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Nonlocal spin-charge conversion via Rashba spin-orbit interaction
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We show theoretically that conversion between spin and charge by spin-orbit interaction in metals occurs even
in a nonlocal setup where magnetization and spin-orbit interaction are spatially separated if electron diffusion
is taken into account. Calculation is carried out for the Rashba spin-orbit interaction treating the coupling with
a ferromagnet perturbatively. The results indicate the validity of the concept of effective spin gauge field (spin
motive force) in the nonlocal configuration. The inverse Rashba-Edelstein effect observed for a trilayer of a
ferromagnet, a normal metal and a heavy metal can be explained in terms of the nonlocal effective spin gauge

field.
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I. INTRODUCTION

The objective of spintronics is to manipulate spins by
electrical means and vice versa. For generating spin accumu-
lation and spin current, several methods have been experimen-
tally established in the past two decades, including the spin
pumping effect [1-4], where magnetization precession of a
ferromagnet (F) is used to generate spin current into a normal
metal (NM) in an F-NM junction. For electrical detection of
spin current, the so-called inverse spin Hall effect induced by
spin-orbit interaction of heavy metal is widely used [5].

Another electrical detection of spin is based on interfa-
cial Rashba spin-orbit interaction, called the inverse Rashba-
Edelstein effect. This effect, the reciprocal effect of the
current-induced spin polarization studied theoretically by
Edelstein [6], has been experimentally demonstrated in a
trilayer of a ferromagnet, a normal metal, and a heavy metal
(HM) (Fig. 1) [7]. The Rashba interaction is expected to be
localized at the interface of NM and HM, and the normal
metal works as a spacer to separate the magnetization and
the Rashba interaction. The current observed was argued to
support the spin current picture, in which a spin current
generated by the spin pumping effect propagates through the
normal metal, forming spin accumulation at the NM-HM
interface, finally resulting in a current as a result of inverse
Rashba-Edelstein effect.

Theoretically, current generation indicates the existence of
an effective electric field (motive force). In the present mag-
netic systems, it is the one driving electron spin, namely the
effective spin gauge field or spin-motive force. The effective
spin gauge field has been known to arise for a slowly varying
magnetic texture in ferromagnets, as the texture gives rise to a
phase (spin Berry’s phase) for the electron spin wave function
as a result of the sd exchange interaction [8,9]. The spin
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Berry’s phase generates a current when magnetization has
dynamics besides spatial texture. The concept of effective spin
gauge field was shown to be generalized to include spin-orbit
interactions that are linear in the wave vector, like the Rashba
interaction [10-12]. It was demonstrated that magnetization
M and the Rashba field « give rise to an effective spin gauge
field proportional to o x M, leading to an effective electric
field and current proportional to o x M. It was also pointed
out that spin relaxation leads to a perpendicular effective
spin electric field, « x (M x M) [13]. The latter component
leads to a direct current (dc) for a precessing magnetization,
while the former induces only alternating current. The dc is
in the direction perpendicular to both a and the average of
M, which agrees with the geometry of the experimentally
observed inverse Rashba-Edelstein effect. The above theories,
however, do not directly apply to the experimental situations
with a spacer layer, as the coexistence of magnetization and
Rashba interaction is assumed in the theories.

The objective of the paper is to demonstrate theoretically
that the concept of effective electric field can be generalized
to describe nonlocal configurations where the magnetiza-
tion and the Rashba interaction are spatially separated by a
nonmagnetic metal. For charge transport in metals, longer
distance than the electron mean free path is possible due to
electron diffusion; current generation in disordered metals can
therefore occur nonlocally. As far as the diffusion is induced
by elastic-scattering-conserving spin, the spin information is
expected to be equally transported long distance. In fact,
the long-range diffusive component of spin current induced
by magnetization dynamics was studied in Ref. [14]. The
spin-charge conversion effect was briefly mentioned there but
assuming uniform Rashba interaction. It was also pointed out
that long-range spin chirality contributes to the anomalous
Hall effect in disordered ferromagnet if the spatial size is less
than the spin diffusion length [15], indicating that spin Berry’s
phase has long-range components. Moreover, spin Hall and
inverse spin Hall effects were recently formulated in terms
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FIG. 1. Schematic figure of a trilayer of a ferromagnet (F), a
normal metal (NM), and a heavy metal (HM). The Rashba spin-orbit
interaction is localized at the NM-HM interface.

of nonlocal conversion of spin and electric current including
electron diffusion [16]. In this representation, the observed
spin density (or current) in the direct (inverse) spin Hall effect
is directly related to the driving electric field (or spin pumping
field) via a nonlocal response function of spin and electric
current.

In this paper, we calculate electric current generated in
the system of conduction electron with the sd exchange
interaction with a dynamic magnetization and the Rashba
interaction having spatial distributions. Although experiments
are carried out in trilayers with rather sharp interfaces, we
here describe the slowly varying case, which can be accessible
straightforwardly by an expansion with respect to the wave
vectors of the two interactions. The vertex corrections (VCs)
to the correlation function representing the effect turns out to
contain a singular pole at a slowly varying limit, indicating
the diffusive nature. The diffusion propagator arising from this
pole is shown to connect the information of the magnetization
and the Rashba interaction even when they are spatially sep-
arated, resulting in a nonlocal current generation. The effect
is interpreted in terms of the nonlocal component of the spin
electric field.

II. MODEL AND GREEN FUNCTIONS

We consider the following model Hamiltonian, 7 =
Ho + Hr + Hia(2), with:

R2v? N
Ho = /drllﬁ(r)[— +uV 5(r—Ri)}/f(r),
2m, P
(la)
Hy = — et / dr ()W oV 9 @)
— [V, ¥ (M)]owyr (r)}, (1b)
Hoat) = — f dryt M@, 1) - a1y (r), (Ic)

where ¥ (r) =" (¥4 (r), ¥ (r)) is the spinor form of the anni-
hilation operator of electron with the mass being m, and H,
consists of the kinetic term and nonmagnetic impurity poten-
tial with the strength being u. Hg is the Rashba spin-orbit
interaction with the spatial-dependent Rashba field denoted
by a(r) = (o (r), oy (r), a;(r)). The sd exchange interaction
is given by H,,(t), where M (r, t) is the magnetization vector

including the sd interaction strength. We deal with H, as the
unperturbed Hamiltonian and treat Hg and H,, perturbatively.
Here V is the volume of the system, o = (ox, 0y, 0;) is the
vector form of the Pauli matrices, 7 is the Planck constant
divided by 27, and €'/¥ is the Levi-Civita symbol. We consider
the slowly varying case with weak spatial dependencies of
M(r) and a(r). Our particular interest is the case where M (r)
and a(r) do not coexist, such as a trilayer structure composed
of F, NM, and HM.
The charge current density operator of the system is given
by
eh . N
D ' OIVY @] = VY (O ()}

+ea(r) x s(r), )

the first two terms of which we call the current density for
the normal velocity and the last term is the same for the
anomalous velocity, where e (> 0) is the elementary charge
and s(r) = ¥ (r)oy (r) is the spin density. In the Fourier
forms, the Hamiltonians of Egs. (1) are given as

N
Ho = Z excpe +u E Z e’q'R"c,'Hr%Ck_%, (3a)
k

k.q i=1

jr) =~

do _.
Hat) == [ S2e S S-0) Mg ()
q
Hr = D (otg X h) - cf 40¢, ., (3c)
k.q

where ¢; = i*k?/2m, and s(q) is the Fourier component of
the spin operator given by

1 .
s@ =y > c,Lf%acH%. (4)
k
The current density in the Fourier form is given as

OEEEDY %’:c,i_%ck+% te) ay xsig—q). )
k q
where the first and second terms correspond to the currents of
the normal and anomalous velocities, respectively.
We denote the thermal Green function for the Hamiltonian
Ho + Hr as Gy g (i€,), which is evaluated up to the first order
with respect to Hg as

Gy (i€n) = grlie)dy p + Egk(len)

x 0 - (g x (k+Kk))gy (ien), (6)

where €, = (2n+ 1)wkgT is the Matsubara frequency of
fermion and gi(i€,) is the thermal Green function for the
Hamiltonian H, given by
1
€,) = 7
guien) i€, — €x + isgn(e,)h/(27) @
with the signum function sgn(x). The lifetime of electron
evaluated within the Born approximation is given as
h 2

7 = Tnuv (8)
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FIG. 2. The Feynman diagrams of X(l "

1€y + Tw)

1€n

and X, ) The solid lines with two arrows denote the Green functions including the Rashba

interaction given by Eq. (6), the filled crrcle represents the spin vertex, the unfilled triangle describes the normal velocity vertex, and the
dashed wavy line indicates the anomalous velocity vertex without the Pauli matrix.

with v = v(eF) being the density of states (DOS) at the Fermi
energy € of NM.

III. NONLOCAL EFFECTIVE ELECTRIC FIELDS

By evaluating the nonlocal charge current induced by the
magnetization dynamics, and using the Drude conductivity,
we show that the charge current is driven by the nonlocal
effective electric fields. We consider the exchange interaction
up to the second order and the Rashba interaction in the first
order in this section.

A. Linear response to exchange interaction

For the linear response of the charge current (j(r, 1))" to
the external field n(r’, t"), where the external Hamiltonian is
given by H,,(t), the current is calculated based on the Kubo
formula [17] (see Appendix A 2) as

(i, 1)V = % / dt'([i(r, 1), Hsa(t)])

=/dr’/ dt' x5V it — M@ 1), (9)

where j;(r,t) is the Heisenberg representation of Eq. (2),
[A, B] = AB — BA is the communicator, (---) is the thermal
average for Ho + Hgr, and the linear response coefficient
Xij (1)(r r';t — t') is the retarded correction function between
the charge current density and the spin density,

Xi; ROG i —1)= ——9(t — )i, 1), 507, 1)) (10)

with 6(7) being the Heaviside step function and s;(r, t') being
the Heisenberg representation of the spin density. Note that,
since the Rashba field in the system has the spatial depen-
dence the hnear response coefficient cannot be expressed as
R.(1 )(r —t"), which also means that the space transla-
tronal symmetry is not assumed in the system.
In the Fourier form, the charge current is given as

Gilg, o)V =3x8 Vg, ¢ oMj(q @) (1)
"

Here x;; R.d )(q q’; ) can be calculated from the following
correlatlon function in the Matsubara formalism:

B

X@.q i) = =V / dre™ (T, ji(q. T)s;(—q . 0)),
0

(12)

by taking the analytic continuation, iw, — hw + i0, as

XV, g 0) = x(q. ¢ 0 +i0), (13)

where 8 = 1/kpT is the inverse temperature with the Boltz-
mann constant kg and w;, = 2w A/B (A =0, %1,...) is the
Matsubara frequency of boson. Note that the Matsubara fre-
quencies are defined as in unit of energy instead of frequency.
By means of the thermal Green function for Hgy + Hg,
Eq. (12) is expressed as

Xl(jl) _ Xu Ly Xl (La) 4. X;jl ) X(l W) (14

(1.n) (1.a)

where Xij and Xx;; " are the contributions from the normal
and anomalous velocrties without vertex corrections, which
are given as

X" @ 45 ie) = ——ZZ

x tf[Gk+%,kf+%’(i6n+iwx>fijk/,%gk,g (i€)],

(15a)
.a /s € ilm
Xz(Jl '(q.q i) = BV Z Zel Qg1 Ztr[Gm
noq kK
X Gy p(i€n + i0:)0;Gy _g g q7—q (€)1
(15b)

(1,n) (1,n)(df)

Figure 2 depicts Xij and x(l ‘@) Contributions Xij

and x;; (1.0 ¢ontain the diffusion ladder VCs (the superscript

(df) representmg the diffusion contribution), whose diagrams
and expressions are given in Appendix B [Figs. 4(d)-4(j)].
In order to evaluate them up to the first order of the Rashba
interaction, we expand the Green functions in Eq. (15a) by
using Eq. (6). As Eq. (15b) is already the first order of
the Rashba interaction, the Green functions there can be
approximated as Gy y (i€,) = gi(i€,)d . We take the ana-
lytic continuation, iw; — hw + i0, and calculate the w-linear
contribution, which leads to a contribution proportional to
M. We also expand them up to the second order with re-
spect to ¢ and ¢’. The details of the calculations are shown
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FIG. 3. The Feynman diagrams of X(z o

in Appendix C. Finally, we obtain

1 m . 1
le()(q q,w)_e'f dja [nqqtm—i_lw@;,;’,im—i—“']’

(16)

(6]

_ 2vt / / N
Coqim= —75 im@ —q) -4 — (g — q))q,,], 17
q

where nq o.im 18 the static response to the magnetization and

<p;1; .m 18 the dynamical response of our interest. In the real

space, using the Drude conductivity op = 2e?vert/(3m,) =
e>vDy with v = v(er) being DOS at the Fermi energy of NM
and Dy being the diffusion constant, we find the linear-order
current as

2
G e)® = e f dr'D(r —r')(V, - V,)[e(r)
x M@, )] — V{V, - [a@) x MF,1)]})
(18)
el’vt f , ,
=— dr'D(r —r')
3
X (Vo x {V, x [a(r) x M@, )]}),  (19)
where
1 el 3 1
PO=y 2 popr =it 20)

is the diffusion propagator, with [ = /3Dyt being the elastic
mean free path.

kK" + a
i€n 2

q k' — a
+ hki 1€, — LW/
m
k— = q
K+ =
1€y — W o i
n A Y i/ i
2

and X(Z Y The lines and symbols are defined in the caption of Fig. 2.

B. Second-order response to exchange interaction

For the second-order response to the exchange Hamilto-
nian, the charge current is given by

(itr, 1))®

N\ 2 pt t
l ’ " . / "
- (g) / dr / A" (i 1), Hua ()], Hoa 0)))
// ar'dr’ // ar'dt” x50 v st =t =)

x M, )M (1", "), 2D
where the second-order response coefficient
Ek(z)(r r.r’t —t',t' —t")is expressed as
XD =1 =)
= Qi r rst =11 —t”)
+ Quj(r, v’ 75t — -], (22)
Qije(r,r' ¥t —1' 1" —1")
i\2
= (—) 0@ —tHoE —1t")
7
X ([[ji(rst)v Sj(r/,t/)],Sk(r//,l//)]). (23)
Here xR (2)(,. r,rie—t1",t"—t)= Xl]jk(z)(r, r,rt—

't — t”). In the Fourier form, the current is given as

(ilg 0@ =" / de X524 .40, 0)

q.q"

xM;(q', 0 — & M(q", o). (24)
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From Appendix A3, the nonlinear response coefficient

,]jk(z)(q,q q"; w, ') is evaluated from
1(]2]3(q q q l(U)L, l(L))L ) = // de‘L'/ iw, THiw, T
x(T; ji(q, T+ 1)s;(—q', T")
x sk(—=q", 0)) (25)

by taking the analytic continuations as

iwy, — hw+2i0, iwy — ho' + 0. (26)

Note that in order to obtain the precise response coefficient,
the order of the analytic continuations for iw; and iw; must be
specified; taking iw,, to the real frequency /iw’ and then taking
iw; to hiw from the upper plane (w,» > 0). Hence, we have set
Eq. (26). We should emphasize that the thermal quantum field
theory can apply to the nonlinear responses as demonstrated
by Jujo [18] and by Kohno and Shibata [19]. (See Appendix A
for general cases.)

Here we separate Eq. (25) into three components in a way
similar to the calculation of Xl.(.l) [Eq. (14)],

Xl(Jzk) _ Xl(Jzkn) + ijka) + X,(z o l(jZku)(df)’ 27)
where the first two terms are the contributions from the normal
and anomalous velocities without VCs, respectively, given by
Fig. 3, which reads

(2 n)

l,k (q q q 10))\,1.(!))\/)
Z Z g wyy (i€n +ioy)
PR
X 0 Gk, s (ie, + iwk«)aka,,i%kig(ien)
+G v (i€,)0k G, o o1, ¢ (i€, — i)
k+qk+q(n)k qzqur%(n A)
X O—ij’_ﬂ k_g(ien — ia);h)], (28)
2° 2
(2,a) :
Xt (q q.q";iws, iwy)
2 Z Z €ilm Zaq’”l X tr[O’mGk k’(lén + lw}\)
v e

X 0;Gy_g p (i€, + la),\/)okan_qﬂyk_qu(len)
+Uﬂle,k”(ien)o'ka”fq”,k’(ien — l’(,())g)

X 0Gi—g k—grg (€0 — i01)]. (29)

Figure 3 depicts Xl.(?k‘“) and Xi(?,;a) The last two terms in
Eq. (27) include the ladder-type VCs of X(j2 " and X(2 ),
which are given in Appendix B (see Figs. 6 and 7). We
evaluate them up to the first order of the Rashba interaction.

For X,, . " we expand the Green functions in the first term of

Eq. (15) by using Eq. (6). As X(z @ s already the first order of
the Rashba interaction, the Green functions in the second term
can be approximated as Gy y (i€,) = gi(i€,)d; . We take the
analytic continuation as shown by Eq. (26) and evaluate the
o'-linear contribution, which leads to a contribution propor-
tional to M x M. Then we expand them up to the second order
with respect to ¢, ¢’, and ¢”. The details of the calculations are

shown in Appendix C. After all, we have the following:

R 2) olm m]k

q.9.q9"; 0, ") = 2iee

Xijk Ug—q'—q".1
(2) @]
[nqqq”m—i-lwﬂqqu—i-lw (pqqq w+~-~], 30)
@ _ 2ivt?
Yo.q.q"i0 = 5
Sila—q —q")- (@ +4")— (¢ —q; — q/)(q, + q})

3

¢ +4q")?
€29}
where nq 4" i0 is the static response to the magnetiza-

tion and 19; q) .o 15 the dynamical response proportional to

d(M;My)/dt, which are negligible. wé?;,,q,,, ;, 18 the dynamical
response of our interest, which is proportional to such as

M ;d(My)/dt. In the real space, dynamically induced current is

2 2
G )@ = 4613; i / drD(r — )V x (V, x {a(r)
X [M(r', t) x M(r/, H1PI. (32)

IV. RESULTS AND DISCUSSION

The generated charge current to the second-order responses
to the exchange interaction is therefore j(r, 1) = (j(r, e
(j(r,1))®. The current is expressed as a response to a nonlo-
cal effective electric field as j(r,t) = opE(r, t), where
2

¥
Eui(r. 1) = ;’eeF dr'D(r —F)(V, x {V, x [a(r)

XM, 1) + ﬁ[M(r’, 0 x M@, O} (33)

Note that the magnetization M(r,t) is defined as 1nclud1ng
the sd interaction strength. The linear response term, E'! eff, is

written as Eéif) = —Aéff) , where
2
1 mel
AR =5~ f dr'D(r—r')

X (Vp x {V, x [a(r) x M@, )]})  (34)

is a nonlocal extension of effective gauge field discussed
in Refs. [10-12]. In contrast, the second-order contribution,
proportional to spin damping, M x M, does not have the
corresponding gauge field like in the local case [13].

For junctions like a trilayer homogeneous in the xy plane,
the spatial derivative is finite only in the z direction. The in-
plane current, which is of experimental interest, in this case
reads

2

floen =210, / dr'D(r —r)[ V()]
2eer

x V2 {M(r t)—l— 3 [M(r 1) x M(r, t)]} (35)

This result indicates that the spatially inhomogeneity of pre-
cessing spin at the F-NM interface drives an in-plane effective
motive force at the NM-HM interface as a result of electron
diffusion. This motive force is an alternative and direct inter-
pretation of inverse Rashba-Edelstein effect.
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For describing the case of a spacer thicker than spin dif-
fusion length, the spin relaxation effect needs to be included
in the diffusion. As discussed in Ref. [16], the result in this
case becomes Eq. (33) with diffusion D(r) replaced by the
one including spin diffusion length,

1 eiq-r
Diir)=—Y ——, 36
) VXq:Doqzr—H/s (36)

where y;, proportional to spin relaxation rate, is related to spin
diffusion length [ as I, = 1 /+/3ys.

The nonlocal effective electric field found in the present
study is an electric counterpart of the nonlocal effective
magnetic field (nonlocal spin Berry’s phase) discussed in the
context of the anomalous Hall effect [15]. Although the spin
Berry’s phase itself arises from static magnetization textures,
calculation of the nonlocal contribution in the present for-
malism requires including an external field with a finite or
infinitesimal frequency, as the electron diffusion applies to
nonequilibrium situations only.
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APPENDIX A: MATSUBARA FORMALISM FOR
NONLINEAR RESPONSES

Here we show the formulation of the nonlinear re-
sponse theory based on the Matsubara formalism. Some text-
books [20,21] explain that it is not possible. However, by a
careful treatment of analytic continuations, this formulation
can be done and leads to the exact same result from the
Keldysh formalism. In this Appendix, we show the way to
evaluate the responses up to the second order with respect to
the external force. We also discuss briefly the evaluations for
the higher-order responses.

1. Setup

In this Appendix, we assume that the system we consider is
expressed by the Hamiltonian 7, and the mechanical external
force is F,,(t) (u is index), which couples to the physical
quantity A «» and hence the external Hamiltonian given by

H (1) = A, F(t). (A1)

(One should presume that the dummy index p sums over all
the external forces.) We introduce 1 > 0 as an infinitesimal
quantity to ensure that the system is in thermal equilibrium
and the external force is zero at the time ¢+ — —o0, and the

external force is turned on adiabatically from the time:

© d . © d Lo
F, (1) =¢" / ﬁe_”‘”Fu(a))z / ﬁe"(‘””’)’FM(w).

—00 —00
(A2)
Following the paper by Kubo [17], the response of the phys-

ical quantity B to the external force F, is given by (B)(t) =

(B)o + A\B(t) + A3B(t) + - - - + AyB(t) + - - - with the kth-

order response

—1 k t h te—1
ArB(t) = (_h> / dh f dty--- / dty,
l —00 -0 -0

x Tr{[A,, (1), [A,,,t2), [ .., [A,, (1), p11--- 11
X BUVE,, (11)F,,(12) - - - F (1), (A3)

where (B)q is tpe expegtation value without any external
fields, A(z) = "/ Ae~"!/M is the Heisenberg representation
of A, [A, B] = AB — BA is the communicator, p is the density
matrix operator for 7:1 and

p=e PR Tre PR = @) (A4)

with 8 = 1/kgT and with Q = —kzT InTr {e‘ﬂﬁ} being the
thermodynamic potential. Introducing |n) as the eigenstates
of the Hamiltonian, H |n) = E, |n), Tr {---} is given as

Tr{A} = (nlAln).

n

(AS5)
The thermal average (- - - ) for the system 7 in the temperature
T is defined by

(A) =Tr(pAy =) @ (n]Aln) .

n

(A6)

We also note that the time translational symmetry is held in
thermal equilibrium.

2. Linear response

We first look at the linear response (k = 1). Using the
cyclic relation, Tr {ABC} = Tr {BCA} = Tr {CAB}, we find

t

MB() = — [ dr'Te{[Au (), PIB@NF()
ih J_
oo
= / dr' QN (t —1')F, (1)), (A7)
—00
where Q}} (t) is the retarded two-point Green function,
i . R
o) = EQ(ZX[B(I),AM(O)])- (A8)
By using the Fourier transformation,! A;B(w)=
OR (0)F,(w), where
L T A N
Ou(@) =+ / die" T ([B(1), A, (0)]). (A9)
0

Here w + i0 stands for lim,_, o4 @ + in.

'As we have introduced the convergence factor 7 as in
Eq. (A2), AB(¢t) is also assumed to be expressed as AB(t) =
e" [ A1B(w)e ™ dw/27 for the time-translational symmetry.
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The thermal Green function corresponding to Q‘;(w) is

1 [ A
Qu(iwk)=ﬁ / dre' " (T {B(t)A,(0)}), (A10)
0

where w;, =27 A/hB (A =0, £1, £2, ---) is the Matsubara
frequency of bosons, 7 is the imaginary time, and A(r) =
eMT/MAe=HT/M i5 the so-called Heisenberg representation of
A in the imaginary time (r = —it) and defined in the re-
gion —hif < v < hAB. T {---} is the time-ordering operator
of 7. Note that as one shows the periodicity (7;{B(t —
RB)A,(0)}) = (T, {B(t)A,(0)}) for T > 0 using Eq. (A6), it
can be expressed by means of the Fourier series of ¢/+7,

The correspondence between Qﬁ(a)) and Q,(iw,) is
proven easily by representing them in the Lehmann repre-
sentation and taking the analytic continuation, iw; —  + i0,
resulting in

O (@) = Qu(w + i0). (A11)
From these, we can evaluate the linear response coeffi-
cient Qﬁ(a)) from the corresponding thermal Green function
9, (iw,) by taking the analytic continuation, iw; — w + 0.

3. Second-order response

Next, we show the way to evaluate the second-order re-
sponse precisely. This procedure is similar to the evaluation
of the linear response: (1) find the correlation function in the
Matsubara formalism corresponding to the response coeffi-
cient, (2) calculate the correlation function, and (3) take the
precise analytic continuation. Procedures (1) and (3) are the
central theme in this Appendix since procedure (2) is the same
as the well-known procedure.

For k = 2 in Eq. (A3), the second-order response is given
as

—1\* [ g . .
mmwzﬁﬁ)/ MJFdMﬂ%ﬁ@MNQM]
x B(}F,(t1)F, (1)

o0 o0
=/ @/ dnQR (1, 11, )F(t)Fy (1)
—00 —00
1 o0 o0
= dtlf di[On, (. 11, 1) + O, (. 12, 11)]
PARN S —o0

X Fu(t1)F, (1),

(A12)

where QEU (t,t',t") is the retarded three-points correlation

function given by

/ 4 1 I ! "
o, (.1, 1") = =0 =0 —1")

X ([[B(1), A, ()], Aue]).  (A13)
Here we should point out that we treated the external forces
F,(t1) and F,(t;) symmetrically; we added the term inter-
changing @ and v as well as #; and #, and divided them by 2!
as in the last equal of Eq. (A12). From the following relation

by using Eq. (AS):
1
Or (1,11, 1) = =0 =18 — 1)

x 37 PO (] — PEED)

n,m,l
% {ei(E/x_Em)(t_tl)/h+i(Elx_E1)(ll —t)/h
X (n| B|m) (m| A, |I) (1| A, |n) + (c.c.)},
(A14)

we find QR (1,11, 1) = QR (t — 11,1 — 1) with
1 N n A
o (t.1) = —?90)90/)([[3(! +1), A, ("], A, (0)]).
(A15)

By means of QR (¢,1'), Eq. (A12) is rewritten as

uv
o0 o0
Aﬁ@z/ m/ AR (t — 11,1y — B)EL()F, (1),
—0oQ —0oQ
(A16)

1
PRt 1) = Z—![Q}}U(z, )+ 08+, —1)]. (A1D)

Then, the second-order response [Eq. (A12)] is expressed in
the Fourier space? as

* dw/ R / / /
A,B(w) :/ o ¢ (@, 0)F (0 —w)F, (), (AlS)

oy (0. 0") =[O0} (0, 0) + OF (0, 0 — )]/2!,  (A19)
R 1 [ s artiny it Hin
0, (o, w)=—— dt/ dt’ el rimrtie'+in )
" n* Jo 0

x ([[B(t +1), A, ()], A, (0)]).

We introduced the convergence factor 1 and 7', but these
two must have the relation n > n’ because of Ql‘}ﬂ (0,0 — ).
Hence, we use 2i0 as the convergence factor for @ and i0 as
that for o'.

As we show in Appendix A 4, the corresponding correla-
tion function in the Matsubara formalism to ¢EU (w, @) [not

to OF (@, )] is given as

(A20)

| e W o
golw(ia))” iwy) = — / dt / dt' e T—T) iyt
28 Jo 0

x Ty o AB(T)A,(xHA, (0)}). (A21)

Taking the analytic continuation iw; — w + 2i0 and iw;, —
' + i0, the following relation is held:

Ppn(@, @) = @ (@ + 2i0, ' + i0). (A22)

Hence, we can evaluate the second-order response
[Eq. (A18)] from the corresponding correlation function
in the Matsubara formalism, ¢, (iw;,, iw,/), by taking the
analytic continuations.

2Considering the convergence factors, we have assumed A,B(t) =
e [ Ay B(w)e ™ dt /27
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4. Correspondence between ¢,,, (iw, , iw,’) and ¢I‘fu(w, @)

Here we show Eq. (A22). First, we perform the integrals of
tand ¢ in O (o, ). Introducing w; = w + 2i0 and &/, =
o + 10,

oR (o, w’)

Zeﬂ(ﬂ E)(l ePEn EI))/ dt/ dt/elw+t+lw+

n,m,l
x (/BB IREEEDEIE (| B m) m| Ay 1) (11 Ay 1)
+ ¢ BT ITUETENI () B |n) (n) Ay 11) (1) Ay Im))
= Ze BE=ED (] — PEED)

n,m,l
{ (n| B |m) (m| A, |1) (1| A, |n)
(hwy + E, — Ey)(he!, + E, — Ep)
(m| B |n) (n| A, |1) (1| A,, |m) }
(thr - En + Em)(hwzr - En + El)

(A23)

and for QR (w, w — @), by interchanging n <> m in the above
equation, we obtain

Qlf# (w, 0 — )

— Z e/s(QfEn)eﬂ(EnfEm)(l —_ e,B(EmeI))
n,m,l
y { | Bn) nl Ay 11) (11 Ay |m)
(o — E, + E,))(hoy — hol, + E, — E)
N (n| B |m) (m| A, |1) (1| A, |n)
(wy + E, — Ep)(hwy — ho!, —E, + E) |

Here w; — o/, =w — o' +i(n —1n'), and n > 1’ is needed

for the convergence in the limit + — oo, hence putting n =
R R R

.217/.. From these, ¢, (0, ') = O} (0, @) + O} (0, © — )

is given as

1 _po [ (nl Blm) (m| A, 1) (1| A, |n)
R no L B(Q—E,) 2
Cb,w(w,w)—z Ze [ hor 1 E, —E,

n,m,l

x a(w4, ')

(m|B|n) (n| A, |1) (I| A, |m) /
T he 4B —E, U0 T
(A24)
where
, | — BEE) G BE-EN (] — B E-EDy
Aoy, @) = ho!, + E, — E + hwy — he!, —E, +E;
(A25)

Next we perform the integrals of the correlation function in
the Matsubara formalism [Eq. (A21)]. From the time-ordering
operator, for t > 7’ > 0,

(T, {B(D)A,(r)A,(0)))
= Y PO ETETIR (1] B |m) (m| A, |1)

m,n,l

X (1A, n) BB,

(A26)

hence we find

1 hp hp ) o , . . R
o [ [ e (BoA, R, 0
0
_ A . . 1
= 3 B al Bl (il Ay 1) 1Ay ) 5

m,n,l
hp hp

x/ At e —w)T o En —E)t’ /h/ dre o +E~EuT/h
0 T/

_ Z B(Q—E,) (n| B |m) (m| A, |I) (1| A, |n)
ihw, + E, — E,,

a(iw;., iwy).
m,n,l

(A27)
Also, fort’ > 7 > 0,
(T -AB(D)A,()A,(0)})
— Z ePOED QE=EDT /I () B 1y (n] A,

m,n,l

x |1y (1| A, |m) eEn=En/, (A28)

and then we obtain
| N
. / dr / drd O (T B(OAL (HALO))
0 0

. Z BO=ED (| B |n) (n| A, |1) (l|A,L |m> 1

m,n,l

np
% / dr/ei(w,\/—w;)r’e(E,—Em)r//h
0

’

T
X / dre(zha)ﬁ-Em—En)t/Ft
0

=Y ebar (m| B |n) (n| A, |1) (1| A, |m)
—ihw, — E, + E,

m,n,l
X a(—iw;, —iwy). (A29)
Therefore, Eq. (A21) is rewritten as
O (i, iwy)
1 e[l Blm) (m| A, |1) (1|A,|n)
_2 BQ—E,) # ,
D¢ [ iliw, + E, — E,, alin, ioy)

n,m,l
(m| B |n) (n| A, |1) (1| A,, |m)
—ith + En —E,

a(—iw;, —ia))v)i|, (A30)

and, as compared with Eq. (A24), it is obvious that Eq. (A22)
is held.

5. Third- and higher-order responses
The third-order response, k = 3 for Eq. (A3), reads

o0 o0 o0
)= [ an [ an [ anefewnnn
—0Q —0Q —oQ
X Fyt)Fy ()P (1), (A31)
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where ¢>§u$ (t, 11, 1, t3) is a symmetrized response coefficient
given as

Pre(t. 11,1, 13) = —[ON (. 11, 12, 13) + O (1,11, 13, 1)

31
+ 08 et 12,11, 13)

+ 08, (t 0 13, 1)+ OF (. 13, 11, 1)

+ 058, 13,1, 1)), (A32)

—1\?
Of (1,11, 10, 13) = <E> 0@ —1)0(t1 — )02 — 13)

x ([[B(t), A, (t)], Ay (12)], A (13)])-
(A33)

One can see QR (t,t1,bh,t3) = QR f(t H,ti —th,th — t3)
by using Eq. (AS) and the Fourier form is shown as

OR (0,0, o)

< ) // / didt' di" @M@ +in X+l +in "

X [[Bt +1 +1"), At +1")],A,(t")], A (0)]).
(A34)

Hence, the third-order response in the Fourier space is given

as
da)// / /!
A3B@) = Ppe(@, 0 @)

X Fﬂ(a) —w )Fu(a) - a)”)Fg (") (A35)

with

Ppe(@ 0, 0") = 0R (0,0, 0")+ 08 (0,0, 0 — ")
—i—QWs(a),a)—i—a) -, 0")
+ O (@ 0+ - 0— ")
+ Q‘;Iw(a), w—o, o —a")

—i—Q];W(a),w—a)/,a)—a)”). (A36)

Equation (A36) indicates that the convergence factors need to
have the relation n > ' > n”. Hence we put n = 3", n’ =
277//

There is the corresponding correlation function in the
Matsubara formalism to ¢Evé (v, @', @) given by

Qe (iwy,, iwy, iwyr)

h
/// ﬂd‘[d‘[ 'dt" e iy (t—1")+iw, (' —1")+iwnt”
R

X (T{B()A, (A, (x)A¢ (). (A37)

By taking the analytic continuations, iw, — o + 30, iw,s —
o' + 20, iw,» — o + 10, we have

Gy (@, @', ") = @ (0 + 300, ' 4 2i0, & + i0).
(A38)

From the k = 1, 2, 3th-order responses, it is expected that
the kth-order response is evaluated as follows: The response
of B to the external forces is expressed as

ArB(t) = /f / dtdt, - -

t—t, =ty e — 1)

(A39)

x ¢M1U«2 V-k(

F, (t)F, () - - Fu, (),

where q&mm m(t — 1, —tp, ..., lg—1 — 1) is the response
coefficient already symmetrized, whose Fourier com-
ponent c/)u”b k(w,wl,wg,...,wk_l) is evaluated from

the correspondmg correlation function in the Matsubara
formalism,

Dy ppa- g (l.(,())h, ia);hl, ia);\z, ey l'(,())\kil)

1 "
= W//_[/ d‘L’d‘L’yud‘L’k,zd‘L'k,]
: 0

x @ (T=T)Fiws (T=T2)+ iy, (T2 =T—1)Fiwy_ T

<T{B(f)Am (7:1 )Am (72)
X A (meDAL (0)),

by taking the analytic continuations, iw, — @ + ki0, iw;, —
w) + (k= 10, ..., iw,,_, = w2 +2i0, iw;, , = w1 +

M z(fk 2)

(A40)

i0;
¢/]}.];12 m(w W1, W, ..., a)k,l)
= Qpi (@ + ki0, 01 + (k — 1)i0, @n
+(k —2)i0, ..., wx_y +i0). (A41)

APPENDIX B: EXPRESSIONS OF DIAGRAMS

In this Appendix, we show the expressions of all the
diagrams contributing the nonlocal effective electric fields
shown in Fig. 4 for the linear response and in Fig. 6 for the
second-order response.

Equations (15a) and (15b) in the first order of the Rashba
interaction are given, respectively, by Figs. 4(a)—4(c), which
reads

X" (g, i)
=ec"Va, ql—zz (8,117 (e}, i€,)
n o=%

+8; L T1)%7% (e ie,) + (i€, < ie,)],  (Bla)
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a+q

neaq-qa(k+455) - (b)

k+q

(a)

k+q

k+q

FIG. 4. The Feynman diagrams of xifil)(iw,\) in the first order of the Rashba spin-orbit interaction; [(a)—(c)] without the ladder type VCs and
[(d)-()] with the VCs. The solid lines with arrows denote the Green functions without the Rashba interaction, given by Eq. (6); the filled circle
represents the spin vertex; the unfilled triangle describes the normal velocity vertex; the dashed wavy line indicates the anomalous velocity
vertex; and the solid wavy line depicts the Rashba-interaction vertex without the spin component.

1, .
X (q. q'vien)

- ee“faq,q,,,% DO (845 (e e,

n o=%

+8,,L A7 (i€, i€,)], (B1b)

where i€, = i€, + iw; and §; | = (1 —§;), and

o 1 i q q+q
imoo’ /. . _
Hq,q’ (lém, len) = V }k _me (k + E)l(k + ) >m

X 8k+q,0 (iem )gk+q’,z7/ (ien )gk,a (ien),
(B2)

oo’ /. . 1 . .
AF Giem, ien) = 7 ) Bkrg.oliem)ge o (in). (B3)
k

Here we used g_i ,(i€,) = gk, (i€,) for calculating the dia-
gram of Fig. 4(b), resulting in the term which is interchanged
ie,” and ie, for the first two terms in Eq. (Bla). The Green
function g . (i€,) is here expressed depending spin o = =+,
but we will evaluate it as g, (i€,) = gr(i€,) in the next
section. The four-point vertex of the diffusion ladder is given

by Fig. 5,

(

252

N u-) . .

ryo (el ie,) = mu’ + v > Gitrg.0 (i€ )80 (i€n)
k

2
2\3
+ (nlu ) |:ng+q,a (iejl—)gk,o’(ien)] +---
k

1%
_ nil,t2 (B4)
L= AgO (i€ ie,)”
1€, + 1wy
1
k+q K +q k +a
Ly :
- mx  + X
P U E
k ‘ k, kl/
1€y,

FIG. 5. The diagrammatic description for the four-point vertex of
the diffusion ladder. The dotted lines denote the impurity potential,
and the cross symbol represents the impurity concentration. The solid
lines without arrows are for the external momentums.
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NONLOCAL SPIN-CHARGE CONVERSION VIA RASHBA ... PHYSICAL REVIEW B 99, 054407 (2019)

(a) it k+q +q" (b) ie, k+q +q"

iy k+q i€,k +q

/4 —a — o
ZE:;F-,k“’qN n7k+q e 7,{: q 7L7k q

1€,,, i€, ic,  k—q

i, k—q —q" k—d —q
wk+q () i k+q +q" (h) k+q +q
k+q_qli
:',l'lll :',l'lll

e, k+q ie k4 q" i k+q

ie; ke i€, k ie;  k

FIG. 6. The Feynman diagrams of Xl o 2 (iw;, iwy) in the first order of the Rashba interaction without the diffusion ladder VCs. The lines
and symbols are defined in the caption of Fig. 4. [(a)—(f)] The contributions of the normal velocity term X,.(J.zk")(zwk, iw;s) and [(g) and (h)]: that
of the anomalous velocity term xi(jzk‘a)(iw,\, iw;’). Note that (b), (d), (f), and (h) are same contributions as that which are obtained by replacing

jokq oq' e, — €, e > ¢€,andel — € in(a), (c), (e), and (g), respectively.

The diffusion ladder VCs of X(l ™ are given by Figs. 4(d)—4(i), which read

Xul n)(dt)(q q iw;,) = Xl (d)+(e) + X(f)+(g) + X(h)+(l) (B5)
with
X = ee™iay g, '3 Z > 87110 e,k i€, )T (e, i€, ) A (i€)  ie,,)
n o=%
+8;, L TI)7 (e, ie, ) Ty° (i€, , i€, ) A7 (€], ie,) + (i€, < ie,)], (B6a)
xl(]f)’L(g) = e, 4 g Z Z jo A7 et i€, )T (i, ie, )T 77 (i€, i€, )
n o==%
+34;. lAi"’(ieJr, ie, ) I77 (i€, i, )Hm"f(}(ie+, i€,) + (ie;} < ie,)], (B6b)
X0 = ey g 3 Z Z 8j.. A5 (e i€ )Ty 7 (e ie, T (i, ie, )77 (i€} , ie, ) Ag’ (i€ ie,)
n o==%
+8j,lAfI’“ (i€, ien)Fq”“ (ie,, ien)H;;I‘f‘?( o F”” (i len)Ag," (i€, ie,) + (e, < ien)], (B6¢)
where
i,oo /. . h q+ q/ . . .
Hq,q’ (lem’ len) = v Z k + T gk+q,(r (lem)gk+q’.a’(l€m)gk,(r (len)7 (B7)
k i
Ai,a' . . _ 1 h k q . . BS
L7 i€, i€y) = V;E + 5 ) Skra.0 (i€n)gho (i€r), (B8)

and the diffusion ladder VCs of X,-(jl’a) is given by Fig. 4(j), which reads

La)(df . ; L 4 .
Xz(] I (g g i) = eV ay g~ E E [Sj,ZAZ,"(ze,f, ie)) I, (i€, ie,) Ag? (i€) , i€y)
n o=%

+8,, LAY (i€t ie)T° (i€, ie)) AgP (i€, ie,)]. (B9)
We calculate all the above quantities in Appendix C.
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(1)

LORY;

(@ i, k+q,0 i€m,k+q,0

(: + r@(/<+

. ien, k, o
ten, ko T

FIG. 7. All the Feynman diagrams of X (iw,\, iw,’) in the first order of the Rashba interaction; (i), (j), (k), and (n) include the diagrams
shown in Figs. 6(a) and 6(b), 6(c) and 6(d), 6( g) and 6(h), and 6(e) and 6(f), respectively. The three diagrams surrounded by a thick line include
main contributions to the nonlocal effective electric fields. In diagrams (i)—(p), the momentums and Matsubara frequencies are not displayed
for readability; they are the same as in the diagrams of Fig. 6 for (i), (j), (k), and (n). The momentums and Matsubara frequencies in (1), (m), (o),
and (p) are expected from (i), (j), and (n) by using Fig. 5. The filled triangle and double circle are the full vertexes of the normal velocity and
the spin, respectively, given by (q) and (r). The momentums and Matsubara frequencies of the arrowed lines are shared with the corresponding

diagrams in Fig. 6.

For the second-order response discussed in Sec. III B, expanding Eqs. (28) and (29) in the first order of the Rashba interaction,
we have the diagrams in Fig. 6. The diagrams shown in Figs. 6(a)-6(f) and Figs. 6(g) and 6(h) are obtained from Eqgs. (28)

and (29), respectively, which reads

(2 n) _ olm cmjk 7'110 006G (2 _+ =i0,006 et et
Xiji (i, iw;) = iee oUy—g q,,lﬂ ZZ me| Epa.q € i€+ E gy (i€, i€, i€,)
n o=%
— O (i€, i€, i€,)] + 8, [Ble (e i)l ie,) + B0 (i€, i€, i)
o Ri0,050 (: A it = et et
G);"q”‘;f(le JieyT i€, | + & [ By o et ien ie,) + Z’q‘f,“q"(en, Itiel)
O et e )] 4 e ket ey > 66— e > €,
(261) il ik o+ + o
Xijk (iwy, iwy,) = iee"™e™ Qg—g q”EZZ 5mzAZG;,,(lEn €, * i€ )+8JZA;U;”(16 i€, i€,)
n o=%
+ 8 AP el i€t ie,) + (j ok g < q' e, > € 68 =€, 6 =€),

.4 . . Py . .
where i€, = i€, L iw,, i€, = i€, L iwy, and

i > pq+r . . . .
0T (e, e, i€y) = v Z - (k + 2) <k + T) 8k+p.o (1€)8k+q-+r.0' (1€1)8k+r,07 (i€m)8k .o (i€n),
k e i j

p.qr

2

i 1 . . .
Ag; 7 (lEly 1€, len) = V E 8k+q+r,c (lél)gk+r,a’(lem)gk,a”(len)'
k

054407-12

o . 1 K2 P p—q+r . . . .
OYI7 (ie, i€y, i€y) = V E m (k + 5) <k + gk+p,u(l€l )gk+p—q,a’(l€m)gk+r,u”(lem)gk,a (i€n),
k¢ i J

(B10a)

(B10b)

(Blla)

(B11b)

(Bllc)



NONLOCAL SPIN-CHARGE CONVERSION VIA RASHBA ... PHYSICAL REVIEW B 99, 054407 (2019)

The normal velocity terms containing diffusion ladder VCs are shown in Figs. 7(i) and 7(j), and 7(1)-7(p), and given as

2,n)(df) . . DH+G) D+ (n)+(0)+(p)
X", i) = x4 BT 4 1O, (B12)
2,a)(df
X s, i) = 13 (B13)
where
D+ 1 ik . G . . . . .
X,(j/)c ™ — jeememiky, &y Z Z{ . Z[l’[;"q‘fiq,,(len i€, U5 i€y, i€, VA7 7 (i€, i€t ie,) + (ie, < zen)]
n o=%
+5]~,Z[H;”‘I‘Tiq,,(ze i€, )Tg% g tier e, )AL (i) i€, ie, )+T1)w 7 (i€, ie )Tq% o (ier, ie,) A’ (i€, i€, ie) ]
+8k’z[ng);iq”(l€ i€ )T i€l ie ) AJTa el i) ie,)+TI07 (e, i T30 (e, i€, )AL Gie,. i€ ie;)]
+(jokqd<q e, —e€ 6 —>¢, e’+—>er/z—)], (B14)
k itm _mjk : .
Xi(jk) iee"" e gy q”l Z Z mo Ny g (i€, i€,)T 7% i€, e )A”‘f,(te ie/t, ie,)
n o=%
+ 8_,ZA”,iq,/(ze i€ )Fq +q,,(ze i€ )A"‘”’ (i€, ie)t, ie,)
+ 6k,ZAq,+q,,(ie i€ )F,‘I’Jrq,,(zen , i€, )A""‘f,(le ie/t, ie,)
. — + —
+(okd o6~ e 6 =667 =€ (B15)
and X( 0 and X(H)HO)’L(p) contains different types of diffusion from X(k)+(l)+(m)

APPENDIX C: CALCULATION DETAILS

In this Appendix, we show the details of the calculations of the response coefficients at absolute zero, T = 0. In the present
perturbative approach, the free Green functions are spin unpolarized, which means g , (i€, ) is equivalent to g (i€,) defined as in
Eq. (7). First, we calculate the liner response coefficient. Equations (Bla) and (B1b) are reduced to the following simple forms:

1
X" (q. g5 i) = 2e€™ oy ,”EZ[H”” (i€, ie,) + TI" (ie,,, ie,)]. (Cla)

,a /.. il j 1 . .
X V(q. gz i) = 2ee ’faq_q,,lg > Ay tel ie,), (C1b)

and their diffusion VCs, which mainly contribute to the nonlocal effective electric fields, are given as

,n)(df . mlj 1 im . . .
Xl(Jl D g, g iws) ~ Xl.(fH(G) = 2ee 1<’aq,qr,15 Z [1'[ (i€, len)Fq,(le i€,) A, (i€, ie,) + (i€ < ie,)]. (Clc)

n

,a 7. ilj 1 . . . .
X0 (g, i) = 2ee “aqfq:ng[A (e, ien) Ty (i€, ien) Ay (i€, i€y)], (Cld)

n

where I"Ijl’”q (ief, ie,), A, (i€, iey), and r, (i€}, ie,) are given, respectively, by the dropped spin dependencies in
Egs. (B2), (B3), and (B4). Using the followmg relatlons
1

T Giet, ie YA (ieF,ie )= —1+ , C2
e ie,) A i€ ie,) A e o) (€2)

and A (i€ i€,) = Aq,(ien, ie) due to gy (i€,) = gx(ic€,), we find

n?

i (ief, ie,) + I'Iim (i€, ie) + 8im A (€], i€,)
2.9 1 ) (C3)

|
(D ~2 emJ —
Xi; (4, g i) > 2ee™ay g, lﬂ Z 1—n1u2A (i€}, i€,

n n>

We rewrite the Matsubara summation of i€, to the contour integral and then change the contour path as the two path of [—oco +
i0, +00 £ i0] and [—00 — iw; % i0, +00 — iw; =£ i0]. After taking the analytic continuation iw;, — w + i0, we obtain

XV g 0) = 2ee™ag_g [0l L Fioel) L+ ], (C4)
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where 7] M q . 18 the zeroth-order term of w. The w-linear term (p q .m 1S obtained as

o B 2Re[TIg (+i0, —i0)] + 8in A, (+i0, —i0)

— , C5
baq.im= 57 I — nu A, (0, —i0) ©)
o 1« 7 q q+4q
gy 0,0 = 5 35 (k+ 5)1 (k+ ) a8l (6)
o 1
Ay (+i0, —i0) = v Zg},:ﬂ,g’,?, (C7)
k

where g8 = (—€ +p +ifi/2t)"" and g} = (gf)*. Here we keep the terms which contain both the retarded and advanced
Green functions in Eq. (C5). Expanding T}, (+i0, —i0) and A, (40, —i0) up to ¢* and ¢’ and performing the k summations,
we obtain

o 1 P (¢* + q?) 4 AR*q - q'
Re[Hq,q/H-lO, —10)] ~ 8im{_51011 + #Re[lm + —12411| + #Re[bm]}

3m, 5 15m,
2 ) ) 4 4n? L
i Re| 31 + —hat | + ——(qigm + q;9,,)Re[l241]
3m, 5 15m,
2 4
(gm + q)Re| oo + <1131 |, (C8)
4m, 3
VT ,
= ——[8m(=1+ Dorq - ¢') = Do(g; — 44, (C9)
) ) hzq’z 4 2nvr
Ay (+i0, —i0) = Ioy; + . o1 + 51131 ~ (1 — Dog"1), (C10)

where Dy = 2¢p1 /3m, is the diffusion constant, and we used Eqs. (D8) and neglected the higher-order contributions of 7i/ept
(« 1). Hence, using Eq. (8), we find

(1) _ VT S / / N S 11
Pgq.im = —/2[ (@ —q)-q —(qi = q))q,,], (C1D

which leads to Eq. (16). It should be noted that (p(l)

0 iim does not contain any terms proportional to 1/Dyg?, which means that
there is no contribution such as

o(r) x M(r',t
G, )W O(/Mdr’. (C12)
Ir —r|
Next we calculate the second-order response coefficient. The coefficient is also simplified in the case of uy = u_.
Equations (B10a) and (B10b) are given as

. 1
2 . . » ! k =) . .
Xl(jkn)(zwk, iwy ) = 2iee”™e™ oz,,_q/_qw,;E E [E ;”q e iel, i/t ie )+ E uq ¢ (€0 ie)t i)

n

—~i . = . + PR A i .
— BY glie, e ie)) — B, (e i€y ie,) + OF, (i i€ ie,) — OF,, (ic,. i€, ie)],
(C13)
(2,a) /. . _2 ilm _mjk 1 A P R A T / PR C14
Xiik (iw;, iwy ) = 2iee""e aq_q/_qu,zg [ q,,q,,(zen i€, i€,) — q,,q(zen, W i€, )], ( )
n
where EfI"q 7 J (i€, ,1i€,), @“’ ¢ ,,(16 ,i€,), and A, ,,(zen ,i€,7, ie,) are the same, respectively, as the dropped spin

indexes in Egs. (Blla) (Bllb) and (B1 lc) However Egs. (C13) do not contrlbute the nonlocal effective electric fields of our
interest because it is canceled by the diffusion ladder VCs shown in Figs. 6(i), 6(j) and 6(n). We also find that Eq. (C14) is
canceled by the diffusion ladder VCs of the spin vertex o/ or o, which gives rise to 1/Dyg”? or 1/Dyq’> and do not contribute
the effective electric field we focus on in this paper.

The main contributions of the diffusion VCs [Egs. (B12) and (B13)] to the nonlocal effective electric field are given as

. ) 1
em ;s . olm_mijk + I
Xijkn (iw, iwy) = 2iee®" ™ ag_g_gr 1 — Z [H;aq g (i€, len)Fqurq (lEn , I€, )A . (i€, le,; , I€,)
n
- H;"q g 06, 1€, )T oy o (i, i€ A o (i€, L€,
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+ 0 G i€y (e, €A (i€, i€t i€))

4'+q" q'+q
— 0y ey i€)T i€y i€, )Ny o (i€, i€, i€,)], (C15)
A A 1
2,a)(df) /. . . 1 k . . . . . . .
Xi(jka)( Viwy, iwy) = 2iee™e™ %-a-¢'1g Z[Aq’+q//(l€;:_, i€y i) i€, )N, (i€ i€, i€,)
n
— Aq,+q,,(ien, ie;)l"qurq,,(ien, ien’)Aq,,’q,(ien, i€, i€, (Cl16)

where A q(ien* , i€,) and Fq(ie;r , i€,,) are defined, respectively, by the dropped spin indexes in Eqs. (B3) and (B4). For Egs. (C15)
and (C16), we perform similar procedures as for the calculations of the linear response coefficient; rewriting the Matsubara
summation of ie, to the contour integral, changing the integral path into the three paths [—oco — iP; & i0, +00 — iP; £ i0] with
P = w,, P, = wy, and P; = 0 for the terms which depend on the frequencies set (ie;L , ie,/f', i€,), and with Py = 0, P, = —wy,
and P; = —w, for the terms which depend on the frequencies set (i€, i€, , i€, ). Then, taking the analytic continuations as
Eq. (26), we obtain

X (g 4. 4" 0, @) = 2iee

n

olmemjk +iw’¢(2) , —|—], (C17)

() ; 2
al]—q’—q”,l[nq,q’,q”,io + lwl? ” q,q’,q/,io

9.9'.q",i0
where the first term gives rise to the current depending on the magnetization ~M ; ()M (t), not on its dynamics, and the second
term leads to the current due to the total derivative of the magnetizations ~d (M ;(t)M(t))/dt. The third term of Eq. (C17) is the
component on which we are focusing, which is obtained as

2
@ ) nu
Paq.q"io = ‘pq,q/+q~,i07q’q’,q”v (C18)
2i
Py = D shy (0,050, ~ir0) = =5 TIm[(gf — &8sk g8y (C19)
k

s, t==%

where w‘;};, +q7.i0 18 given by Eq. (C5). We neglected the terms which contain only retarded/advanced Green functions because
they are just higher-order contributions with respect to /i/ert, and we used Ay o (—i0, £i0, i0) = Ay 4 (i0, £i0, —i0). Here,
expanding ®, ,» with respect to ¢' and ¢” up to the second order, we have
h2(3q/2 + 4q/ . q// + 3q//2) 4h2(2q/2 + 3q/ .q// + zq//Z)

1013 + 1114

2m, 3m,

(I)q,!q,, = —2iIm |:21012 +

8imvr?

2
where I;,,,, is given by Eq. (D1) and left in the leading order of €x7 /7 in the second equal by means of Eqgs. (DS8). Hence, using
Egs. (C9), (C10), and (8), we finally find

~ (C20)

{1 —Dot(29% + 34 - q" + 24"},

@ _ 2vT’8q—9 —q")- @G +q")— (g —q— a4, +4q;)

2 2 2
(pq,q’,q”,io - h (q/ +q//)2 + O(q 4,4 )a

(C21)

which leads to Eq. (32).

(

order contributions precisely such as in Eq. (16). Hence, we
calculate I, without any approximations.

Considering v(x) o x'/2, the analyticity is as follows:
Suppose that z =x + iy and w = \/z =X +iY, and in the
polar coordinate, z = re’®*2"™) with —r <6 <7 and n =
0,+1,£2,...,

APPENDIX D: INTEGRALS

In this Appendix, we show k integrals I;,,, that we use in
this paper:

1 P2\
Imn = 3 " Vl’ Dl
=y 2 (5) @y o
where we set m +n > [ + 3/2 to its convergence. We rewrite f

the summation over k into the energy integral, w=e?
I /°° £ V(€ +er)(E +ep)

Imn = . . )

—ep (=& +in/2Ty" (=& —ih/2T)"

where v(€) /€ is DOS. For evaluating I;,,, with respect to

the leading order of 71/ef 7, it is valid to approximate & + €y =~
€r, which means that DOS and the energy approximates to

(n=0),

(n=1), ©3)

-0
. 15
logz ilogr+§+nm‘ — {N/;e 2

= e2 _ﬁei%

(D2)
where n = 0,1 means the nth Riemann surface: [—m, )

for n =0, and [, 37) for n = 1. For the Riemann surface
ofn =20,

the values at the Fermi level and to regard the lower limit of
the integral as —oo. However, we need to evaluate the higher-

0 0
X = 4/rcos > Y = /rsin > (D4)
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and the condition —m <60 <m, using x=rcosf =
r(2cos?(6/2) — 1),y = rsin6 = 2rsin(8/2) cos(6/2),

cos— ,/ 1~|— sm— sgn(y),/

Similarly, for the Riemann surface of n = 1,

cos—: ‘/ l+ sm— —sgn(y)\/

These are collectively expressed as

_ {ﬁ[C+(y/X) +isgn()c_(y/x)]  (n=0),
—Vxlep(y/x) +isgn(y)e—(y/x)]  (n=1),
(D5)
where
1
T3 3
c(8) =1+ 5{#) (D6)

J

o]

Imé

- Cr

FIG. 8. The path of the integral is described. The solid and
dashed line of the path Cg and C denote the pathes on the Riemann
surfaces n = 0 and n = 1, respectively. The contributions from C,
and Cy vanish in the limit of R — oo.

From Eq. (DS5), we can rewrite the path of the integral in
Eq. (D2) as (see Fig. 8)

V(€ +er)(E )

d§v(§ +€r)

—er
1 < 00+i0
4 —ep+i0

21

(=& +in/2t)"(—

£ —in/2T)"

+/ /*F 0 f)if V(E + €er)E + )
Cr (=& +in/2T)y"(—& — ih/2T)"
V(€ +ep)é + GF.)I :|, D7)
iR/2t)"

n==1

where the path Cy is given by £ = Re?, 0 < 6

i
3 Z Rese—ipn/oc |:(_§- +ih/2Ty"(—§ —

< 27 (changing the Riemann surfaces at # = 7) and Cj is given by & = §e®,

0 <0 < 2m, and Res,—,[f(x)] is the residue of the function f(x) at x = a. Noted that the sign of the residue at £ = —ih/27 is

minus, because we gather it of the Riemann surface of n = 1.

Here we show the results of the integrals [;,,, withm = 1 and cx. = c1(h/2€F7),

=%, (DSa)
ton = 227 (i - >++— o } (DSb)
21— 21—

1013=—2mgt3{|:1+l iS' —i—l 82. ]C++§c—_.<1—l ia.)}, (D8c)
7 21—i6 " d(—ap 21—\ 21—

Iy = 2”‘;”2 |:<z 328>c+ + %c_:|, (D8d)

e R e e (P | (Dse)
fE > T i1-is AT

1114=2m6”4{[— B 3@ 18 } é[i—é b1 @ }c} (D8
7 2 31—k a1 =iy 2|' T 2Tk 2=y

1214=—27”)64%14[(—1'4-ﬁ-l—91‘—82—§ 83. >c+—§(i—§—ﬁ 1,>c:|, (D8g)
7 2T F Ti1-a 7 G R R

1215=2”%”5{[1+@—9—52—§L3.—3—84. }c++§[1+@—§ £ 5w ]c} (D8h)
e 2 "4 41— 60—y 2T T 2T TR U=y
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where § = /i/2ept (K 1). For small § (> 0),

ci(8) =14 (5/8)8% — (13/128)8* +-- -,
c(8) =8/2+(3/16)8° — (17/256)8° — - - - .

(D9a)
(D9b)
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