PHYSICAL REVIEW B 104, 184414 (2021)

Hydrodynamic theory of vorticity-induced spin transport
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Electron spin transport in a disordered ferromagnetic metal is theoretically studied from the hydrodynamic
viewpoint, focusing on the role of electron vorticity. The spin-resolved momentum flux density of electrons
is calculated microscopically, taking account of the spin-orbit interaction and uniform magnetization, and the
expression for the spin motive force is obtained as the linear response to a driving electric field. It is shown that
the spin-resolved momentum flux density and motive force are characterized by troidal moments, vector products
of the applied external electric field and the spin polarization or magnetization, which act as effective driving
fields when the anomalous or spin Hall effects are taken into account. The spin-vorticity and magnetization-
vorticity couplings are shown to arise naturally as conservative forces driven by the toroidal moments, and
nonconservative forces are also found to exist. Spin accumulation induced by the electron flow is calculated
and vorticity-induced torque and spin relaxation are discussed. The vorticity-induced torque, a linear effect of
the spin-orbit interaction, is argued to be larger than the conventional relaxation torques acting on magnetization
structures such as nonadiabatic (8) current-induced torque. The direct and inverse spin Hall effects and spin-orbit

torque are discussed in the context of spin-vorticity coupling.

DOLI: 10.1103/PhysRevB.104.184414

I. INTRODUCTION

Electron transport in magnetic metals has been studied in
various systems. Technologically, the most successful effect
would be the giant magnetoresistance (GMR) effect discov-
ered in magnetic layers [1]. GMR effects in multilayers were
theoretically described based on a two-current electron model
derived from the Boltzmann equation for the conduction elec-
trons with spin up and down [2]. Mutual effects of magnetic
structures and electron transport have been argued in the
context of magnetoresistance and spin-transfer torque [3—7].
In previous works on spin transport, effects of nonuniform
magnetization were focused on, while current density was
treated as uniform. In reality, however, the current is inho-
mogeneous at the edges, inducing local vorticity of electron
flow. Vorticity of current density j, . = V xj, carries angular
momentum and can couple to the magnetic field and spin,
affecting local spin transport. In fact, an electron’s vorticity
was shown theoretically to couple to electron spin via a quan-
tum relativistic effect called the spin-vorticity coupling [8],
and various phenomena induced by the coupling have been
discussed recently [9-12].

A. Spin, magnetization, and vorticity

Spin-vorticity coupling of electrons is represented by an
energy proportional for the spin s and vorticity w., &y =
—{wS - @e, Where ¢, is a coefficient. For a macroscopic
number of spins as an ensemble, the coupling reduces to
a magnetization(M)-vorticity coupling, Eyy = —EuvM - @e,
where ¢y is a coefficient. The coupling indicates the equiv-
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alence of mechanical rotation and magnetization, which was
argued in 1915 by Barnett [13] and Einstein and de Haas [14].
The spin-vorticity coupling was phenomenologically argued
in the context of hydrodynamic coefficients by Snider and
Lewchuk [15], and vorticity was argued to act as a source
for spin density. In the recent context of spintronics, the spin-
vorticity coupling was derived from the Dirac equation in
a rotating frame by Matsuo er al. [8], and mechanical spin
current generation effect was argued [16]. The spin-vorticity
coupling induces a force on the electron spin (spin motive
force) proportional to V(s - w.). This force is theoretically
identified below in the hydrodynamic approach, calculating
the momentum flux density [see Egs. (23) and (24)]. Experi-
mental evidence of the effect was reported in mercury liquid
[17]. In Ref. [11], microscopic calculation of stress tensors
for electron spin was carried out in the nonmagnetic case and
spin-vorticity coupling was shown to arise from the spin-orbit
interaction.

It was demonstrated recently [18] that the spin Hall effect,
an electric generation of spin current [19,20], is explained by
the spin-vorticity coupling. In fact, the spin density induced
by the spin Hall effect in a clean conductor was shown to be

§ = Ah®@, (D

where w = VXE is a vorticity of the applied electric field
and Ag, iS a constant arising from the spin-orbit interaction
[18]. This relation is equivalent to the spin-vorticity coupling
at the lowest order in the spin-orbit interaction due to the local
relation between j and E.

The effect of an external magnetic field on electron fluid
was studied theoretically and the Hall viscosity was discussed
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in Refs. [21,22]. The Hall viscosity, the Hall component of the
viscosity tensor, 7,,, represents a force f H— r;xyBx V2j (Bis
the direction of the magnetic field). Using V?j = —V x @, +
V(V - j) and focusing on the effect of vorticity @, the diag-
onal component of the corresponding momentum flux density
mi (fff = =V ) turns out to be ng(dlag) = 8iNuy(B - we);
namely, the Hall viscosity arises from the magnetic field-
vorticity coupling.

Therefore, previous studies indicate that a magnetic field,
a magnetization, and a spin couples to the electron vorticity
in the same manner as is naturally expected from symmetry
[15].

B. Ohmic electron fluid and scope of the paper

Vorticity arises generally near surfaces and interfaces
where longitudinal flow is suppressed, and vorticity-induced
effects are expected to dominate various transport properties
in thin films and mesoscopic systems. For discussing vorticity
effects, hydrodynamic equations are useful to identify the
forces due to inhomogeneity of the flow. Electron transport in
metals with disorder is governed by relaxation force instead
of viscosity force in conventional fluids. Coarse-grained be-
haviors of such disordered metals are described in terms of
an ohmic fluid [23]. A thorough study of two-dimensional
electron fluid in the viscous and ohmic regimes was carried
out focusing on the boundary effects in Ref. [24]. Hydro-
dynamic description of ohmic electron fluid was employed
to describe angular momentum generation in spin transport
[11,25], chiral electron systems, and anomalous Hall effect
[26,27]. Hydrodynamic equations are conventionally repre-
sented in terms of current density j. In ohmic fluids, electric
current density is locally related to a driving electric field E as
J = o.E, where o, is a conductivity tensor. Using the local re-
lation, the hydrodynamic equations can thus be represented in
terms of the driving field. In the driving-field representation,
hydrodynamic coefficients are directly related to microscopic
response functions to the applied field, and are systematically
calculable by use of a microscopic linear response theory
[26,28].

In this paper, we study spin transport effects from the
hydrodynamic viewpoint, focusing on the effects of vorticity.
We calculate on microscopic grounds the spin-resolved mo-
mentum flux density and spin motive force as a linear response
to a spatially inhomogeneous applied electric field.

The spin-vorticity coupling potential induces a force pro-
portional to its gradient, V (s - @). From the symmetry, another
form of the force (s - V)o = f . is allowed. Noting V - @ =
0, faoc = Vx(wxs) is a nonconservative force, which is al-
lowed if there is viscosity or friction. We shall demonstrate
that such a nonconservative force indeed exists in the present
electron spin fluid. In the context of magnetization-vorticity
coupling, the same form of a nonconservative force with s
replaced by magnetization was identified in Ref. [27].

The spin-vorticity coupling indicates that there are current-
induced torques arising from vorticity of current in ferromag-
nets. The torque arises from the inhomogeneity of current
density instead of inhomogeneity of magnetization for con-
ventional current-induced torques argued in the context of
spin-transfer torque [7,29]. The effect would be localized near

FIG. 1. Two scenarios for the spin Hall-induced spin-orbit torque
acting on magnetization M induced by an applied current in a bilayer
of ferromagnet (F) and nonmagnetic metal (NM). (a) Conventional
picture explaining the torque in terms of spin current (j;) generation
in NM. (b) In the spin-vorticity picture, spin accumulation is gener-
ated directly by the vorticity w, created near the interface as a result
of suppression of current j. They are equivalent, as was argued in
Ref. [18].

surfaces and interfaces and is expected to be enhanced by
introducing artificial roughness or inhomogeneous structures.
We shall demonstrate that the vorticity-induced torque arises
theoretically at the linear order of the spin-orbit interaction,
while conventional current-induced nonadiabatic torque (8
torque) is the second-order effect [7,30]. Moreover, the length
scale of vorticity can be controlled by artificial notches and it
can be reduced to the order of the electron mean-free path
at the smallest. In contrast, the length scale of magnetiza-
tion structures such as domain wall width is determined by
material constants, the exchange and anisotropy energies. In
disordered metal with smaller vorticity size compared to the
domain wall width, therefore, the vorticity-induced torque
is expected to dominate the surface spin-orbit torques. The
vorticity-induced torque has a vanishing bulk component,
while it acts in thin films as an alternating torque, resulting
in a spin relaxation.

Equivalence of spin Hall effect and spin-vorticity coupling,
Eq. (1), pointed out in Ref. [18] provides an alternative view
for the spin Hall-induced spin-orbit torque in bilayers of a
ferromagnet and a nonmagnetic metal (NM) [29] (Fig. 1). A
conventional picture explains the torque as a result of spin cur-
rent generation in NM, which generates the spin accumulation
at the interface [Fig. 1(a)]. In view of spin-vorticity coupling,
the torque is due to the spin accumulation driven directly by
electron vorticity near the interface formed as a result of a
gradient of current [Fig. 1(b)]. As pointed out in Ref. [18],
these pictures are physically equivalent.

For theoretical estimation of spin-orbit torque at interfaces,
calculation of current-induced spin density has been employed
phenomenological [31] and the first-principles [32] calcula-
tions. In Ref. [32], the response function of electron spin
density to the applied current was calculated numerically for
the case of Co/Pt and Mn/W interfaces, but the role of vortic-
ity was not mentioned. The spin-vorticity coupling, Eq. (1),
corresponds to the long-wavelength limit (the first order of
derivative expansion) of the response function of spin and
current.

II. ANOMALOUS HALL FLUID

We first revisit electron transport in a ferromagnetic
metal with a uniform magnetization, i.e., the anomalous Hall
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system, studied from the hydrodynamic viewpoint in
Ref. [27]. In that paper, the electron momentum flux den-
sity was calculated diagrammatically in the presence of a
uniform magnetization at the linear response to the applied
electric field treated as nonuniform. It was shown that there
is a contribution to the viscosity coefficient arising from a
coupling between the magnetization and vorticity of electron
velocity, i.e., the magnetization-vorticity coupling. In terms of
applied field E, the coupling potential is —E{,,M - @, where M
is the magnetization vector and @ = V X E is a vorticity of the
applied field and £, is a coefficient. The force density due to
the coupling is

Frio =Ly VM - ). )

Such a coupling, regarded as a limit of spin-vorticity coupling
where spin has a finite expectation value, has been argued
from phenomenological grounds [15] and derived microscop-
ically [27]. It is consistent with the Hall viscosity under a
uniform external magnetic field studied in Ref. [21].

Here we present a phenomenological argument to derive
the magnetization-vorticity coupling taking account of the
anomalous Hall effect in the conventional fluid theory [33,34].
Fluid dynamics is described by the momentum flux density,
7;j, which is an expectation value (p;D;) of momentum and
velocity operators, p and 0, respectively (i, j are spatial di-
rections). Its divergence is the force density for the fluid,
fi = —Vm;;. In nonmagnetic fluids with high symmetry, 7;;
is written in terms of current density j as m;; = {od;;(V -
J)+nolVij; + V;jil, where ¢y and n are viscosity constants
[33]. The momentum flux density may have an antisymmetric
component, n;}, which is written generally as nf} = €k ay,
where a is a vector invariant by the parity inversion (r — —r).
Without broken symmetry, vorticity w.(= V xj) is allowed
as vector a, resulting in an antisymmetric component 7;; =

%O(V,- Jj — V;Jji) with a constant & [34]. The electron current
density is proportional to the applied field as j = o.E, where
o, is the diagonal conductivity in the case of high symmetry.
The momentum flux density in this case is therefore [33,34]

ﬁljzg(sl](vE)+7)[VZE]+V1E1]+61]/<aka (3)

with { = (oo, and n = npo. anda = £w (§ = &yoe).

In the presence of magnetization, the anomalous Hall ef-
fect tends to distort electron motion toward a perpendicular
direction, i.e., j is modified to be j + on(M X J), where oy, is
a constant and M = M /IM|. This means that anomalous Hall
fluid has another driving field M xE besides the electric field,
which is a vector called a troidal moment:

M xE=T,. @)

The troidal moment induces new components of the momen-
tum flux density,

JT% = tmbij(V - Ty) +nmlViTy ; + VT ;) + €ijkam
%)

in the same manner as an electric field [Eq. (3)]. A possible
vector a,, in the anomalous Hall fluid is [27]

ay =& (M x ©) +EyM(V -E) +EL(V x Ty),  (6)

where &5, &)y, and & I are coefficients representing the anoma-
lous Hall component of vorticity, volume change, and troidal
moment, respectively. In the microscopic calculation in the
ohmic regime in Ref. [27], &}; and &); arise from the side-
jump process, while &/, vanishes. Using VxTy = MV -
E)— (M - V)E for the present case of uniform M, differ-
ent representations of ay, are possible. In metals, V - E = 0,
and VxT g = —(M - V)E, resulting in @y, = £2V(M - E) +
EL(VXTy), where I = &1 + £ The first term £ has no
physical effect because its force density vanishes (VxV = 0)
and is neglected. The antisymmetric component is therefore
written simply as a rotation of the troidal moment,

ay =&, (V x Ty, (7

in the same manner as Eq. (3) for the electric field. The force
density calculated from Eq. (5) in metal thus reads

fmi =

where ¢ = ¢y +nu + &L, nl, = nu — EL. The result is
consistent with that obtained without using Ty, in Ref. [27]. In
the case of uniform magnetization, the divergence of a troidal
moment is the magnetization-vorticity coupling:

V.-Ty=-0M-w). ©)

—Vl = g ViV - Ty) — 0l VT, (8

Furthermore, using VZTM = —V(M -W) + (M -V)w, the
force density is written in terms of vorticity as

Fu =TV -0)+ &M - Vo, (10)
where EA{[ = f/\}/; + 771{/1 and £9 = &y — nj\;. The first term
on the right-hand side of Eq. (10) is a conservative force
arising from the magnetization-vorticity coupling, while the
second term is a nonconservative force, %;;;[Vx(wxM )].
Equation (10) was derived by a microscopic calculation in
Ref. [27], although the troidal moment explanation was not
provided there. The two contributions, conservative and non-
conservative, to the vorticity-induced motive force leads to an
anisotropic motive force with respect to the direction of M
(see Sec. IITA).

III. SPIN-RESOLVED MOMENTUM FLUX DENSITY
AND SPIN MOTIVE FORCE

In this section, we consider the spin transport, i.e., the
spin-resolved hydrodynamic equation for electrons, in fer-
romagnets. Although the method employed is different, the
study here is essentially an extension of Refs. [11,27] to a
ferromagnetic spinful case. The momentum flux density is
defined spin dependent as nf]f"‘ = (p;Djoy), where o, is the
Pauli matrix (« denotes spin direction). The time derivative of
the spin-resolved momentum density

pi = (Pioa) 1n
is represented in terms of 7;;* as
P = —anfjf"‘. (12)
We introduce a unit vector § to represent the spin direction as
N §,X 5,y 5,2 — a=%
w = ()t ), w) =87y, (13)

where 7T}, = [(Jrfjf")2 + (Jris]?y)2 + (nf;z)z]l/z.
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FIG. 2. Parameterization of spin vectors, s = s — MM -s) and
§S=sxM.

The effect of spin (called the internal angular momentum
in Ref. [15]) on the electron fluid was theoretically discussed
on a symmetry basis in Ref. [15], where possible contributions
of the total (spin-neutral) momentum flux density when spin
is present were argued.

Here we represent the momentum flux density as spin
polarized, introducing a spin direction §. The spatial derivative
of the spin-resolved momentum flux density represents a force
acting on spin polarization, i.e., the spin motive force [35].
The spin motive force is a convenient quantity to discuss spin
current generation.

One needs, however, to understand that spin-resolved
quantities pi and s;; are not directly measurable and are
not physical observables. This is because the flux density x;;
is not conserved and cannot be defined uniquely, as is in
the case of spin current [36]. In fact, nvj“ is an expectation
value of (p;D;oy), i.e., the velocity (D) of momentum and
spin [see Eqgs. (29) and (30)], while its expression depends
on the ordering of the three operators p;, ¥;, and o, that
are noncommutative and is thus not unique. Like in the case
of spin Hall effect, predictions for experiments need to be
provided in terms of physical spin accumulation or charge
current by solving the hydrodynamic Eq. (12). Here in this
paper, we discuss spin-resolved momentum flux density and
spin motive force for understanding roles of vorticity on the
spin transport and leave explicit calculations of hydrodynamic
equations as future work. Spin density calculation is carried
out independently from the momentum flux density analysis
in Sec. IV.

A. Phenomenological argument

Let us first proceed phenomenologically, extending the
argument in Sec. II. We first focus on the symmetric (s)
component, thj(.s>. Based on the expression for the anomalous
Hall system [27] [Eq. (5)], we expect an adiabatic component
having a spin polarization § along the magnetization as (!
and ¢/ are coefficients)

s(S)II =G- M)(C”(M w)8;; +nl(V; Ty, +V,; iTu)- (14)

As for the nonadiabatic contribution due to perpendicular spin
polarization, we introduce (Fig. 2)

§.=8§—M®M -3, (15)
whose contribution is

T =G @)+ 0 (Vi + VT, (16)

where
T; =8, XE 17

is a troidal moment due to the spin polarization. Another spin
polarization perpendicular to M is

S=§xM, (18)

which is induced by an anomalous Hall effect in the direction
perpendicular to M, and its contribution reads

ﬁv(s)L — é_ (S w)(glj +’73 (V iTs 5.j +V 7;[) (19)
where

T;

§xE (20)

and ¢ and 5 are constants.

Antisymmetric contributions with spin direction «, nf]?“ =
€ijray”, are similarly argued. We consider the case of V - E =
0. As we saw in Eq. (7), only the troidal moment contribution
survives in this case. Besides the adiabatic component propor-
tional to Eq. (7), we therefore have (with coefficients £ and
£

V= ER(V x T + £ (V x T). 2D

(Here coefficients are defined using § instead of §,, i.e., ne-
glecting the adiabatic component.)

Due to Eq. (12), a spin-resolved force (a spin motive force)
acting on the electron spin polarized along direction « is
fi==Vmit =381, (22)

s,

As seen in Eq. (10) for the case of anomalous Hall fluid, the
motive force when V - E = 0 is written in terms of vorticity.
The adiabatic contribution parallel to M is essentially the
same as the anomalous Hall case [Eq. (10)], i.e.,

Fi =G D[V - 0)+EN M- Vo], (23)

with constants Cf ‘I'and 5;”'” , while other contributions lead to
motive force depending on the spin polarization as

Fr=U"VGE @) +EG - Ve + VG o)
+E G- Vo (24)

The contributions represented by coefficients fsf + and Esf ol
are conservative forces due to coupling potential to vortic-
ity, while £+ and £“+ represent nonconservative forces.
Interestingly, conservative forces induce spin polarization (§
or §) along @ and force along the gradient of w, while the
noncoservative ones induce force and spin in the direction of
® and the gradient of @, respectively.

Let us consider electron ﬂuid in a thin film as in Fig. 3 and
see the contributions of {S + and E>L connecting vorticity
and §. The driving field E includes all the forces acting on the
electrons, such as friction force from the boundary, besides the
applied external electric field. The field E is therefore locally
proportional to the local fluid current j neglecting the higher
order contributions of the spin-orbit interaction, and is sup-
pressed near the boundary as in Fig. 3 [27]. This suppression
of fluid velocity in the z direction leads to a vorticity along
the y direction, w, = 9.E,. The vorticity changes signs on the
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FIG. 3. A schematic picture showing spin motive forces of
Eq. (24) in a thin film in the xy plane with applied current along the
x direction. The contributions £/** and £+ connecting vorticity and
§ are depicted. At the boundaries, the flow vanishes, meaning that
total effective field E including the applied field and friction force
from the boundary vanishes due to proportionality of j and E. The
derivative d,E, is therefore finite, namely, vorticity @ emerges near
the boundary along the y direction. The vorticity has opposite signs
on the upper and lower planes, resulting in d,w,. The contribution
of conventional conservative spin-vorticity coupling, the term ¢/**,
thus induces a spin polarization (short arrows with sphere) along
the y direction, and motive force along the z axis (blue arrows).
The nonconservative contribution, éf"l, in contrast, induces a spin
polarization along the z direction, and motive force along the y axis
(magenta arrows).

upper and lower boundaries and changes along the z direction.
For electron spin along +y direction, the conservative spin
motive force is along the z axis as ff = Z‘Sf’lvzwy, i.e., 1S in
the —z direction (if fo s 0), while it is +z direction for the
electron spin pointing in the —y direction. Thus spin current
along the z axis is induced by the spin-vorticity coupling as
argued in previous works [9]. The nonconservative motive
force described by the term £+, which is mainly from the
asymmetric viscosity, acts in the —y (4y) direction for spin
polarization along +z (—z) direction, inducing a spin cur-
rent in the y direction (Fig. 3). The contribution Zsf " and
€2 induce orthogonal spin polarizations to ;" and £“-*,
respectively. The adiabatic contributions and anomalous Hall
contributions are discussed by replacing § by M in the above
argument.

In the next section, we carry out microscopic calculations
on a simplified model to confirm the above argument.

B. Microscopic derivation

We first derive the definition of the spin-resolved mo-
mentum flux density by deriving a hydrodynamic equation
for the time-derivative of momentum density, p, following
Refs. [26,27]. In the present case with spin, spin-resolved
momentum density, defined as

pi = (' pioac), (25)

is considered, where p; and o, denote the operators for
momentum and spin (i and « represents direction), respec-
tively, () denotes quantum average, and ¢ and ¢ are electron

field operators. Its time derivative is derived by use of the
Heisenberg equation of motion, p? = i({[H, ¢t pioycl), where
[A, B] = AB — BA is a commutator and H is the total Hamil-
tonian. The Hamiltonian we consider is

L —=V?
H = d3rc'<ﬁ—(M'0))C+Hso+Hi, (26)

where M is a vector representing the magnetization including
the exchange coupling constant. The spin-orbit interaction by
impurities is represented by

Hy = A / drc’ O[(Vo@r) x p) - oler)

=in Y vy (k' xk)-cfocy. 27)
kk'

where A is a coupling constant, v(r) = v; ZR” s§(r—R,) is
an impurity potential, where v; and R, are the strength
of the impurity potential and the position of nth impurity,
respectively, and the impurity scattering potential is H; =
f dP*ro(r)c (r)e(r). The impurity scattering induces an elec-
tron lifetime of elastic scattering, 7, given by t~! = 2w vn;v;?,
where n; is the impurity concentration and v is the density of
states of electron. In this paper, we treat T as spin-independent
for simplicity.

A driving electric field for electron flow, E, is included
using a vector potential A satisfying E = —A [37]. As is
known generally for transport theories, dominant nonequilib-
rium contributions for the case of time-independent E are
those containing both retarded and advanced Green’s func-
tions [26], and we shall focus on these contributions. Spatial
inhomogeneity is taken into account by expanding response
functions with respect to the wave vector g of E to the linear
order.

In the present model, the driving field is not only the
applied external field but is an effective one that includes other
extrinsic forces such as those introduced by boundaries. At the
boundary, fluid velocity vanishes and this fact is imposed usu-
ally as a boundary condition in solving fluid dynamics. (See
Ref. [24] for boundary effects.) In the present microscopic
modeling of the ohmic fluid, such boundary effects are effec-
tively taken into account by assuming that the total driving
field vanishes at the boundary, as was done in Refs. [26,27].
This is because vanishing fluid velocity indicates that the force
due to the applied field and the friction from the boundary
cancel each other. Practically speaking, our total effective field
is related to the actual current density j, which vanishes at
the boundary, via a local relation E = (00)~! J, where o, is
a conductivity tensor. In the present analysis focusing on the
lowest order of the spin-orbit interaction, o, can be treated as
diagonal. (It would be an interesting future work to numeri-
cally solve the whole hydrodynamic equation, taking account
of off-diagonal conductivity.)

The hydrodynamic equation for spin-resolved momentum
density is (see Sec. A for derivation)

py ==V, + f, (28)
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o (K+9)x(k+5) (1)

Ui

(d)

Vi v;

FIG. 4. Feynman diagrams for the dominant contribution to the spin-resolved momentum flux density x;; ,k at the linear order in the
spin-orbit interaction and linear response to the applied field, denoted by x at the right end (suffix k represents the direction of the applied field).
Solid lines represent free electron Green’s functions, where upper and lower lines denote retarded (g}) and advanced (g;) Green’s functions,
respectively, and k and k' are the electron wave vectors. The wave vector g is that of the external field and represents the inhomogeneity of
flow. Complex conjugate processes (turned upside down) are also taken into account. (a) Skew-scattering contribution JT;.S;)”. The left vertex
with k;k; represents the vertex for the momentum flux density, and a vertex with A denotes the spin-orbit interaction. (b) A small contribution
that is neglected (c) The contribution arising from the anomalous velocity v in 7rl =, called the side-jump contribution. (d) The anomalous

contribution 87 e

s,a O o i
where ;" = 7;/* 4 87/ with

nf)j"‘(r, t) =

is a conventional contribution in the form of momentum and
velocity (tr is a trace over spin and {A, B} = AB + BA), while

—itr[pi{d;, 0o }G=(r, t, 1, 1)] (29)

87r19‘1‘-(r, =

A
—lztr[(VinV)((Sjafskﬁ —8;80ka)

x ogG=(r,t,r,1)] (30)

is an anomalous contribution from the spin-orbit poten-
tial. Here G=<(r, ¢, ,t) = i{c"(r, t)c(¥,t’)) is the full lesser
Green’s function including the external field and

A

N pj .
= —+80; 31
vj =~ + 89 3D
is the total velocity operator with the anomalous velocity
(Sf}j = —)\.(VV X O')j (32)

due to the spin-orbit interaction. The term f7; in Eq. (28)
is the one which cannot be written as a divergence of flow,
interpreted purely as a force. The spin-resolved momentum,
which is essentially the spin current, is not conserved in the
presence of spin relaxation processes, and this is why we have
force density besides the momentum flux density. This fact
means that the definition of the spin-dependent momentum
flux density is not unique. Nevertheless, it is a useful quantity
to study the roles of vorticity on the spin transport, like spin
motive force (spin gauge field) in spintronics [38].

Based on the above Hamiltonian, we calculate the momen-
tum flux density, Egs. (29) and (30), as the linear response
to an external field E. The momentum flux density is written
as thj’ = nl L “E, where 7t k is a correlation function of spin
momentum current and current calculated diagrammatically
(Fig. 4) using the Green’s function method [37] in the same
manner as Refs. [26,27]. The spin-orbit interaction, which is
essential to couple electron flow and its spin, is included to
the linear order. There are two spin-orbit processes, one aris-
ing from the normal velocity %, the contribution historically
called skew scattering contribution, and the other arising from
the anomalous velocity dv, called the side- jump contribution
Below, we evaluate dominant contributions to n , which are

those including both retarded and advanced Green’s functions,
following Refs. [26,27].

1. Skew-scattering contribution

We first consider the process of Fig. 4(a) (skew scattering),
which is

ss)a e l Anv;? n
f,k) (@) = S i ReZkk kk[<k ) X ("*%)L
x tr[%%gffﬁg;f%giugg%/gi_g]» (33)
where g is the wave vector of the external field, g, = [~ % +

er+M- -0+ 2%]’1 is the free electron retarded green’s func-
tion with elastic lifetime 7 arising from the impurities and
& = (g)", €r being the Fermi energy. The real (imaginary)
part is denoted by Re (Im).

We calculate the response function to the lowest order
in the external wave vector ¢ and neglecting contributions
smaller by a factor of (er7)~'. Noting that

tr{0*Ac? Bl = (8up — 8uzBpz) Y AgB_o + 8a:dp: Y AgBs

— i€up: ) OAB o (34)

for diagonal matrices A = (AO+ AO,) and B, the trace over the

spin is calculated to obtain [neglecting O(g*)]
l(j/:)a (q) =1 Z Re It;ljaa + 80‘7( Iij Il;lfza)
+ icapo 107 ], (35)

oo — 1y’ fo'o
where Il/kot = =5 Iljka, with

- 1

o'c __ 1 (1 a a

i = 3 > kikjki X K)oy 1 081408k 1,08k o
oot

X g4 4, (36)
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The summation over the wave vectors are carried out using
k.o
V )
k

1 a
v Xk: KikikiSlesg.08k-g.00 =

= imv,,

P
l@(&‘ﬂk + 8ikq; + 8kqi)

1 2
‘7 Zkikjg;c,crg?c,a = Tvdk%araij’
k

v(,kjé(7 + v(,rkjéa,
[(0 —onM + 1]

(37

where v, kp, are density of states at the Fermi energy and Fermi wave vector of electron with spin o = =, respectively, as

_ 273 Vorkh 4+ vk
e = s ) ko Y Tt B+ i + 8jni) L %)
Sm [(0/ — oM + L]
Thus,
,(;1:)0((‘1) = l|:[(ot X @)Sij + €ikaq; + €jraqilRe ZJU + 80:[E X @ibij + €irzq; + €jx-qiIRe Z(]a J7)
— €apzl—€pr1q18i; + €irpq; + €jxpqi]Im Z foi|, (39)
where
272 4M? — L +aicM
J7 = ——anv? | Y verkiy | (0e) (kie YT ———
A5m’ = (am? + &)
Jo = —ikniviS(vg ) (kpo)027°. (40)
+ 45m3
[
We thus obtain mate and neglect numerical factors. We then have
() WL(H o€ o G | !
7 =0V M o (M - ©)8;; + VT + V,T;) Jo ~ %ﬂ J7 ~ ;"Mz (1 + ’GE> (44)
(ss) (A
+ 007 (@ - )8 + ViT + VT and thus
(“)((OU_’ w)5;; + V; Taﬂ +V; Taﬂ) “41) (ss) . Es0 2 (ss) _ €so 1 (s8) 1
ij - s ~—_—— ) 45
il m " T m M2 M2 “45)

where & is the unit vector along the spin direction o, &, =
& —MM -&),a, =M x &, and

0™ = ReZJ",
(sq): RCZJU

(Y =-Im» o). (42)

In terms of spin polarization vector § [Eq. (13)], the amplitude
of the flux density is

_m) _ mf% MM - @)8i; + VT + Y Ty )
+0 (@1 - @)+ Vil + Vi)
+0S(Gr - @8 + Vil + VT, (43)
a result consistent with the phenomenological argument in
Sec. IlIT A.
Let us estimate the magnitude of the coefficients. Our anal-
ysis in the ohmic regime (dirty metal) assumes ex7 > 1. We

first consider a strong ferromagnet with Mt > 1. We simplify
vy ~v_ ~ 1/ep and kg, ~ kp for order of magnitude esti-

where €, = )\.Uik]fz is the energy scale of the spin-orbit inter-
action, namely, the adiabatic component is the largest, while
n(”) contribution is dominant as a nonadiabatic contribution.

In the limit of M = 0,J] = J? ~ jjfr and we have
™ = ~ - Sor2 =, (46)

which is natural from the rotational symmetry when M = 0.

There is a similar process with less impurity scattering,
shown in Fig. 4(b). Compared to the contribution JT(SS)O‘, it
is without a factor of iwvv;. Due to the extra factor of i, the
imaginary and real parts are replaced, resulting in a vanishing
contribution for M = 0 and a reduction factor of (M7)~! in
the case of Mt > 1. Considering a factor of vv; ~ /v,
the contribution vanishes (M = 0) or smaller by a factor of
(Mt)~'/2. We thus neglect this process.

2. Side jump and other contributions

The contributions arising from the anomalous velocity §v
[the side-jump contribution, depicted in Fig. 4(c)] is

e —i1 Anv A , _ g)
@ = eaﬂg(k thtai(k+3)
x (K" — k)Retr[ g gk &h+q - 47)
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It turns out to be

o 2
,(,S;J() (@) = lT)(()SJ (gfocijCIk + Sikeajiqr + Eaiji)y (48)

where
; ks Anl
=5 Z(va ki T (49)
Thus, neglecting the term that vanishes in the force, we obtain
ﬂi(j?j) =DV T, + VT + epay, (50)
where
a® = (V- E) + £V x Ty, (5D

with % = —inp A
unique feature of the side-jump contribution is that it does not
vanish for M = 0, in contrast to the skew-scattering contribu-
tion. In the same order of estimate as in Egs. (45), we have

1. (sj 5j 2. (sj) si), Tz
_5,7051), g6y = §,7(()SJ , EGDT =

3
e ~ =2 —. (52)
m (S

The nonadiabatic contribution with spin polarized perpendic-
ular to M is therefore dominated by the side-jump contrlbutlon
instead of skew-scattering contribution represented by n; %) §
the disordered metal with Mt > 1.

Finally, the anomalous contribution to the momentum flux
density is [Fig. 4(d)]

(—i)* A q
o — ’ . ’ _ ’ 1
ST = S r ka Ok =k (kK +7)
kk'k
X (8judip — 8p81)tr[ 0 (8k8hr + 8k8h) 8k gl

(53)

After some calculation, we obtain

. 8
57'[31((‘1) =idm (5(8i18ja - 5ia6jz)qk + Sik(qz‘sja - (Ia(sjz)

- (ajz(skot - ajozgkz)‘ﬁ)s (54)

where

o= — Anlv 372 Zov k. (55)
Neglecting the unphysical contribution that vanishes in the
force,

Smij = ony,(Vilsj + VT;i) + €ijkday, (56)
where 87y , = é7 and
8a* = 8£'5(V - E) + 8E5(V x Ty), (57)

with §¢Y = %871, 8&% = §m. The order of magnitude for
Mt > 1isém ~ = é and is smaller than the side-jump con-
tribution but is larger than the skew-scattering nonadiabatic
contribution. _

In the limit of M = 0, the order of magnitudes of 7_”
and 8w are the same as in the Mt > 1 case. Thus, these

contributions are smaller than the skew-scattering contribu-
tion for M = 0, Egs. (46). The side-jump contribution being
smaller than the skew scattering one is due to the fact that
the contribution involves less Green’s functions than the skew
scattering, resulting in smaller order of ezt (>> 1) considering
the fact that the peak magnitude of the Green’s function is
~t. When Mt > 1, in contrast, the side-jump contribution
dominates over the skew scattering as for the perpendicular
spin polarization, as the Green’s functions for the spin-flip
processes are suppressed to be ~M !, while the side-jump
process contains a contribution without spin flip [Eq. (47)].
The phenomenological results in Sec. III A are therefore
confirmed by microscopic calculations in this subsection and
coefficients were determined by use of microscopic quantities.

IV. VORTICITY-INDUCED SPIN

Spin-resolved force density represents a force acting on
spin components, namely, spin motive force driving spin cur-
rent. Although it would be interesting to explore spin transport
phenomena solving the hydrodynamic equation with spin, we
leave it as a future work and study the result of the spin
current generation, namely, the spin accumulation induced by
the vorticity-induced spin motive forces.

Like spin current, spin-resolved force density is not a clear
physical observable, as the force acting on electrons with a
particular spin is not detectable. In contrast, the spin density
which we are going to calculate here is a physical observable.
In fact, spin Hall effect originally argued as a relation between
the spin density and an applied electric field by Dyakonov
and Perel [19] is free from the ambiguity of definition of spin
current [18]. Here we discuss spin density taking account of
inhomogeneous electric field to support physical consequence
of spin hydrodynamic equations.

A. Spin Hall effect in the viewpoint of spin-vorticity coupling

As was pointed out [18], an inhomogeneous electric field
applied to a metal with spin-orbit interaction induces a spin
density as in Eq. (1). This relation, indicating that the spin
Hall effect is a consequence of spin-vorticity coupling, is a
representation of spin Hall effect written in terms of spin
density instead of spin current. The spin accumulation given
by Eq. (1) in fact represents the spin accumulation formed at
the edges as a result of spin current generated by the applied
electric field. The expression corresponds to the clean system
where electron diffusion is not relevant and, in the disordered
case, the expression is multiplied by a diffusion propagator
[18] [see Eq. (65)]. The spin generation by the spin Hall effect
has been argued mostly in the absence of magnetization, to
discuss the pure spin current [20]. When a magnetization is
present, spin polarization along the magnetization M (the adi-
abatic component) and orthogonal components M x @ arise,
and spin density is extended as

S(r) = Asn@ + A MM - @) + 1) (M x @), (58)

with coefficients A and A . The term A represents the adi-
abatic component (along M) of the spin polarization and A ;.
represents the anomalous Hall effect for the vorticity.
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B. Miscroscopic calculation

Here we calculate the spin density induced by the electric
field based on the model of spin-orbit interaction due to heavy
impurities of Sec. IIIB. The spin density polarized along

J

matrix, which reads

e i Any;’ ,
Sg(q) = %; rlnl ReZk,i[(k +

kk'

Using Eq. (34), we obtain
St @) = 5" (@) + 8,25, (@) + €apesi (@),

direction « induced by the electric field along the k direc-
tion is written as s* = sy Ey, where sf is the linear response
coefficient. The dominant contribution arises from the same
diagram as in Fig. 4(a) with the left vertex replaced by a Pauli

q q r
5) X (k + E)]ﬂtr[aag§‘+%aﬁgk,+%gz/_%gz,/g?cf%]. (59)

e l aniv;d
ih Oé(q) —Re Z kk x k], Z gg{-&-%,(rg;c'-k%,—agi'—%,—agz’,—agzllc—%,—a’
kKK o=%
I _ e l anul ,
Sk(q) - m Re Z kk ]Z Z (g;c+%, g;chﬂ 7a)g;c '+1.0 k' 1 ag ”,agifg,a’
kk'k” o=+
e l anjv;3
st(q) = —Re(—i) Y ki[k' xklg »_ Oyt o8t o8yt o8 o8it o (60)
kk/k// o= :t

After summation over the wave vectors, the coefficients in Eq. (58) are obtained as

72 a3 4M?
Ash = e— T
(am? +

3 m?

72 )\nlv1
A= (=2t )Z |:v kT2 4 VK2, Zuﬂ/kﬁa

22”0

N 72 anvd
= e—
+ 3 m2 4M2

In the disordered case with Mt > 1, the order of magnitude
of each term is

€o 1 €0 o €0 1
— s A T, ALY 5
kp? M2 I k2 1 ke M3t
meaning that the adiabatic spin polarization is dominant,
while the spin Hall effect dominates the perpendicular compo-
nent. In the limit of M = 0, A, representing the spin-vorticity
coupling and spin Hall effect remains finite, while A and A
vanish.

Ash ~ (62)

C. Vorticity-induced torque

In ferromagnets, the vorticity-induced spin, Eq. (58), gen-
erates a current-induced torque near surfaces given by

T, =*aMy[M x (V x E)]
+ A My[M x [M x (V x E)]l, (63)

where y = £ is the electron gyromagnetoratio. This is a kind
of so-called spin-orbit torque [29] arising from inhomogenu-
ity of current. In ferromagnets with Mt > 1 and M/ep =
O(1), the first term dominates, as seen from Egs. (62). In-
terestingly, the coefficient Ay, does not depend on 7 in this
regime, resulting in a universal torque when written in terms

1
-4
E vng(, (,,kFG/,
) oo’

(4m?* —

4]
)

T

K ov k2 ,a (61)

Fo "o’

(

of the applied field E. Although current-induced torques on
magnetic textures have been discussed intensively [29], the
effect of vorticity and inhomogeneous current density has not
been focused on. It is of interest to confirm experimentally the
correlation between the vorticity-induced torque and the spin
Hall effect, both determined by the coefficient Ag.

Let us compare the vorticity-induced torque to the so-
called B-torque [39,40] induced by spin relaxation and
magnetization structure,

Ty = Ba’ (M x (j - V)M, (64)

where B is a small constant representing the rate of spin relax-
ation and a is the lattice constant. Its magnitude in common
ferromagnets is typically of the order of 8 ~ (M1ty)~!, where
rs;l ~ ESZO/GF in the case of spin-orbit interaction [30,41].

In terms of the field E, Ty = MLZE[MX(E - V)M), where

B = E,Ba%e ~ €T, With € = ego/EF Thus the ratio
of the torque and the field is Tg/E ~

for the vorticity-induced torque it is T,/ E
£y is the length scale of the magnetization structure and £,

is the length scale of surface vorticity in the case of ohmic
fluid. Considering the fact that the 8 torque is second order
in the spin-orbit interaction [30], while the vorticity torque

- ESOZGFT while

[ —£ ¢, Where
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(a)

0

FIG. 5. (a) Schematic figure showing the current profile near the
boundary (chosen as z = 0). Vorticity is finite in the length scale of
£,, where the current density changes. (b) Schematic figure showing
vorticity-induced spin relaxation mechanism due to electron diffu-
sion. The sign denotes the direction of vorticity . Electron diffusion
is represented by a zigzag line.

is linear, surface vorticity may have a crucial role in current-
induced torques. An even stronger effect is expected when
surface roughness is considered, as roughness would enhance
generation of vorticity. Nucleation of magnetic domain wall
and skyrmion by artificial notches [42] would be carried out
by the vorticity-induced torque as argued in Ref. [12]. Taking
account of diffusion of electron, the spin density of Eq. (58)
is modified to be long-ranged as [18]

s(r) = / d*r' Dy(r — r)[A@ () + 1 MM - o))
+ AL x o)), (65)

where Dy(r) = g Dezq T is a diffusion propagator of elec-

tron spin, D and T, are “the diffusion constant and spin
relaxation time of electron, respectively. The electron spin dif-
fusion length is £, = +/D7;. In the disordered case, therefore,
the vorticity-induced torque is determined by the vorticity
average over the spin diffusion length, . Let us consider
the case where ¢; is larger than the surface depth where the
vorticity is finite, £,. Choosing the axis as in Fig. 5(a), local
vorticity of current density j is @ (’ ) = = 0, j and its average is

Wy’ = a A dzo jx = Za (66)

where j, is the current far from the surface and j, at the
surface (z = 0) is assumed to vanish. The averaged torque
near the surface,

T, = raMyM x @)+ A, My[M x (M x ®)], (67

is therefore

2 M)/ Ash e ~ - e " A b
T,= > K—[Mx(z><1)]+/\l[Mx[M><(z><1)]],
e w
(68)
where Z denotes the direction normal to the surface. The

torque represented by Ag, has the same form as the one due
to the surface Rashba-Edelstein effect, which induces spin
polarization proportional to Z x j [43].

For thin films as in Fig. 3, the vorticity-induced torque
points opposite on the upper and lower plane and has no bulk
effects.

D. Vorticity-induced spin relaxation

The vorticity-induced torque is naturally inhomogeneous,
and would lead to spin relaxation effects. Let us consider a
thin film [Figs. 3 and 5(b)] of thickness d with electric field
parallel to the magnetization. The vorticity is then perpendicu-
lar to M. The vorticity-induced torque drives the electron spin
as

§ = y[hn(s X @)+ A (s x MM - @) + 211 [s x (M x )]],
(69)

and thus the electron spin polarized along M gets flipped in a
timescale of (Agy)~! [neglecting A, (< Agn)]. In a thin film,
vorticity @ arising from inhomogeneous flow points oppo-
site on the upper and lower surfaces [Fig. 5(b)]. If calling
the length scale where vorticity is finite measured from the
surface as ¢, [in the ohmnic fluid, £, >~ ¢ (mean-free path)],
2¢,,/d of the total electron spins are disturbed by the vorticity-
induced torque. The vorticity-induced spin relaxation time is
therefore estimated as

7, 7" Z‘”A (70)

) = —Ash@,

PR

assuming that the spin diffusion length is longer than d.

Its magnitude is 7, -1~ eso ?f kl il assuming o ~ E/¢,. For

E=10"2V/umand k' ~a=10"""m, iE 1070 eV =
2 x 108 Hz. Let us define a damping constant as o, = 7,, 'y,
where fy is the timescale of magnetization dynamics. For
ty~' ~ 1 GHz, the above estimate leads to o, ~ 0.2 x 6*“ .
For a large spin-orbit metal of a thin film, in partlcufar
with surface roughness, the vorticity-induced relaxation may
dominate over the intrinsic Gilbert damping. Experimentally,
vorticity-induced damping would be separable from other
isotropic intrinsic origins by using the anisotropic nature, i.e.,
vorticity-induced damping is suppressed if E 1| M.

V. VORTICITY-INDUCED INVERSE SPIN HALL EFFECT

Spin-current generation by fluid vorticity in a pipe was
discussed in Ref. [10], and the inverse spin Hall voltage due
to the spin current and measured on heavy metal leads was
argued. In the case of the Hagen-Poiseuille flow considered
there, the generated spin current is in the radial direction
with spin polarization perpendicular to both radian and pipe
directions and the inverse spin Hall voltage is along the flow.

The vorticity-induced inverse spin Hall effect is studied
in the present context by calculating the spin-neutral force
density (motive force for electric charge), taking account of
the spin-orbit interaction to second order in the absence of M.
The inverse spin Hall voltage here is an intrinsic one without
leads of heavy metals, and would not apply to experimental
situations with heavy metal leads.

The spin Hall coefficient Ag, is a coefficient of the corre-
lation function of spin and charge current density linear in
the external wave vector [18]. The inverse spin Hall effect is
represented as

J = %isn(V X By), (71)

where Ay, is a coefficient proportional to Ag, and B, is an
effective magnetic field that drives spin density [18]. In the
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k« k///

FIG. 6. Feynman diagram representing the vorticity-induced in-
verse spin Hall effect at the second order of the spin-orbit interaction
(A). The anomalous velocity vertex gives rise to an antisymmetric
component of the momentum flux density that describes inverse spin
Hall current, Eq. (71).

vorticity-driven case, the effective field is induced by the
vorticity as

B, = )ihw, (72)

X

where x is spin susceptibility. In the ohmic regime, the rela-
tion Eq. (71) indicates that there is a motive force f* acting on
electron charge that is proportional to the rotation of vorticity,
V x w. The inverse spin Hall motive force is therefore rep-
resented by an antisymmetric component of the momentum
flux density for charge (spin neutral), 7; = §%€;jkay, with a
constant £ and a vector a, as f* = —£*(V x a), resulting in
an inverse spin Hall current j o< (V X a@). As has been argued
[34] [see also Eq. (3)], an antisymmetric component arises
from vorticity, a « w. We thus obtain the inverse spin Hall
current j &« V x w, consistent with Egs. (71) and (72). Let us
confirm this fact by a microscopic calculation of spin-neutral
momentum flux density 7;; = (p;D;) = m;jEy in the case of
M =0, including the spin-orbit interaction to second order.
Obviously, the skew-scattering contribution is symmetric with
respect to i and j [27] and the antisymmetic contribution arises
from the side-jump contribution, whose dominant contribu-
tion is (shown in Fig. 6) [*)?® denotes the side-jump process
at the second order of the spin-orbit interaction]

. 1 A2vdn?
(s)(2) _ i’ .
T[ijk (q)_ 47_[‘/4 m leaﬂemnﬂ
! 4 q ! s
x K+ k i(k —) K — K)ok
> Wkt gu(K +3) & =Kk
R
X Imtr[g;(,aaghqaﬁg;urqg;”g;,/,g;]. (73)

The antisymmetric component of rri(jz) is written in terms of a

vector a,, as ni(jz)a = €;jkdo,k, Where
2
a, = E(f) )w,
T € 2 €
D = [ 22) D = aa [ =2 ) (viT)er. (74)
12\ €r €r

The inverse spin Hall field induced by vorticity is therefore
E,=-V xa,=-(2V x 0. (75)

The inverse spin Hall voltage due to the vorticity-induced spin
current in the present situation is therefore along the applied
field E, like the case with leads [16]. We note that the inverse
spin Hall voltage in reality would be mixed with contributions

from the symmetric components of the momentum flux den-
sity (see argument in Sec. II).

VI. SUMMARY AND DISCUSSION

We have explored the effects of vorticity of electron flow
in ferromagnetic metals on the spin transport based on a
hydrodynamic viewpoint. The spin-resolved momentum flux
density was discussed, extending the results for anomalous
Hall fluid studied previously in Ref. [27]. We have argued
that the anomalous Hall contributions to the momentum flux
density are written in terms of a troidal moment, Ty = M X E,
which acts as an effective driving field. When electron spin is
taken into account, the spin-resolved momentum flux density
mj; (i and j represent the spatial direction and o denotes
spin direction) are characterized by the three contributions,
namely, the adiabatic contribution where spin s is parallel to
M, the nonadiabatic contribution written by s | = s — M (M .
s) and a contribution written by § = sxM. The troidal mo-
ment Ty, is therefore extended to include two nonadiabatic
contributions, Ts, =5, xE and Ty =§xE. Those results
were confirmed by linear response calculations in a model
with the impurity-induced spin-orbit interaction.

The spin-resolved force density —V 7%, or spin motive
force, was argued and roles of electron vorticity on the
motive force were discussed. Besides the conventional con-
servative force due to spin-vorticity coupling, proportional
to V(s - @) (w is the vorticity), there is a nonconservative
force, proportional to V x(wxs) = (s - V)w. Like spin cur-
rent, the spin-resolved momentum flux density and force
density are physical conserved currents and their definitions
are not unique.

Spin density induced by vorticity was calculated and direct
and inverse spin Hall effects were argued in the context of
the spin-vorticity coupling. The vorticity-induced damping
near the surface and interface was discussed. The torque
arises from the homogeneity of the current (or total field),
in contrast to conventional current-induced relaxation torques
such as B torque arising from inhomogeneous magnetization.
The vorticity-induced torque is a linear effect of spin-orbit
interaction, while the conventional relaxation torque is second
order, meaning that vorticity effects may dominate in thin
films. The effect leads to torque and relaxation localized near
surfaces and interfaces. Spin Hall-induced spin-orbit torque
was explained in terms of the spin-vorticity coupling. The in-
verse spin Hall effect due to the vorticity-induced spin current
was shown to be described by the antisymmetric part of the
momentum flux density evaluated at the second order of the
spin-orbit interaction.

We considered the case of uniform magnetization with
inhomogenuity of the applied electric field. For a complete
discussion of the troidal moment, inhomogeneous magnetiza-
tion needs to be taken into account. For this future work, an
effective gauge field approach [38] is expected to be useful.
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APPENDIX A: DERIVATION OF MOMENTUM FLUX
DENSITY OF EQS. (29) and (30)

Here we derive the expression for the spin-resolved mo-
mentum flux density by evaluating the time derivative of the

J

parts as

spin-resolved momentum. (See Ref. [27] for a simpler spin-
less case.) The Heisenberg equation for field representation of
spin-resolved momentum p?¥ (i and « are the directions of mo-
mentum and spin, respectively) reads p% = i([H, ¢’ piocl),
where [A, B] = AB — BA is a commutator. The contribution
from the spin-orbit coupling is focused. The commutator is
calculated using Vi§(r —r') = —V,’QS(r —r’) and integral by

i[Hso, (¢" piogc)r] = —j—g f dr'ei (Vi V(@) [¢" 1)o1(Vie')) — (Vic 0 )ore), ¢ (r)0u (Vic(r)) — (Vi (1)oac(r)]

—5A[(V V—€jraVile" Vi el +i€jueplc’ o Vi (Vic) — (Vichog Vi cl]

+ (ViVV)l—€jra(c’ Vi ) + i€ juerap Vil opell]

_ _\J .40« Fo
==V, + foi

where

ij

i

Fo = 2A[(ViVV)ejra (" Vi o) —i(V Ve jueiplc’op Vi (Vie) — (VicHog Vi c]]

2

i o .
A = E)"[(Vkv)éjka[cj Vi cl = i(ViViV)eju€rap(copo)],

(AD)

(A2)

(A3)

are the spin-orbit contributions to the momentum flux density and force density, respectively.
The contribution of the kinetic term, frﬁ'“, is similarly calculated, and the total momentum flux density operator is

~ Ko A 80,0 ¥ 1 PN a 1
o + i (r,t)y=c n—ip,'pjoa — AMViV)€jaDi + E)\(V,-VkV)((Sjaék,g — 88k )Op |C

_oasa
=7Tij

whose expectation value is Egs. (29) and (30). The hydrody-
namic equation for spin transport is therefore Eq. (28).

The fact that the time derivative of the spin-resolved mo-
mentum density is not written in terms of conserved current
in the presence of spin relaxation, in the same way as the case
of spin current. This means that the momentum flux density

(A4)

(

cannot be defined uniquely. In other words, spin-resolved
momentum density is not physical observable. In this paper,
we use the form of Eq. (A2). Different definitions result in
different values of viscosity constants. We note, however, that
physical quantities like spin density are uniquely defined as in
the spin current case [18].
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