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Influence of spin-orbit interaction on the effect of spin Coulomb drag
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The influence of spin-orbit interaction (Rashba) induced by spin-orbit interaction dynamics on transport

phenomena in spatially heterogeneous magnetic structures is considered. It is shown that the transport phenomena

related to the manifestation of spin-dependent electric field lead to the strengthening of the effect of spin Coulomb

entrainment of charge carriers.
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The exchange interaction of s -electrons forming a spin

current and localized d-electrons determining the magneti-

zation of the structure M(r, t) in spatially inhomogeneous

conducting magnetic structures is one of the important

areas of research in the field of spintronics. Locali-

zed spin S(r, t) is related to magnetization by the ratio

M(r, t) = (−gµ/a3)S(r, t) (a — lattice constant, g —
factor, µ — Bohr magneton). The spin electron ideally

follows the direction of the magnetization vector M(r, t) in

the limit of an infinitely large exchange field. In reality,

there is some misalignment and associated spin relaxation,

which is described phenomenologically by introducing

the dissipative term R into the Landau−Lifshitz−Gilbert

equation describing the evolution of magnetization.

The local unitary transformation U(r, t), rotating the

spin space in a direction parallel to the inhomo-

geneous local magnetization M(r,t), diagonalizing the

exchange interaction U(r, t)†
(

m(r, t)σ
)

U(r, t), generates

spin-dependent potentials A(r,t) forming spin-dependent

Es (r, t), Bs(r, t) electromagnetic (
”
concomitant“) fields [1].

These fields cause spin-motive Lorentz forces Fs(r, t)
acting on s -electrons resulting in the realization of new

physical effects [2]. Thanks to the latter, it becomes

possible to transfer energy between the spin subsystems

of conducting and localized electrons, at the same time

the magnetic energy stored by the magnetization of the

crystal can be converted into an electric voltage. Spin

electromagnetic fields Es (r, t), Bs(r, t) realize an additional

energy dissipation channel and cause the movement of the

domain wall [3].

Expressions for spin electromagnetic fields Es(r, t),
Bs(r, t), written through angles (θ(r, t), φ(r, t)), defining

the space-time profile of local magnetization

M(r, t) =

=m
(

sin θ(r, t) cos φ(r, t), sin θ(r, t) sinφ(r, t), cos θ(r, t)
)

,

have the following form [1,4,5]:

Es i = s
~

2e
m(∂tm× ∂im),

B s i = −s
~

2e
εi jk m(∂ jm× ∂km)i , s =↑, ↓ .

Here m is a unit vector directed along the magnetization.

(↑, ↓) — characterize the direction of the electron spin.

∂t = ∂/∂t, ∂i = ∂/∂x i , εi jk — the single Levy−Civita tensor.

Spin electromagnetic fields are caused by both time vari-

ables and spatially inhomogeneous magnetization regions

M(r, t). The force generated by these fields is also spin-

motive (SMF) and is similar to the Lorentz force

Fs (r, t) = e
(

Es(r, t) + vs × Bs(r, t)
)

.

The manifestation of spin-motive force is a universal phe-

nomenon in magnetic metal. The concept of SMF was dis-

cussed both for non-magnetic materials under conditions of

inhomogeneous magnetic fields [6], for ferromagnets [4,7],
including the spin-orbit interaction and can be understood

on the basis of gauge field theory, the equation of motion

and the Berry’s spin phase [6,8].

Spin-dependent fields, although small in magnitude,

are nevertheless observed experimentally [3]. They are

related to the spin polarization of conduction electrons

P = (n↑ − n↓)/(n↑ + n↓). The polarization of conduction

electrons characterized by the value P is determined by

the type of the initial magnetic material in ferromagnetic

metals and is of the order of 0.3−0.8. In this case,

the macroscopic electron drift (↑, ↓) caused by the spin

field Ex (r, t) results in the realization of the spin current

Js = PJe (Je — charge current).
The spin fields Es (r, t), Bs(r, t) affect the kinetics of

conduction electrons. As follows from the expression (1)
the spin field Es(r, t) shifts electrons with spins (↑, ↓) in op-

posite directions, thereby inducing spin-polarized current Js
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unlike the constant electric field EO , which does not feel the

spin state of the charge carrier.

The action of the magnetic component of the spin-

driving force Es (r, t) is also unusual. Unlike the usual

magnetic field BO , which affects only the charge of the

carrier, the spin magnetic field Bs(r, t) deflects free charge

carriers depending on the orientation of the spin in opposite

directions, thereby inducing Hall voltage and spin current if

electron concentrations (n↑ 6= n↓).
Therefore, the electric and magnetic components of the

spin fields select free charge carriers in the spin direction.

The system of conduction electrons can be considered as

consisting of two spin subsystems in this case, each of

which is characterized by its own spin direction. The

electron drift velocities in each of the spin subsystems will

be spin-dependent since the drift velocity of charge carriers

is mainly due to the influence of an electric field. As

a result, this leads to the realization of conditions under

which the effects associated with the interaction of charge

carriers in different spin subsystems become possible. One

of these interactions is the Coulomb interaction of charge

carriers, which plays a leading role in various phenomena.

The impact of electron-electron interactions on transfer

phenomena in systems of various dimensions is an area of

active experimental and theoretical studies. However, both

the magnitude and the impact of the Coulomb interaction

on the kinetic properties of crystals are difficult to measure.

One of the methods that has shown its efficiency in

measuring the scattering velocities directly due to the

Coulomb interaction is the effect of Coulomb drag (CD) of

charge carriers [9,10] The effect constitutes the occurrence

of a response in the form of a voltage (or electric current) in
a conductive system when passing current through another

conductive film, separated from the first by a dielectric

layer. The effect is based on the interlayer Coulomb

interaction of conduction electrons separated by a dielectric.

A quantitative measure of CD in the case of two conductive

layers separated by a dielectric is the entrainment resistance

(transresistivity) [11]. The manifestation of the CD effect of

charge carriers is also possible in a system of spin-polarized

charge carriers.

Let’s consider the conductivity of carriers with different

spins in the framework of a two-channel model (conductiv-
ity through two spin channels with different spin orientation

in each channel). Assuming that the drift velocities of the

carriers v↑, v↓ in each of the spin subsystems attributable to

the spin field Es are different. In this case, the Coulomb

interaction, while maintaining the full momentum of the

system, will redistribute it between charge carriers in various

spin channels in the absence of other sources of electron

scattering. At the same time, faster carriers, transferring part

of the momentum to the slow ones, will drag them, thereby

realizing the effect of spin Coulomb drag (SCD) [12].
Thus, a local change of magnetization in inhomogeneous

magnetic structures, inducing a spin electromagnetic field,

naturally implements the conditions necessary for the man-

ifestation of the effect of spin Coulomb drag. Microscopic

description and analysis demonstrated [12] that Coulomb

drag of spin-polarized carriers in low temperature range

results in a change of the relaxation frequency of the

electron pulse �p when the main source of scattering of

the electron momentum inside each spin subsystem is the

scattering of charge carriers at randomly located impurity

centers ωei and electron-electron scattering ωee , which is

determined by the expression

�p = ωeiωee/(ωei + ωee).

As we have already noted above, the spin electromagnetic

fields are small, although they are observed experimentally

(detected by measuring the spin current). Therefore, it is

quite appropriate to search for interactions acting as
”
ampli-

fiers“ effects caused by the action of these fields. It is shown

in Ref. [13] that a spin-motive force can be generated due

to a time-varying electric field E(t) and Es ∼ (m× ∂E/∂t)
in a system with static and homogeneous magnetization and

spin-orbit interaction.

The issue related to the time dependence of the spin

electric field also needs to be solved. Its average is zero

with a periodic dependence of the amplitude of the electric

field on time. Therefore, it is necessary to solve this problem

for manifestation of the effects caused by the spin field.

Let us consider the spin-orbit interaction as one of the

possible
”
amplifiers“ of the action of the spin field Es

which is realized when the structural inversion symmetry

is upset [14]. Experiments with thin magnetic layers

with strong structural inversion asymmetry have shown the

presence of large effective magnetic fields [15], the dynamics

of magnetization in which can induce a large spin current. It

is obvious that the Rashba spin-orbit interaction (RSOI) and
the additional spin precession induced by this interaction

should have an impact on the formation of spin fields. It

should be noted that the use of RSOI as one of the possible

methods for generating spin current in a two-dimensional

electron gas is also due to the fact that in this case additional

generation amplification should be expected, due to the time

dependence of the RSOI constant due to the possibility of

changing the gate voltage. The Rashba spin-orbit interaction

is described by the Hamiltonian

HR =
(

αR(t)/~
)

(pxσy − pyσx ) =
(

αR(t)/~
)

(σ × p)n,

αR(t) — RSOI constant. σ , p — Pauli matrices and electron

momentum n — unit vector.

The effective electric field attributable to the RSOI can

be found using a standard method by applying the unitary

transformation [1] U(r, t) to the Rashba Hamiltonian. The

spin electric field Es realized in this case can be represented

as the sum of two terms: the first of which is due to the

spatio-temporal change of magnetization

ER
1i(r, t) = αR(t)me/(~/e)(∂tm× n)i,
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and the second term is associated with the possibility of

temporarily changing of the RSOI constant

ER
2i(r, t) = αR(t)me/(~/e)(m× n)i ,

(me — electron mass). The possibility of changing the

constant αR(t) by changing the gate voltage, allows for a

significant control of the magnitude of the field and SMF.

Comparison estimates show that the magnitude of

the spin field with parameters characteristic of the

Pt/Co(0.6 nm)/AlO [15] compound increases the spin-

motive force by more than an order of magnitude in

comparison with the spin field Es , thereby improving

the possibility of observations of the effect of SCD. The

field ER
2i(r, t) makes an additional contribution to SMF.

The problem associated with the time dependence of the

Rashba spin field can be solved by rectification of the

negative component of the spin electric field component.

A unidirectional (positive), time-varying electric field is

obtained as a result. The rectification effect in this case

is similar to the diode effect [16].

Acting as an
”
amplifier“ the spin-orbit interaction of the

Rashba results in a significant increase of the spin electric

field, and therefore in an increase of the spin-motive force,

which ultimately manifests itself in an increase of the effect

of spin Coulomb drag of spin-polarized charge carriers due

to electron-electron (Coulomb) interaction.
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