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Abstract. Chiral spintronics is a promising new branch of quantum
electronics based on spin transport phenomena in materials with
chiral symmetry. This review focuses on the development of chiral
spintronics in helimagnets, materials characterized by a helical
magnetic structure. The paper considers the general principles for
describing electric and spin transport in conducting crystals in the
presence of inhomogeneities in an external magnetic field and/or
internal magnetic fields of exchange origin. It is demonstrated that
the interaction of conduction electron spins with a spatially inho-
mogeneous exchange field in helimagnets provides a natural ex-
planation for two experimentally observed spin-transport effects:
the electrical magnetochiral effect and the kinetic magnetoelectric
effect. An original technique for ascertaining the magnetic chi-
rality of conductive helimagnets based on experimental studies of
the aforementioned galvanomagnetic effects is presented. Con-
structing a theory of the spin-transfer torque effect in conductive
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chiral helimagnets is described, including an exploration of the
influence of this effect on the magnetization and electrical resist-
ance of helimagnets. The spin-transfer torque effect in helimagnets
is demonstrated to cause rotation of the magnetization helix under
the influence of an electric current. This can be used to create new
devices of spin electronics in which conductive helimagnets will
serve as the main functional components.

Keywords: chirality, helimagnet, spin current, spintronics,
nonreciprocal transport, electrical magnetochiral effect, mag-
netochiral anisotropy, kinetic magnetoelectric effect, spin-
transfer torque

1. Introduction

1.1 Spintronics: etymology and chronology of terminology
Before discussing the subject of this review, the chiral
spintronics of helimagnets, which is the newest branch of
spintronics, we would like to remind the reader of the key
milestones in the origin, formation, and development of
spintronics in general, as well as the spin phenomena and
effects that form its physical basis.

Spintronics is a branch of quantum electronics that
studies the transport properties of conducting materials and
nanostructures based on them, determined by the presence of
electric charge and spin angular momentum in electrons [1-6].
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The term ‘spintronics’ comes from the acronym ‘SPINTRO-
NICS,” introduced in 1996 by Wolf [7] as the name of a
research program initiated by the Defense Advanced
Research Projects Agency (DARPA) of the US Department
of Defense. The acronym ‘SPINTRONICS’ is an abbrevia-
tion for ‘SPIN TRansport electrONICS.” The program was
aimed at studying magnetic nanostructures with the purpose
of creating new magnetic field sensors and magnetic memory
devices. To review advances in spintronics, the reader may
refer to reviews published in Physics—Uspekhi [8-10], as well
as the following books: Spin Current, edited by Maekawa,
Valenzuela, Saitoh, and Kimura [11], Spin Physics in
Semiconductors, edited by Dyakonov [12], and Physics of
Magnetic Materials and Nanostructures, edited by Ustinov,
Mushnikov, and Irkhin [13].

The first studies and discoveries in spintronics referred to
nonmagnetic metals and semiconductors. Among them, the
conduction-electron spin resonance (CESR) [14-21] and the
spin Hall effect (SHE)[12, 22-31] should be particularly noted.

Conduction electron spin resonance is a phenomenon of
resonant absorption of electromagnetic radiation energy by
mobile charge and spin carriers in metals or semiconductors
placed in a constant external magnetic field.

The term ‘conduction electron spin resonance’ was
introduced in 1955 by Pines and Slichter [32]. The first
registration of conduction electron spin resonance was made
by Griswold, Kip, and Kittel [33]. Later, Feher and Kip
experimentally discovered conduction electron spin reso-
nance in Li, K, and Be [14]. Dyson [15] theoretically
described the influence of the spin-diffusion nature of the
motion of conduction electrons in a metal in the field of an
electromagnetic wave attenuated in the skin layer of the metal
on the resonant absorption of electromagnetic radiation
energy. He showed that spin diffusion radically affects the
shape of the conduction electron spin resonance line. The
influence of surface and size effects on the nature of the
resonant behavior of the spin system of conduction electrons
under spin resonance conditions was theoretically studied by
Ustinov [19, 20].

The spin Hall effect is a physical phenomenon in which the
flow of electric current in a nonmagnetic conductor in the
absence of an external magnetic field causes a transverse, pure
spin current, unaccompanied by charge transfer. This
phenomenon is caused by the spin-orbit coupling of conduc-
tion electrons with the crystal lattice and its defects.

The transverse, pure spin current induced by electric
current in confined samples will cause the accumulation of
nonequilibrium spin density on opposite faces of the sample.
In the inverse spin Hall effect, the flow of spin current in a
conductor causes the appearance of a transverse current of
electric charge. The accumulation of nonequilibrium spin
density on the faces of a conductor when an electric current
flows through it was predicted in 1971 by Dyakonov and
Perel [22, 23]. The name ‘spin Hall effect’ was given by Hirsch
[25], who re-predicted this phenomenon in 1999. The spin
Hall effect was experimentally discovered in 2004 by Kato
et al. [27]; the inverse spin Hall effect was observed in 1984 by
Bakun et al. [34].

Studies conducted in the late 1980s by Griinberg et al. [35,
36] and Fert et al. [37] initiated a rapid development in the
study of spin and charge transport in nanostructures based on
ferromagnetic metals. The branch of spintronics that studies
spin and charge transport in nanostructures containing
ferromagnetic layers is sometimes referred to as ‘ferromag-

netic spintronics’ [38, 39]. In Refs [36, 37], it was shown that,
in Fe/Cr superlattices and Fe/Cr/Fe nanostructures, a
significant decrease in electrical resistance is observed under
the influence of an external magnetic field. It was noted that
the observed decrease in the electrical resistance of multilayer
magnetic nanostructures is due to the dependence of the
electron spin transport on the mutual orientation of the
magnetizations of adjacent ferromagnetic layers, which
changes under the influence of a magnetic field. This type of
magnetoresistance has received a special name, ‘giant
magnetoresistance’ (GMR), first used in 1988 by Fert et al.
[37].

Later, giant magnetoresistance was discovered in planar
nanoheterostructures of a special composition containing
two layers of ferromagnetic metal separated by a layer of
nonmagnetic conducting material and a layer of an antiferro-
magnet. In such nanoheterostructures, which were called
‘spin valves’ in a 1991 paper by Dieny et al. [40], the
magnetization direction of one of the ferromagnetic layers is
fixed in a certain way (‘pinned’), for example, by an adjacent
antiferromagnetic layer, while the magnetization of the other
ferromagnetic layer can change its direction relatively freely
under the influence of an external magnetic field. The
magnetoresistance of such a spin valve depends significantly
on the relative orientation of the magnetizations of the
ferromagnetic layers. Giant magnetoresistance spin valves
have found practical application in the creation of read heads
in hard magnetic disks [41].

The discovery in 1996 by Slonczewski [42] and, indepen-
dently, by Berger [43-45] of the spin-transfer torque (STT)
effect led to the creation of fundamentally new spin devices
for recording information on magnetic media, in which the
magnetic state of individual ferromagnetic layers of a
nanostructure is controlled not by an external magnetic field
but directly by an electric current flowing through its layers
[46]. The term ‘spin-transfer torque’ was introduced in 2002 in
the papers by Stiles and Zangwill [47, 48]. In Refs [49-53], it
was experimentally shown that, in spin devices consisting of a
‘pinned’ ferromagnetic layer, a nonmagnetic layer, and a
‘free’ ferromagnetic layer, the flow of spin-polarized conduc-
tion electrons formed in the pinned layer, due to the STT
effect, can cause either a switch in the magnetization of the
free layer from one static orientation to another, or a
stationary precession of the magnetization of the free layer.
The influence of the flowing electric current on the magnetiza-
tion of the free ferromagnetic layer arises because the spin
angular momentum of the conduction electrons, induced by
the exchange interaction with electrons localized at the sites of
the crystal lattice in the pinned layer, can be transferred by the
current to the magnetic system of the free ferromagnetic layer
due to the spin conservation law.

The ability to switch the magnetization in a free
ferromagnetic layer of a spin valve between different static
orientations by passing an electric current was used to create
devices called ‘magnetic tunnel junctions’ (MTJs) [54, 55].
The term ‘magnetic tunnel junction’ was first introduced in
1996 by Lu et al. [56]. In its simplest form, such a device is a
spin valve consisting of a pinned ferromagnetic layer, a
nonconducting nonmagnetic layer, and a free ferromagnetic
layer. Due to the STT effect, passing an electric current
through a magnetic tunnel junction leads to a change in the
mutual orientation of the ferromagnetic layers and, accord-
ingly, to a giant change in the value of the tunnel magnetore-
sistance (TMR). The term ‘tunnel magnetoresistance’ was
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first introduced in 1997 by Zhang [57] and, independently, by
Bratkovsky [58]. Designs based on magnetic tunnel junctions
have been used to create elements of magnetic random access
memory (MRAM) [41, 59]. The term ‘magnetic random
access memory” has been used in the literature since 1996.

A device that exploits the possibility of an STT-induced
precession of the free ferromagnetic layer magnetization in a
spin valve when an electric current flows is called a spin-
transfer nano-oscillator (STNO) [46, 60-69]. The abbrevia-
tion STNO is often used for the term ‘spin-torque nano
oscillator,” which is identical to spin-transfer nano-oscilla-
tor. This term was first introduced in 2005 [60]. In its
simplest form, an STNO consists of a pinned ferromagnetic
layer, a nonmagnetic layer, and a free ferromagnetic layer.
The operating principle of an STNO is as follows: if the
magnetization of the fixed ferromagnetic layer lies in the
plane of the layer, then, to initiate oscillation, the magneti-
zation of the free ferromagnetic layer should be deflected
from the plane of the layer by a few degrees using a strong
external magnetic field. A direct electric current that
acquires spin polarization when flowing through a fixed
ferromagnetic layer tends to return the magnetization of the
free ferromagnetic layer to the plane of the layer due to the
STT effect, which causes a precession of the magnetization
of the free ferromagnetic layer. Such precession can be
converted into high-frequency resistance/voltage oscilla-
tions through the effects of giant magnetoresistance or
tunnel magnetoresistance. However, due to the small
precession amplitude, the magnitude of the resulting
microwave component in the electric current is small. To
increase the microwave power, it was proposed to synchro-
nize several STNOs [60, 70-72]. In Ref. [73], the synchroni-
zation of eight STNOs was reported, which, however, does
not allow achieving the microwave power required for real
electronic devices.

In connection with the need to create spin devices with
broader functional capabilities and higher values of the
corresponding magnetotransport characteristics, as well as
to demonstrate ultrafast dynamics and resistance to external
influences, it is proposed to use materials with a magnetic
order different from ferromagnetic as functional components
of spin devices. This has led to the emergence of new
promising branches of spintronics, which have been named
‘antiferromagnetic spintronics’ [74—80] and ‘ferrimagnetic
spintronics’ [81-83]. These terms were introduced into
scientific use in 2005 [84] and 2017 [81], respectively.

1.2 Chiral spintronics: origins and recent history

In 2001, Rikken [85], using Onsager’s general principles,
demonstrated that nonreciprocal transport phenomena can
arise in conducting chiral materials when time-reversal
symmetry breaking by a magnetic field and parity breaking
by chirality are simultaneously considered. This nonreciproc-
ity manifests itself in the dependence of the electrical
resistance of conductors on their chirality and on the relative
orientation of the electric current and the external magnetic
field. The latest promising branch of spintronics, which
proposed utilizing the influence of chirality on spin and/or
charge transport in the operation of spin devices, has been
called ‘chiral spintronics.’

The term ‘chiral spintronics’ was first introduced in 2016
in Paul’s paper ‘Stiffness in vortex-like structures due to
chirality-domains within a coupled helical rare-earth super-
lattice’ [86], published in Scientific Reports.

In a 2019 plenary talk, ‘Rise of chiral spintronics’ [87],
presented at the American Physical Society March Meeting,
Yang discussed the potential use of chiral domain walls and
chiral molecules in spintronics.

In 2021, a review article by Yang, Naaman, Paltiel, and
Parkin, ‘Chiral spintronics’ [88], published in Nature Reviews
Physics, presented the current state of the art in chiral
spintronics, which takes into account the features of spin
and charge transport in chiral molecules [89, 90] and chiral
domain walls [89, 91]. In the same year, Ustinov’s plenary
talk, ‘Chiral spintronics of helimagnets’ [92], presented at the
International Conference ‘Functional Materials,” discussed
the potential of using helimagnets in future spin devices of
chiral spintronics.

In his 2023 invited talk, ‘Chiral Spintronics with Magnetic
Insulators’ [93], presented at the Materials for Sustainable
Development conference, Velez investigated the role of chiral
interactions in the generation of nonreciprocal phenomena in
both magnon transport and magnetic texture dynamics in
chiral magnetic insulators based on rare earth garnets.

Finally, at the 2023 Samarkand International Symposium
on Magnetism, Parkin’s plenary talk ‘Chiral spintronics’ [94]
and Ustinov’s ‘Toward helimagnet-based spintronics’ [95]
presented the latest advances in chiral spintronics. Parkin’s
talk discussed the current state of the art in magnetic
racetrack memory (MRM) developments [96]. In this type of
memory, data is encoded in mobile chiral domain walls that
move along magnetic nanowires under the influence of an
electric current. Ustinov’s report discussed the current state of
a theoretical description of spin and charge transport in chiral
helimagnets, as well as the influence of this transport on
helimagnetism.

This review is devoted to achievements in the field of
chiral spintronics of helimagnets. Emphasis is placed on those
areas of chiral spintronics to which the authors of this review
have made significant contributions through their own
research [97-100].

1.3 Helimagnets and chirality:

basic facts and classification

Helimagnets represent a special class of antiferromagnets.
They can be thought of as magnetically layered magnets in
which the magnetic moments of electrons localized on atoms
in individual magnetic layers are co-directed, and this
direction of magnetic moments changes by a constant angle
when moving from one layer to another according to the
screw rule (Fig. 1). Magnetic structures of this type are called
magnetic helices.

Helical magnetism was discovered in heavy rare earth
metals (Eu, Dy, Ho, Tb), in a large class of conducting cubic
magnets without an inversion center (MnSi, Fe,_,Co,Si,
Mn,_,Fe,Si, Mn;_,Co,Si, FeGe, MnGe, Mn,_,Fe.Ge,
Fe;_Co,Ge), and in a number of other compounds (see,
e.g., the reviews by Izyumov [101], Kimura [102], Kishine in
collaboration with Ovchinnikov [103] and in collaboration
with Togawa, Kousaka, and Inoue [104], and Grigoriev et al.
[105]). In Refs [106—122], it was demonstrated that magnetic
helices can also be formed in various superlattices based on
rare earth metals, in which the spin helix axis is perpendicular
to the superlattice layers. Studies of multilayer magnetic ‘spin
valve’ nanostructures based on rare earth metals Dy and Ho
[123-130], conducted at the M.N. Mikheev Institute of Metal
Physics, Ural Branch of the Russian Academy of Sciences,
have shown that a helical magnetization structure can also



1004

V.V. Ustinov, [.A. Yasyulevich

Physics— Uspekhi 68 (10)

Figure 1. Schematic representation of helimagnets with right-handed (a)
and left-handed (b) helices. Directions of arrows correspond to directions
of magnetic moments of electrons of inner shells of atoms.

exist in individual nanolayers of dysprosium or holmium
within a spin valve. Rotation of this helix under the influence
of an external magnetic field leads to a change in the
magnetotransport properties of such ‘chiral spin valves.’

In crystals with a center of symmetry, helical ordering
arises due to the presence of an indirect exchange interaction
through conduction electrons—the Ruderman—Kittel-
Kasuya—Yosida interaction. This interaction is long range
and depends in a complex way on the distance between atoms.
If the exchange interaction between the nearest atoms has a
positive sign and the exchange interaction between the next
behind the nearest neighbors is negative, helical spin
structures can arise in crystals [131-135]. Helimagnets in
which the spin helix is formed due to the presence of the
Ruderman—Kittel-Kasuya—Yoshida interaction are called
‘symmetric helimagnets’ [103] or “Yoshimori-type helimag-
nets’ — after the author of Ref. [136].

In crystals without a center of symmetry, helical
magnetic ordering arises as a result of the competition of
three interactions [137, 138]. The strong symmetric isotropic
Heisenberg exchange interaction tends to order neighboring
spins parallel to each other. The isotropic antisymmetric
Dzyaloshinskii-Moriya interaction [139-143] tends to
return the interacting spins perpendicular to each other,
but, due to its relative smallness, is only capable of rotating
the spins by a small angle. An even weaker anisotropic
exchange interaction fixes the direction of the helix axis.
Helimagnets in which the spin helix is formed due to the
presence of the Dzyaloshinskii-Moriya interaction are
called ‘chiral helimagnets’ [103].

The magnetization helix can be either left-handed or right-
handed (Fig. 2). To characterize the direction of helix
twisting, the magnetic chirality of the helix K is introduced.
A positive value of magnetic chirality K = +1 corresponds to
a right-handed helix, while a negative magnetic chirality
K = —1 characterizes a left-handed helix.

Detecting the helical ordering of magnetization in crystals
is a rather complex problem, for the solution of which
neutron diffraction methods [117, 144-153] or Lorentz
transmission electron microscopy [154-161] are commonly
used. However, an even more difficult task is the experimental
determination of the type of magnetization helix realized in a

Figure 2. Demonstration of reflection of spin helix in a mirror. Directions
of red arrows correspond to directions of magnetic moments of localized
electrons of helimagnet. Shadows (gray) are shown for ease of perception.
Mirror image of right-handed helix corresponds to left-handed one. Left-
handed helix cannot be superimposed on right-handed one under any
translations or rotations. This symmetry of helix is called chiral.

helimagnet (either left-handed or right-handed). For this
purpose, polarized neutron scattering [105, 162-181] and
polarized synchrotron X-ray scattering [182—188] methods
are currently used. It should be noted that the development
of the polarized neutron scattering method, which has
become the main one today for studying magnetic chirality,
is largely associated with the fundamental work of Maleyev
[162-167, 169, 170, 172-176] and Grigoriev [105, 162, 165,
169-178, 181].

Determining the magnetic chirality of crystals using
polarized neutron scattering or polarized synchrotron
X-rays requires the use of megascience facilities, which
significantly complicates the creation of spin devices based
on conducting helimagnets. Therefore, developing methods
to determine the magnetic chirality of helimagnetic structures
using standard laboratory techniques for studying the
galvanomagnetic properties of crystals has become an
important research field. The results of this work are
presented in Section 5 of this review.

1.4 On inhomogeneous spin states of chiral helimagnets

In this review, we restrict ourselves to an analysis of the
mutual influence of helical magnetism and transport in the
simplest one-dimensional model of an unlimited (‘infinite’)
conducting chiral magnet. We note that such a ‘one-
dimensional’ approach to solving the above problem may
become incorrect in a number of practically important cases,
including the possible instability of the one-dimensional
ground spin state of a chiral helimagnet. It should be noted
that real helimagnet samples are always limited objects in
which a ‘multi-domain’ state can be experimentally observed,
where the directions of the magnetization helix axes differ in
different parts of the sample and/or the helices have different
magnetic chiralities.

The directions of the axes of the helices formed in the
crystal of a chiral helimagnet are fixed by a weak anisotropic
exchange interaction. For example, in hexagonal crystals, the
anisotropic exchange interaction fixes the spin helix axis
along the c-axis (see, e.g., [189]). Magnetic crystals in which
the spin helix can align only along a single crystallographic
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direction are called monoaxial helimagnets. Situations are
also possible in which a weak anisotropic exchange interac-
tion fixes several crystallographic directions in which helixes
can align. Such a situation is observed in cubic magnets
without an inversion center, in which a weak anisotropic
exchange interaction tends to fix the directions of the helix
axes along the principal directions of the cubic lattice [105,
162, 165, 169-178, 181].

It was experimentally shown in [170, 172, 177, 181] that, in
cubic magnets without an inversion center, magnetization
helices throughout the sample can be aligned in a single
direction by applying an external magnetic field. In
Refs [190, 191], numerical simulations were used to establish
that an electric current in crystals without a center of
symmetry can induce a transition from a multidomain state,
in which the directions of the axes of the magnetization helices
differ in different parts of the sample, to a single-domain
state. There are also a number of studies in the literature [192—
195] where it was shown both theoretically and experimen-
tally that, in crystals with a center of symmetry, a multi-
domain state, characterized by a different magnetic chirality
of the helices in different parts of the sample, can be
transformed into a single-domain state by the simultaneous
action of a high-density electric current and a magnetic field
directed along the helix axis.

It should also be noted separately that, under certain
conditions (for example, when applying an external magnetic
field across the axis of a magnetization helix or in the case of
limited samples), in addition to the helical magnetic ordering,
the following may arise in crystals without a center of
symmetry: a chiral soliton lattice (a sequence of ferromag-
netic domains separated by 360° Bloch-type domain bound-
aries) [103, 156, 196]; a two-dimensional lattice of magnetic
skyrmions or an A-phase (the magnetization in this phase can
be approximated by a superposition of the magnetizations of
three helical structures whose axes are perpendicular to the
external magnetic field and rotated relative to each other by
120°) [197, 198]; ‘chiral bobbers,” which are three-dimension-
ally localized solitons with finite energy, described by a
smooth magnetization vector field with a ‘hedgehog’ topolo-
gical feature [197, 198].

A consistent description of spin-transport effects in
inhomogeneous helimagnets is an independent problem,
beyond the scope of this paper.

1.5 Electron transport in helical magnets:
known magneto-chiral effects and mechanical analogs
of spin-transport phenomena
Studies of the influence of the magnetization helix of a helical
magnet on electric current began in the mid-20th century.
Elliott and Wedgwood [199] theoretically demonstrated that a
helical magnetic structure can distort the Fermi surface, which,
in turn, can lead to a change in electrical resistance. The
influence of helical magnetism on electrical resistance was
then observed experimentally (see, e.g., [200]). Experimental
data showed that, when an electric current flows along the axis
of a magnetic helix, the electrical resistance differs from that
observed when the current flows perpendicular to the axis of
the helix or in the absence of helical magnetic ordering.
Subsequently, numerous studies were conducted to investigate
the influence of the magnetic helix on the properties of charge
transport in helimagnets (see, e.g., [131, 132, 134, 201-211]).
In 2008, Fraerman and Udalov [212] predicted the
possibility of a diode effect in helimagnets with a conical

helix manifesting itself in the appearance of a contribution to
the electric current proportional to the square of the electric
field. Chiral asymmetry of the electron energy spectrum and
asymmetry of conduction electron scattering in internal
helical exchange fields were considered as microscopic
mechanisms causing the diode effect. In 2017, nonreciprocal
transport was experimentally discovered in the metallic
helimagnet MnSi [213]. It was shown that the electrical
resistance along the helix axis depends on the magnetic
chirality of the helimagnet and the relative orientation of the
magnetic field and the electric current. This effect was called
the ‘electrical magnetochiral effect.” The authors of this review
developed a theory [98] describing the occurrence of the
electrical magnetochiral effect in helimagnets as a manifesta-
tion of the spin-transport properties of conduction electrons
in the presence of an external magnetic field. It was shown that
considering the quantum nature of the spin of conduction
electrons moving in a nonuniform field of exchange origin
created by the helically ordered magnetic moments of
localized electrons gives rise to a quantum correction to the
classical Lorentz force, which acts on conduction electrons
and predetermines new quantum effects in charge transport in
helimagnets. The electrical magnetochiral effect was also
discovered in other metallic helimagnets, such as CrNb;Sg
[214], MnP [192, 193], and MnAu, [195].

In 1985, manifestations of chirality effects in the forma-
tion of magnetotransport properties of conductors with
mirror isomer symmetry were discovered [215]. The authors
of [215], based on symmetry considerations, predicted the
‘kinetic magnetoelectric effect’— the emergence of magneti-
zation in charge carriers flowing through an isomer, which is
proportional to the electric field acting in the conductor. For
cubic crystals or isotropic stereoisometric materials, the
proportionality coefficient between the magnetization vector
and the electric field vector, according to [215], is a
pseudoscalar having a different sign for the two isomeric
modifications. Gor’kov and Sokol [216, 217] demonstrated
that the kinetic magnetoelectric effect can arise in metallic
antiferromagnets with a helical spin density wave. Numerical
modeling conducted in [208] confirmed the presence of such
an effect in helimagnets. In Ref. [218], the occurrence of the
kinetic magnetoelectric effect when an electric current flows
through a chiral domain wall was described. The authors of
this review constructed a microscopic theory [97, 98] of the
kinetic magnetoelectric effect caused by the exchange inter-
action of conduction electrons with localized electrons
responsible for the formation of helimagnetism. It has been
shown analytically that the kinetic magnetoelectric effect
gives rise to magnetization in conduction electrons propor-
tional to the electric current and directed along this current.
Such magnetization has opposite directions for helices with
different magnetic chiralities. In Ref. [219], the occurrence of
the kinetic magnetoelectric effect was experimentally discov-
ered when an electric current flows in the conducting heli-
magnet CrNb;Se.

In 2024, a paper [195] was published that successfully
demonstrated the possibility of experimentally implementing
a spin device that utilizes both the electrical magnetochiral
and kinetic magnetoelectric effects occurring in a helimagnet.

It is known that, due to the spin-transfer torque effect, a
flowing electric current can cause the motion of nonuniformly
magnetized objects such as domain walls [220, 221], magnetic
vortices [222], or skyrmions [223-227]. To facilitate under-
standing of how an electric current can influence the state of
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Figure 3. Schematic representation of Archimedes screw. Principle of
operation of Archimedes screw is that rotation of helical-shaped screw
causes water to move along axis of helicoid.

Figure 4. Schematic representation of windmill. Principle of operation of
windmill is that wind flowing around helical-shaped screw causes screw to
rotate.

the magnetization helix of helimagnets, we would like to
refresh the reader’s memory with some information about the
known mechanical analogs of the magnets under considera-
tion and the phenomena occurring in them.

The first of these is the Archimedes screw, invented by
Archimedes in the 3rd century BCE, a mechanical device for
moving water using a rotating helix screw (Fig. 3). A detailed
technical description of this masterpiece of ancient Greek
engineering was first given by Vitruvius. In the final, tenth
volume of his seminal work, Ten Books on Architecture
(Latin: De architectura libri decern), published in 13 BCE, he
describes in detail the design of the Archimedes screw. To be
fair, however, it should be noted that Vitruvius did not
mention the inventor by name in his description (which, by
today’s standards, would be considered plagiarism). It is quite
obvious that, if the rotation of an Archimedes screw causes
water to move along its axis, then the flow of water through
such a screw will also cause it to rotate.

A second analog is the wind turbine. This device converts
the kinetic energy of the wind flow into the mechanical energy
of a rotor with a special geometry. Windmills are the first
historical realization of the idea of converting the linear
motion of air into the rotational motion of the blades and
rotor of a mill (Fig. 4). The first written references to a
windmill as a technical device, by the Greek Heron, date back
to the first century CE.

For both Archimedes’s water screw and Heron’s wind
engine, the key factor is the interaction of the particle flow
with a body of a special helicoidal shape possessing chiral
symmetry.

Returning to the problem of the spin transport of
conduction electrons in a conducting helimagnet, we can
draw an analogy between ordinary atmospheric wind blow-
ing over the blades of a windmill and the flow of spin moment
of conduction electrons, which transfer their rotational
angular momentum to the system of magnetic moments of
the helimagnet’s electrons localized at the crystal lattice sites.

With this analogy in mind, in this section, we will use the term
‘spin wind’ as a poetic image of the well-known, more prosaic
term ‘spin current.’

Based on the mechanical analogies described above, we
can expect that the spin wind ‘blowing’ in a chiral helimagnet
will, under certain conditions, cause the helimagnet’s entire
magnetic system to rotate, just as ordinary wind rotates the
blades of an air propeller.

In 2006, the dynamics of a helical spin density wave were
studied in Ref. [228] for a current flowing in a helimagnet with
easy-plane anisotropy using a combination of ab initio
calculations and semiclassical linear response theory. It was
shown that the current-induced torque causes rotation of the
entire spin helix. In Refs [190, 229-232], the influence of
current on the magnetization motion in a helimagnet was
studied using numerical modeling of the solution of the
Landau-Lifshitz—Gilbert equation supplemented by phe-
nomenological ‘adiabatic’ and ‘nonadiabatic’ terms describ-
ing the STT effect. It was found that, when an electric current
flows through a helimagnet, the entire spin helix shifts, which
is equivalent to a harmonic rotation of the helix around its
axis. It is shown that the helicoid displacement velocity
depends linearly on the magnitude of the electric current
flowing. It was also found that, when a current is passed
through a helimagnet, a transition occurs from a ‘simple
helix’ spin ordering to a ‘conical helix’ ordering, and the angle
of deviation from the simple helix increases with increasing
current. The authors of this review in Ref. [99] considered the
occurrence of the spin-transfer torque effect in helimagnets
due to the exchange interaction between the spins of
conduction electrons and localized electrons. The analysis
[99] showed that the electric current in a helimagnet can cause
rotation of the magnetization helix, as well as a change in its
shape, namely, the transformation of a simple helix into a
conical one. It was shown that the rotation of the magnetiza-
tion helix in helimagnets under the action of a flowing electric
current leads to the generation of electromagnetic radiation.
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The fact that a current pulse can change the arrangement
of spin helices was experimentally discovered in the long-
period metallic chiral helimagnet FeGe in [190]. Rotation of
the chiral-spin structure by a pure spin current was observed
experimentally in the noncollinear antiferromagnet Mn3;Sn
[233]. We also note that the possibility of the emergence of
coherent rotation of a magnetic helix formed in a system of
interacting ferromagnetic nanodisks constituting a multilayer
nanoparticle was theoretically demonstrated [234].

The authors of Ref. [235], using quantum kinetic methods,
showed that a moving helical wave of spin density can cause
the generation of an electric current. In [236], it was
theoretically proven that a spatially uniform but harmoni-
cally changing magnetic field can cause rotation of the
magnetization helix of helimagnets, which will ultimately
lead to the generation of an electric current along the axis of
the helix. The generation of an electric current due to the
occurrence of helical rotation in a confined helimagnet was
studied numerically in [237].

The purpose of this review is to introduce the reader to
some of the achievements in the field of chiral spintronics of
helimagnets. The review will demonstrate how the chirality of
helimagnets affects the spin and charge currents in such
materials, as well as how this fact can be used to determine
the magnetic chirality of helimagnets using galvanomagnetic
experiments. We will demonstrate how electric and spin
currents influence the magnetization helix of a helical magnet
and how this can be applied to the development of new spin
devices.

The review is structured as follows. In Section 2, we will
remind the reader how competition among the Heisenberg
exchange interaction, the Dzyaloshinskii-Moriya interac-
tion, and magnetocrystalline anisotropy leads to the emer-
gence of helical ordering of magnetization in crystals. We will
explicitly present the relationship between the effective
magnetic field acting on the magnetization of conduction
electrons and the effective magnetic field acting on the
magnetization of localized electrons in chiral helical mag-
nets, with the parameters of the quantum exchange Hamilto-
nian defining the helical magnetic ordering in a conducting
crystal.

Section 3 briefly examines the characteristics of magneti-
zation oscillations around the equilibrium helical state (spin
waves), as well as the excitation of spin waves by an electric
current flowing through a helimagnet.

Section 4 briefly outlines the construction of a theory
suitable for describing spin-transport effects in conductors in
the presence of inhomogeneities in an external magnetic field
and/or internal fields of exchange origin.

Section 5, based on the theory presented in Section 4,
describes the influence of helical magnetism on charge and
spin transport and demonstrates the possibility of determin-
ing the magnetic chirality of a helimagnet using electrical
magnetochiral or kinetic magnetoelectric effects.

Section 6 briefly discusses the effect of electric current on
magnetization due to the transfer of spin moment using a
joint solution to a system of equations for the magnetization
of localized electrons and for the magnetization of conduc-
tion electrons. Using the developed theory, we describe the
influence of the spin-transfer torque effect on the magnetiza-
tion and electrical resistance of helimagnets. We also present
schematics of possible new spin devices that utilize the
rotation of the magnetization helix of a helimagnet under
the action of an electric current.

2. Helical magnetism
and exchange spin currents in chiral helimagnets

The magnetic order in a system of localized electrons in chiral
helimagnets can be described by considering the direct
Heisenberg exchange interaction and the Dzyaloshinskii—
Moriya interaction between localized electrons, as well as
magnetocrystalline anisotropy. The interaction of conduc-
tion electrons and localized electrons will be described within
the framework of the s—d (/') exchange model [131]. A highly
efficient model method for describing interelectronic spin
interactions is based on the idea that the quantum state of
electrons localized at crystal lattice sites with numbers »n can
be described in terms of spin operators S,,. The spin operator
of a conduction electron will be denoted by a lowercase letter
s. The spin Hamiltonian of a system placed in a magnetic field
B will be written as

7'2 = *%{ Zlnm Sn' Sm + ZDHW ’ [S” X Sm}

_ICZ(gne:)z}—’_g:uB(ZSn"‘Zgz)B
= I(ri—r)8"S,. (1)

in

Here, I,, are the values of the Heisenberg exchange
interaction of spins localized at lattice sites with numbers n
and m, the vector quantities D,,, characterize the anisotropic
Dzyaloshinskii-Moriya interaction between spins S, and
Sy, I(r; —1,) is the integral of s—d (/) exchange interaction
of a conduction electron with coordinate r; and electrons
localized at site r,, K is the single-ion anisotropy constant, g is
the electron g-factor, up is the Bohr magneton, and e, is the
unit vector oriented along the preferred direction in a
magnetically uniaxial crystal, which in this paper is assumed
to be coincident with the OZ axis.

We move from the quantum-mechanical description of
the system in terms of spin operators S, and § to the classical
one by formally replacing the spin operators in the spin
Hamiltonian H with the classical vectors S, =
—(V/gug)M (r,) and s; = —(V/gug) m (r;), where M(r,) is
the magnetization of localized electrons at lattice sites r,,
m (r;) is the magnetization of conduction electrons at a point
with coordinate r;, and V' is the volume of the Wigner—Seitz
cell of the crystal. Exchange integrals I,,,, and D,,,, in Eqn (1)
rapidly decrease with increasing length of the vector
or,,, = r, —r,. Consequently, assuming in the expression
for the classical analogue of Hamiltonian (1) that the
magnetization M(r) is a quantity continuously varying in
coordinate space, we can represent the vector M(r,) =
M(r, + Or,,,) as a power series, expanding M(r, + Or,,,) at
the point r, in powers of dr,,,. Restricting this expansion to
second-order terms, we obtain from Eqn (1) the following
representation for the magnetic energy density F of the
crystal in terms of the magnetizations of localized electrons
M(r) and conduction electrons m(r):

1
]—':—E{M-V~A~VM—2M~[D-V x M]

~BM-e.)’+CM?*} — (M+m)-B—AM-m.  (2)
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In expression (2) for the energy density F, the Heisenberg
exchange interaction is characterized by tensor A=
(V/2g2ud) >, TomOtmo @ Sty and the scalar quantity C =
(V/g*ud) >, Iom, the Dzyaloshinskii-Moriya interaction by
tensor D = (V/2g%13) >, Dom @ Sto, the single-axis mag-
netocrystalline anisotropy by constant B = (V/g?u2)K, and
the s— d (f) exchange interaction by parameter A =

(1/g%u3) [1(r) d*r. The symbol ‘@ is used to denote the
tensor product of vectors.

Restricting ourselves to considering crystals with cubic
symmetry, we present the tensors A and D in the form
A = A€ and D = DE, where A and D are constants and & is
the unit tensor of the second rank. The quantity A character-
izing direct exchange is called ‘exchange stiffness.” For the
descriptive identification of the quantity D, arising from the
Dzyaloshinskii-Moriya interaction, often employs the special
term ‘spiralization’ [238-242].

Magnetic subsystems of localized electrons and conduc-
tion electrons with magnetizations M and m are coupled via
an exchange interaction. This interaction results in the
effective magnetic field acting on the magnetization of
conduction electrons m from the localized electrons, and the
effective magnetic field B ) acts on the magnetization of
localized electrons M from the conduction electrons B( eff) . By
setting the magnetic energy of the crystal F = | d3r]-' and
then calculating the variational derivatives of F with respect
to the variables m and M we find the effective magnetic fields

B = —§F/3m and B —3F/3M acting on the magnet-
1zat10ns m and M in the hehmagnet:
Bl = B + AM, (3)
B/ =B+ Am+ AAM—B(M -¢.)e.+CM—2D [V x M].

)

Itis 1mportdnt to emphasize that the effective magnetic
field B ) acting on the magnetization M of localized
electrons according to Eqn (4), is determined not only by
the external magnetic field B and the exchange field Am acting
from the conduction electrons, but also by the magnetization
M itself, i.e., Bﬁff) is a functional of magnetization M:
B(eff) eff [M( ).

To descrlbe the magnetization dynamics in the conducting
helimagnets considered, it is first necessary to formulate
equations describing the magnetization dynamics of loca-
lized electrons M(r,#). For this purpose, the well-known
Landau—Lifshitz—Gilbert equation can be used,

oM

MBS+ 2 {G—M

ot M| Ot

X M} =0, (5)
in which y is the gyromagnetic ratio, and « is the Gilbert
damping constant that specifies the decay rate of the
oscillations of the magnetization M.

In a given constant magnetic field B, the magnetization
M(r, 1), satisfying equation (5), relaxes to its equilibrium
value My = Mj(r). The equilibrium distribution of magneti-
zation My(r) is defined as the extremal of the functional
F[M(r, #)], ensuring its minimum value F[My(r)]. Below, we
restrict ourselves to considering the case when the magnitude
of the helimagnet magnetization remains a given constant:
[M(r,#)] =M. To find an extremal of the functional
F[M(r, )] with the additional condition M? — M2 = 0, it is
necessary to solve the system of Euler—Poisson equations,

which take the form B(eff)[ M] = /M, where [ is the Lagrange
multiplier to be found from these equations. Obviously, the
solution My(r) of Euler—Poisson equations satisfies the
condition

[My x Bs™ [Mo]] =0. (6)

Substituting expression (4) for the effective field By, (ef)
into Eqn (5) and making use of easily provable reldtlons
MxAM]=-V-[([VRM)xM] and [Mx[VxM] =
—V-M ® M in the tensor algebra, we can write the Landau—
Lifshitz—Gilbert equation (5) in the following form:

oM

oM
— +7[M x (B+B,,)}+V-JM+1{

ar

ot M X M}

+7yAM xm] =0, (7

where B, = B(M
field.

When writing the third term on the left-hand side of
Eqn (7), we introduced a second-rank tensor

- €.) e is the single-axis magnetic anisotropy

Jv = —7A[(V@M) x M] +2yDM @ M. (8)

The tensor Jy, which characterizes the influence of
exchange interactions within the subsystem of localized
moments on the motion of magnetization M, can be called
the tensor of the flux density of magnetization M. For brevity,
we will call Jy; the ‘exchange spin current.” The exchange spin
current Jyj, determined by Eqn (8), contains two components.
The first of them (the first term on the right-hand side of
Eqn (8)) is due to the Heisenberg exchange of localized
electrons, its magnitude being determined by the exchange
stiffness .A. The second one is determined by the Dzyaloshin-
skii-Moriya exchange interaction; its magnitude is deter-
mined by the spiralization D.

Initially, the term ‘exchange spin current’ was used to
describe the dynamics of ferromagnets, in which only the
symmetric exchange interaction was considered. This
exchange spin current, determined by the first term on the
right-hand side of definition (8), is described in detail in book
[11], where a separate chapter is devoted to it. In Ref. [99], we
expanded the scope of the ‘exchange spin current’ concept by
describing the contribution to Jy from the Dzyaloshinskii—
Moriya exchange interaction, represented by the second term
on the right-hand side of Eqn (8).

The introduction of the term ‘exchange spin current’
requires special clarification. The tensor operation V - Jy;, in
which the vector operator V = 0/0r forms a scalar product
with the tensor Jy, can be considered a tensor analogue of the
well-known operation of calculating the divergence of a
vector j, denoted as divj = V -j, in which the vector operator
V forms a scalar product with the vector j. If by vector j we
understand the vector of the electric current density whose
carriers are conduction electrons, then the scalar quantity
V-], by virtue of the law of conservation of the number of
particles, will characterize the rate of change over time of the
electric charge density at a given point in space, caused by a
change in the density of the electric current j at this point.
Drawing an analogy between the operations V-jand V- Jy,
we can assert that the quantity V - Jyy will characterize the rate
of change over time of the magnetization density M of
localized electrons at a given point in space, which is caused
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by the behavior of the quantity Jy we introduced at this
point. This is precisely why the tensor Jy; itself has the
meaning of the density of a certain current, and we call it the
‘exchange spin current’ tensor.

Without a doubt, the analogy drawn above between the
electric current density j and the exchange spin current
density Jy; is far from complete. Unlike an electric current,
the flow of which is accompanied by the physical move-
ment of conduction electrons in space and the correspond-
ing transfer of electric charge, the exchange spin current
Jm, which characterizes a system of localized electrons, is
in no way connected with the macroscopic movement of
electrons in coordinate space. The exchange spin current
characterizes the specific property of a system of localized
electrons, interconnected by exchange interactions of
various types, to change the local magnetization of the
system M at a given point of the crystal r if the
magnetization at neighboring points of the system differs
from M.

We will further consider the case when a constant uniform
magnetic field B acting in a helimagnet is directed along the
OZ axis.

The equilibrium distribution of the magnetization of
localized electrons My (z), which in the case considered will
be a function of only one coordinate z, is defined as the
extremal of the functional of the crystal magnetic energy F,
satisfying the condition [My(z)|=M. To find the extremal
of the functional F, it is necessary to solve the system of
Euler—Poisson equations. It can be shown that the solution
to the system of Euler—Poisson equations with energy
density (2), satisfying condition (6) under the additional
requirement Mg — M2 =0, is a magnetic helicoid. The
vector My of this helicoid can be represented as the sum
of two components: the transverse (relative to the helical
axis) component My, and the longitudinal component
Mo, ;s My, +Mp .

The transverse component My ; periodically changes its
direction in space with increasing coordinate z, remaining
constant in magnitude: My , =M ,(e, cos Kgoz+e, sin Kqyz),
where M , = |My,,|, o is the equilibrium wavenumber of the
helicoid, e, and e, are unit vectors along the OX and OY axes,
respectively, and K = £1 is the magnetic chirality of the
magnetization helix. A positive magnetic chirality K = +1
corresponds to a right-handed magnetization helix, while a
negative magnetic chirality K = —1 characterizes a left-
handed helix. To characterize a helicoid, in addition to the
scalar quantity K, we will use the unit vector of magnetic
chirality k = Ke,. We will also introduce the wave vector of
the magnetic helix q = [M, x OM,/dz]/M?2. 1t is clear that
q =gk = Kqe., q. = q-e. = Kq, where ¢ = |q|.

In an equilibrium helimagnet with a helical wavenumber
qo, the direction of magnetization changes in space with a
period Ly = 2n/qo. The minimum energy of the magnetic
helix at equilibrium is achieved for the wavenumber
go =|D|/A and the chirality K =sgnD. In this case, the
relationship between the longitudinal component of magnet-
ization My ¢ and the field B has the form

1+ 34

“BrpyA” ?)

Mo, ¢

where y is the Pauli electron gas magnetic susceptibility.
The ordering of the magnetic moments of localized
electrons, in which My ; = 0 and the magnetization M lies

k_f

[ e .‘

Figure 5. Schematic representation of ‘simple helix’ magnetic structure in a
helimagnet with chirality vector k in the absence of magnetic field:
(a) right-handed helix, chirality K = +1; (b) left-handed helix, chirality
K = —1. Directions of red arrows correspond to directions of magnetic
moments of localized electrons.

in the XY plane, is called a ‘simple helix.” This type of
magnetic ordering is characteristic of most metallic heli-
magnets when an external magnetic field is absent. A
schematic representation of a magnetic structure of the
‘simple helix’ type is shown in Fig. 5.

According to (9), a simple helix can be transformed into a
conical helix under the action of a magnetic field B directed
along the helicoid axis. When the field B is applied, the
magnetization My deviates from the XY plane by a finite
angle 6y = 6y(B), the magnitude of which depends on the
magnitude of the magnetic field B = |B|. We will assume that
0y is always positive; this means that it determines only the
absolute value of the deviation angle but does not contain
information about the direction in which the magnetization
deviates from the plane perpendicular to the helix axis. The
direction of the longitudinal magnetization vector of the
helicoid M , coincides with the direction of the field B,
specified by the unit vector b = B/B, where B = |B|. Then,
the components My, and My, of the vector My can be
represented in the following form:

M()’[ = bM sin 00 ;

M,, = M cos 0 (e, cos Kqoz + e, sin Kqoz). (10)

A magnetic helix with a nonzero value of My 4 is called a
conical magnetic helix. A schematic representation of a
conical helix magnetic structure formed from a simple helix
under the action of a magnetic field directed along the axis of
a magnetic helicoid is shown in Fig. 6.

When the magnetic field B reaches the value Bp =
M(B+D?/.A)/(14yA), the conical helix undergoes a phase
transition to an induced ‘ferromagnetic’ state, in which
|M07(| = M and M()‘,(Z) =0.
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Figure 6. Diagram of configurations of conical magnetic helix of helimagnet
at rest in magnetic field whose direction is given by unit vector b = B/B:
(a) right-handed, b 17 k; (b) right-handed, b 1| k; (¢) left-handed, b 1| k;
(d) left-handed, b 1] k. Directions of red arrows correspond to directions of
magnetic moments of localized electrons.

3. Spin waves in chiral helimagnets

In Section 2, it was shown that competition among the
Heisenberg exchange interaction, the Dzyaloshinskii-Mor-
iya interaction, and magnetocrystalline anisotropy leads to
the formation of a magnetization helix of localized electrons
in chiral helical magnets. In this section, we will briefly
consider magnetization oscillations around the equilibrium
helical state, i.e., spin waves in helimagnets, as well as the
excitation of spin waves by an electric current flowing
through a helimagnet.

3.1 Spin wave spectrum in chiral helimagnets

The spin wave spectrum in chiral helimagnets was described
in Refs [137, 167, 243-248], and in symmetric helimagnets, in
Refs [249-251]. Theoretical studies of the spectrum of
coupled spin and elastic waves in helical magnets were
reported in Refs [252-254]. Coupled electromagnetic and
spin waves, as well as coupled electromagnetic, spin, and
magnetoelastic waves in crystals with a helical magnetic
structure, were studied in [255-260].

In Ref. [137], Bar’yakhtar and Stefanovskii proposed
using the Holstein—Primakoff transformation to obtain the
magnon spectrum in chiral helimagnets. In Ref. [244],
Izyumov used the linearized Landau-Lifshitz equation to
describe the dynamics of the magnetization helix. In the
papers mentioned above, it was shown that the wave proper-
ties of magnons in helimagnets are in some respects analogous
to the wave properties of electrons in the periodic potential of
a crystal lattice, with the original helical magnetic structure
playing the role of the source of the effective periodic field in
which the magnons move. This leads to ‘Bragg’ reflections of
the magnon from periodically repeating fragments of the
helix if the magnon wave vector is equal to half the wave
vector of the helix and to the formation of bands in the
magnon energy spectrum. Quantum spin waves in heli-
magnets are called ‘helimagnons’; this term was proposed by
Belitz et al. in 2006 [261, 262].

Let us present an expression for the spectrum of helimag-
nons with wave vector Q for a chiral helimagnet in the absence
of an external magnetic field, ignoring the contribution of
conduction electrons. We assume that magnons propagate
strictly along the axis of the magnetization helix, defined by the
wave vector q, = Kqpe.. For the magnons under considera-
tion, Q = Qe., where Q is the helimagnon wavenumber. The
helix period Ly is equal to 2m/qo. Accordingly, the reduced
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Figure 7. Band spectrum helimagnons w,(Q) in reduced zone diagram for
—q0/2 < Q < qo/2. Three lower energy bands are shown: wy(Q), w;(Q),
and w,(Q). For ease of perception, each band is highlighted in its own
color.

zone of the space of wave vectors Q is specified by the
inequality |Q| < n/Ly = ¢o/2. According to Ref. [137], in
the case under consideration, the helimagnon spectrum has a
band character but does not contain any gaps. In the scheme of
extended zones, the helimagnon spectrum for arbitrary values
of Q is given by the function

|B|

hw (Q) = ugMoA|Q| Q2+¢I§+j~ (11)

The gapless nature of the helimagnon spectrum propagating
strictly along the helix axis is expressed in the fact that the
function w(Q) has no discontinuities at the boundaries of the
reduced zone Q = +¢y/2 and all subsequent zones in
reciprocal space.

In the reduced zone of the space of wave vectors, specified
by the inequality |Q| < go/2, the band spectrum of helimag-
nons is determined by the multivalued function w,(Q), where
the subscript n denotes the band number of the helimagnon
energy spectrum, taking the series of values n =0,1,2,....
The band spectrum of helimagnons o, (Q) in the reduced zone
|Q| < ¢o/2 can be represented as

n
w<|Q\+§%)7
n+1
w(\Q\— 3 qo), n=1.3,5....

A schematic representation of the helimagnon spectrum
,(Q), obtained using Eqns (11), (12), is shown in Fig. 7.
Among the branches of the multivalued function w,(Q)
describing the various oscillation modes of the magnetic helix,
the oscillation mode w,(Q) with n = 01is of particular interest:

n=024,...,

on(Q) = (12)

B

o0(0) = Mo A0 2 3 + 15
13
-L<o0<?. )
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Figure 8. Spectrum of Goldstone mode of helix oscillations of chiral
helimagnet wy(Q) in region 0 < Q < 3¢o/2.

The frequency wo(Q) of this oscillation mode vanishes as the
wave number Q tends to zero: w(Q =0)=0. The dispersion
law o (Q) of this mode at small Q is linear:

|B|

o (Q) ~ g Mo A/ g3 1

[gp (14)

10l < qo-

It is easy to see that the branch wy(Q) with the properties
described above represents the Goldstone mode of natural
oscillations of the magnetic helix under consideration. In the
extended-zone scheme, the Goldstone mode wy(Q), like all
branches of the spectrum w,(Q), is periodic with a period go:

o(Q + q0) = 00(Q) - (15)

The behavior of the mode wy(Q) in the extended-zone scheme
for the region 0 < Q < 3¢y /2 is shown in Fig. 8.

From definition (13) and property (15), it follows that the
frequency wo(Q) of the Goldstone mode vanishes not only at
Q =0, but also at values of Q that are multiples of ¢, in
particular, wg(qo) = 0. The dispersion law wy(Q) at small
deviations of Q from ¢y is linear:

B
oo (Q) ~ ugMoAy/ g5 +%

|0 —q0l < qo0-

|Q - 610‘ )
(16)

The behavior described by Eqn (16) means that the
Goldstone mode wy(Q), under the condition Q — ¢, which
is equivalent to the condition Q — 0, describes the rotation of
the entire magnetic helix. It is precisely the oscillations of a
helix of this type that will be the subject of consideration in the
subsequent sections of this paper.

It should be especially noted that the features of the
helimagnon spectrum depend significantly on the direction
of magnon propagation, as well as on the direction and
magnitude of the applied magnetic field. The authors of
[137] showed that, when the direction of the vector Q
deviates from the helix axis, gaps appear in the band
spectrum of helimagnons. The spectrum of spin waves in
helimagnets in the presence of an external magnetic field is

considered in Refs [243, 246-248]. In Ref. [247], it was shown
that, when an external magnetic field is applied along the helix
axis, the spectrum of helimagnons near the point Q =0
acquires a quadratic dependence on Q. In Ref. [243, 246], it
was established that, in the presence of an external magnetic
field directed perpendicular to the helix axis, a soliton lattice
arises, in which the spectrum of spin waves has a two-band
character (the spectrum of elementary excitations consists of
acoustic and optical bands separated by an energy gap).

The nonlinear dynamics of spin waves in chiral heli-
magnets was studied in Ref. [196]. In Refs [263-266], it was
shown that magnons with opposite wave vectors in chiral
magnets have different group velocities, which leads to their
nonreciprocal propagation.

3.2 Excitation of helimagnons by electric current

In this section, we briefly consider the basic principles of two
different mechanisms for the excitation of spin waves in chiral
helimagnets by electric current.

The first is the ‘Cherenkov’ emission of spin waves by a
beam of charged particles. In Ref. [267] and monograph [268],
Akhiezer, Bar’yakhtar, and Peletminskii theoretically
demonstrated that a beam of electrons moving at a suffi-
ciently high velocity through a ferromagnet will excite both
electromagnetic and spin waves in it. This phenomenon is due
to the fact that, under the influence of alternating fields
arising from the combined action of beam particles and
ferromagnet atoms, the density and velocity of beam
particles will change in time and space. Additional informa-
tion on the Cherenkov excitation of spin waves in antiferro-
magnets can be found in review [269].

The condition for Cherenkov excitation of helimagnons
with spectrum w(Q), given by equation (11), when an electric
current created by electrons moving with drift velocity w
flows through a helimagnet, according to [267, 268], can be
written in the form

(Q)=Q-w. (17)

For Q = Qe. and w = w.e., taking into account Eqn (11),
condition (17) for finite values of Q can be written in the form
of an equation

KB Jo2 4+ a2 18l _
7 MOA Q “l’qo“l’A—‘@,

where w = |w.|. Considered as an equation for the wavenum-
ber ¢ at a given velocity w, Eqn (18) has a solution only if the
electron velocity w exceeds a threshold value:

/ B
wo :/%B MyA (]Oz+%.

If w = wy, then the wavenumber Q,, of magnons generated by
an electron flow moving with velocity w is determined by the
formula

(18)

(19)

h

Qw - MBMOA

w2—wg, w=wp.

(20)

Accordingly, the frequency of the magnons generated is

w _LW\/WZ—W2 w = wo
w 0> .
HBMOA

(21
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The obtained result demonstrates that the mechanism of
Cherenkov excitation of helimagnons by an electron flow has
a threshold nature. Estimates of the threshold drift velocity wy
for metallic chiral helimagnets give, in order of magnitude,
wo ~ 10* cm s~!. The need to achieve such velocities is a
significant limitation for the implementation of Cherenkov
excitation of spin waves in conducting magnets. We also note
that the presence of the skin effect in metallic conductors
significantly complicates the excitation of magnons by a flow
of charged particles via the Cherenkov mechanism.

The second mechanism for excitation of spin waves in
chiral helimagnets that we consider is the transfer of spin
angular momentum from an inhomogeneous spin system of
conduction electrons with magnetization m(r, f), moving with
a given drift velocity w, to a spin system of localized magnetic
moments ordered into a helix M(r,7). The motion of
conduction electrons with a drift velocity w will cause the
helix m(r, ) to move with the same velocity. Due to the spin-
transfer torque effect caused by the s—d exchange interaction
of conduction electrons and localized electrons, the motion of
m(r, 7) will cause the helix M(r,7) to move with the same
velocity w. The spin wave spectrum for such a moving helix,
which we denote as w,,(Q), can be written as

ww(Q) = CO(Q) + Q WL

For the Goldstone mode w(Q) = wy(Q) with wave vector
Q = q,, the frequency w,,(Q) is written as

(22)

@y (qp) = qoW- (23)

In contrast to the Cherenkov mechanism of excitation of
helimagnons, where generation has a threshold character and
is realized at finite values of velocity w = wy, the excitation of
the Goldstone mode of spin waves in chiral helimagnets due
to the spin-transfer torque effect is, according to (23), a
thresholdless process.

4. Basic equations for describing charge
and spin transport of conduction electrons
in inhomogeneous conducting magnets

In this section, we formulate general basic equations for
describing electron spin transport in inhomogeneous conduct-
ing magnets. We assume the existence of two magnetic
subsystems in a magnetic conductor: a subsystem of noninter-
acting conduction electrons with magnetization m and a
subsystem of ‘localized’ electrons (inner-shell electrons of
atoms located at crystal lattice sites) with magnetization M.
We believe that exchange interactions in the system of
localized electrons can lead to the emergence of inhomoge-
neous magnetic ordering in the crystal, characterized by a
spatially inhomogeneous magnetization distribution. We will
consider the exchange interaction of conduction electrons and
localized electrons in the simplest mean-field approximation.
To describe electron spin transport under the action of
arbitrary electric E(r, 7) and magnetic B(r, ¢) fields created by
external sources, as well as a nonuniform internal exchange
field B,(r, ) = AM(r, t), on conduction electrons, the quan-
tum kinetic equation for the single-electron quantum dis-
tribution function f (r, p, ) can be used [97, 98, 270]:

of of 1 (. of j . .
a—j;+v-a—j:+§{F,%}—I—u%(B—&-BA)-[o-,f]—i—R:O.

(24)

/
//’:

Figure 9. Schematic diagram of Stern and Gerlach experiment. Blue and
pink arrows indicate directions of magnetic moment p of silver atoms.
Stern and Gerlach experimentally demonstrated that particles with
different magnetic moments p, and therefore different spins, in nonuni-
form external magnetic field B(r) deviate from their original trajectory in
different directions due to action of a force equal to V(p - B).

A quantum kinetic equation in a form similar to Eqn (24) was
formulated and successfully used to describe spin-transport
phenomena in paramagnetic metals by Silin [271] and by
Azbel’, Gerasimenko, and Lifshitz [272, 273].

In equation (24), the operator

F:eE+§[va}—y§(B+BA)~& (25)
describes the nondissipative mechanisms of changing
f(r,p, t) under the action of the fields E, B, and B4, and the
collision integral R describes the relaxation of f to its
instantaneous local equilibrium value. In equations (24) and
(25), v is the electron velocity, e = —|e| is the electron charge,
= gug/2 is the electron magnetic moment, 6 are the Pauli
spin matrices, [a,b] = ab — ba denotes the commutator, and
{a,b} = ab + ba denotes the anticommutator of the opera-
tors @ and b. A

The quantities £ (r, p, 7) and F(r, p, ) are operators in spin
space whose matrix elements are considered to be functions of
classical variables — the coordinate r, the quasi-momentum p,
and the time 7. The quantum distribution function f carries
information about both the distribution of particles and the
distribution of the spin of these particles. The first two terms in
expression (25) for the operator F are the well-known Lorentz
force acting on conduction electrons from the fields E and B.
The third term, —u (0/0r)(B 4+ B,) - 6, can be interpreted as a
quantum correction to the classical Lorentz force arising in the
inhomogeneous effective magnetic field B.Efm =B+ AM
acting on conduction electrons due to the presence of electron
spin. It was precisely the action of such a quantum force on
spin-bearing particles in a nonuniform external magnetic field
that was discovered in the Stern—Gerlach experiments [274]
(Fig. 9). The spin carriers in the Stern—Gerlach experiments
were silver atoms freely moving in a vacuum.
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Further in this review, we will consider electron transport
under conditions where the mean free path of conduction
electrons is the smallest parameter of the length dimension. In
this case, we can move from describing the system in terms of
the quantum distribution function f (r, p, 7) to describing it in
terms of ‘average’ quantities: the density of conduction
electrons n(r,7) = >, Trf(r,p,?), the spin density s(r,7) =
>pTref(r,p, 1), the electron flux density I(r,7) =
> pVTr/(r,p,7), and the spin current density J(r,7) =
>, ¥®Tref(r,p,7) In the above definitions, Tr 4 denotes
the operation of taking a trace of the matrix 4 with respect to
the spin variables, the symbol J, typed in bold italics, denotes
a second-rank tensor, and the sign ® denotes the tensor
product of the corresponding quantities. Proceeding from
the equation for f(r,p, ) to the equations for n(r, 1), s(r, 1),
I(r, ), and J(r,¢) is described in detail in [97, 98, 270]. Here
and below, we restrict ourselves to the case when |B,§fff>g =
BrEfff) = const, and when the spin splitting energy ,uB,,,eff)
and the change in the chemical potential under the action of
the fields E, B, and B, are small compared to the value of the
equilibrium chemical potential. The system of coupled
equations for n, s, I, and J obtained from equation (24) in
[97] can be written in the following form:

0 0

5,1 ta 1=0, (26)
gs—i—i-J—i-[sx(Q +Q )}—&-lﬁs—o (27)
or " or PRI T
0 Ué@
al"‘?g ——eEn—[QCxI]
/] 0 1 1
+ oo <a® (QL+QA)>'BS+% I+£ [€x-J]=0,
(28)
0 v%@ e
Ry N S —Q
TR meE®S [Qc x J]
0
+[JX(QL+QA)}+2me<§®(QL+QA))5n
1 1
—J-— x0T =0.
o T [Ex1=0 (29)

Here, Qp = yB, Q4 = yB,, Q¢ =(|e|/mcc)B, where y=2u/h
is the gyromagnetic ratio. The quantity dn =n—ny in
equations (27)—(29) is the deviation in the electron density »
from its equilibrium value ny, whereas s =s — sy is the
deviation in spin density s from its locally equilibrium value
sL = —z(B + B,)/u, y being the Pauli magnetic susceptibility
of the electron gas. Equations (27)—(29) also involve the
following quantities: m, is the effective electron mass, vg is
the mean value of the electron velocity modulus, which in a
degenerate electron gas coincides with the Fermi velocity, 7o
is the relaxation time for the momentum of electrons in their
‘orbital’ motion, g is the spin relaxation time, and 7o is the
time-dimensioned quantity characterizing skew spin scatter-
ing of electrons caused by the spin-orbital coupling. The
symbols ‘®,” > ‘x,” and ‘x-’ are used to denote the
mathematical operations of tensor, scalar, and vector-scalar
product of vectors and tensors (see [270] for details), the
symbol £ denotes the unit tensor of second rank.

Details of deriving expressions for the times 7q, 75, and 7so
in terms of the matrix elements of the scattering amplitude
operator, which is determined by the scattering potential and is
found as a solution to the Lippmann—Schwinger equation, can

be found in Refs [97, 98, 270]. Giving no specific expressions
for 7o, s, and 1o here, we note only that these quantities in
equations (27)—29) can be considered phenomenological
parameters to be determined by comparing the predictions of
the theory based on these equations with experiment.

Equation (26) is the continuity equation for the electron
flux [275]. The presence of two terms on the left-hand side of
this equation reflects the fulfillment of the law of conservation
of the number of particles: the rate of change of the particle
density at a given point is equal to the divergence of the
particle flux density vector at this point, taken with the
opposite sign.

Equation (27) is the motion for the spin density. This
equation can also be considered a continuity equation for the
spin current; however, it allows for the possibility of spin
dissipation, which is described by the last term on the left-
hand side of this equation. The third term on the left-hand
side of Eqn (27) describes the precessional motion of electrons
with a frequency |Qp + Q,4|. The second term describes the
local change in spin density caused by spin transfer, which
occurs when the spin current J flows from one region of space
with a fixed spin density to another region with a spin density
different in magnitude or direction. Due to the momentum
relaxation time 7o being small compared to the spin
relaxation time tg, the above motion of the electron spin can
be described as a diffusion process. In this case, the value of
the spin diffusion coefficient is determined as D = vZto/3.

Equation (28) is for finding the electron flux density
vector for given fields E and B. The second term on the left-
hand side of Eqn (28) describes the diffusion component of
the electron flux, the magnitude of which is determined by the
diffusion coefficient D. The third term describes the occur-
rence of conduction current due to the presence of an electric
field E, the magnitude of which is determined by the specific
electrical conductivity of the conductor 6y = nge*to/m.. The
fourth term describes the change in the electric current density
due to the action of the Lorentz force, which forces electrons
to move in cyclotron orbits with an angular velocity Q¢ and
leads to the appearance of the classical Hall effect [276-278].
The fifth term is responsible for the change in the conductivity
of the metal due to the coordinate dependence of the effective
magnetic field B + B4 acting in the metal. It is this contribu-
tion that describes new galvanomagnetic effects in the
conductivity of inhomogeneously magnetized conductors.
The last term is responsible for the asymmetric spin scatter-
ing of electrons, the intensity of which is given by the time 750.
This term describes the specific features of the physical
phenomenon known as the inverse spin Hall effect [12, 22,
23, 25,26, 29-31].

Equation (29) is for finding the spin current tensor J. The
second term on the left-hand side of (29) describes the
diffusion component of the spin flux, the value of which is
determined by the spin diffusion coefficient D. The third term
describes the effects of spin density drift under the action of an
electric field. The fourth term, the vector product of the vector
Q¢ and the spin current tensor J, describes the influence of the
Lorentz force, similar to the fourth term of Eqn (28). The fifth
term, the vector product of the spin current tensor J and the
vector (Qr + /), describes the spin precession of moving
electrons. The sixth term describes the influence of inhomo-
geneities of the effective magnetic field B+ B, on spin
transport. The last term describes the specific features of the
physical phenomenon known as the ‘spin Hall effect’ [12, 22—
26, 29, 31].



1014

V.V. Ustinov, [.A. Yasyulevich

Physics— Uspekhi 68 (10)

The system of coupled equations (26)—(29) can be used as
a basis for describing a wide range of spin-transport
phenomena in inhomogeneous conducting magnets with a
given magnetization M(r, ). It should be noted that equa-
tions (28)—(29) presented above for the charge flux and spin
flux in the absence of inhomogeneous internal and external
magnetic fields coincide with the phenomenological equa-
tions for the charge flux and spin flux obtained by Dyakonov
and Perel [12, 22, 23].

For the following discussion, instead of equations invol-
ving the spin density s, it will be convenient to write equations
expressed in terms of the magnetization of conduction
electrons m. Note that the spin density of conduction
electrons s and their magnetization m are related by the
simple relation m = —ys. It is also convenient to introduce
the following quantities: the electric current density vector
j = el and the magnetization flux density tensor Jy, = —uJ.
For brevity, we will also call Jy, the spin current of conduction
electrons. Then, Eqn (27) can be represented as

%erg'Jery[m><B]+%8m+y/1[m><M]:07

(30)

where dm = m — my_ represents the deviation of the magneti-
zation of conduction electrons m from its local equilibrium
value mp =y (B+4M). Equation (30) is nothing more than
the Bloch—-Torrey equation [279] with the diffusion term
0/0r - Jy, written for the case when the electron is under the
action of an effective magnetic field B{*™ = B + AM.

Further in our consideration, we will be interested in
situations where the quantity on, which characterizes the
deviation of the system from the state of electroneutrality,
can be considered negligibly small compared to the equili-
brium value of the electron density ny. This will allow us to
formally omit all terms containing dn in equations (26)—(29).
Below, to simplify the notation, we will omit the index ‘0’ in
the quantity ny. We will also assume that the asymmetry of the
spin-orbit scattering of conduction electrons is negligibly
small, which allows us to omit the last terms on the left-hand
sides of equations (28)—(29). The field B will be assumed to be
uniform and constant throughout time.

The assumptions formulated above allow us to write the
equations for the electric current density vector j and the
magnetization flux density tensor Jy,, which follow from
Eqns (28)—(29), in the following form:

0 e 1 e’n e (0
i Bxj+—j=-"E+A—(—@M])-8
ot +mec[ XJ]+‘EOJ Mme * me(6r® ) m
(31)
Ot B x ] 4 7] x (B AMD] + 4,
ot m Mec m V|Jm o m
2
_e _% 9
—meE®m 3 61_®6m. (32)

Equation (30) for the magnetization of conduction
electrons m together with Eqn (7) for the magnetization M,
as well as Eqn (31) for the electric current j, Eqn (32) for the
spin current of conduction electrons Jy,, and Eqn (8) for the
exchange spin current Jy; form the basic system of coupled
equations for describing charge and spin transport in
conducting chiral helimagnets.

5. Effect of helical magnetism on charge
and spin transport

In this section, we describe the main features of charge and
spin transport in conducting helimagnets, caused by the
action of a constant nonuniform exchange field on conduc-
tion electrons.

5.1 Longitudinal magnetoresistance and electric current-
induced electron magnetization of helimagnets

In this section, we present an overview of the results of
applying the system of equations (30)—(32) to calculate the
electrical resistance of helimagnets, as well as their none-
quilibrium electron magnetization induced by a direct electric
current flowing through the helimagnet. We will consider here
only the case where the external magnetic field vector B, the
electric field vector E, and the electric current density vector j
are oriented along the axis of the magnetization helix, which
coincides with the OZ axis, the direction of which will be
specified by the unit vector e.. In this case, due to the
symmetry of the problem, the magnetizations m and M
depend only on the coordinate z. We assume that the
magnetic helix M = M(z) is in a state of equilibrium and its
shape does not differ from that of the equilibrium helix My (z),
described by equations (10). Below, the index ‘0" for the
quantities ¢o and 0y, which characterize the helix My(z), will
be omitted to simplify the notation. For the helices
M(z) = My + M,(z) and m(z) = my + m,(z), each of which
is characterized by a wave vector q, the relations
0M/0z = [q x M] and 0m/0z = [q x m] are valid.

Then, the solution of equation (31) for the electric current
density in the case under consideration can be written
explicitly:

eTo

ji=0E—4—e.(q [6m x M]),
ne

(33)

where o = ne?to /me 1s the specific electrical conductivity of
the gas of free conduction electrons with a momentum
relaxation time 7o.

When considering equation (32) for the spin current Jy,,
we will assume that the cyclotron frequency Qc = |e|B/mec,
the Larmor frequency Qp =7yB, and the frequency
Q4 = yAM are small compared to the momentum relaxation
rate 1 /to. Then, the solution of Eqn (32) can be represented as

Jm:H—OE®m—DeZ®[q><8m],
me

(34)
where D = v@to/3 is the diffusion coefficient of free electron
gas.

Substituting expression (34) into equation (30) for m, in
the stationary case, we obtain the following system of
equations for the longitudinal m, and transverse m, compo-
nents of the electron magnetization:

6mg = —‘Csy/l [Sm, X M[} N (35)
M} -M, &M

{VS +vp + vp [%] } - dm,

+7[5m, x (B+4AM,)] J;o (E-e.)[g xm]=0.  (36)

€

When writing equation (36), the quantities vs, vp, and vp,
which have the dimension of inverse time, are introduced into
consideration: vg = 1/1s, vp = ¢>D, and vp = Qflrs. Each of
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these quantities characterizes the decay rate of the electron
magnetization oscillations by one electron spin relaxation
mechanism or another.

The quantity vs = 1/ts represents the rate of spin-lattice
relaxation, which results from the dissipation of the non-
equilibrium spin of conduction electrons when they are
scattered by defects in the crystal lattice. The corresponding
spin relaxation mechanism is called the Elliot—Yafet mechan-
ism.

The quantity vp = ¢2D characterizes the rate of change of
the spin density at a given point in space due to the ‘diffusion
escape’ of electron spins from this point. It is important to
emphasize that spin diffusion in a conducting helimagnet is
not a process of electrons ‘flowing’ from a region of space
where the concentration of electrons with a given spin
projection is high to a region where such electrons are fewer.
In a helimagnet, the values of the nonequilibrium spin density
vector at adjacent points along the helicoid axis differ only in
direction, and, therefore, diffusion in this case ensures
electron spin relaxation exclusively ‘in direction.” This
mechanism of spin relaxation of conduction electrons in
helimagnets is naturally called ‘diffusion.’

The quantity vp = Q3ts characterizes the rate of change
of the spin density of conduction electrons due to the specific
features of the precessional motion of the spins of moving
electrons in the effective exchange field of the helimagnet. The
physical reason for the appearance of such a contribution is
the Larmor precession of the electron spin under conditions
where the axis of precessional motion changes its direction as
the electron moves along the helicoid axis. This mechanism of
spin relaxation of conduction electrons in helimagnets is
naturally called ‘precessional.’

Equation (36) for dm, is essentially nonlinear. Consider-
ing the electric current density j to be a given quantity, from
Eqns (33) and (36), one can find the relationship between the
absolute values of the electric field E and the current density j
of the form E = pj, where the quantity p, which we will
henceforth call the electrical resistance for brevity, is,
generally speaking, a nonlinear function of ;.

For convenience, we introduce the electron drift velocity
vector w = j/en. To characterize the direction of the drift
velocity vector w, we introduce the unit vector i = w/w, where
w = |w|. In Ref. [98], the authors of this review showed that,
from the system of equations (33), (36), the following expression
for the electrical resistance p of a helimagnet follows:

p = pr + puRs(1 +edp), (37)
where
Pr = nezro ) (38)
1 [ gAM\?
== — 39
b= ( v ) , (39)
v2+ Q2+ (gw)*)v2cos? 0
Rp = EB ZB 22) 5 (40)
(v + Q5 + (gw)°)” — (2gwQp)
2gwQ
B = % , (41)
vg + Q5 + (gw)
e=(k-e)(b-e)(i-e.)=K(b-i). (42)

In definitions (37)—(41), the newly introduced quantities
Pr, Pu»> R, and Ap have the following physical meaning. The
quantity pp characterizes the electrical resistance of a heli-
magnet in the field of transition to the induced ‘ferromag-
netic’ state (when the magnetic field B reaches the value
Br = M(B+D?/A)/(1 +yA) (see Section 2); py is the
absolute value of the total magnetoresistance of the heli-
magnet (the difference between the values of electrical
resistance at B=0 and B = Bp) in the limit of small
measuring currents; Rg is the relative magnetoresistance in
the field B; and A4y is the magnetochiral anisotropy coefficient.

Expressions (39)—(41) for py, R, and Ap involve the
effective precession frequency Qg, defined by the equation

Q=01 +Q,sinb, (43)

as well as spin relaxation rates vy, v, and vg, defined by the
following relations:

VH = Vs +Vp + Vp, (44)
v2 = (vs +vp)(vs + vp + vp), (45)
vg = (vs +vp)(vs + vp + vp cos> ) . (46)

The quantity vy has the meaning of the effective spin
relaxation frequency of conduction electrons in a helimagnet
and is defined according to (44) as the sum of the spin
relaxation rates vs, vp, and vp, characterizing three different
spin relaxation mechanisms.

Considering p for fixed values of the external magnetic
field B = |B| and the density of the current flowing through
the helimagnetj = [j| to be a function of three vectors k, b, and
i, we obtain from equations (37)—(42) the following symmetry
properties of the electrical resistance p:

p(k, —b, —i) = p(—k,b, —i) = p(—k, —b,i) = p(k,b,i).
(47)

The property of changing the sign of the quantity
e=(k-e;)(b-e,)(i-e;) when changing the direction of one
of the vectors b, i, or k has the following consequences:

(1) nonreciprocity effects, manifested in a change in the
electrical resistance of a helimagnet with a given chirality
when changing the direction of the electric current relative to
the direction of the external magnetic field and when
changing the direction of the magnetic field relative to the
direction of the current:

p(k, b, _l) 7& p(kv b, l) ) p(k, _bvi) 7é p(k,b,l) )

(2) the effect of magnetochiral anisotropy, manifested in
the fact that the electrical resistance of a helimagnet has a
different value for two samples of a helimagnet with different
magnetic chirality, all other conditions being similar:

p(7k7b7 l) 7é p(kabal) .

According to equations (33)—(36), an electric current
flowing along the axis of the helimagnet’s helix induces
nonequilibrium magnetization of conduction electrons dm,
which has a component dmy, directed along the axis of the
magnetic helicoid. In Ref. [98], the authors of this review
showed that

(48)

(49)

qwvp

YVH

domy = —y Rp(Ki+bAg). (50)



1016

V.V. Ustinov, [.A. Yasyulevich

Physics— Uspekhi 68 (10)

H-'if

k p

Figure 10. Diagram of chiral current states of helimagnet in magnetic field
in variables ¢, I., B.. Colored arrows indicate directions of unit vectors k,
b, and i.

The total magnetization of a helical magnet is the sum of
the magnetization of localized electrons M and the magneti-
zation of conduction electrons m. For the longitudinal
component M of the total magnetization, taking into
account Eqn (50), we obtain [98]

qwvp

A

M:MBbf;{ RBKi, (51)

where My = (1 + yA)Msin 0 + y(B — gwvpRpAp/yve).

Expression (51) describes the nonreciprocity effect, which
manifests itself in the fact that the longitudinal magnetization
of a helimagnet changes when the direction of current passing
through the sample changes, M (k, b, —i) # M (k, b, i), as well
as the magnetochiral anisotropy effect, which manifests itself
in the fact that the longitudinal magnetizations of two
helimagnets with different magnetic chirality have different
values, all other conditions being the same:
M (—k,b,i) #M (k, b, i).

To systematize the discovered effects, we constructed a
diagram of the chiral current states of the helimagnet (Fig. 10).
The variables in this diagram are ¢. = q-e,, B. = B-e., and
I. =1-e.. Colored arrows indicate the directions of the unit
vectors k, b, and i corresponding to a given region. States for
which ¢ = +1 are realized in regions marked in red; regions of
states with ¢ = —1 are shown in blue. When moving from a
region of one color to a region of another color, nonrecipro-
city effects (if the regions share a common vertical face) or
magnetochiral anisotropy (if the regions share a common
horizontal face) will manifest themselves.

Recall that the physical cause of the electrical magneto-
chiral and kinetic magnetoelectric effects in our consideration
is the action of a spatially inhomogeneous exchange magnetic
field on conduction electrons with spin. The influence of an
external inhomogeneous magnetic field on moving particles
with spin was first experimentally observed in the famous
experiments of Stern and Gerlach [274]. To emphasize the
physical nature of the mechanism of the electrical magneto-

chiral and kinetic magnetoelectric effects in helimagnets, we
proposed to introduce special terms for their designation:
‘Stern—Gerlach electrical magnetochiral effect’ and ‘Stern—
Gerlach kinetic magnetoelectric effect,” respectively [98]. The
introduction of such terms may also be motivated by the fact
that there is a need to distinguish the above-mentioned effects
from similar ones that arise due to the presence of a helical
ordering of atoms in a crystal-crystalline chirality. The
occurrence of the electrical magnetochiral effect due to the
presence of crystalline chirality was discussed in [85, 280-
283], and the kinetic magnetoelectric effect (there are papers
in which this effect is called ‘chirality-induced spin selectiv-
ity’), in [215, 284-293].

5.2 Determining magnetic chirality

of helimagnets using electrical magnetochiral

or kinetic magnetoelectric effects

In this section, we will demonstrate how the magnetic
chirality of a helical magnet can be determined using the
Stern—Gerlach electrical magnetochiral effect or the Stern—
Gerlach kinetic magnetoelectric effect.

From expression (37), it follows that the electrical
magnetochiral effect causes the electrical resistance of helical
magnets to depend on their magnetic chirality, as well as on
the relative orientation of the electric current and the external
magnetic field along the helicoid axis. This property of the
electrical resistance of a helical magnet can be used to
determine the magnetic chirality of the magnetization helix.
To do this, it is necessary to do the following:

(1) measure the electrical resistance of the helimagnet
along the axis of the magnetization helix with the electric
current and external magnetic field vectors configured in
opposite directions: pj g = pp + py Rp(1 + KA4p);

(2) measure the electrical resistance of the helimagnet
along the axis of the magnetization helix with the electric
current and external magnetic field vectors configured in the
same direction: pjp = pg + pyRe(l — KAp);

(3) find the difference between the obtained electrical
resistances Ap = pj g — Pjyrg:

The sign of the difference between the obtained electrical
resistances is equal to the sign of the magnetic chirality of the
helimagnet: if Ap > 0, then K = +1 and this helimagnet has a
right-handed magnetization helix; if Ap < 0, then K= —1
and this helimagnet has a left-handed magnetization helix.

From expression (51), it follows that the kinetic magneto-
electric effect causes the magnetization of the helimagnet
along the helix axis to depend on its magnetic chirality and
on the direction of current flow through the sample. This
property of the magnetization of the helimagnet can also be
used to determine the magnetic chirality of the magnetization
helix.

In the absence of an external magnetic field, for the
magnetization of helimagnets along the helical axis, from
(51) we obtain

g P TS M

M, = . 53
"% pp 10 qle| (53)

If the experimentally determined direction of helimagnet
magnetization along the helical axis M coincides with the
direction of electric current j, then the helimagnet has a
magnetic chirality K = +1, corresponding to a right-handed
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magnetization helix. If the direction of M is opposite to the
direction of electric current j, then the helimagnet has a
magnetic chirality K = —1, corresponding to a left-handed
magnetization helix.

The following protocol can be used for experiments with
external magnetic fields:

(1) all measurements are performed with a fixed direction
of electric current along the helix axis; only the direction of
the external magnetic field can be changed;

(2) measure the total magnetization of the helimagnet
along the helix axis with oppositely directed electric current
and external magnetic field vectors: My g;

(3) measure the total magnetization of the helimagnet
along the helix axis with identically directed electric current
and external magnetic field vectors: Myg;

(4) find the vector sum of the resulting magnetizations:
AM = Mmg + Mjﬁgi

Pu Ts 2Me) g

AM =K BJ -
P T0 qle|

(54)

The direction of the vector AM turns out to be independ-
ent of the direction of the external magnetic field in which
Mg and Mg are measured. If the experimentally
determined direction of the total magnetization AM turns
out to coincide with the direction of the electric current j, then
the helimagnet under study has magnetic chirality K = +1,
corresponding to a right-handed magnetization helix. If the
direction of the total magnetization AM turns out to be
opposite to the direction of the flow of electric current j,
then the studied helimagnet has a magnetic chirality K = —1,
corresponding to a left-handed helix of magnetization.

In the above consideration, we focused on the study of
helimagnets in which a conical helix magnetic structure is
formed under the action of an external magnetic field.
However, it is worth noting that there are helimagnets in
which the conical helix magnetic ordering is observed even in
the absence of an external magnetic field. Examples of such
‘conical’ helimagnets include holmium and erbium. In such
helimagnets, the direction of the vector b should be understood
as the direction of the longitudinal magnetization. Thus,
determining the magnetic chirality in such helimagnets does
not require the use of an external magnetic field. However,
determining the magnetic chirality in such helimagnets in the
absence of an external magnetic field is possible only using the
Stern—Gerlach electrical magnetochiral effect.

5.3 Numerical estimates of effect of helical magnetic order
on electrical resistance and magnetization

In this section, we present the results of a numerical estimate
of the theoretical parameters that determine the magnitude of
the Stern—Gerlach electrical magnetochiral and Stern—Ger-
lach kinetic magnetoelectric effects. This estimate is based on

the values of the characteristics of specific metallic heli-
magnets Dy, MnSi, CrNb;Ss, and FeGe, calculated by the
authors of this review in Ref. [99]. Columns 2-5 of Table 1
present the results of a numerical estimate of spin-lattice
relaxation rate vg = 1/ts, diffusion rate vp = ¢>D, precession
frequency vp = ers, and frequency Qp, = Qf + Q4 for each
of these helimagnets.

Let us first estimate the value of py/pp, which char-
acterizes the relative magnetoresistance of a helimagnet — the
difference between the electrical resistance values p(B) at
B = 0and B = By divided by the value of pp = p(Bg). From
Eqns (38), (39), when vs, vp < vp, we obtain

pu_370 (4

pg 4 Ts (kF> 7 3)
where kg = (3n%n) 1/3 is the Fermi wavenumber. The values of
pu/pr calculated using Eqn (55) are presented in the sixth
column of Table 1. Since the momentum relaxation time 7o is
always shorter than the spin relaxation time ts, and the
wavenumber of the magnetic helix ¢ is always smaller than
the Fermi wavenumber of electrons, the ratio py/pp for the
metallic helimagnets under consideration turns out to be
small. Therefore, experimental detection of the ‘helimag-
netic’ contribution to the electrical resistance may be
difficult. In this regard, a possible solution to the problem
may be to use the sinusoidal current measurement technique
tested in [192, 193, 195, 213].

Another quantity to be estimated is the magnetochiral
anisotropy coefficient Ag, which directly determines the
magnitude of the electrical magnetochiral effect. According
to Eqn (41), the magnetochiral anisotropy coefficient Ap is a
nonlinear function of the variable w: Ap = Ag(w). For
definiteness, we will estimate the coefficient Ap at the phase
transition point in the field B = Bg.

If the frequencies vs, vp, and vp significantly exceed the
values Qp, =Qp+Q, and gw, then Ap, (w) ~2gwQp, /vg < 1
and the value of Ap,(w) turns out to be small compared to
unity. If the spin relaxation rates vg and vp are significantly
smaller than Qg,, then the magnetochiral anisotropy coeffi-
cient Ag, (w) ~ 2gwQg,/ [QéF + (gw)*). Obviously, when the
condition gw = Qp, is satisfied, this magnetochiral aniso-
tropy coefficient A, (w) asymptotically approaches unity.
Thus, if the relaxation frequencies vs and vp are significantly
smaller than Qp,, then, in the vicinity of the phase transition
point B = Bp, the magnetochiral anisotropy coefficient Ay
can reach its maximum value of unity. In other words, the
theory predicts the possibility of the existence of a giant
electrical magnetochiral effect.

From equation (37) it follows that, to observe the giant
electrical magnetochiral effect as B — By, in addition to the
conditions described earlier, the condition ¢ = +1 must be
satisfied, which happens when one of the vectors k, b, or i is
co-directed with the vector e., and the other two are co-

Table 1. Values of theoretical parameters for helimagnets Dy, MnSi, CrNbsSe, and FeGe (according to data from Ref. [99]).

Helimagnet vs, 87! vp, s ! vp, s ! Qp,,s™! ou/pe> %o GWmax» S~ Amax M ax, G
1 2 3 4 5 6 7 8 9

Dy 5 10 3% 101 2 x 101 3% 10 2 2 x 10" 6x 1073 1x 1072

MnSi 3% 108 2% 10" 3% 109 3% 10 6 x 1072 3% 10% 4x10°° 2% 1073

CrNb;Sg 1 x 108 4x 1083 4x 10" 8 x 10" 1 x 107! 9 x 10" 1 x 1072 1 x 1072

FeGe 9 x 10" 3x 101 1 x 10% 3x 10" 8 x 1073 2 x 100 1x1074 9x107*
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directed with each other. In particular, ¢ = +1 if all four
vectors k, b, i, and e are co-directed. In Figure 10, the regions
in which the existence of a giant electrical magnetochiral
effect is possible are marked in red.

The effect of increasing the electrical resistance of the helix
with increasing current density when the condition gw= Qg is
reached has a transparent physical meaning. To clearly
illustrate this effect, consider the situation where the vectors
k, b, i, and e, are aligned. In such a configuration, the
magnetic moments of electrons moving along the helicoid
axis with a drift velocity w will precess clockwise in the
effective magnetic field directed along the helicoid axis with
a precession frequency Q. In a coordinate system moving
with the electrons at a velocity w, the transverse component of
the internal exchange field vector induced by the magnetiza-
tion helix of localized electrons with a wave vector ¢ will
rotate clockwise with an angular velocity w,, = gw. When the
frequencies Qg and w, coincide, the precession of the
magnetic moments of the conduction electrons will occur
synchronously with the change in the direction of the internal
exchange field, which will lead to an increase in the electrical
resistance of the helix.

Here, a direct analogy with the phenomenon of conduc-
tion electron spin resonance [14-21] suggests itself, in which a
resonant enhancement of the absorption of the energy of an
alternating external magnetic field by conduction electrons is
observed when the frequency of the Larmor precession of
electrons coincides with the frequency of the alternating field
. In a helimagnet in which a stream of electrons with a
velocity ¢ flows along the axis of a helix with a wave vector w,
the role of the frequency w is played by the frequency
w, = gw. This analogy allows us to call the effect of
nonmonotonic change in the chiral magnetoresistance of a
helimagnet with increasing density of the measuring current
‘magnetochiral kinetic resonance’ [98].

In real helimagnets, the spin relaxation frequencies vs, vp,
and vp can differ significantly from each other, as well as from
the precession frequencies Qr and Q,. Consequently, the
behavior of the electrical resistance of helimagnets is not
limited to the two cases described above. We present here the
results of estimates for Ap.(w), restricting ourselves to
considering currents with a density j < jmax, Where jmax =
108 A cm™2. The drift velocity Wmax = jmax/|e|n corresponds
to the current density jmax. The values of the parameter gwmax
for the helimagnets under consideration are given in column 7
of Table 1.

It should be noted that achieving a high electric current
density of the order of 108 A cm~2 in conducting helimagnets
is a completely realistic task. Thus, in experiments [220, 294—
298], currents with a density of 107108 A cm™2 were
practically used to observe the motion of domain walls in
metals, and in the review [299], the use of electric currents of
the same magnitude for manipulating skyrmions was reported.

The values of Amax = Ap.(Wmax) calculated according to
Eqn (41) are given in column 8 of Table 1. For all the
helimagnets considered, an estimate of the magnetochiral
anisotropy coefficient gives Apn,x < 1. From Table 1, it is also
evident that, in all the cases under consideration, the relations
Vs, VD, Vp > @Wmax are satisfied. Thus, in metallic helimagnets
such as Dy, MnSi, CrNbsSg, and FeGe, one should not expect
to detect a giant electric magnetochiral effect.

Let us finally estimate the magnitude of the magnetization
Mmax = |Mo(jmax)|, arising due to the kinetic magnetoelectric
effect in the absence of an external magnetic field at a current

J = Jmax- When vs, vp < vp, we obtain

3 q

Mmax = Z @jmax .

(56)

From (56), it is clear that, the smaller the helimagnet helix
period, the greater magnetization M, for a given current
Jmax- Numerical estimates of M.« in specific helimagnets,
performed using Eqn (56), are presented in Table 1. In no case
does M., exceed an extremely small value of the order of
1072 G.

However, it should be noted that Ref. [219] reported
indirect evidence of the possibility of detecting a change in
magnetization under the action of a flowing electric current
using SQUID magnetometry methods. In addition, in some
cases, the possibility of studying the change in magnetization
under conditions of the kinetic magnetoelectric effect using
nuclear magnetic resonance can be considered, as was done in
Refs [285, 287].

6. Effect of charge
and spin transport on helical magnetism

In this section, we describe the main features of magnetic
dynamics and charge and spin transport in conducting
helimagnets, arising from the transfer of spin moment when
a direct electric current flows through them. Unlike Section 5,
we will consider a situation in which the magnetizations of
localized electrons M and conduction electrons m can both
change over time under the influence of a current flowing
through the helimagnet.

It should be noted that, in general, when describing the
dynamics of current-induced magnetization, it is necessary to
consider not only the influence of the spin-transfer torque
effect on the magnetization, but also the ‘Cherenkov’
emission of spin waves. However, in this paper, we consider
a time-constant macroscopic current whose magnitude is
independent of the coordinate along the helimagnet’s helical
axis. Under such conditions, the electric current itself does not
induce alternating electric and magnetic fields, which leads to
the absence of amplification of spin waves under the influence
of Cherenkov radiation.

Nevertheless, the electric current under consideration, via the
s—d exchange interaction and the spin-transfer torque effect,
causes rotation of the magnetization helix, which leads to the
generation of alternating electric and magnetic fields. These
fields, in turn, can induce transverse alternating macroscopic
currents and, on the other hand, can influence the dynamics of
the helix rotation. As will be shown below, their influence leads
to an effective increase in the Gilbert damping parameter in the
equations of motion for the magnetization of the helimagnet.

6.1 Basic equations of magnetic dynamics

of conducting helimagnets

The discussion is based on Eqn (7) for M and Eqn (30) for m,
presented above in Sections 2 and 4. They form a system of
interconnected equations that can be written as follows:

oM o [oM
E"‘!‘V[MX (B“FBa)} +V-Jm +M|:EXM:|

0 1
—m+ymxB]+V-J,+—m+T, =0. (58)

ot Ts
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Equations (57) and (58) involve the tensors of the
exchange spin current Jy; and the spin current of conduction
electrons Jy,, which are defined by the following relations:

I =—A[(VEM) x M| +2yDM @M, (59)

eto

JIm E®m— DV ® om.

60
- (60)

The last term Ty on the left-hand side of equation (57) is
determined by the equation

Ty =94 M x m| (61)
and describes the effect of spin transfer from the system of
itinerant electrons to the system of localized electrons. The
vector Ty has the meaning of the torque acting on the
magnetization M of localized electrons from conduction
electrons with magnetization m, generating a nonuniform
exchange field Am. Similarly, the term Ty, in (58), defined by
the equation

Tw = 'VA [m X M} ) (62)

is nothing but the vector of the torque acting on the
magnetization of conduction electrons from localized elec-
trons via the exchange field AM. From definitions (61) and
(62), it is obvious that Ty, = —Ty.

The density of the electric current j flowing in a helimagnet
is related to the electric field E acting in the metal and the
magnetizations M and m by a constitutive equation of the
form

j=cdE+ 4

(Ve M)-om. (63)

eto
e

Since the change in time and space of the total magnetiza-
tion of the system M + m generates a nonuniform alternating
electromagnetic field, the above system of coupled equations
(57)—(63) should generally be solved jointly with Maxwell’s
equations for the magnetic B and electric E fields:

47 1 0E
B =—j+4 M - =
[V x B] CJ+ [V x ( +m)}+cal,
1 0B
[VXE]:__E’ V-B=0, V-E=4dnedn.
B

(64)

6.2 Spin-transfer torque and rotation of magnetization
helix in helimagnet under electric current

In Ref. [99], the authors of this review showed that, for a
helimagnet in which an electric current of a given density jand
a magnetic field B are directed along the axis of the magnetic
helix OZ, the system of Eqns (57), (58) can have a solution in
the form of two coupled coaxial magnetic helices M(z, ) and
m(z, t), the axis of which is determined by the unit vector e..
This solution corresponds to excitation of the Goldstone
mode of a spin wave with the wave vector Q = + q, in which
both helices rotate around their axis as a single whole. In this
case, the helices are characterized by the same wave vector q
and can rotate harmonically synchronously around a com-
mon axis with an angular frequency . For such a solution,
the relations OM /0t = w[M x e;] and OM/0z = [q x M] (and
similar ones for m) are valid, the substitution of which into
Eqns (57), (58) makes it possible to write a dispersion
equation determining the rotation frequency of the helices as
a function of the wave vector q for a given current density j.

In Ref. [99], it was shown that a constant electric current
of density j flowing through a helimagnet leads to the rotation
of the helimagnet’s magnetization helix around its axis with a
frequency w, which depends on the magnitude of j and the
magnetic field B. In addition, the flowing electric current,
simultaneously with the rotation of the magnetic helix,
transforms the ‘simple helix’ magnetic structure into a
‘conical helix’ type structure. The cone angle 6, by which the
magnetization M deviates from the plane perpendicular to the
helix axis during rotation, is related to the rotation frequency
w of the helix by a simple formula:

o+ Qr(b-e;)

0 = arcsin 0 ,

(65)

where Q@ = yBis the Larmor precession frequency in the field
B, Q = Qp 4+ Qum, Qp = yBp, Qu = 4TEVM

In addition to the rotation of the helix M and the change
in the cone angle 0, the current flowing through the heli-
magnet also changes the period of the helix. If the conditions
A <1, w/gD <1, and w/Q, <1 are satisfied, where
Q, = q*c?/4xa, in conducting helimagnets, where exchange
stiffness A is sufficiently large and the condition Agg > 1 is
satisfied, the deviation of the wave number ¢ from the
equilibrium value ¢y is small and can be ignored, setting
q = qo- In such helimagnets, the relationship between the
rotation frequency of the magnetization helix w and the drift
velocity of conduction electrons w can be written as

Tel‘ f

ow=—(q'w),
Oteft + 7 off (@w)

(66)
where T = yAQ4/verr is @ dimensionless quantity charac-
terizing the efficiency of the spin-transfer torque process in
the helimagnet,

Q> Q+Q4)° .
Veff:VS"‘VD"‘_ACOSze"‘MSlnzH, (67)
Vs Vs + Vp

and oer = o + f is the effective Gilbert damping constant,
where f§ = Qy/Q, is the parameter of magnetic oscillation
damping because of losses caused by excitation of the
electromagnetic field. Formally, relation (66) is a nonlinear
equation for determining w, since expression (67) for veg
contains a dependence on the angle 6, which in turn is
determined from equation (65), which contains the fre-
quency .

It should be noted that, when deriving expressions (66)
and (67), we disregarded the possibility of nonreciprocity
effects that could cause the rotation frequency to depend on
the direction of the current along the helix axis. This
approximation is possible because in metallic helimagnets
the condition w/¢gD < 1 is satisfied, under which the effects of
nonreciprocity of the helix rotation are insignificant.

Equation (66) clearly describes the transformation of the
linear motion of conduction electrons moving in space with a
drift velocity w into rotational motion of the magnetic helix of
a helimagnet with a frequency . Recalling the mechanical
analogy of a helimagnet with Heron’s windmill, described in
the introduction, a spin device that implements this effect can
be called a ‘chiral spin-current turbine.’

It should be especially noted that Eqn (66) also describes
the inverse effect: the rotation of the magnetic helix of a
helimagnet, created by an external electromagnetic field with
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a frequency o, can be transformed into a direct electric
current, the carriers of which are conduction electrons with
a drift velocity w. This inverse effect can be described by the
equation that follows from (66),

Oleff | @
w=|[1+ —k.
( Teff) q

A spin device that implements this effect can be called a ‘spin-
current Archimedes screw.’

From equation (66), it clearly follows that the sign of the
rotation frequency of the helicoid, arising under the action of
electron motion with a transport velocity w, is determined by
the sign of the scalar product (k-i), in which k is the unit
chirality vector, and i = w/w is the unit vector in the direction
of motion of the conduction electron flow.

In Ref. [99], the authors showed that considering the
generation of an electromagnetic field when calculating the
rotation frequency of a magnetic helix amounts to an effective
increase in the Gilbert damping parameter: the quantity o is
replaced by aerr = o + f > . It was shown that the absolute
value of the Umov—Poynting vector, which specifies the
direction of propagation of the electromagnetic field energy
generated in a chiral helimagnet by a flowing electric current,
in the approximations under consideration can be repre-
sented in the form

(68)

3
T et )
cos“ 0.
Oteff + Teff

It was also established that the direction of radiation
propagation, coinciding with the direction of the Umov—
Poynting vector, always coincides with the direction of the
electron flux vector i, regardless of the helimagnet chirality.

From the form of Eqn (695), it clearly follows that the
condition for the validity of result (66) is the inequality
o+ Qr(b-e.)| < Q. The fulfillment of this condition
depends on the direction of the magnetic field b and its
magnitude B, which specifies the value of the Larmor
frequency Q. For definiteness, let the vectors b and e, be
antiparallel and Q < Q. Then, the condition for applicability
of the obtained equations can be written as
—Q+4+Qp < w< Q-+ Q. If the vectors b and e, are parallel,
this condition is written as —Q2 — Q. < v < Q — Q.. Thus, a
constant electric current flowing in a helimagnet can excite
rotation of the helimagnet’s magnetic helix, the frequency of
which can reach a maximum value wpa = Q + Q1. From the
form of Eqns (65) and (66), it also follows that harmonic
rotational motion of the helimagnet’s magnetic helix under
the action of the flowing electric current is possible only under
the condition that the current density not exceed a certain
critical value. We will illustrate all of the above conditions in
the next section using a simple example in the absence of an
external magnetic field.

U~4n (69)

w3M?
o2

6.3 Magnetic helix dynamics

in the absence of external magnetic field

In this section, we illustrate the behavior of the rotation
frequency o with a change in the current density j for the case
in which there is no external magnetic field. In the absence of
an external magnetic field, equations (65) and (66) are valid in
the frequency range |o| < Q. The maximum possible value of
the helicoid rotation frequency is determined by the value
Q = Qp + Q\. From Eqns (65) and (66), it follows that the

a . ) b

MO

d

C

POORIRI I 444444460

Figure 11. Schematic diagram of configurations of conical magnetic helix
of helimagnet with chirality k, rotating under the action of electron flow,
direction of which is determined by unit vector i, in the absence of
magnetic field: (a) right-handed, i 1T k; (b) right-handed, i 1| k; (c) left-
handed, i 1] k; (d) left-handed, i 1T k. Directions of red arrows correspond
to directions of magnetic moments of localized electrons. Green arrows
indicate direction of rotation of magnetic helix.

flow of electric current along the axis of the magnetic helix

leads not only to its rotation, but also to a change in the shape

of the helix. The cone angle of the helix set in rotation with a

frequency w, according to (65), is determined by the equation
. W

0 = arcsin o (70)

From equation (66), it clearly follows that the sign of the
helical rotation frequency o is determined by the sign of the
scalar product (k - i), in which k is the chirality vector and i is
the unit vector in the direction of the electron flow.

The dependence of the direction of rotation of the
magnetization helix of a helimagnet and its conical config-
uration on the relative orientation of the chirality vectors k
and the flux vector i in the absence of an external magnetic
field is schematically shown in Fig. 11.

Let us introduce the dimensionless variables @ = w/Q
and j = (q-w)/Q. Then, according to (70), 0 = arcsin @, and
equation (66), which is the condition for the existence of time-
periodic solutions to the system of equations (57), (58)
describing the in-phase rotation of the magnetic helices
M(z,t) and m(z, ¢) with frequency w, can be written in the
following form:

{1 +afvo+ (1 —w)o*] o =], (71)
where a= O(eff/X/l, Vo =Vs +Vp + I/Vs, Vi =Vs+Vp+
(14Q/Q4)*/(Vs + ¥p). Vs = vs/Q4. Vp = vp/Q4.

In the case where j < 1 (i.e., when a low-density electric
current with j < jo, where jo = Q|e|n/q, flows in the heli-
magnet), we find from Eqn (71) that the relationship between
the rotation frequency of the magnetization helix @ and the
drift velocity of conduction electrons w is linear and can be
written as

T

Oefr + 7 (72)

(q-w),

where 7 = yAQ, /vy is a dimensionless quantity characteriz-
ing the efficiency of spin-transfer torque in the helimagnet.
At high values of electric current density (j > jy), depend-
ing on the ratio of parameters characterizing the helimagnet,
such as the helix period, the spin relaxation time, and the
Gilbert damping constant, the change in rotation frequency
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Figure 12. Illustration of two scenarios for behavior of rotation frequency (a) and cone angle (b) of magnetization helix with change in current density
j. Curves I correspond to scenario I; curves II represent scenario II; dashed curves correspond to boundary between regions of existence of scenarios I

and II.

with increasing electric current density is not linear and can
occur according to two different scenarios.

The first is realized when the inequality a(2vy — 3v;) < lis
satisfied. Under these conditions, a monotonic increase in the
rotation frequency of the magnetization helix of the heli-
magnet o and the cone angle of the helix 0 is realized with an
increase in the electric current density j.

The second scenario is realized when a(2vy — 3v;) > 1.
When it is realized in helimagnets, there is a region of electric
current densities j, <j<j,, where j, = (l+av), j,=
2(1 +avo)3/z/3\/3a(% —79), in which a phenomenon
occurs that we have given the name ‘spin rotational bista-
bility of helimagnets.” This is a phenomenon in which the
magnetic helix of a helimagnet can simultaneously be in two
states with different rotation frequencies at the same value of
current density.

Figure 12 shows the dependences of the magnetization
helix rotation frequency @ and the cone angle 6 on the current
density j with a=1 and vp = 0.1 (these values of the
parameters a and Vp are relevant for helimagnets with
properties similar to CrNb;S¢). Curves I correspond to
scenario I with vg = 1. Scenario II is realized at vs < 0.09.
Curves II correspond to scenario II with vg = 0.05. The
dashed lines show the boundary between the regions of the
existence of scenarios I and II when vg = 0.09.

Figure 12 shows that, in the region j, <j < j,, the spin-
rotational bistability regime of helimagnets is realized. The
developed theory does not answer the question of which of
these two excited states of a rotating magnetic helix will be
realized in the experiment at j;, <j < j,. It can be assumed
that current density fluctuations, spatial inhomogeneities in
the momentum and electron spin relaxation parameters, and
other random factors existing in a real helimagnet will cause
time-chaotic transitions between states with different rotation
frequencies. At > j,, equation (71) has no solutions describ-
ing harmonic rotation of the helimagnet’s magnetization
helix.

6.4 Electrical resistance of chiral helimagnet

under spin-transfer torque conditions

By substituting the relationship between the magnetization of
localized electrons M and the magnetization of conduction
electrons m, found by joint solution of equations (57), (58),

into expression (63), which relates the electric current density j
and the electric field E, we can find the electrical resistance p
of the helimagnet, with the effect of spin-transfer torque taken
into account. In the absence of an external magnetic field,
where the vectors E and j are oriented along the axis of the
magnetization helix, assuming the frequencies Qc, @, and
Q4 to be small compared to the momentum relaxation rate
1 /70, we obtain [100]

p = pr+Ps, (73)
where pg is the electrical resistance of the helimagnet in the
field of transition to the induced ‘ferromagnetic’ state, and pg
is the spin contribution to the electrical resistance caused by
the nonuniform exchange field of the magnetic helix and the
STT effect, which is a function of the cone angle 6 and is
defined as

Mq? tegr cOS2 0
7212 1 4 ogp(Vg cos2 0 + vy sin? 0) /yA

ps(0) =

From the form of Eqn (74), it follows that the spin
contribution pg depends on the magnitude of the electric
current j flowing through the helimagnet only due to the
dependence of the cone angle j on 6.

For small values of current density (j < jy), we obtain
from (74)

M612 Oleff
yen? | + oee/T

Ps = (75)

From (75), it is clear that, if the effective Gilbert damping
constant o has a significant value, such that the inequality
oer > 7 1s satisfied, then the rotation of the magnetization
helix under the action of the flowing electric current is
hindered. In this case, the contribution to the electrical
resistance arising from the presence of the helix is directly
determined by the magnitude of the effective spin relaxation
frequency in the helimagnet vy:

XA2M2q2
Ps =755 :

76
e‘n?vy (76)
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Figure 13. Behavior of relative electrical resistance pg/py; (a) and relative differential electrical resistance pg/py (b) with change in current density j.
Curves I represent scenario (s = 1); curves II correspond to scenario II (T = 0.05); dashed curves in green correspond to boundary between regions of

existence of scenarios I and II (vs = 0.15).

In the opposite limiting case, when oy < 7, the weak
damping of the oscillations of the magnetic helix of the
helimagnet leads to the fact that it easily ‘adapts’ to the motion
of the magnetization of conduction electrons and therefore, the
smaller the value of the effective Gilbert damping parameter
oerr, the smaller the contribution to the electrical resistance. In
this case, the contribution to the electrical resistance arising
from the presence of a magnetization helix rotating under the
action of the STT effect can be written as

_ oerMg?

Ps = (77)

yeln?

At high values of electric current density, Eqn (74)
predicts the existence of nonlinear effects in the electrical
resistance of the helix. In paper [100] by the authors of this
review, it was shown that, depending on the ratio of the
parameters characterizing the helimagnet, such as the period
of the helix, the spin relaxation time, and the value of the
Gilbert damping constant, the change in the contribution to
the electrical resistance pg, described by Eqn (74), can occur
according to two different scenarios.

The first one (implemented when the condition
a(2vy — 3v;) < 1) is met) is a monotonic decrease in the spin
contribution to the resistance of the helix magnet with
increasing electric current density (see curve I in Fig. 13a).

When the second scenario is implemented (when
a(2vy—3v;) > 1), there is a region of electric current densities
J1 <Jj < J, in which a phenomenon arises that we have named
‘spin electrical bistability of helimagnets.” This is a phenom-
enon in which a helimagnet can simultaneously be in two
states with different values of electrical resistance at the same
value of electric current density (see curve II in Fig. 13a).

The current-voltage characteristic of a helimagnet under
conditions of electrical bistability is significantly nonlinear.
To demonstrate the extent of this nonlinearity, in addition to
the specific electrical resistance p = E/j, the specific differ-
ential electrical resistance of the helimagnet p = 0E/0j was
found [100]. The differential electrical resistance pg can be
represented as p = pg + pg, where pg is the contribution of
the rotating spin helix. The behavior of pq is illustrated in
Fig. 13b. The spin contribution pg, and with it the differential
electrical resistance of the helimagnet p, can have negative
values of arbitrarily large magnitude. Thus, we have demon-

strated that helimagnets may be of interest for micro- and
nanoelectronics as materials that, under certain conditions,
have negative differential electrical resistance [300-302].

6.5 Numerical estimates of influence of spin-transfer
torque on magnetization dynamics of helimagnets

In Ref. [99], the authors of this review performed a numerical
analysis of the influence of electric current on the rotation
frequency and cone angle of the magnetization helix of
metallic helimagnets Dy, MnSi, CrNb;Sg, and FeGe. Experi-
mental and calculated data on the characteristics of these
helimagnets were used for the analysis, some of which are
presented in Table 1. It should be noted that the value of the
Gilbert damping constant «, of all the helimagnets
considered, is known only for FeGe, for which « = 0.01
[303]. In [304], it was shown that, in the Cu,;0SeO;
helimagnet, the Gilbert damping parameter is of the order
of 10~*. Therefore, the numerical analysis was performed
for two values of the Gilbert damping constant, « = 0.01
and o« < 0.01.

Calculations show that for all the helimagnets under
consideration, the value of fis ~ 10~7—107° and, therefore,
considering the losses for radiating electromagnetic waves by
the helimagnet does not lead to any significant change in the
pattern of the magnetic helix rotation damping. Furthermore,
for all the materials under consideration, the relations y < 1
and yA < 1 are satisfied, which we used to derive analytical
expressions (65) and (66).

The data in Ref. [99] allow us to estimate the critical
current jo = Q|e|n/q and the corresponding values of the
Umov—Poynting vector Uy for the helimagnets under con-
sideration. The results of this estimate are presented in
Table 2.

Table 2. Estimates of quantities jo and Uj.

Helimagnet Jjo, A cm™2 Uy, W cm 2
Dy 3 x 109 4% 107
MnSi 5x 108 4x107°
CrNbsSe 5% 107 1 x10°¢
FeGe 9 x 108 1x10°¢
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Figure 14. Highest values of spin helix rotation frequency w, (a) and cone angle 6, (b) for metallic helimagnets Dy, MnSi, CrNb;S¢, FeGe: o = 0.01.
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Figure 15. Highest values of spin helix rotation frequency w, (a) and cone angle 0, (b) for metallic helimagnets Dy, MnSi, CrNb;S¢, FeGe: o < yA.

From the data for j; presented in Table 2, it is clear that
scenario II, which occurs at j; > jy, can be expected to be
detected only at high current densities of ~ 10%—
10° A cm—2. Here, we will consider the situation where an
electric current with density j < 10’ A cm™2 flows in a
helimagnet. As can be seen from Table 2, in this case, j < jo,
and the relationship between the frequency @ and the
current density j can be described using Eqn (72), which
can be represented as

1 3

o= . 78
1+a(Vs+vD+1/Vs)] (78)
The discriminant of Eqn (78) is written as
Ba= ] (79)
| +a(2+VD)].

It is easy to see that discriminant (79) determines the highest
possible value of function (78) for an arbitrary value of the
parameter vs. In other words, the rotation frequency of the
magnetization helix of a helimagnet with arbitrary values of
the parameters Vs, Vp, and a cannot exceed the value
determined by Eqn (79).

The results of calculating the frequency w, and the cone
angle 8, = arcsin (w,/Q) ato = 0.01 and « <€ yA are shown in
Figs 14 and 15, respectively.

Estimates show that, in metallic helimagnets, the spin helix
rotation frequency can reach values on the order of 10 GHz ata
rotation-inducing current density of j < 10’ A cm™2. The
rotation frequency at a given current density depends signifi-
cantly on the value of the parameter «: the smaller the damping
parameter o, the higher the rotation frequency. For extremely
small values of the parameter «, the highest rotation frequency
g 1s directly proportional to the wavenumber of the magnetic
helix ¢o and inversely proportional to the concentration of
conduction electrons in the helimagnet #. The highest possible
cone angle 0, of the helix under the conditions considered for
these metallic helimagnets is less than 12 degrees.

Expression (69) allows us to estimate the value of the
Umov-Poynting vector. It can be shown that, when the
attenuation parameter o is small compared to the product
2/, the highest possible value of the Umov—Poynting vector
obtained at a current of j, = Qlejn/q does not exceed
Uy ~ 4nM>Q3/c?q>. The values of Uy calculated using this
formula are presented in the third column of Table 2. For
dysprosium, the value of Uy reaches 0.1 mW cm~2 in order of
magnitude.

6.6 Spin devices utilizing magnetization helix rotation

in helimagnet

Above, we demonstrated that the ability to rotate a helical
magnetization helix can be used to create two new spin
devices, which we will call a ‘chiral spin-current turbine’ and
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Figure 16. Illustrative diagram of operation of spin devices based on
helimagnets: (a) chiral spin-current turbine; (b) spin-current Archimedes
screw.

b

pron—_ ]

a ‘spin-current Archimedes screw.” A chiral spin-current
turbine is a device that converts the linear motion of
conduction electrons in a helimagnet into rotational motion
of its magnetic helix. A spin-current Archimedes screw is a
device that realizes the opposite effect: the rotation of the
magnetic helix of a helimagnet, generated by an external
electromagnetic field, is converted into direct electric current.

A chiral spin-current turbine can serve as a spin-based
generator, converting direct electric current into a high-
frequency electromagnetic field. This field is generated by
the time-varying magnetization of the helimagnet under the
action of a flowing current. The power of such a spin-based
generator can be estimated from calculations of the Umov—
Poynting vector, the results of which are presented in Table 2.
A diagram illustrating the operating principle of a chiral spin-
current turbine as an electromagnetic field generator is shown
in Fig. 16a. Since the possibility of rotating the magnetization
helix of a helimagnet by current was experimentally estab-
lished in Refs [190, 233], the practical implementation of this
spin device can also be expected.

In addition to using a chiral spin-current turbine to create
transmitting antennas with radiation frequencies in the
subterahertz range, a potential area of application for this
spin device could be microwave-assisted magnetic recording
(MAMR) [305-312]. MAMR is a technology for recording
data on hard magnetic disks in which switching is accom-
plished by exciting the precessional motion of magnetization
with a radio-frequency field. The use of microwave radiation
at a certain frequency helps to reduce the coercivity of the
material from which the hard magnetic disk is made. This, in
turn, helps to reduce the amount of energy required for data
recording and allows more information to be recorded on a
smaller area of the hard magnetic disk.

The spin-current Archimedes screw can be used as a spin
diode, converting a high-frequency electromagnetic field into
direct electric current. A theoretical justification for the
possibility of using the rotation of a magnetic helix caused

by an alternating magnetic field to control electron transport
in a helimagnet was given in [236]. A visual diagram of the
spin-current Archimedes screw is shown in Fig. 16b. It should
be noted that the fact that the spin-current Archimedes screw
generates a constant electric current, the magnitude of which
is proportional to the frequency of the electromagnetic
radiation incident on the helimagnet, can be used to detect
microwave radiation and determine its characteristics. This
makes the spin-current Archimedes screw a possible compe-
titor to spin-torque microwave detectors (STMDs) [313-318],
which are spin devices based on a magnetic tunnel junction.
To detect an electromagnetic field using STMDs, a high-
frequency electric current is passed through the magnetic
tunnel junction, and the characteristics of the microwave
electromagnetic field are determined by measuring the output
DC voltage.

The prospects for the practical use of a chiral spin-current
turbine as a spin high-frequency generator are limited by the
relatively low values of the signal power generated by rotation
of the spin helix in a helimagnet. Typical values of this
characteristic can be estimated from the data given in
Table 2. An increase in power can be achieved by creating
multilayer magnetic nanostructures in which a helimagnet
layer is coupled by an exchange interaction with one of the
layers of a spin-valve-type nanostructure, which is a combina-
tion of two ferromagnetic layers separated by a nonmagnetic
interlayer and an antiferromagnet layer. Nanostructures of
this type, called ‘chiral spin valves,” were successfully
synthesized and studied at the M.N. Mikheev Institute of
Metal Physics, Ural Branch of the Russian Academy of
Sciences; the reader can find the results of these studies in
Refs [123-130]. They experimentally established that, in a
chiral spin valve, twist of the magnetization helix of the
helimagnetic layer leads to twist of the magnetization of the
exchange-coupled ferromagnetic layer.

The electrical resistance of a chiral spin valve, when a
direct electric current flows along the normal to the surface of
this nanostructure, depends significantly on the relative
orientation of the ferromagnetic layers. This resistance will
change over time if the magnetic helix of the helimagnetic
layer, rotating under the action of the flowing current, rotates
the magnetization of the adjacent exchange-coupled ferro-
magnetic layer. The time dependence of the electrical
resistance will lead to the flow of direct electric current being
accompanied by the generation of an alternating voltage at
the external contacts of the sample. Such a spin device can be
called a ‘chiral spin-current nano-oscillator’ (Ch-SCNO). The
first discussion of a spin device that uses the rotation of a
helical magnetization helix to generate high-frequency cur-
rent from a direct electric current was reported in Ref. [228].

Figure 17 shows a schematic diagram of the operation of a
chiral spin-current nano-oscillator.

Important advantages of Ch-SCNOs are that they can
operate without the application of an external magnetic field,
are easily frequency tunable by simply changing the current,
and have a high-power output for generating alternating
voltage.

Taking these circumstances into account, it can be
expected that Ch-STNOs can be used in the future instead
of ‘traditional’ STNOs in the construction of devices for
wireless communication [319-325], ultrafast spectral analysis
[326-329], AC-to-DC conversion [313, 330-336], true ran-
dom number generation [337, 338], and neuromorphic
computing [339-341].
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Figure 17. Illustrative diagram of operation of spin-based device called
‘chiral spin-current nanooscillator.” Abbreviations HM, FM, AFM, and
NM denote layers of helimagnet, ferromagnet, antiferromagnet, and
nonmagnetic material, respectively. Red arrows schematically depict
distribution of magnetic moments of atomic layers in corresponding
magnet.

It should be noted that this review discusses the mutual
influence of helical magnetism and transport in unlimited
(‘infinite’) conducting chiral helimagnets. However, for a
correct description of the operation of spin devices in which
helimagnet layers are used as functional elements, their finite
thickness must be taken into account. The solution to this
problem represents an important next step in constructing the
theoretical basis of chiral nanospintronics.

7. Conclusion

This article presents an overview of the key stages in the
emergence and rapid development of chiral nanospintron-
ics— a promising new field of quantum electronics.

It is shown that the use of the quantum kinetic equation, a
quantum generalization of the well-known and widely used
Boltzmann equation for charge carriers with spin angular
momentum, is an effective method for describing spin and
charge transport when inhomogeneities in the external
magnetic field and/or internal exchange fields must be taken
into account.

Application of this method demonstrated that the inter-
action of conduction electron spins with a spatially inhomo-
geneous exchange field in conducting helimagnets provides a
natural explanation for two spin-transport effects: the
electrical magnetochiral effect and the kinetic magnetoelec-
tric effect. A resonant enhancement of these spin effects,
termed ‘magnetochiral kinetic resonance,’ is predicted. It has
been shown that, for a certain ratio of helimagnet parameters,
a giant electrical magnetochiral effect can arise under
magnetochiral kinetic resonance conditions.

An original technique is developed for determining the
magnetic chirality of conducting helimagnets using galvano-
magnetic experiments. For this purpose, the dependence of
the helimagnets’ electrical resistance on their magnetic
chirality, as well as on the relative orientation of the electric
current and external magnetic field along the magnetic helix
axis, can be used. Alternatively, the dependence of helimagnet
magnetization along the helix axis on magnetic chirality and
the direction of current flow through the sample can be used.
The developed technique can be used to describe the
operation of spin-based devices in which conducting heli-
magnets serve as functional components.

A theory of the spin-transfer torque effect in conducting
chiral helimagnets is developed. It is shown that the transfer
of spin angular momentum in chiral helimagnets leads to
rotation of the helimagnet’s magnetization helix around its
axis under the action of an electric current. This phenomenon
can be considered a spin analog of the rotation of windmill
blades under the action of wind flow. It was also shown that
the rotation of the magnetization helix, induced by an
external electromagnetic field, leads to the generation of an
electric current. The phenomenon of converting a helimag-
net’s helix rotation into an electric current is a spin analog of
the operation of an Archimedes screw — a mechanical pump
in which the rotation of the helical surface causes the
movement of a liquid. The influence of the spin-transfer
torque effect on the electrical resistance of conducting chiral
helimagnets is described. It was established that, when a spin
helix rotates under the influence of a flowing electric current,
the electrical resistance of a helimagnet will always be lower
than the resistance of a helimagnet in which the spin helix is
stationary. The use of the rotation of the magnetization helix
of helimagnets by electric current to create new spin devices is
discussed: spin generators that convert direct current into a
high-frequency electromagnetic field or high-frequency elec-
tric current, and spin diodes that convert a high-frequency
electromagnetic field into direct current.

Funding. This work was carried out within the framework of a
state assignment from the Ministry of Science and Higher
Education of the Russian Federation for the Institute of
Metal Physics, Ural Branch of the Russian Academy of
Sciences.
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