Hall effect,
interfacial spin-orbit coupling, and the magnetic proximity ef-
fect.

Note During preparation of the manuscript, we found a re-
cent report [73] which uses a similar scattering formalism to
our theory and describes several interface spin-orbit coupling
phenomena, but focuses on a particular context, metallic bi-
layers without interface magnetism.
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Appendix A: Other physical consequences of interfacial
spin-orbit coupling

1. In-plane current induced by a perpendicular bias

The spin-orbit torque derived in the main text is essentially
perpendicular spin current generation by in-plane charge cur-
rent flow. Here we derive its Onsager counterpart. When a
perpendicular bias (chemical potential difference) is applied,
an in-plane current can be generated.

Suppose first that there is no spin-orbit coupling and note
that the current operator is proportional to k. If the system has
rotational symmetry around xy plane, all the scattering matri-
ces must satisfy 7x = 7_g for any in-plane k vector and similar
relations for #, 7, and . Thus, even if there is a perpendicular
bias, any contribution from k to an in-plane current is canceled
out by the opposite state —k. Therefore, there is no in-plane
current generation by a perpendicular bias.

However, the situation drastically changes when interfacial
spin-orbit coupling is introduced. Here we present the pertur-
bation result in the main text again.

. h .
b=+ 20 6 kxz)(iy+), (Ala)
2ik,
h
B=0+ LA+ )6 kx i, (Alb)
2ik, ’
h .
=10+ ﬁ(l +7% )0 kxz)(y + ), (Alc)
l z ’
h
Fo= 4 ) 6 (kX D). (Ald)
2ik,

The Rashba contributions are odd in k. When they are multi-
plied by the current operator, the contributions from k and —k
are no longer canceled out, thus an in-plane current can arise.
Since the Rashba contribution is also proportional to the Pauli
matrix vector, a charge bias will generate an in-plane spin cur-
rent and a spin bias will generate an in-plane charge current.
The latter has the same symmetry as the inverse spin Hall ef-
fect, implying that one needs to be careful when analyzing
experiments [47, 49, 56, 74—76] using the inverse spin Hall
effect as highlighted in Ref. [63].

Here we derive explicit expressions of the current density
at the interface. We do not assume k to be in-plane, thus our
result will also recover the results of the magnetoelectric cir-
cuit theory. The current density at the normal metal along a
unit vector u is calculated by

Jolz < 0) = =5 Trolplvin 8(rp ~DIEL. (A2)
where v, = (1/m,i)d, and p is the density matrix, ro, is the
position operator, and r is the position c-number. & = (1,0)
is the four-dimensional Pauli matrix vector. j, is a four-
dimensional vector whose zeroth component is the charge
current along u and the other three components are the spin
current along u with spin x,y, z directions. Here and from
now on, we denote any four-dimensional vector by the * no-
tation. As we develop in the main text, each of the eigen-
states is written by a wave incident from the normal metal



or a wave incident from the ferromagnet. Thus, they al-
low writing down the density matrix by a block-diagonal
form. Using the notation of direct summation, p = pN + pf,
where p™V/F are the density matrices block consisting of elec-
trons incident from the normal metal/ferromegnet 51de Thus
we split the current into two terms: j, = N + j&, where

~N/F 2

R = =4 Teg oV (v, 6(eop — )6

= Yoo fooro Ko ) (kor| where £, s the 2 X 2 re-
duced density matrix. In a matrix form £N, each component is

Let pN

given by fN koo = fjr, f?(‘]f(r. Since we consider a noncollinear
spin injection from the normal metal, we allow for f;f’ having
an off-diagonal component. By its definition, 1 fé‘]ik = fé\] ,
since there is no incident electrons out of the Hilbert space.
The current at the normal metal from pN is then calculated by
the wave function Eq. (2a). After some algebra,

RNiz<0)= N+ k- fy f ) (A3)

where 0 = (uy, uy, —u). ]N/F is a 2 X 2 matrix whose Pauli
components are (1/2) ]N/ F. that s, }5/ F = Tr, [6 ]5/ .

When a perpendicular bias is applied, the distribution func-
tion shifts. In the linear response regime, the distribution
shift occurs only near the Fermi surface. To focus on the
nonequilibrium current, we replace f?j = eAiNKS(E — EF)
where AfIN is the shift of the chemical potential of the normal
metal due to the bias. To deal with the delta function eas-
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the delta function, the energy integration is nothing but the
integrand evaluated at the Fermi level. As a result, we obtain

Ne<0)=-— Z ke oo T+ ke TR

(A4)
where L is the length along z direction.

We use a similar method to obtain jE.  There are
three differences. First, we assume that there are no off-
diagonal elements in fAkF due to strong dephasing. Second,
when we convert the summation by an integration, ), —
(L/27) Yk, fdk?, instead of dk,, because the wave func-
tion is normalized by the incident wave. And then, we use
(h? /m)kIdk{ = dE. Third, the intervals of the integrations
are different. The integral interval for J\ is 0 < E < Ep.
However, in this case, the integral interval is 0oJ < E < Ep.
However, since we focus on the Fermi surface contributions
only, the lower bound of the energy does not matter. Omitting
the algebra, we obtain

2 —
“F e’L K-0 onigem A Bt
Fz<0)=-"—Re> [—e e A (AS)
hV o |k K E=Ey

Now, the current right in the normal metal near the interface
is given by the Pauli components of

Ju(z<0) = i@ <0)+ jyz < 0). (A6)
In a similar way, we obtain the expression of the current in
the ferromagnet near the interface.

ily, we convert the summation in Eq. (A3) to an integration: Ju(z>0) = ]A{:’ (z>0)+ }E (z>0), (A7a)
Yk — (L2n) ZkL fdkz. By using dE = (hz/me)kzdkz, we
convert the summation to an integration over energy. Due to where
|
. 2L iK.z . -ik:z
Ne>0=-CRe Y R u"—hap™r < , (A7b)
W JIE I
: ¢ “E=E;
R eif(:z zK z
>0 =-—— Re Z K- uA,u T + ub ARTRT e 2R o (e 2R AR 4 ufy AT e f)] (A7c)

j

where K = (ky, ky, kz) is a vector consisting of 2 X 2 matri-
ces. From Eqgs. (A4)—(A7), one can compute the current near
the interface for given (spin/charge) chemical potential excita-
tion. As in the main text, we from now on omit the [- - - ]g—g,
and implicitly assume that the expressions are evaluated at the
Fermi level.

We now simplify the expressions more. In Eq. (AS), the
Im[k;] contribution originates from transmitted evanescent
waves incident from the ferromagnet. For perpendicular trans-
port, since k - @/|k;| is imaginary, there is no contribution
from evanescent modes to a perpendicular current, consis-

\ KZ E=Ef

tently with the conservation of charge current. However, for
in-plane transport, such a contribution can be nonzero. Note
that the evanescent contribution dies after 1/k, length scale.
Since 1/kr is shorter than the mean free path scale, the cur-
rent is almost unmeasurable in experimental resolution. Thus,
we neglect decaying contributions in Egs. (A5) and (A7). 1011

We also neglect highly oscillating terms in Eq. (A7). This is

10 The approximation is exact for perpendicular transport.
' if &, is sufficiently close to k-, this does not hold. Therefore, this approx-



a common approximation to take into account dephasing of
a transverse component to m in the ferromagnet. Then, we
obtain

e 2L Tk ¥ AGF7
Jue<0) =~ Z 7 U BAMLR + AR
+k-uAiN, (A8a)
1 P,
Juz>0) = hV Z J‘Z [K - uDiag[# AR # + A ARNF ]
+ K- aanf, (A8b)
where Diag[---] = X, u,[- - - Ju, is the spin-diagonal part of a

matrix. Physical meaning of this operation is the dephasing of
a transverse component of spin in the ferromagnet.

We first take u = z to see that Eq. (A8) is consistent with
the conventional magnetoelectric circuit theory. It is easy to
show that

A AANAT AF o
N — (A ARNRL + B ARTRD]

Z[

kz <kZ

Ju(z<0)= (A9)

which is exactly the result of the magnetoelectric circuit the-
ory. One can also show with Eq. (A8) and the unitarity con-
straint developed in Sec. B that Ju(z > 0) = Diag[}'z(z < 0)].
This implies the continuity of electrical current across the in-
terface, thus we do not need to keep (z > 0) or (z < 0).
Following the procedure of the magnetoelectric circuit the-
ory [45, 46], we take AQN = Au — & - sAuY where s is the
direction of spin magnetic moment in the normal metal. s can
be deviated from m when one considers noncollinear spin in-
jection. We also take Afif = Ayg — 0 -mAut.1? The scattering
matrices are taken by Eq. (A1). However, all the first order
Rashba contributions are canceled out after summing over all
transverse modes. They are odd in in-plane momentum k, or
ky, thus are canceled by an opposite contribution from —k,
or —k,. Therefore, we can discard the Rashba contributions
and take only unperturbed scattering matrices, which are ex-

panded by 7 rk = rkuJr + rlT(u and so on. Then, spin and charge

(u><z)

Vv A
I Tro[ju(z < 0)] = o

"'(GITelrl - GILQTVT*)AMEI[m X (s Xm) + is X m]] +c.c.,

imation is a crude approximation even for a low experimental resolution.
However, we present this here since the approximation simplifies the ex-
pressions a lot.

12 In our model, the spin magnetic moment is antiparallel to the electron spin
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currents are given by

Voo
7 Troljzl = (G + G*)(Auy — M)
v + (G = GMY(Af —m - sALS),  (A10a)
~7 Trol&j] = (G = G4y - Aty )m

+ (G + GYMy(AuF - m - sA)m

—2Re [G“[m X (§ X m) + is X m]]A;Jj,
(A10b)

where G*' = (¢*/h) Y2 g2 (1 = ryri ). GTH s the interface
conductance for spin majority/minority electrons and G™ is
the spin mixing conductance. Eq. (A10) recovers all the re-
sults in the traditional theory.

We now take an in-plane u. As we discuss above, non-
Rashba contributions cannot generate an in-plane current. Us-
ing Eq. (A1) and collecting the first order contributions to &g,

Ju(z < 0) = —hR— Im Z

K<k Z

(1 +7)0 - (kX 2)

X [(1+ PARNEY + AT,
(A1)

When summing up over all transverse modes, one should con-
sider all possible angles of k, for a given magnitude. If the
system has rotational symmetry, we can take an angle average
of (k - w)[d - (k x z)] by integrating over the in-plane angle
from —n to m and dividing the result by 2x. Then, we obtain
(ki/ 2)0 - (u X z). After the angle average,

2

A e’L E,
Jolz < 0) = ~hr ImeI; ﬁ(l + )6 - (ux z)

X L1+ ROARNR + RARTRY).
(A12)
Here E, = hzki/Zme and we used ki/kg = E,/(EFr — E)).

Then, the in-plane spin and charge currents are given by its
Pauli components.

@GR = G - Audm + (G + Gk - m - sApY)m

(A13a)

direction. Thus, we take AyN/ Ftohave a negative sign to make a consistent

notation with the previous theories.



(uxz)

\% o
-7 Try [0 ju(z < 0)] = —m T
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[(GRT + G y(Auy — Mg m + (GRT = GRY(Apy - m - sAp) )m

— (G + GR™MAUY M x (s x m) + is x m]

1
2i

X{mX[(uxz)Xxm]-imX(uxz)}—

where c.c. refers to complex conjugate of all terms in front
of it. In the conductances G;{;S” and G‘;{‘;"Y”, the subscript R
refers to Rashba contributions, and r and ¢ refer to contribu-
tions from reflection and transmission. The explicit expres-
sions in terms of unperturbed scattering matrices are

ss's” ¢ E, s s\ 8" %

Gy = ~he; ; o (O, (Al
ss’s” 82 EJ— S\ 8" 28" %

Gy = ~hr3; ; ﬁ(1 +rOE (A14b)

Equation (A13a) clearly demonstrates a charge current is
generated by a spin chemical potential bias. For the case of
collinear transport (s = m), the charge current along u = x is
proportional to m,. Since the inverse spin Hall effect is also
dependent on m,, it requires a careful analysis. Simultaneous
description of the inverse spin Hall effect and interfacial spin-

\%4 A (uaxz)
= Try[AJu] =
7 Ir [Ajul %
1% A (uxz)
7 TroldAjul = —— - [(GR} + Go)(Aug — Apg)ym + (G
where

ss’ eZ E, s s’
G = —h,%k;z Fop (). Al

Before closing the section, we mention that the currents are
proportional to L, the size of the system. In reality, the contri-
butions will relax on the length scale of the mean free path A.
Thus, if L > A, L in the above expressions should be replaced
by A when one takes into account the bulk scattering.

In the main text and this section, we have demonstrated that
a bias can generate a current perpendicular to the applied bias
direction, not affecting its longitudinal transport. These re-
sults are first order perturbation theory. In the following two
sections, we calculate second order effects in Ag to examine
the effects of interfacial spin-orbit coupling on longitudinal
transport. Each section deals with a perpendicular bias to the

- LGl - Gy - G+ G+ G - G —m -G + G|

(uxz)-m . .
T(G}J} + G ALY Im x (s xm) + is x m] + c.c.

(A13b)

orbit coupling would be a future challenge.

As passing remarks, we present some properties of G;gr;r
First, there are three indices. This is because there is interfa-
cial spin-orbit coupling as an additional spin scattering source.
A complete description requires three indices; first one for the
incident spin, second one for the scattering due to interfacial
spin-orbit coupling, and third one for the transmitted spin.
Second, G#*" is symmetric under exchange between s and
s". Third, the unitarity constraint in Sec. B implies Im[G* +
Im[G}*] = 0. This is shown by using |r;[* +[5*|* = 1 to derive
Gpi+Gp® = —(hge®/2h) Zkid(%[(El)/(EF—El)]|1+r|‘§|2. This
constraint guarantees the absence of a charge current genera-
tion at equilibrium.

We also remark that in-plane current can be discontinu-
ous at the interface in the presence of interfacial spin-orbit
coupling. To see this, we define a discontinuity matrix by
A}u = }u(z > 0) — Diag[}'u(z < 0)]. This is zero for u = z, not
for an in-plane u. After some algebra, we obtain

— - [(AG] = GRO(AUG — Auy)m + (GRy + GRO(AKE = m - sApY )m = 2GR m x (s x m)AUY | + c.c.,

(A152)

— GROAKE = m - sApY)m + 2iGRhs x mAuY | + c.c., (A15b)

interface and an in-plane bias respectively.

2. Spin memory loss and spin torque from collinear spin
injection

Equation (A10) describes the generation of a perpendicular
current to the interface in the presence of a perpendicular bias.
Spin flip at the interface due to interfacial spin-orbit coupling
vanishes due to rotation symmetry around the xy plane. How-
ever, if we consider second order contributions, the result can
change. Below we demonstrate, a spin-up (down) current can
be generated by a spin-down (up) bias. This means that in-
terfacial spin-orbit coupling flips the spin at the interface even
when we consider a collinear transport. We interpret this as
spin memory loss at the interface.

We start from Eq. (A9). The second order expansion is



given by Eq. (46a). For simplicity, we consider only collinear
transport with perpendicular magnetization (s = m = z). For
s # m, the coefficient of spin torque in Eq. (A10) will also
change. For m # z, the result will depend on the direction of
the magnetization, leading to a current-perpendicular magne-
toresistance. Below we make more remarks on this case.

Writing down the expression explicitly, one realizes
that the Rashba contributions arises in the form of
krAkg. For instance, there is a contribution proportional to
4k§G[RRGAﬂN G'#z]1G". The angle average over all transverse
modes simplifies such expressions a lot. From Eq. (42) and
some algebra, angle average of kgARg for an arbitrary diago-
nal matrix A is also diagonal:

< [a 0, 2,20 a2 0
KR[ 0 a )KR _>th¢[ 0 a )
We emphasize that the diagonal components are exchanged.
As we show below, this exchange results in mixing of spin-up
and spin-down components. As a result, a spin-up (down) bias
can generate spin-down (up) current.
To see spin flip at the interface clearly, we use up/down

(1/1) notations rather than the spin/charge (0/s) notations used
in Sec. A 1. We expand AQN = Auf'u, + AuIT"u_ and similarly
for AfF.1> We also define Iy, = (V/L)Tr,[us].], which are
spin-up/down currents. We simply denote Ay, Al — A,
the spin chemical potential difference across the interface. Af-
ter some algebra,

(A17)

(IT ] ~ ( G' —2hgRe GYT Grip ]( Am]
I Grip GY - 2hgRe GIY )\ Ay )’
(A182)

E

2
€ 1
Gin = h2— — 1+ AP+ R A18b
fip Rth;szF_EJ P+ (A18b)
<

Here G** are the unperturbed interface conductances derived
from the magnetoelectric circuit theory. The corrections to the
diagonal terms are the second order corrections'# from inter-
facial spin-orbit coupling. These diagonal terms simply de-
scribes a spin-up/down current generation by a spin-up/down
bias. On the other hand, Gy, describes spin-flipping contri-
butions: A spin-up (down) bias generates spin down (up) cur-
rent.

If m # z, Eq. (A17) does not hold. Even the result is not
diagonal.!’> The existence of an off-diagonal element implies
that one cannot use the two-current model and there arises
a spin current whose spin direction is transverse to the mag-
netization. This means that a spin torque (depending on )

13 The relation between AleVl and Ayg/S is AyIT‘Il = Ayg + Ayls‘l and a similar
relation holds for AgF and Ip,.

14 Since G;‘;S” is already in first order in /g, the corrections are in second
order.

5 1n Sec. A3, we demonstrate how an angle average can have off-diagonal
components for a general m.
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can be generated even for a collinear spin injection. Due to
complexity of the expressions, we do now show it here, but
the expression is given by exactly the same procedure [except
Eq. (A17)]. Although this is a second order effect, it would be
valuable if this spin torque is experimentally realized.

The spin memory loss and spin torque we illustrate above
do not violate the conservation of angular momentum. The
source of the angular momentum is nothing but the lattice
at the interface. Spin-orbit coupling at the interface pumps
orbital angular momentum from (to) the lattice to (from) the
spin-magnetization system.

3. Anisotropic magnetoresistance

In the previous section, we examine second order effects
for perpendicular transport to the interface. In this section,
we consider in-plane transport. We below show that the elec-
trical resistance depends on the direction of magnetization.
When a charge current is flowing along x, the resistance in-
cludes terms proportional to m? and m)2 The former has the
same symmetry with the conventional anisotropic magnetore-
sistance from ferromagnetic bulk, but can have the opposite
sign. The latter has the same symmetry as the spin Hall mag-
netoresistance [50-55].

For simplicity we consider a current mainly flowing in the
normal metal. When a charge current is flowing in the nor-
mal metal, the distribution function is shifted: ka = fl?’N +
(eEh/m,)k6(E — Er) where x is the direction of the current
flow. Or equivalently, AZN = (Efit/m,)k,. Putting this and
u = x into Eq. (A4) and taking trace over the spin space gives
the charge current due to the distribution shift.

e2ETL
2nm,V

e .
Tr, Z 2 + A, (A19)

2 2 %
ki <k

Tr.[}] = -

The first term in the parenthesis (1) is the conventional electri-
cal current and the second term (?k?l) is the Rashba contribu-
tion. The second order expansion is given by Eq. (46a). First
order Rashba contributions are odd in k, so are all canceled
out after summing up over all transverse modes.

To compute second order contributions, by the same reason
in Sec. A 2, we take angle average of the expression kgARg for
a diagonal A.

0 K (ay 0
K| <! )K _>h2—l( 2 )
XR(O ar K R2 0 a
274
Z

+(ar — al)L
SmH

214

hgk? R
+(0¢2—0¢1)—4 mymy 0oy
m|
24

+(ay — ay) RSL(mi +3m)o.,  (A20)

after angle average. Here my = /m3 + m?.

(m; + 3m}) 5




In charge transport, the result is given by taking the trace.
Thus the diagonal terms (the first and last terms) only matter.
Due to the existence of (m)26+3m§) contribution in front of -, a

magnetoresistance proportional to (1> + 3m§) can arise. If the
reflection matrix is spin independent, the magnetoresistance
is zero since Tr[o,] = 0. However, if the reflection matrix
is spin dependent, the contribution can survive. In a previous
work [33], a magnetoresistance proportional to (m> + 3m§) is
reported, but is proportional to 77 — 7!, thus a current should
flow in the ferromagnet. This is because their model assumes
an equal-Fermi-surface model. On the other hand, we take
into account more generalized situation and demonstrate that
a magnetoresistance o (m% + 3m§) can arise if rlT( * rll(.

Another remark is that the term 3m§ has the same symmetry
as the spin Hall magnetoresistance. Therefore, the spin Hall
magnetoresistance should also be carefully analyzed since
there is an interface contribution. There are several theoreti-
cal and experimental reports [16, 32—34] that interface Rashba
effect can give rise to a magnetoresistance having the same
symmetry as the spin Hall magnetoresistance. Another dif-
ference is that the Rashba contribution has a m? contribution
as well. The contribution has the same symmetry as the con-
ventional anisotropic magnetoresistance, but below we show
that it can have the opposite sign (we call it a negative magne-
toresistance). Therefore, observing the spin-Hall-like magne-
toresistance and a negative anisotropic magnetoresistance of a
similar orders of magnitude will shed light on separating the
bulk effects and the interfacial effects.

To complete our analysis, we explicitly calculate the current
[Eq. (A19)] with Egs. (46a) and (A20). After some algebra,

Tra'[,}?] = jconv + jnonMR + jMR(mi + 3m}2)9 (A21a)
. e2ETL k2
Joony = — (1 + P, (A21b)
4rm,V k;
R<kZs=1l °
. ETL
JnonMR = —him
k4 *  |* * *
XRe Y SPOPL P P+ PRn):
Kr<k2 "%
(A2lc¢)
e2ETL
N %) R T2 232
k= ~h = Re Z (o} = IokP)
ki <k
=204 PO = PO, (A21d)

where ,olT(l =1 +rltl. Here jony is the non-Rashba contribution,
JnonMR 18 the second order Rashba correction that is indepen-
dent of m, and jyr is the magnetoresistance. If the summand
in jur is positive, the magnitude of the current increases when
m? increases, which is the negative magnetoresistance. Below
we discuss when a negative magnetoresistance arises.

For magnetic bilayers, if bulk magnetism is dominant, the
reflection matrix is real [See Eq. (18a)]. The reality of rlzl
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allows simplifying the summand in jyr as

(il = loxP)* = 2Rel(of ~ Py =R
= -r*e- - >0 (A22)
For ferromagnetic insulators, one can deduce jyr = 0. This
is consistent with the Landauer-Biittiker formalism. Since the
ferromagnet is insulating, the conductance (thus resistance) is
determined by the number of transverse modes in the normal
metal, and is independent of the magnetization direction. This
is a general result which holds unless the translational symme-
try along the current flowing direction is broken or there is a
spin-dependent scattering source (for example, the spin Hall
effect generating spin Hall magnetoresistance). The case for
the topological insulators cannot be described by Eq. (A21)
since we assume that a current is flowing in the normal metal.
But we mention that it was studied in a previous report [33].
For complex rlzl in metallic magnetic bilayers, we found no a
priori argument which guarantees the sign of jur.

Appendix B: Unitarity constraint of the scattering amplitudes

Provided that all waves are propagating, charge conserva-
tion implies the following unitarity constraint: For the follow-
ing scattering matrix

P
Sk:(“ }), (B1)

T e

S:{Sk = 1 holds. Up to this point, the expressions are conven-
tional. However, this works only if all waves are propagating,
thus it must be generalized to the extended space. In this sec-
tion, we omit the subscript ‘ex’ for simplicity.

Let the o = +1 band be evanescent in the ferromagnet.
As far as unitarity is concerned, some of matrices should be
projected into o = —1. Note that Sk connects incoming waves
to outgoing waves.

) -

F,out Fiin
¥ Y

The transmitted outgoing waves for o = +1 electrons are
dropped. Thus #x — u_f and f’l’( — u,?l’(. In addition, there is
no contribution incident from FM for o = +1 electrons. Thus
f - f{(.u_ and u_# — u_fyu_. Thus the projected scattering
matrix 18

~ o

0] rk hu_

SiJ:( N ). (B3)
u_te u_fyu_

Lastly, the unitarity constraint is given by the conservation of
electrical charge. Neglecting oo = +1 in the ferromagnet, the
unitarity constraint is given by

sese=(g ). e



Let only oo = —1 band be propagating. There is no contri-
bution from 7y, #, and # « for the unitarity constraint.

sl (g 0 ) (B5)
M_rkM_

and the unitarity constraint is given by

. 00
(5 :(0 " ) ®0

proj ) T

The above relations also hold when the order of (S and

SP is reversed.
The three expressions can be combined by means of the
projection matrices.

SPr"j:(i"ﬁ‘ 1"?1‘) (B7)

K i 1pf;

(SPrOJ) Spro] SproJ(SproJ)I [lk P, ) (BS)
(Y

Explicitly calculating each component gives the unitarity con-
straint of scattering matrices in our theory.

Pili + 6 The = T, (B9a)
PR+ 8 Ty = 14, (B9b)
Pk + 617 = 0, (B9c)
and
T} + £ 8Dk = Ti, (B10a)
TR + AT = 1;(, (B10b)
Tu(hd], + 77T = (B10c)

Appendix C: Absence of a bound state

We show that the delta-function spin-orbit coupling poten-
tial at z = 0 does not create a bound state unless its magnitude

22

is beyond a perturbative regime. For mathematical simplicity,
we take a simpler model in which electrons are subject to the
largest magnitude of the delta function. A bound state is most
likely to exist in this situation. The maximum magnitude of
the delta function is (%2 [2mo)hgkT™ where k7 is the maxi-

mum value of | [k2 + k; Then, the Hamiltonian becomes

H=-

K2V?
+JO(z) —
2m, @ 2m,

(CI)

where + refers to each spin band. Let the bound state wave
function be 7% for z < 0 and e %% for z > 0. Then both ¢
and ¢, should be positive. The relation between ¢; and g, is
—hzqf [2m, = £J — hzq% /2m,, or equivalently

2m.J
(@2 - q1)(q2+ q1) = £—7—. (C2)

Now, the derivative mismatching condition from the delta-
function potential is

2 2

2m, - Z_me

hik™. (C3)

Combining the two conditions,

Jm,

=Rk

2q12 = (C4)

where the choice of the sign + that corresponds to 1 or 2 is
ambiguous but it is not necessary to be determined.

A necessary condition for ¢; and g, being positive is that
q1q> is positive. Thus, we obtain

2meJ

k1 > | =

(C5)

For a perturbative hg, this cannot be satisfied. For J = 1 eV,
the right-hand side is (0.14nm)~!. On the other hand, k7™ is
bounded by the order of the inverse lattice parameter, which
is around (0.3nm)~!. Therefore, iz should be greater than one
to satisfy Eq. (C5), which is beyond a perturbative regime.
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