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Quasiclassical boundary conditions for spin-orbit coupled interfaces with spin-charge conversion
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The quasiclassical theory of superconductivity provides a methodology to study emergent phenomena in
hybrid structures comprised of superconductors interfaced with other materials. A key component in this theory is
the boundary condition that the Green functions describing the materials must satisfy. Recently, progress has been
made toward formulating such a boundary condition for interfaces with spin-orbit coupling, the latter playing
an important role for several phenomena in spintronics. Here we derive a boundary condition for spin-orbit
coupled interfaces that includes gradient terms, which enables the description of spin-Hall-like effects with
superconductors due to such interfaces. As an example, we show that the boundary conditions predict that a
supercurrent flowing through a superconductor that is coupled to a normal metal via a spin-orbit interface can

induce a nonlocal magnetization in the normal metal.
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I. INTRODUCTION

Superconductors [1] carry charge currents without
resistance in their natural state but can also be made to
transport spin currents without resistance. This happens
when the spinless Cooper pairs in a superconductor are
transformed to so-called triplet Cooper pairs [2] that carry
spin. Such a transformation has been predicted [3,4] to take
place in two ways: either by placing the superconductor
in contact with a ferromagnetic material or by placing it
in contact with spin-orbit coupled materials or impurities
[5]. Besides making the superconductivity spin-polarized
[6,7], such hybrid structures also give rise to odd-frequency
superconductivity [8,9], where electrons are nonlocally
correlated in time. Although transport of charge is already
dissipationless in superconductors, it is both of fundamental
and practical interest to study dissipationless transport of spin
via superconductors [10]. Indeed, lossless spin transport can
offer new types of functionality in solid-state devices when
combining superconductors with magnetic materials that
charge-based transport is not capable of. Examples of this
include magnetization switching and domain wall/skyrmion
motion with very low dissipation of energy [11]. In addition,
triplet superconductivity can provide novel means of probing
quantum materials [12], as well as giving rise to functional
material properties that are unique to the superconducting
state, without any counterpart in conventional spintronics—
such as quantum phase batteries [13].

Several experiments have confirmed theoretical predictions
in the case of hybrid structures comprised of superconductors
and ferromagnets [14-20]. On the other hand, experimental
studies of triplet superconductivity in hybrid structures of
superconductors and spin-orbit coupled materials have started
to appear mostly in recent years [21-25]. There exist several
predictions [26-30] on emergent phenomena in structures
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combining superconducting and spin-orbit coupled materials
which remain to be tested experimentally, where the main
theme is that spin-orbit interactions exist in a material due to
the lack of inversion symmetry or due to impurities.

Spin-orbit coupling can be amplified at interfaces involving
heavy metals such as Pt or W. Such interfaces are known
to play an important role in conventional spintronics [31].
Generally speaking, the Rashba effect at interfaces, even with-
out inserted heavy metals, is expected to be present simply
because structural inversion symmetry is broken [32]. This
makes the description of spin-orbit coupled interfaces of gen-
eral interest in any type of hybrid structures comprised of two
or more materials.

When it comes to describing quantum phenomena emerg-
ing at superconducting interfaces, the quasiclassical theory of
superconductivity [33—35] has proven useful and to a large
degree consistent with experimental results. This theory is
capable of treating nonequilibrium phenomena both in the bal-
listic and diffusive limit by obtaining the quasiclassical Green
function g in Keldysh space. To achieve this aim, it is nec-
essary to supplement the theory with boundary conditions at
interfaces. For the case of interfaces with significant spin-orbit
coupling, we have recently derived such boundary conditions
in the diffusive limit [36]. These boundary conditions for g
correctly predict the appearance of triplet superconductivity
in superconductors with spin-orbit coupled interfaces but fail
to capture the effect of motion parallel to the interface. While
these contributions often cancel in the diffusive limit due to
the momentum averaging brought on by frequent impurity
scattering, an important special case when it does not is when
a supercurrent is flowing parallel to the interface. In this case
gradient terms in the boundary conditions are required in order
to capture the possible existence of spin-Hall-like phenomena
involving supercurrent flow and spin accumulation.
Whereas such effects are of high interest experimentally,
an accompanying theoretical description requires a derivation
of boundary conditions that includes such gradient terms.

©2022 American Physical Society
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Here we derive a boundary condition for spin-orbit coupled
interfaces in the quasiclassical theory of superconductivity
that includes precisely such gradient terms. This enables the
description of spin-Hall-like effects with superconductors due
to interfaces with Rashba-like spin-orbit coupling. After de-
riving these boundary conditions, we apply them to predict
that a supercurrent flowing through a superconductor that is
coupled to a normal metal via a spin-orbit interface can induce
a nonlocal magnetization in the normal metal. This constitutes
a superconducting equivalent of the conventional, resistive
spin-Hall effect where a charge current induces a transverse
spin accumulation. The boundary conditions derived here en-
able the exploration of quantum phenomena that emerge in
superconductors due to spin-orbit coupled interfaces, both in
and out of equilibrium.

II. DERIVATION OF BOUNDARY CONDITIONS

We split the derivation of the boundary conditions into two
parts: one part that takes into account the effect of tunneling
through the interface and one part that takes into account
reflection at the interface.

A. Terms related to tunneling through the interface

We consider a Hamiltonian of the form

H = H; + Hg + Hr, (1)
with

Hy =Y HL(p.p)ajay,. 2)

pp'ss'
Hg =Y HE(p.p)b}byy. 3)

pp'ss'
Hr = [Tw(p,p)a. byy +T5p, pPOb’, ayl. (4)

T s P ps”P'S ss » P p's'“ps

pp'ss'
From Heisenberg’s equation one obtains for the operators
ihdaps =+ Y _[H5(p. p)ayy + Tow(p. P by,
P

ihda ==Y [[HL(=p, —p)T*a’
ps

+ T (=p, —p)bl ],
. R / * /
ihdbps =+ Y _[HS(p. pbyy + T7,(P, Playy),
px
ihd,b" , = — Y [[HE(=p. —p)I'b
ps
+ Tys(—p', —p)b' ). ()
Using Nambu vectors, A, = (apy  apy al

-pt
similarly for B,, this can be written as

inpsA, =Y [A"(p. pHAy + T (p.p)By).  (6)
"

inp30,B, =Y [H*(p. pHAy + T(p.p)A,L, (D)
"

aim) and

where p3 = diag(1, 1, —1, —1) and

5L/R N HL/R(I%P/) 0

H (p’p ) _< 0 HL/R*(—p, _p/)>’ (8)
7 N o T(pv p/) 0
7 N T(p.p) _ 0

where T and T are 2 X 2 matrices in spin space and we have
defined the elements Ty (p, p’) = T,)(p', p). The tunneling
current from the left to the right side is given as J = e(d;N),

withN =3 a;lsaps. From the Heisenberg equation we find

iho,N =[N, H] =[N, Hr]

= Z [T;'s/ (P’ p,)aj;sbp’s/
pp'ss’

We note that while we have here written Hy g without su-
perconducting terms, for notational simplicity, the approach
generalizes straightforwardly to superconducting systems by
adding off-diagonal terms to Eq. (8). The following derivation
of the boundary conditions for the Green function is valid
irrespective of whether superconducting terms are included in
H"/ or not. Next we define the Green function,

Ci(p, 19, 1) = ila), (" bpy(1)), (12)

— TP, PObYgapl. (1)

which gives
1 / < /4.
(ON) = — Z/[Mp, PG, (P 13p, 1)
pp'ss
+ T (=p, —pila_pb’ )] (13)

Notice now that if we define a Nambu Green function
matrix as

C=(p,t:p, 1) = ilIAL OB, 1), (14)
where the angular brackets in the second term of Eq. (13)
become the hole part of C=. Hence we may write

1 2 INY< (] 4.
ON) = — ;wr(p,p)c @.tp,0l. (15

For later use, we also introduce the Green function €~ and
Keldysh Green function CX as

C™(p. ;P 1) = —i(B (DAL, (1),
CX(p.1p 1) = —ip3([Bp(1). AL (D]). (16)
To find €<, we first find its time-ordered equivalent,
Cp,1:p'1') = = ips(TBy(1A, (1)
= —ipsf (1 — 1)(By(1)AL (1)
D0t = DAL B, ),  (17)

where 7 is the time-ordering operator, which acts as a nor-
mal operator at equal times. Differentiating with respect to ¢
gives us

ihp30,C(p,t;p' 1)) = Y [H"(p. )C(g. ;1)
q

+T@. 6L .t:p. 1)), (18)
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where
Guig 1:p', 1) = —ips(TA,OAL ().
This may be written as

> lifipsdidgy — H (p. )1C(q. 1:p/. 1)
q

=Y T(p.9)Giig.1:q. 1. (19)
q
A solution to this equation is given by

é(pvt;p/at/)zfdtlZGO.R(pyt;qa tl)T(qﬂq/)

qq'
x Gr(q tp' 1), (20)
|

with Gor the right-side unperturbed Green function,
satisfying

> lihp3diSpg — A (p, 1Gor(g. t: 9, 1)) = 8t — 1))py,
q
@1)

as can be seen by direct insertion. Next we deform the time
axis to the Keldysh contour,

Clp, ;P r’)=/dr1 E Gor(p, t:9, t)T(q.q)
C ’
qq

x GL(q,t;p, 1), (22)

to obtain via the following Langreth rules [37]:

pC(p.t;p 1) =fdt1 > (68 . 1:q. 10T (q. 453G (. 11:p. 1) + 3G (P, t:4.1)T (q.4)G1 (g . 1 p. 1)), (23)

qq'

3¢ (p.1;p, 1) =/dt1 > (66 . 1:q.1)T (q. 40367 (g t1:p. 1) + p3Gi p(p. 1:4.1)T (9. 4)G1(q . 11 p. 1)) (24)

qq'

Note that the lesser and greater Green functions were defined without ps, whereas the retarded, advanced, and time-ordered were
defined with. Hence, when going from time-ordered to lesser/greater, there has to be additional p; appearing, as shown in the
above equations. The lesser and greater Green functions are further related to the Keldysh Green function as

GX(p.1sp 1) = palG=(p. 19/ 1) + G (p, 139/ 1)) (25)
The same relation also holds if one replaces G with C. We also have the relationship
C(p.:p.)=C"(p.1:p.1). (26)

By adding Eq. (23) and then multiplying the whole equation with p3/2, one therefore obtains

A< i lA A 2 INA / /o A 2, A / A
¢ (p,r;p,r)=5p3/dt1Z[Gﬁ,R(p,r;q,tl)T(q,q)Gf(q,n;p,r>+G§,R(p,t;q,n)T(q,qﬂGé(q,n;p,t)]. @7)

qq

Insertion into Eq. (15) then gives

h 7 AV /
ON)==3 3 f dnTel p3(T (p, P)Gor (P, 134, 1)
rr'eq
x T(q.4)Gr(g" . 11:p. D)) ], (28)
where it has been used that 7 commutes with p3. The super-
script K means in this context that the Keldysh component
of the matrix product enclosed in the parentheses should be

extracted. Repeating the process by calculating the currents
flowing into the opposite material gives

h P - / A /
ON) =+5 > | dnTilps(Gor (@', )T (g 4)
pr'aq
x Gr(g', t;p, )T (p, p)*]. (29)

Averaging the two and Fourier transforming then gives

(@ON) =+ > [ o ties oo giol @.0)
=+- —Tr ;)T (q,
d 4pp’qq’ b p3(Go.L(P, q q.9

x Gr(q. p:e)T (', p))F]

h dS ~ 2 i - .
72 / S THp(T (0. )Cor(p.4:€)

pr'aq
x T(q.4)GL(q', P’ €))K], (30)
where we defined the 8 x 8 matrix G in Keldysh space:
.  (GR GK
G= ( 0 GA>' (€20)

A product AB between an A matrix and B matrix is to be

understood as AB, where A = diag(4, A). In quasiclassical
theory, the electric current J is computed from a quantity
known as the matrix current / via the expression

J~ / dE Tr{p:I%)}. (32)
Therefore one may identify the matrix current as
I~ Z (G, T GrT] + traceless terms, (33)
pr'aq

where we has set approximated G, = G ; for material j. The
designation “traceless terms” indicates that there may exist
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terms in the matrix current which do not give any contribu-
tion to the charge current, in effect which give zero when
multiplied with p; and taken the trace over [38]. In the next
section we identify these terms.

To compute the boundary conditions specific for an inter-
face with Rashba spin-orbit coupling, we assume an interface
potential of the form

T(r) = To(r)d(rL — Ro) — {{T;;(r)8(rL — Ro)oj, 0}, (34)

where 7| and r, are coordinates parallel and perpendicular to
the interface. Note that the term involving the differential op-
erator d; has been symmetrized in order to ensure hermiticity.
The tunneling Hamiltonian is

Hy = Z/dr al(rTy (r)by(r) + He., 35)

with a(r) and b(r) the field operators on the left and right
side of the interface, respectively. We may now define a,(r) =
>, aps€?”, and by(r) =3, bpe™”, which produces pre-
cisely Hr in Eq. (2) with

Tyw(p,p) = /d"u [(To(ry) + T;j(r)(pi + p))osy ]

x e {p=p)m (36)

We now approximate the tunneling matrix element as
follows to describe the effect of interfacial Rashba coupling:

Tw(p,p) = To + T;j(pi + P))0ss j» (37)

where Tj and T;; are real phenomenological constants. As an
aside, this approximation is equivalent to saying that both T
and T;; have a (r) spatial dependency, which means that the
surface is approximated as a point impurity. Moreover, we
note that from the definition of T(p, p)), it then follows that

Tss’(ps P/) ~ TO + T;j(Pi + pi)ass’,j = Tss’(pa P/) (38)

Next we need to calculate the integral,

M = f dpdp'dgdq T p)Cep. 0T (@.4)C0(d . P,
(39)

which is one of the two main terms appearing in Eq. (30) after
going to the continuum limit in momentum space. Defining

T(p,p) =T+ (pi + Pk,
ti = T;; p36,

6= (‘0’ f) (40)

we get
M= / dpdp'dqdq [Ty Gr(p.9)GL(q'. P')
+ ToGr(p, Qb (qx + 4)GL(q, p))
+ Tot;Gr(p, 9)(pi + PGL(G . P)
+ 5:Gr(p, Qi (pi + Pk + q)GL(g, P (41)

We make use of the fact that the Green function Gy, R, q)
is strongly peaked for p ~ ¢ =~ pp, since the aim is to

construct a low-energy theory relative the Fermi level. For
such low energies, the particles have momenta close to py.
Since both p and g are close to pj, the center-of-mass
momentum (p +¢)/2 must also be close to pp. There-
fore we may approximate the individual momenta variables
{pi, P}, qk, q,} entering the above equation as center-of-mass
variables with magnitude equal to the Fermi momentum.
Making use of the fact that the Jacobian of a transformation
from the momenta of the field operators to a center-of-mass
and relative momentum representation is unity, we find within
the quasiclassical approximation that

M ~ T}8r 815 — mrRDrTogR sk &R stk L.
— my Dy Togr stk 81,50k 81L.s — MRDRT0LGR s8R 5815
— mp Dy Toti8R 581, s0i81.s + 26:8R 5181 5 (42)
To obtain this result, we used that

.
- @n)

Zr/ (P, R = 0) - / dq / d&,Cru(p.q)  (43)
is the quasiclassical Green function evaluated at the interface,
and ¢ in the equation above is the relative momentum coor-
dinate, whereas p is the center-of-mass momentum. We also
inserted gr = &r.s + Pr - 8g, Where gp = —Tvpgr,sVErs, as
follows from the Usadel equation, and p is now the center-of-
mass momentum coordinate. For the angular averaging, we
used that

a2, ) 15
/ﬂ PF.iPF,j/PF = R
Here m is the electron mass and we used that pr = mvg
and D = v}t/3. Since the parameters Ty and T;; will be
treated as phenomenological interface parameters, we absorb
the proportionality constant in Eq. (42) into them. Finally,
we neglected terms in Eq. (42) which were second order in
gradient terms of the Green functions under the assumption
that such terms are small.
The boundary conditions thus become

AAAAA

—mDT;;To[gr, {036, &roi8r}]
—mDT;;To[£0:8, {036, &r}l. (44)

For the special case of Rashba spin-orbit coupling (SOC), we
have T;; = Tini&xji, where ny is component & of the interface
normal. This gives

n-Dg Vg = T3, &l +2T7prlge, 0)2zo)]
—mDTNTH[gL, {o), (8rVEr) X n}]
—mDNTH[(gLVEL) x n, {0}, gr}l, (45)

with 6|, = p3[6 — n(6 - n)]. We see that the second term on
the right-hand side of Eq. (45) reproduces the tunneling term
due to spin-orbit coupling derived in Ref. [36]. The third and
fourth terms on the right-hand side are new and involve the
gradient of the Green function. This allows us to describe, for
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FIG. 1. Spin-orbit coupled interface separating left (L) and right
(R) region in the model used to derive the reflection boundary condi-
tion terms.

instance, spin-Hall-like phenomena with supercurrents, as we
will demonstrate below.

B. Terms related to reflection at the interface

Here, we follow a similar procedure as [39,40] to derive
the terms related to reflection at the interface. The Usadel
equation, including antisymmetric spin-orbit coupling, reads

DV (gVg) +ileps + £, 81 = 0. (46)
Here we have defined
Ve...=V-...—iA,...] 47

We use the convention that when multiplying a matrix A (4 x
4) with a matrix B (8 x 8), that product should be understood
as diag(A, A) - B. The matrix A has vectors as elements and
classifies the spin-orbit coupling according to

A A 0

A= (0 B A*), (48)
where A defines the spin-orbit coupling part of the Hamilton
operator via

1
Hye = ——k - A. (49)
m

This is a generally valid Hamilton operator for an antisym-
metric spin-orbit coupling that is linear in momentum. For
instance, the Rashba case Hyo,. = —%(k X o) - z for structures
breaking inversion symmetry in the z direction is obtained
using A = a(—oy, oy, 0). Here we will derive boundary con-
ditions valid for any A that satisfies n - A = 0, where n is
the interface normal vector. This includes the Rashba inter-
action as a limiting case. The criterion n - A = 0 is chosen
as to avoid the complication of symmetrizing the spin-orbit
coupling Hamiltonian, as is required for the hermiticity of the
Hamilton operator when the spin-orbit coupling is confined
to a certain spatial region. Nevertheless, the condition n - A
still allows for several interesting new phenomena related to
spin-Hall physics to be predicted.

The underlying assumption is that the region with spin-
orbit coupling is sufficiently thin that we may neglect the
spatial variation of the Green function along the interface
normal n. Let n denote the coordinate along the n axis (chosen

J

as z direction in Fig. 1). Integrating the Usadel equation from
n = —dton =d gives

(80n8)la — (30,2)-a — id VA, glla

—igd[A, Vg] —id[A, gVElla — d[A, ZlA, gllla = 0.

(50
Here we made use of the fact thatn - A = 0 and approximated
the value of all terms not involving a derivative in the n
direction with their value at n = d. This is consistent with
the assumption that d is smaller than the length scale over
which the Green function varies in the n direction. Now, if
there was no spin-orbit coupling present, the tunneling current
alone derived in the previous section (with scalar tunneling
amplitudes due to the absence of SOC) provides the value
of 80,84, constituting the effect boundary condition for the
Green function g. Therefore we may identify

(£0,8)|—q¢ = tunneling current contribution = Ir, (G20
and consequently write Eq. (50) as
gu8la = Ir +id VA, gl + idFA, VEla
+id[A, 3VEla +dIA ZA Bla.  (52)

After canceling some terms, we end up with the final form,
which is generally valid for any SOC at the interface so long
thatn - A = O:

n-gVEla = Ir +idVHA, glls - 2idgVEA, + idBAVE,

+idAgVE, + dA, gAgl, — dA’ (53)

This constitutes the boundary condition for the Green function
on the right side of the interface gz = g|,. The boundary con-
dition for the Green function on the left side of the interface
81 = 8|4 is obtained from Eq. (53) by letting d — —d. This
is derived in exactly the same way we did for gz except that
we integrate | dfd instead of f:i s

As an application of these boundary conditions, consider
now a special case. We examine a 2D structure (yz plane)
with a Rashba spin-orbit coupled interface. The z direction
is perpendicular to the interface plane, so that n =Z. We
permit not only 9,8z # 0 but also 9,8z # 0 in order to capture
spin-Hall-like phenomena involving motion parallel with the
interface. In the Rashba case, we have as previously men-
tioned A = «(—oy, oy, 0), which gives

gr0.8r = I +idd,gRlA,, gr] — 2idgrdyErA, + idgrA,d,8r
+ idA,grd,gr + dIA, grAgR] — do?. (54)
We define

P Ox O A Gy 0
=5 0 )a=(5 o) o9

so that A, = —a Py and Ay = op,. We then get

8r0.8r = It + idad Gr[Py. Er] — 2idagrdyErpy + idotgrpydydr + idop.groygr
+ do® [Py, Erpxir] + A’ [y, ErDyER] — 2da. (56)
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(a)
y
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z

M
(b) e ,

FIG. 2. Two possible experimental setups for observation of supercurrent-induced magnetization via a Rashba interface. In both cases,
current-biasing the superconductor induces a nonlocal spin magnetization in a normal metal without any magnetic elements in the system.
The magnetization points in the direction orthogonal to both the supercurrent flow and the broken inversion symmetry axis, similarly to the
conventional spin-Hall effect.

It is clear from the boundary conditions that any variation in the Green function g in the direction parallel to the interface (y
direction) will now couple directly to variations of the Green function in direction normal to the interface (z direction) due to the
Rashba spin-orbit coupling at the interface.

C. Final form of complete boundary condition for Rashba coupling

In the preceding sections, we have derived the contribution to the boundary condition for the quasiclassical Green function
coming both from tunneling terms and reflection terms at an interface with spin-orbit coupling. Here we give the final complete
form of the boundary conditions for the Green function on both the left and right side of the interface. Let n point from left
to right.

For the quasiclassical Green function matrix g; on the left side of the interface, the boundary condition generally reads

— iDdV,[A, 3.1+ 2iDdg, V3, A — iDdg AV, — iDdAg, V3, — DAIA, g,A%.] + DdA”, (57

while for the Green function on the right side,

+iDAVR[A, gx] — 2iDd3RrVipA + iDdgrRAVEg + iDdAgrV e + DA[A, grAgx] — DA’ (58)
For the special case of Rashba spin-orbit coupling and an interface normal n along the z direction with g, = g,(y) due to
supercurrent flow in the y direction and a thin region to the right of the interface so that gz = gxr(z), as shown in Fig. 2, one

obtains on the left side,

Dg13.3; = TP3L, 8rl+ T2prlgL, 68r6 )] — mDTiTogL, {6).x, &rdyER}] — mDTiTo[3.8,81, {610, Er)]
— Dda’* [Py, §LpxdL) — Dda®(py, 81Py8L] + 2Ddo?, (59)
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while on the right side,

Dgrd.gr = T 131, &gl — TP prl8r. 680611 + mDTiTolgr, {8y, 808,80} + mDTiTo[8ry8r, (6)1xs EL)]
+ Dda [ py, ErDr8r) + DA [Py, Erpy8r) — 2Ddo’. (60)

In this particular case, one has 6| = (Dx, Py, 0). The derivation of the boundary conditions provided here treats the interface in
a phenomenological manner, in particular when it comes to the reflection terms. A stricter microscopic derivation makes use of
concepts like isotropization zone and ballistic zones near an interface [38]. Nevertheless, the methodology used in this paper to
derive the boundary conditions is known to give the same results as the microscopic derivation in the case of magnetic boundary

conditions [39], a fact which motivates the present approach.

III. APPLICATION: SUPERCURRENT-INDUCED
MAGNETIZATION VIA RASHBA INTERFACE

We here show how the boundary conditions can be used
on a concrete system and that they predict that a supercurrent
can induce a nonlocal magnetization via structural inversion
symmetry breaking. The polarization of the induced mag-
netization is perpendicular to both the current flow and the
direction of inversion symmetry breaking and can be viewed
as a type of superconducting spin-Hall effect. We consider a
superconductor in contact with a normal metal through a thin
heavy metal interface. Two possible experimental realizations
of this is shown in Fig. 1. When a supercurrent runs through
the superconductor, a nonlocal magnetization appears in the
normal metal, despite the absence of any magnetic elements
in the system. To show this analytically, we consider the
weak proximity effect regime where the Usadel equation is
linearized in the anomalous Green function.

The quasiclassical retarded Green function in a
supercurrent-carrying superconductor is given by

ily;
N c se"Vioy,
= ilys . 61
8s (se l‘/)lo‘y —c ) ( )

for a current density J well below the critical supercur-
rent density. Here, ¢ = cosh(f), s = sinh(f), where 6 =
atanh(A/e) where A is the superconducting gap. In the nor-
mal metal, the retarded Green function matrix reads

o = (_lf I 1) )

in the case of a weak proximity effect where the anomalous
Green function matrix has the form

fro fit fs>
= . 63
r=(ly g ©
The .7. operator denotes reversal of energy (¢ — —¢)

and complex conjugation. In the normal metal, the Usadel
equation then takes the form

Da?ff,t,a + 2i8fv,t,d =0 (64)
and has a general solution
Soto = As,z,aeikz + Bs.t,aeiikz (65)

where k = /2i¢/D. The boundary condition at the vacuum
edge z = L of the normal metal is

0 fso =0 (66)

(

in order to ensure that no current flows into vacuum. The
boundary condition between the normal metal and the super-
conductor at z = 0, which are connected via an atomically thin
Pt layer, is the key ingredient for achieving the superspin-Hall
effect. In the weak proximity effect regime, we obtain

Dd. f, + 4io DJTyTicsme™™ — 2T} cf,

— 4ioDmTyJs* Ty f, — 4(Dda® + 2¢TE pr)f, =0,
Dd.f, — 8a’Ddf;, — c(T + 4T ph)f, =0,
Dd.f, — 8cT{ py-fs — 4iDT Tos*Jm(fy — f,)

— 4Ty fs + 4se (T + 4T p7) = 0. (67)

Here y, is the position along the y axis, where the normal
metal is coupled to the superconductor.

From these boundary conditions, one obtains the solu-
tion for the unknown coefficients A;, , and Bs, . With the
anomalous Green function in hand, one may compute the spin
magnetization induced in the normal metal:

® de
M =M, / —ReTr{odX}, (68)
—oo €Th

where e, = D/L? is the Thouless energy, and M, is a nor-
malization constant of the same dimension as M.

The solution for the coefficients A;; , and Bs, , are given
in the Appendix and show that the anomalous Green function
fi is zero whereas fy = — f. Therefore the only component
of the induced magnetization that exists is M,, which is deter-
mined by the product of the singlet anomalous Green function
fs and the x component of the triplet d vector [2], (f, —
f1+)/2. From the expressions in the Appendix, it then follows
that

M, ~ JTyT; A>. (69)

Therefore the induced magnetization only exists in the
presence of a supercurrent (J) and in the presence of
both normal tunneling (75) and a Rashba-like tunneling
(T1). We note that spin-orbit impurity scattering [41] can
cause a similar effect due to supercurrent flow. Moreover,
we note that the effect predicted here is different from
Ref. [40], since no exchange field is required anywhere in the
junction.

IV. CONCLUSION

In summary, we have derived a set of quasiclassical
boundary conditions for spin-orbit coupled interfaces. The
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boundary conditions contain both terms related to transmis-
sion and reflection of particles and are valid both in and out of
equilibrium. As an application, we have shown that a
supercurrent flowing in a superconductor that is coupled
to a normal metal through a Rashba interface will induce
a nonlocal magnetization in the normal metal. The
magnetization is polarized in the direction perpendicular
to both the supercurrent flow and the interface normal.
These boundary conditions may prove useful to predict

J

new spin-Hall-like phenomena in superconducting hybrid
structures and to model experimental data.
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APPENDIX

The coefficients determining the anomalous Green functions are obtained as

Byio = Ay 0™, (A1)

+ikL

and A, = —A, where ex = ™" and

4iTy DTymJ "> s[e+ ((—4T02 —16T7p} ) 4452 (4T,2 Pk +nf) ) +i1)ce,k]

Ay =

(~(zp+ar? pzp)zcz —2Da2d (34417 p} ) c—8D*mP TR T s ) 862 +4i (312 /24617 p3 ) e+ Docd ) ke Dey +D22 K2

aehos[ (<1602 21212 estm? —da2d (412 p 12 ) D—20 (124412 p2 ) (47293 +T0) ) e i (47203 + 12 kDe |

)

Ay =

& (-8(7p+ar? sz)zcz—léDazd (17441703 ) c—6AD* WP TR 12254 ) +4ikDe e (Dad 43¢ (T3 +4T7 3, ) /2) +D%e &2 .

(A2)

Note that the value of the interface location along the y axis (the coordinate yy) does not affect the value of physical observables

such as the induced nonlocal magnetization.
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