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Helicity current generation by distorted Rashba coupling
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We theoretically study spin transport in two- or three-dimensional Rashba systems dynamically distorted by
surface acoustic waves. The spin currents in the linear response to lattice distortion dynamics are calculated
on the basis of a microscopic theory combined with local coordinate transformations. As a result, we find a
mechanism of direct spin-current generation from lattice distortion not associated with a charge current or spin
accumulation. Moreover, the in-plane helicity currents are generated by shear surface acoustic waves via the
present mechanism. The generated helicity currents are not parallel to the vorticity of the lattice, and cannot be
created with the conventional methods. Thus, our findings offer an alternative functionality of the conventional

Rashba systems in the field of spintronics.
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In the field of spintronics, spin-current creation and ma-
nipulation is a central research topic. The interconversion
between spin and charge via spin-orbit interaction (SOI) plays
a key role specifically the direct and inverse spin Hall effects
(SHE) [1-10], Edelstein effect [11-18], and spin galvanic
effect [19], among others. The SOI also plays a crucial role
in the interconversion between the spin and the helicity of the
light [20].

Recently, spin-current generation due to the conversion
of macroscopic angular momentum associated with mechan-
ical motion (e.g, rigid rotation, vibration, and vortex) into
spin angular momentum has been considered. In particular,
spin-current generation via spin-vorticity coupling (SVC) has
received broad attention because it does not require SOI. SVC
is a coupling of electron spin and effective magnetic fields
arising in the rotating (noninertial) frame which is locally
fixed on the moving materials [21,22]. Takahashi et al. mea-
sured electric voltage in the shear flow of liquid metal, and
proposed that the spin current was generated from the vorticity
motion of the liquid metal via SVC [23-27]. Kobayashi et al.
observed spin-torque spin-wave resonance due to an AC spin
current driven by the lattice vorticity motion associated with
surface acoustic waves (SAWSs) via SVC [28-32].

The effect of SOI on mechanical spin-current generation
has also been studied. Kawada et al. applied SAWs to a
heavy metal/ferromagnetic metal bilayer under an in-plane
magnetic field and investigated the angular dependence of
DC voltage on the in-plane magnetic field [33]. They found
characteristic magnetic dependence, which was not seen when
using weak SOI metal instead of heavy metal, indicating me-
chanical spin-current generation via intrinsic SOI. Moreover,
a previous work theoretically studied a spin current driven by
lattice distortion dynamics via extrinsic SOI, and presented
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two mechanisms: one via the SHE from the charge current
and the other via the diffusion of the spin accumulation [34].
It has also been suggested that spin-current generation via
extrinsic SOI is comparable with that via SVC in strong SOI
systems. Nonetheless, the effects of intrinsic SOI remain an
open problem. Direct spin-current generation by mechanical
means, e.g., via modulation of intrinsic SOI, is expected.

The purpose of this research is to explore the mechanisms
of mechanical spin-current generation involved in intrinsic
SOIL. As a first step, we focused on Rashba SOI [11,35—
37] originating from structural inversion symmetry breaking.
We considered a Rashba electron system, in which lattice
distortion dynamics are induced. Treating the effect of lattice
distortion with local coordinate transformation, we calculated

FIG. 1. Helicity currents ji, ji are generated by the SSAW in
Rashba systems. In three-dimensional Rashba systems, the longitu-
dinal spin current j{ _ is also induced.
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the nonequilibrium spin current in the linear response to lattice
displacement. The results suggested that the spin current was
generated directly from the lattice displacement instead of via
the charge current or spin accumulation. A helicity current
flows in the in-plane direction by shear SAW (SSAW), which
could not be created via conventional methods, such as SVC
and SHE, as shown in Fig. 1. The spin current generated
by the present mechanism is large enough to be observable
and expected to be experimentally observed using spin-wave
resonance.

We consider two- and three-dimensional electrons sub-
jected to impurity potential in the presence of the lattice
periodic potential and its SOI:

2
H = f—m F VL) + Vi) + Ao - [VVo () x pl. (1)

where V,,(r') is the periodic potential, V;(+') is the impurity
potential, Ago is the SOI strength, and ¢ = (¢*, 67, o) are
the Pauli matrices. The pointlike impurity potentials V;(r') =
Wy, it 8(r' — R;) are assumed where u; is the strength of the
impurity potential and R; is the position of the jth impurity.
Note that only the electron system is considered here, not the
hole system. When lattice distortion dynamics were applied,
e.g, because of sound waves and external forces, the Hamilto-
nian is deformed as

2
Hr = 2 4V, — 8R) + Vi(r' — 5R)
2m
+ Aso0 - [V'V,(r — 8R) x p], (2)

where SR(r', t) is the displacement vector of the lattice.

To treat the lattice distortion, we perform a local coordinate
transformation r = — SR(r, t) from the laboratory frame
(with r) to a “material” frame (with r) locally fixed to the
deformed lattice. We assume the free-electron systems with
z-direction structural inversion symmetry breaking. Up to the
first order in §R, the total Hamiltonian is given by

Hr=H+H' (). 3)

The first and second terms are a time-independent Hamilto-
nian and an external perturbation Hamiltonian, respectively,
due to the lattice distortion dynamics. Time-independent term
H = H, + H; consists of an unperturbed (kinetic energy and
Rashba SOI) term Hy = ), C;[% + ar? - (k x 0)]cx and an
impurity potential term H; = Zk,k’ Vkr,kc;,ck, where c,t (cx)
is the creation (annihilation) operator of the electrons, ag =
Aso [ d’rd,V, is the strength of the Rashba SOL and Vj_;
is the Fourier component of the impurity potential. The
schematic figure of band structure of the electrons is shown
in Fig. 2.

The external perturbed Hamiltonian due to the lattice dis-
tortion dynamics consists of two parts H'(t) = Hy (t) + Hy(t)
(the detailed derivation can be found in the Supplemental
Material [38]):

Hy(w) ==t Wrk)ciu] . 4)
k

Hi()=—Y_ o W uj . 5)
k

€=y ky

FIG. 2. Band structure of the electrons at Fermi surface. The
momentum and spin of the electrons are coupled by Rashba SOI,
which is so-called “spin-momentum locking.”

where ky+ =k + { andu, , = —iwSR,,, are the Fourier com-
ponents of the lattice velocity field. Here, W and W} are
given by ' '

WX (k) = (1 - %)kj ©6)

WRH) = Rk (0 x @8y —2- (6 x k1. ()
w

Throughout this study, we assume that the wave number g and
the frequency w are much smaller than inverse of mean-free
path / and relaxation time t of electrons, ¢ < [~ and w <
7!, respectively.

Assuming uniform random distributed impurities, the
impurity-averaged equilibrium retarded and advanced Green

functions are given by

1+Sﬁk

1
GYMe) = = : 8
0 © 2;M+E—E(x):|:iy ®)

where E(,) = % + sark, with k = (k? + kyz)% is the eigenen-
ergy, u is the chemical potential, and f‘k = eﬁlaﬂi—i with eg; =
€.p1 being the Levi-Civita symbol. Here, y = %niufv(,u) is
the damping rate calculated in the Born approximation, where
n; is the impurity concentration and v(u) = vga is the Fermi-
level density of states, with vy = ’2"7"2 [for three dimensions
(3D)] and 5~ [for two dimensions (2D)] being the density
of states in free-electron systems without Rashba SOI, kg =
/2mu being Fermi wave number, and a; being a dimen-
sionless parameter defined after Eq. (14). Here, we use the
ensemble average for impurity positions (Vi Vj/)ay = niu?(Sk’ku
The spin-current operator is given by

Kl =)l e, ©)
k
where a(=x,y,z) specifies the spin direction, i(= x,y, 2)
specifies the flow direction, and Jsi = —e(0%v; + aré€zqi) rEp-
resents the spin-current vertex. e(> 0) is elementary charge.
The expectation value of the spin-current density in
nonequilibrium states is given by

“a * de .o <
G @D e = / i Gi g e ] (10)
o0 2i &
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where €. = € &+ 5. The trace is taken for the spin space.
Moreover, GIZ v (€4,€_) is the lesser component of the
nonequilibrium path-ordered Green function defined by

Grx(t, 1) = —i(Teer (e, (), (11)

where T¢ is a path-ordering operator and (... ), represents
the expectation value in the nonequilibrium state. We expand
the lesser Green function for external perturbation HY,, and
calculate the linear response to lattice velocity field u,, ., up to
the first order in ¢. Note that we assume the bulk system in
this study, although the boundary condition should be an im-
portant role to the spin-current generation in the finite systems
[8,39,40].

Considering only the most dominant term (the so-called
“Fermi-surface term”), the nonequilibrium spin current is
given by

(e = 22 S GROWIRGR O], (12)
k

where (... )R represents the linear response to Hy (Hy). The

results are given by [41]
2 \K . &R ~ ~ . i
(jei). = JSOT(4C2772,']1 + A4y 1) ique] (13)
2 \R . ar z X\
(e = AR (2€wd; + 3€aid]; + A?ﬂ?j}')’%"iw’

(14

where j) = —evpuvgT is a material constant and &r = ar/vr

is the dimensionless Rashba parameter. In the aforemen-

t y

tioned expression, we defined 551 = Sj“j + 5,j, 8;, = 8;;j + b,

Ny = €adil' + €aj8i]' + €aids)'s AL = Saxbix — Saydly, and
A = 8ubjy 4 SiySjne an = vy Yo, 4 (k)" 18 (1 — Es)) and
=y Dk k2(sk)"'8( — E(s)) were dimensionless pa-
rameters (see the Supplemental Material [38]), with k = k/kg
as the dimensionless wave number. For the calculation, we
also defined @, = —ara, and ¢, = —agrc, for even n. We
confirmed that the charge current and spin accumulation did
not arise within this calculation; i.e., the spin current was gen-
erated directly by the lattice distortion dynamics. Note that the
AC spin current was generated from the present mechanism.

We consider a spin current induced via the present mech-
anism when an SSAW is applied. The velocity field is given
by u(r,t) = uge '@~ where § is the unit vector in the
y direction, « is the damping constant of the SAW in the
z direction, and i is the amplitude. Then, the spin current
generated by the SSAW is given by

~o \SW . &R ~ xy xy
(7). = j50§[—(2a4 + 3a3) A} + azhy) |V
+ js()&R528ax8iszuy~ (15)

The first line is an in-plane helicity current whose spin and
flow directions are parallel, and the second line is a per-
pendicular spin current whose spin and flow directions are
orthogonal, as illustrated in Fig. 1. In particular, the in-plane
helicity current cannot be produced by conventional methods.
The SVC mechanism produces a spin current whose spin
direction is parallel to the vorticity of the lattice, and the
SHE produces a spin current whose spin and flow directions

SSAW (q Il )
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FIG. 3. Rashba parameter &g dependence of the spin current
generated by the SSAW, which is normalized by jsquo or jsokup.
The red (blue) line represents the helicity current polarized in the x
direction (y direction), and the green line represents the perpendicu-
lar spin current polarized in the x direction. The solid (dashed) line
represents the spin current generated in 3D (2D) systems.

are orthogonal, as listed in Table I. The reason for such an
unconventional spin current is that the present mechanisms
produces the spin current directly from the lattice distortion
dynamics via the Rashba SOI without a charge current or
spin accumulation. However, the spin current flowing to the
z direction is along the SAW decay, which is generated only
in the case of the 3D systems. This current can also be induced
via the extrinsic SHE, but cannot be understood by the Rashba
SHE because the Rashba SHE produces only a z-polarized
spin current [6].

Let us estimate magnitude of the generated spin current
Jso = |Jsoquo| in specific materials: For a Cu/Bi,O3 bilayer
[17], the Rashba parameter is @g = 0.1. With material param-
eters of bulk Cu (Fermi energy u ~ 7.03 eV, Fermi velocity
vp ~ 1.57 x 10° m/s, density of states vo(u) = 1.81 x 10%8
m3eV~!, and relaxation time 7 ~ 1071 s), we estimate
Jgo ~ 4.8 x 10° A/m? for lattice displacement SR ~ 1072 A,
frequency f ~ 3.8 GHz, and phase velocity v, ~ 3.8 km/s.
The spin currents have magnitudes that are large enough
to be observable. However, they are expected to be smaller
than jsoquo obtained here because of the spin current flowing
throughout the bulk. Regarding BiTel as a 3D Rashba sys-
tem with g ~ 1 [42,43], the normalized parameter for the
helicity current is estimated as Jo ~ 1074~10~" A/m? with
w=0.2 eV, vp ~10° ms~', No(p) ~ 3 x 10% m3eV!,
and T ~ 1075108 5. The normalized parameter for the
orthogonal spin current can be estimated as jskug ~ jsoqio
because damping constant « is approximately equal to the
wave number x ~ ¢g. The &r dependence of the spin current
generated by the SSAW is plotted in Fig. 3. As a detection of
AC spin currents, spin-wave resonances have been observed
by injecting spin currents into ferromagnetic metals [28,31].
Moreover, AC spin currents have been detected by the recti-
fication effect due to magnetostriction [33]. The spin current
produced by the present mechanism may be observed by using
these methods.

In summary, we studied the spin-current generation due
to dynamical lattice distortion in 2D and 3D Rashba elec-
tron systems using nonequilibrium quantum field theory. We
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TABLE I. Symmetry of the spin current generated by the applied SSAW via each mechanism. Clearly, the spin current generated via the
present mechanism is not generated by conventional mechanisms. The last line describes SHE case due to the Rashba SOI for reference.
Moreover, spin current generated via the present mechanism have different SAW frequency dependence from that via the conventional

mechanisms, shown in the last column.

Helicity current

Spin current

Reference Input Interaction oy " o . w dependence
Jx» .]31 Jz Jz Jx

Present Rashba SOI v v w?

[34] SSAW Extrinsic SOI v v w?, @

[22] Rayleigh SAW SVC v o

[6] Charge current Rashba SOI v

found a process in which spin currents are generated directly
by the lattice distortion dynamics. Because of the interplay
between the Rashba SOI and the dynamical lattice distortion,
unlike conventional spin transport, the in-plane helicity cur-
rents are generated without an accompanying charge current
or spin accumulation. We also found that the in-plane helicity
currents do not flow parallel to the vorticity of the lattice
distortions. The obtained spin currents were experimentally
detectable in strong Rashba systems and are expected to be
able to be observed by spin-wave resonance. Overall, our
theory revealed alternative spintronic functionalities of
Rashba systems.
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