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1 Introduction

In this paper, we discuss two topics, an emergent electromagnetic field which couples to electron’s spin in ferromag-
netic metals " and current-induced torques 2 from the theoretical viewpoints.

Our technology is based on various electromagnetic phenomena. For designing electronics devices, thus, the Maxwell’s
equation is of essential importance. The mathematical structure of the electromagnetic field is governed by a U(1) gauge
symmetry, i.e., an invariance of physical laws under phase transformations. The gauge symmetry is equivalent to the
conservation of the electric charge, and was established when a symmetry breaking of unified force occured immediately
after the big bang. The beautiful mathematical structure of charge electromagnetism was therefore determined when our
universe started, and there is no way to modify its laws.

Fortunately, charge electromagnetism is not the only electromagnetism allowed in the nature. In fact, electromag-
netism arises whenever there is a U(1) gauge symmetry associated with conservation of some effective charge. In
solids, there are several systems which have the U(1) gauge symmetry as a good approximation. Solids could thus
display several types of effective electromagnetic fields. A typical example is a ferromagnetic metal. In ferromag-
netic metals, conduction electron spin (mostly s electron) is coupled to the magnetization (or localized spins of d
electrons) by an interaction called the sd interaction, which tends to align the electron spin parallel (or anti-parallel)
to the localized spin. This interaction is strong in most 3d ferromagnetic metals, and as a result, conduction elec-
tron’s spin originally consisting of three components, reduces to a single component along the localized spin di-
rection. The remaining component is invariant under a phase transformation, i.e., has a U(l) gauge symmetry just
like the electric charge does. A spin electromagnetic field thus emerges that couples to conduction electron’s spin.
The first subject of the present paper is this spin electromagnetic
field. The world of spin electromagnetic field is richer than that
of electric charge, since the electron’s spin in solids is under in-
fluence of various interactions such as spin-orbit interaction. We
will in fact show that magnetic monopole emerges from spin re-
laxation processes. Spin electromagnetic field drives electron’s
spin, and thus plays an essential role in spintronics. The other
subject, the current-induced torques, is a reciprocal effect of spin
electromagnetic field.

The effect of spin electromagnetic field was partially discussed

already in 1986 by Berger, who discussed a voltage generated by a
canting of wall plane of a driven domain wall ®. Emergence of ef-
fective electromagnetism coupling to electron’s spin was pointed  Fjg, 1 The spin of a conduction electron is ro-
out by use of gauge field argument by Volovik in 1987 (Ref. ®).  tated by a strong sd interaction with magnetization
Stern discussed the motive force in the context of the spin Berry’s 5 jt moves in the presence of a magnetization tex-
phase, and discussed similarity to the Faraday’s law *. Spin mo- ture, resulting in a Berry’s phase factor ¢/

tive force was rederived in Ref. © in the case of domain wall

motion. It was argued in the context of topological pumping in Ref. ?. Duine discussed spin electric field including
the effect of spin relaxation by use of non-adiabaticity parameter (8) ®%. The Hall current induced by a spin electric

field in the presence of spin-orbit interaction was theoretically studied by Shibata and Kohno %!, The effect of Rashba
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interaction on spin electric field was discussed in Refs. 213, These works &% 191213 have focused solely on the spin

electric field. The magnetic component of Rashba-induced spin electromagnetic was discussed in Ref. 4.
2 Emergence of spin gauge field

Let us here demonstrate that a spin gauge field emerges from a strong sd exchange interaction (adiabatic limit).
Because of the sd interaction, spin of electron traveling through a magnetization structure follows the local spin and
rotates with it (Fig. 1), and the spin acquires a geometric phase '>. The phase is written as an integral of an effective
gauge field, Ay, along its path C as ¢ = £ fc dr- Ag, where e is electron charge and 7 is the Planck’s constant devided by
2r. The vector A turns out to be

Ag = 2h (1 = cos O)Ve. (L

e
Existence of the phase means that there is an effective magnetic field, By, as seen by rewriting the integral over a closed
path using the Stokes theorem ¢ = fs dS - B, where By = V X A represents curvature. This phase ¢ attached to
electron spin is called the spin Berry’s phase. Time-derivative of phase is equivalent to a voltage, and thus we have
effective electric field defined by ¢ = —% fc dr - E,, where E; = —A,. E, and B, are called spin electric and magnetic

field, respectively. They satisfy the Faraday’s law,
VxEs+ B =0, 2)

as a trivial result of their definitions. The fields have a structure of electromagnetism and thus a spin electromagnetic
field coupled to electron’s spin emerges. One should note that those fields are real or observable ones coupling to real
electric charge and current and not just *fictitious fields’.

In the presentation, phenomena arising from the spin gauge field, Eq. (1), are discussed.
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